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Background and aims: Limited knowledge exists regarding the association between coronary artery
calcium (CAC) deposition in patients with clinical familial hypercholesterolemia (FH) and FH subtypes
such as polygenic causes. We studied CAC score in patients with clinical FH and subtypes including
polygenic causes of FH compared to healthy controls.
Methods: In a case-control study, we identified potential clinical FH cases registered with an LDL-C
>6.7 mmol/l within a nationwide clinical laboratory database on the Faroe Islands and invited them
for diagnostic evaluation according to clinical FH scoring systems. Controls were identified in the
background population. All subjects were aged 18e75 years and without a history of cardiovascular
disease. FH mutation testing and genotypes of twelve LDL-C associated single nucleotide polymorphisms
were determined using conventional methods in selected individuals. CAC scores were assessed by
cardiac CT. Odds ratios obtained using multivariate logistic regression were used as measures of
association.
Results: A total of 120 clinical FH patients and 117 age- and sex-matched controls were recruited. We
found a very low frequency of monogenic FH (3%), but a high level of polygenic FH (60%) in those
genetically tested (54%). There was a statistically significant association between the CAC score and a
diagnosis of clinical FH with the highest observed odds ratio of 5.59 (95% CI 1.65; 18.94, p ¼ 0.006) in
those with a CAC score �300 compared to those with a CAC of zero. In supplemental analyses, there was
a strong association between CAC scores and clinical FH of a polygenic cause.
Conclusion: We found a statistically significant association between CAC levels and clinical FH with the
highest observed risk estimates among clinical FH cases of a presumed polygenic cause.
© 2022 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/).
Introduction

Familial hypercholesterolemia (FH) is a common hereditary
condition occurring in 1:250e300 individuals, which is associated
with lifelong exposure to low-density lipoprotein cholesterol (LDL-
C) and a high risk of premature atherosclerotic cardiovascular
ational Hospital of the Faroe
lands.
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disease (ASCVD) [1]. The most common genetic causes of FH are
mutations in the low-density lipoprotein receptor (LDLR) gene
(>90%) and the apolipoprotein B (APOB) gene (5e10%), while gain-
of-function mutations in the proprotein convertase subtilisin/kexin
type 9 (PCSK9) gene and other causative mutations are rare (<1%)
[2]. Genetic testing represents a valuable tool to diagnose FH, but
the molecular genetics of FH are complex [3] and the diagnosis in
daily clinic is often based on clinical information alone using clin-
ical scoring systems such as the Dutch Lipid Clinical Network [4],
the Simon Broome [5] or the Make Early Diagnosis to Prevent Early
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Death (MEDPED) criteria [6]. However, in a large proportion of
subjects fulfilling a clinical diagnosis of FH, no monogenic mutation
in the major FH-causing genes can be identified [7]. Interestingly,
recent studies have suggested that combinations of inherited LDL-C
raising alleles of single nucleotide polymorphisms (SNPs) gene
variations may contribute to severe polygenic hypercholesterole-
mia [2,8]. Other important factors may include highly elevated
levels of lipoprotein(a) [9] as well as lifestyle factors such as dietary
habits.

While clinical FH represents a heterogeneous condition, current
guidelines do not differentiate prevention strategies according to
the FH subset in question although previous studies have reported
that subjects with monogenic FH have a higher cardiovascular risk
compared to patients with a polygenic cause of hypercholester-
olemia as well as patients with no pathogenic FH mutation iden-
tified [10e13]. Novel LDL-C lowering medications such as PCSK9-
inhibitors and small interfering RNA therapy are very potent, but
these agents are currently very expensive and appropriate risk
stratification is important to identify FH patients that may require
more intensive lipid-lowering therapy and earlier intervention
than others.

The amount of calcium deposited in the coronary arteries is
considered a well-established surrogate of subclinical atheroscle-
rosis, and the Agatston coronary artery calcium (CAC) scoring has
been shown to be a reliable predictor of cardiovascular events and
mortality risk in asymptomatic individuals bothwith andwithout FH
[14e20]. Thus, the CAC score may represent a valuable tool for risk
stratification to guide clinicians with regard to the intensity of lipid-
lowering and lifestyle modifying therapies. However, limited
knowledge exists on levels of CAC scores across subtypes of clinical
FH and particularly in subjects with polygenic hypercholesterolemia.

Therefore, we aimed to describe CAC score in clinical FH cases
and healthy controls and to investigate the associations between
levels of CAC and clinical FH and subtypes including polygenic
causes.

Materials and methods

Study population and design

The recruitment and data collection in this case-control study
have previously been described in detail elsewhere [21]. In brief,
potential FH cases were identified based on a review of plasma
lipids and lipoproteins collected in a nationwide clinical laboratory
database (BCC-Web, CGI) in the Faroe Islands between 2006 and
2020. Subjects aged 18e75 years with a registered plasma LDL-C
above 6.7 mmol/l were contacted by letter and invited to attend a
clinical examination for diagnostic evaluation of FH and eligibility
for the study. Prior to the clinical examination, subjects were
required to have screening blood samples taken including plasma
lipid- and lipoprotein levels (total cholesterol, LDL-C, high-density
lipoprotein cholesterol (HDL-C) and triglycerides) and measure-
ments to evaluate possible secondary causes of dyslipidemia.
Subjects were considered eligible if they met the criteria of prob-
able or definite FH according to the DLCN criteria [4], definite FH
according to the Simon Broome criteria [5], and/or definite FH ac-
cording to the MEDPED criteria [6]. First-degree relatives that met
age- and sex-specific LDL-C cutoffs [22] were also considered
eligible FH cases. Potential controls were identified in the back-
ground population through the National Register of Persons in the
Faroe Islands. Subjects with a plasma LDL-C <3.5 mmol/L, DLCN
score �3 and without a history of ASCVD and without the use of
lipid-lowering medication were considered eligible as controls.
Cases and controls were matched according to sex and age (5-year
age intervals).
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Subjects with a history of ASCVD were excluded from this study
as we aimed to investigate CAC scores as an indicator of subclinical
coronary artery disease. Also, subjects with persistent atrial fibril-
lation/flutter were not considered eligible, as these arrhythmias
could impair the quality of the cardiac CT scans. Also, subjects with
elevated creatinine levels >120 mmol/L and subjects who were
pregnant were not considered eligible for the present study.

The study protocol is in accordance with the Declaration of
Helsinki and was approved by the Ethics Committee in the Faroe
Islands and the Faroese Data Protection Agency. All participants
gave informed written consent.

Data collection

Each participant fulfilled a detailed questionnaire on medical
history and lifestyle factors such as clinical history, family history of
hypercholesterolemia and premature cardiovascular disease (CVD),
educational level, physical activity, alcohol consumption, smoking
habits and use of medications [21].

During a clinical examination a family pedigree was drawn for
all clinical FH cases and family history of CVD and hypercholes-
terolemia was registered. Also, clinical information used in the
clinical FH criteria was retrieved from the subjects' medical records
during the interview.

The highest measured fasting or non-fasting plasma LDL-C
without concomitant lipid-lowering medication was registered. In
subjects with no available untreated plasma LDL-C measurement,
the highest treated value of LDL-C was registered together with
information on medication number, type, dose and frequency. In
patients on lipid regulating treatment, plasma LDL-C value was
estimated according to the average lipid-lowering effect of the
medication [23]. Physical examination included examination for FH
stigmata (tendon xanthomas, arcus cornealis, xanthelasmata), an-
thropometrics (height, weight, abdominal waist circumference),
blood pressure and an electrocardiogram (ECG). Blood samples for
genetic analyses and lipoprotein(a) were collected [21].

Hypertensionwas defined as systolic blood pressure>140mmHg,
diastolic blood pressure >90 mmHg, and/or use of antihypertensive
medications. Diabetes mellitus was defined as hemoglobin
A1c �48 mmol/mol, and/or use of antidiabetic medications.

Genetic analyses

Genomic DNA was extracted from whole blood samples using
Maxwell system (Promega). All probands with clinical FH and an
untreated plasma LDL-C � 6.7 mmol/L (n ¼ 65) were tested for ge-
netic monogenic mutations with an initial standard FH panel
including the LDLR, APOB and PCSK9 genes. DNA libraries were pre-
pared using Agilent SureSelect target enrichment system and the
sequencing was performed using Illumina platform. Twenty subjects
with family pedigrees highly suggestive of a monogenic inheritance
and without detected monogenic FH causing variants in the initial
gene panel were analyzed with an extended next generation
sequencing (NGS) panel. The panel included 11 FH-related genes
previously described in the literature to be causally associated with
FH (LDLR, LDLRAP1, PCSK9, LIPA, LPA, ABCG5, ABCG8, APOB, APOE,
ANGPTL3, STAP1) [2]. DNA libraries were prepared using SureSelect
Human All Exons v6 kit (Agilent) and were sequenced on Illumina
platform (Novaseq 6000). The coverage of the gene panel was higher
than 98% for variants with reading depth >30X. All variants with
likely clinical significance were confirmed with Sanger sequencing.
Large deletions/ duplications in the LDLR gene were tested using
multiplex ligation-dependent probe amplification (MLPA, kit P062
from MRC Holland) or the CNV caller tool (VarSeq v.2.2.5).

Subjects with clinical FH without causative monogenic FH
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mutations identified (n ¼ 63) underwent genotyping for 12 LDL-C
raising SNPs (rs2479409, rs629301, rs1367117, rs4299376,
rs1564348, rs1800562, rs3757354, rs11220462, rs8017377,
rs6511720, rs429358, rs7412). A weighted LDL-C raising polygenic
risk score (PRS) was subsequently calculated based on these 12 SNPs
as previously described by Futema et al. [24], Talmud et al. [25] and
Olmastroni et al. [8]. Subjects with a PRS >80th percentile according
to a UK reference population were considered to have a polygenic
cause of FH.

Calcium score assessed by cardiac CT

Coronary artery calcium was quantified using a non-contrast
cardiac CT scan on a 320-detector row Toshiba Aquilion One
scanner (Canon Medical Systems, Otawara, Japan). The scans were
acquired using prospective ECG-gating with imaging trigger at 75%
of the R-R interval and a slice thickness of 0.5 mm during one
inspiratory breath-hold. Scan parameters: tube voltage 120 kV,
tube current 40e370 mA, expected radiation dose 1e3 mSv. Cal-
cium scores were calculated using Vitrea Cardiac software on
reconstructed 3.0 mm images on a post-processing workstation
(Vitrea Enterprise Suite version 6.4.3, Minnetonka, US).

The presence of coronary calcification was identified as at least
three "face-connected" voxels in the course of a coronary artery as
areas of hyperattenuation of at least 1 mm2 with >130 Hounsfield
units. Abnormal CAC scores were defined as an Agatston score >0.

Statistical analyses

Descriptive statistics are presented as means with standard
deviation (SD) for continuous covariates and as number (percent-
age) for categorical variables. P-values were obtained using an
unpaired t-test for continuous covariates and Fisher’s exact test for
categorical variables. Odds ratios with 95% confidence intervals (CI)
obtained using multivariable logistic regression were used to
investigate associations between the CAC score and clinical FH. We
categorized CAC scores into dichotomized groups including zero
and above zero as well as below or above the median for age, sex
and ethnicity, respectively [26]. Also, we categorized CAC scores
according to traditional risk categories (0, 1e299, �300 Hounsfield
units) [27]. In model 1, we adjusted for age (continuous, years) and
sex (men; women). In model 2, we additionally adjusted for
selected major risk factors for ASCVD including smoking (never,
former, current), hypertension (yes, no), waist circumference
(continuous, cm) and lipoprotein(a) (continuous, mg/L). Contin-
uous covariates were included in the models using restricted cubic
splines with three knots placed at the 10th, 50th and 90th per-
centiles. In supplemental analyses, we used multivariable logistic
regression to investigate associations between the CAC score and
subgroups of clinical FH including PRS >80th percentile, PRS �80th
percentile and subjects not genetically tested, respectively.
Furthermore, in explorative post hoc analyses we compared those
with a PRS >80th percentile with those with a PRS �80th using
logistic regression, but the multivariable analyses were limited to
age, sex, smoking status and hypertension due to the lower number
of individuals in these analyses.

The statistical analyses were conducted using Stata (version 16,
StataCorp). A p-value below 0.05 was considered statistically
significant.

Results

General characteristics

A total of 120 clinical FH cases and 117 age- and sex-matched
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controls with complete exposure and covariate information were
included in the present study. General characteristics of the study
population are shown in Table 1. The mean age among clinical FH
cases was 56.6 years and 57.5% were women with no statistically
significant difference between clinical FH cases and controls. Half of
the cases received lipid-lowering treatment at recruitment. Clinical
FH cases had significantly larger waist circumference compared to
controls (94.6 cm vs. 88.3 cm, p ¼ 0.001) and had statistically
significantly higher levels of lipoprotein(a) (p¼ 0.024). Also, among
clinical FH cases there was a trend of more frequent former or
current smokers and a larger proportion had hypertension and
diabetes mellitus, but the observed differences were not statisti-
cally significantly different between cases and controls.

Within the group of clinically defined and genetically tested FH
patients (n¼ 65), two (3.1%) subjects had a pathogenic FHmutation
identified, while 39 (60.0%) were classified as having a polygenic
(PRS >80th percentile) cause of FH and 24 (36.9%) had a PRS <80th
percentile. A total of 55 clinical FH cases (first-degree relatives)
were not genetically tested (45.8%).
Coronary artery calcium scores

Table 2 shows the number of individuals (%) by categories of CAC
and age intervals among controls and clinical FH cases. A CAC score
above zero was found in 49.2% (59/120) in the clinical FH group
compared to 29.1% (34/117) in the control group (p ¼ 0.002). A
calcium score above the 50th percentile for sex and age was re-
ported in 38.3% (46/120) among cases and 21.4% (25/117) in con-
trols (p ¼ 0.005). In the youngest age group <45 years, all cases had
a CAC score of zero, but the proportions of subjects with elevated
calcium levels increased with increasing age intervals in both cases
and controls. The most notable difference was seen among subjects
with a CAC score above 300, as 16.7% of cases compared to 4.3% of
controls had calcium levels in this category.

Table 3 shows the association between categories of CAC scores
and clinical FH. We found statistically significant higher odds of
clinical FH with increasing levels of CAC scores compared to con-
trols. Thus, in analyses adjusted for age- and sex, the OR of clinical
FH was 2.12 (95% CI 1.11; 4.06, p ¼ 0.024) in those with a CAC score
ranging between 1 and 299 and 7.04 (95% CI 2.28; 21.76, p ¼ 0.001)
in those with a CAC score �300 when compared with subjects with
a CAC level of zero. In analyses including adjustment for smoking,
hypertension, waist circumference and levels of lipoprotein(a), we
observed a similar pattern of associationwith an OR of clinical FH of
2.23 (95% CI 1.07; 4.64, p¼ 0.032) in those with a CAC score ranging
between 1 and 299 and 5.59 (95% CI 1.65; 18.94; p¼ 0.006) in those
with a CAC score �300. Also, we observed statistically significant
associations between CAC scores >0 and CAC scores >50th
percentile for age and sex and clinical FH when compared with a
CAC score of zero with a multivariate adjusted OR of 2.66 (95% CI
1.32; 5.37, p ¼ 0.006) and 2.26 (95% CI 1.13; 4.54, p ¼ 0.022),
respectively.

In supplemental analyses of the associations between categories
of CAC scores and subtypes of clinical FH cases (Table 4), we found
the highest odds in clinical FH cases with a PRS >80th percentile in
analyses adjusted for age and sex. Thus, the OR for a CAC score
above zerowas 5.50 (95% CI 2.18; 13.85, p < 0.001), the OR for a CAC
score >50th percentile for age and sex was 4.99 (95% CI 2.14; 11.64,
p < 0.001) and the OR for a CAC score �300 was 20.49 (95% CI 4.54;
92.47, p < 0.001). For subjects with PRS <80th percentile and those
not genetically tested, we found weaker and not statistically sig-
nificant associations compared to controls. Interestingly, we found
higher odds of a PRS >80th percentile when compared to those
with a PRS �80th percentile by categories of CAC (Table 5).



Table 1
General characteristics of the study population.

Controls (n ¼ 117) Clinical FH (n ¼ 120) p-value

Matching variables
Age, years (SD) 55.2 (11.4) 56.6 (11.3) 0.319
Women (%) 55.6 (65) 57.5 (69) 0.794
General characteristics
Waist circumference, cm (SD) 88.3 (13.1) 94.6 (11.4) <0.001
Physical activity, % (n)
<1 h/week 27.4 (32) 26.7 (32) 0.274
1e3 h/week 42.7 (50) 51.7 (62)
>3 h/week 29.9 (35) 21.7 (26)

Education, % (n)
Low 19.7 (23) 25.0 (30) 0.446
Medium 52.1 (61) 44.2 (53)
High 28.2 (33) 30.8 (37)

Smoking, % (n)
Never 47.0 (55) 37.5 (45) 0.323
Former 32.5 (38) 36.7 (44)
Current 20.5 (24) 25.8 (31)

Hypertension, % (n) 43.6 (51) 54.2 (65) 0.123
Diabetes mellitus, % (n) 1.7 (2) 4.2 (5) 0.446
Lipid-lowering treatment, % (n) 0 (0) 50.0 (60) <0.001
Lipoprotein(a), % (n)
<50th percentile 57.3 (67) 43.3 (52) 0.024
50e80th percentile 29.9 (35) 30.8 (37)
80e100th percentile 12.8 (15) 25.8 (31)

Agatston CAC-score, % (n)
CAC >0 29.1 (34) 49.2 (59) 0.002
CAC >50th percentile 21.4 (25) 38.3 (46) 0.005
CAC ¼ 0 70.9 (83) 50.8 (61) 0.001
CAC-score 1-299 24.8 (29) 32.5 (39)
CAC-score �300 4.3 (5) 16.7 (20)

Abbreviations: SD, standard deviation; CAC, coronary artery calcium.

Table 2
Number of individuals (%) by categories of CAC and age intervals.

Age intervals Controls, % (n) Clinical FH, % (n)

Individuals CAC>0 CAC>50th percentile Individuals CAC>0 CAC>50th percentile

�45 18.8 (22) 0 (0) 0 (0) 16.7 (20) 0 (0) 0 (0)
>45 � 55 24.8 (29) 17.2 (5) 17.2 (5) 23.3 (28) 42.9 (12) 35.7 (10)
>55 � 65 35.0 (41) 41.5 (17) 34.2 (14) 33.3 (40) 65.0 (26) 60.0 (24)
>65 21.4 (25) 48.0 (12) 24.0 (6) 26.7 (32) 65.6 (21) 37.5 (12)
Total 117 29.1 (34) 21.4 (25) 120 49.2 (59) 38.3 (46)

Abbreviations: CAC, coronary artery calcium.

Table 3
Association between CAC score and clinical FH.

Age- and sex adjusted OR (95% CI) p-value Multivariable adjusted ORa (95% CI) p-value

CAC score
0 1 (reference) 1 (reference)
>0 2.68 (1.44; 4.98) 0.002 2.66 (1.32; 5.37) 0.006
�50th percentile 1 (reference) 1 (reference)
>50th percentile 2.38 (1.29; 4.40) 0.005 2.26 (1.13; 4.54) 0.022
0 1 (reference) 1 (reference)
1-299 2.12 (1.11; 4.06) 0.024 2.23 (1.07; 4.64) 0.032
�300 7.04 (2.28; 21.76) 0.001 5.59 (1.65; 18.94) 0.006

Abbreviations: CAC, coronary artery calcium; FH, familial hypercholesterolemia; OR, odds ratio; CI, confidence interval.
a Multivariable adjustments included smoking, hypertension, waist circumference and lipoprotein(a).
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Discussion

In this study, we found that CAC score was strongly associated
with clinical FH compared to controls and the observedmeasures of
association were highest in individuals with a CAC score �300,
usually classified as a very high cardiovascular risk. Also, we found
that clinical FH cases with a likely polygenic cause had high levels of
CAC compared to controls as well as FH cases without a polygenic
68
cause.
This study had limitations that should be considered. First, we

primarily recruited clinical FH cases within a nationwide laboratory
database covering cholesterol levels on approximately 60% of the
entire Faroese population and our study population was therefore
limited to individuals that had cholesterol levels measured previ-
ously as part of clinical practice. Furthermore, we initially invited
subjects with a previously measured of LDL-C above 6.7 mmol/L,



Table 4
Association between CAC score and subtypes of clinical FH.

Age- and sex adjusted OR (95% CI) Multivariable adjusted ORa (95% CI)

PRS >80th percentile
(n ¼ 39)

PRS �80th percentile
(n ¼ 24)

Not genetically tested
(n ¼ 55)

PRS >80th percentile
(n ¼ 39)

PRS �80th percentile
(n ¼ 24)

Not genetically tested
(n ¼ 55)

CAC-score
0 1 (reference) 1 (reference)
>0 5.50 (2.18; 13.85) 1.66 (0.62; 4.44) 1.83 (0.83; 4.03) 6.29 (2.05; 19.33) 2.09 (0.60; 7.24) 1.76 (0.74; 4.22)
p-value <0.001 0.317 0.135 0.001 0.244 0.199
<50th
percentile

1 (reference) 1 (reference)

>50th
percentile

4.99 (2.14; 11.64) 1.97 (0.75; 5.19) 1.29 (0.58; 2.89) 6.22 (2.11; 18.34) 2.69 (0.76; 9.58)1 16 (0.47; 2.88)

p-value <0.001 0.168 0.536 0.001 0.127 0.753
0 1 (reference) 1 (reference)
1-299 4.27 (1.61; 11.29) 0.89 (0.27; 2.91) 1.74 (0.77; 3.94) 4.51 (1.38; 14.73) 1.22 (0.29; 5.07) 1.78 (0.73; 4.38)
p-value 0.003 0.847 0.187 0.013 0.782 0.207
�300 20.49 (4.54; 92.47) 7.64 (1.73; 33.72) 2.51 (0.56; 11.22) 24.99 (4.33; 144.37) 17.81 (2.12; 149.70) 1.68 (0.34; 8.23)
p-value <0.001 0.007 0.227 <0.001 0.008 0.522

Abbreviations: CAC, coronary artery calcium; FH, familial hypercholesterolemia; OR, odds ratio; CI, confidence interval; PRS, polygenic risk score.
a Multivariable adjustments included smoking, hypertension, waist circumference and lipoprotein(a).

Table 5
Association between CAC score in subjects with a PRS >80th percentile (n ¼ 39) compared with a PRS �80th percentile (n ¼ 24).

Age- and sex adjusted OR (95% CI) p-value Multivariable adjusted ORa (95% CI) p-value

CAC score
0 1 (reference) 1 (reference)
>0 4.58 (1.21; 17.35) 0.025 8.05 (1.65; 39.29) 0.010

�50th percentile 1 (reference) 1 (reference)
>50th percentile 3.44 (1.02; 11.53) 0.046 5.12 (1.25; 20.90) 0.023
0 1 (reference) 1 (reference)
1-299 5.63 (1.32; 24.11) 0.020 9.66 (1.77; 52.73) 0.009
�300 3.11 (0.60; 16.06) 0.175 5.65 (0.86; 37.33) 0.072

Abbreviations: CAC, coronary artery calcium; FH, familial hypercholesterolemia; OR, odds ratio; CI, confidence interval.
a Multivariable adjustments included smoking and hypertension.
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which corresponds to definite FH according to the MEDPED criteria
and this approach was chosen to improve the cost-benefit of the
recruitment process by limiting our comprehensive examinations
to those individuals most likely to fulfill a clinical diagnosis of FH.
However, this may imply that our study population did not include
clinical FH cases with less severe hypercholesterolemia. Also, we
did not take into account potential cluster effects among relatives.
We genetically tested all probands with clinical FH with LDL-C
above 6.7 mmol/l. However, first-degree relatives to probands
with clinical FH as well as controls were not genetically tested for
pathogenic FH mutations, which is a limitation of this study. This
decision was based on economic considerations as molecular
screening of genetic mutations is expensive. However, we consid-
ered the presence of pathogenic FH mutations unlikely among
healthy controls and clinical FH cases that were first-degree rela-
tives to mutation negative probands with clinical FH. Also, no first-
degree relatives to probands with identified pathogenic FH muta-
tions were included in the study. We used the CAC score as a sur-
rogate of subclinical atherosclerosis, but we did not have
information on possible noncalcified plaques. We adjusted for
major ASCVD risk factors including age, sex, smoking status, hy-
pertension, waist circumference and levels of lipoprotein(a), but we
cannot rule out residual confounding. Finally, supplemental ana-
lyses of subtypes of clinical FH were limited by few cases and
multivariate adjusted OR for subjects with a CAC score�300 should
in particular be interpreted with great caution due to low statistical
power. However, these results were presented for the completeness
of our analyses. Also, analyses comparing clinical FH cases with a
high PRSwith a low PRSwere also limited by a low statistical power
and hencewide confidence intervals and should also be interpreted
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with caution. Finally, our study population included Faroese men
and women fulfilling a clinical FH diagnosis without history of
ASCVD, which may limit the generalizability of our study findings
to other populations.

CAC is considered a solid surrogate marker of subclinical
atherosclerosis, and the absence of CAC deposition has been iden-
tified as a favorable prognostic marker also among individuals at
high cardiovascular risk [19,20,28]. Interestingly, in our study, we
found that in 50% of cases with clinical FH and a history of severely
elevated plasma LDL-C levels had a CAC score of zero. However,
several other studies have reported, that in patients with highly
elevated LDL-C levels, absence of calcified plaques may be frequent
and in particular among subjects below 45 years of age [4,29]. Thus,
a systematic review by Mszar et al. [29] including nine studies
representing 1176 asymptomatic heterozygote FH patients with a
mean age of 47 years, found a pooled prevalence of a CAC score of
zero to be 45%. In a recent study by Mortensen et al. [30], 46.2% of
948 subjects (median age 57, 57.2% women) with LDL-C >4.9 mmol
and with presumptive symptoms of CVD had absence of calcified
plaques. This might suggest that some individuals might be less
prone to development of early ASCVD despite a genetic suscepti-
bility and lifelong exposure to significantly high LDL-C levels.
Miname and Gallo [18,20] found a very low risk of ASCVD events in
asymptomatic individuals with proven genetic diagnosis of FH and
CAC scores of 0 after a median of 3.7 and 2.7 years of follow-up,
respectively. These studies suggest the role of the CAC score in
risk stratification in subjects with FH. Sandesara [19] followed 246
individuals (mean age 63 years, 58% women) with LDL-C levels
�4.9 mmol/L from The Multi-Ethnic Study of Atherosclerosis
(MESA) for a median of 13.2 years, and those with a CAC score of
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0 had a risk of cardiovascular events of 4.7 per 1000 person-years,
while the ASCVD risk was 5-fold higher in those with CAC scores
greater than 0.

In our study, we observed that subjects with clinical FH had
higher levels of CAC compared to controls, which is supported by
few previous studies [31,32]. However, it has been observed over
the last few years that the risk of ASCVD varies more among per-
sons with FH than previously recognized. In fact, several studies
have shown that subjects with monogenic FH have a higher risk of
ASCVD compared to severe hypercholesterolemia due to other
causes [10e12]. Khera et al. found, that the presence of a mono-
genic FH causing mutation implicates a 3-fold greater ASCVD risk
compared with individuals with severe hypercholesterolemia with
comparable LDL-C levels who did not carry an FH-variant [10].
Similarly, previous studies have shown heterogeneity in CAC levels
among individuals with FH and that subjects with a monogenic
cause of FH had higher severity of preclinical atherosclerosis than
those with a polygenic cause [11,33]. Also, a previous study found
that among those referred to specialized lipid clinics with sus-
pected FH, up to 70% were mutation negative [34] and depending
on the definitions of a high polygenic score, approximately 20e40%
of mutation negative individuals have increased polygenic risk [34].
These individuals are considered to have an elevated ASCVD risk
compared to the general population [13,28], but one study found no
statistically significant difference in CAC levels in 40 polygenic/
undetermined FH cases compared to healthy controls [33].

LDL-C is a causal factor for development of ASCVD [35] and
subjects with severely elevated LDL-C levels are by guidelines
uniformly considered to be at high risk independently of the
presence of other cardiovascular risk factors. According to current
ESC/EAS dyslipidemia guidelines [4], subjects with FH without
other major risk factors and subjects with markedly elevated single
risk factors, e.g. LDL >4.9 mmol/L (>190 mg/dL), are considered at
high risk and the recommended intervention strategies are lifestyle
interventions and concomitant lipid-lowering treatment. In these
subjects, an LDL-C reduction of �50% from baseline and an LDL-C
goal of <1.8 mmol/L is recommended. However, residual eleva-
tions in LDL-C persist inmany individuals despite dual therapywith
statins and ezetimibe [36]. These patients could be eligible for more
intensive treatment with PCSK9-inhibitors or other potent LDL-C
lowering medications. Interestingly, current guidelines do not
differentiate treatment goals between individuals with monogenic
FH and those without monogenic mutations identified that fulfill a
clinical diagnosis of FH.

We conducted advanced genetic analyses in subjects with
clinical FH for whom family pedigrees suggested monogenic in-
heritance. Surprisingly, we found only two patients (3.1%) with
monogenic FH among those genetically tested (n ¼ 65). We found
strong associations between categories of Agatston CAC score and
clinical FH with the highest observed measures of associations
found in those with a CAC score �300, which can be classified as
very high cardiovascular risk. In supplemental analyses we found,
that subjects with polygenic FH (PRS >80th percentile) had higher
levels of CAC compared to those with PRS �80th percentile which
again had higher levels of CAC than those, whowere not genetically
tested. This could be expected, as those individuals who were not
genetically tested also would be those with the lowest LDL-C levels.

In conclusion, we found that CAC levels were higher in the older
age groups in both clinical FH cases and controls. In this study
population with a very low frequency of monogenic FH mutations
identified we found a strong positive association between CAC
levels and clinical FH, in particular in those with a likely polygenic
cause. Further studies investigating risk stratification in individuals
fulfilling a clinical diagnosis of FH including polygenic causes are
warranted.
70
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