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Clinical Implications of Monogenic Versus 
Polygenic Hypercholesterolemia: Long- Term  
Response to Treatment, Coronary 
Atherosclerosis Burden, and Cardiovascular 
Events
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Giovanni Pigna , MD, PhD; Daniela Commodari, B Pharm; Fabrizio Ceci , MD; Anna Montali, BSc; 
Francesca Brancato, MD; Ilaria Stanca , MD; Antonio Nicolucci, MD; Andrea Ascione , MD;  
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BACKGROUND: Familial hypercholesterolemia (FH) may arise from deleterious monogenic variants in FH- causing genes as well 
as from a polygenic cause. We evaluated the relationships between monogenic FH and polygenic hypercholesterolemia in 
influencing the long- term response to therapy and the risk of atherosclerosis.

METHODS AND RESULTS: A cohort of 370 patients with clinically diagnosed FH were screened for monogenic mutations and a 
low- density lipoprotein- rising genetic risk score >0.69 to identify polygenic cause. Medical records were reviewed to estimate 
the response to lipid- lowering therapies and the occurrence of major atherosclerotic cardiovascular events during a median 
follow- up of 31.0 months. A subgroup of patients (n=119) also underwent coronary computed tomographic angiography for 
the evaluation of coronary artery calcium score and severity of coronary stenosis as compared with 135 controls. Two hun-
dred nine (56.5%) patients with hypercholesterolemia were classified as monogenic (FH/M+), 89 (24.1%) as polygenic, and 
72 (19.5%) genetically undefined (FH/M−). The response to lipid- lowering therapy was poorest in monogenic, whereas it was 
comparable in patients with polygenic hypercholesterolemia and genetically undetermined. Mean coronary artery calcium 
score and the prevalence of coronary artery calcium >100 units were significantly higher in FH/M+ as compared with both FH/
M− and controls. Finally, after adjustments for confounders, we observed a 5- fold higher risk of incident major atherosclerotic 
cardiovascular events in FH/M+ (hazard ratio, 4.8; 95% CI, 1.06– 21.36; Padj=0.041).

CONCLUSIONS: Monogenic cause of FH is associated with lower response to conventional cholesterol- lowering therapies as 
well as with increased burden of coronary atherosclerosis and risk of atherosclerotic- related events. Genetic testing for hyper-
cholesterolemia is helpful in providing important prognostic information.
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Familial hypercholesterolemia (FH) has been recog-
nized as the most common dominant genetic dis-
order of lipid metabolism affecting ≈1:250 to 300 

individuals in the general population. Most frequently, 
it is caused by deleterious variants in genes coding 
for the low- density lipoprotein receptor (LDLR), the 
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apolipoprotein B (APOB), and the proprotein conver-
tase subtilisin/kexin type 9 (PCSK9).1,2 These variants 
significantly impair LDLR- mediated removal of low- 
density lipoprotein (LDL) particles from circulation, thus 
leading to a lifelong exposure to elevated plasma levels 
of LDL cholesterol (LDL- C) and, thereby, increased risk 
of atherosclerotic cardiovascular disease (ASCVD).1 
However, only a portion of patients with clinically di-
agnosed FH can be recognized as carriers of single 
variants in major FH- causing genes (monogenic FH).3 
Indeed, it has been recently recognized that the FH 
phenotype may be polygenic because of the concom-
itant presence in the same individual of several, com-
mon LDL- C raising single nucleotide polymorphisms 
(SNPs).4 As the actual levels of LDL- C has been in-
dicated as the main guide for FH management, the 
clinical utility of differentiating the monogenic from the 
polygenic form of hypercholesterolemia remains con-
troversial.1,4 It has been suggested that the presence 

of monogenic FH is associated with a more severe 
ASCVD prognosis,1,3,5 but the consequence of carry-
ing monogenic or polygenic FH- causing variants on 
the development of atherosclerotic coronary damage 
has never been carefully evaluated. Moreover, whether 
these 2 types of hypercholesterolemia respond differ-
ently to LDL- C lowering medications has been poorly 
investigated.3

Therefore, we aimed to investigate the effect of 
genotype, namely monogenic versus polygenic hyper-
cholesterolemia (PHC), in influencing the response to 
treatment, the risk of subclinical coronary atheroscle-
rosis, and the occurrence of major adverse cardiovas-
cular events (MACE) during follow- up.

METHODS
The data supporting the findings of this study are avail-
able from the corresponding author upon reasonable 
request.

Study Design
The study population consisted of 370 unrelated pa-
tients with clinically defined FH followed at the Lipid 
Clinic of the Department of Internal Medicine and 
of Translational and Precision Medicine, Sapienza 
University of Rome, which were consecutively enrolled 
into the LIPIGEN- FH (Lipid Transport Disorders Italian 
Genetic Network- FH) Registry in the period between 
April 2013 and December 2018.

The LIPIGEN- FH is an observational, multicenter, 
retrospective and prospective study aimed at identi-
fying and registering patients with FH in Italy. Details 
about this study have been reported elsewhere.6,7 In 
brief, patients were invited to enroll into the registry if 
they had a clinical diagnosis of “possible,” “probable,” 
or “definite” FH, according to the Dutch Lipid Clinic 
Network criteria (DLCNC).6,8 Patients were excluded 
if they were unwilling or unable to sign the informed 
consent form or had a secondary cause of hypercho-
lesterolemia. Patients with homozygous FH mutations 
were excluded from present analysis. The LIPIGEN- FH 
protocol was approved by the Ethics Committee of 
Sapienza University of Rome (Approval Code #2469) 
and patients provided written consent.

After enrollment, patients with FH underwent 
clinical examination and blood drawing for genetic 
analysis. In addition, patients with FH >30 years of 
age and without clinical signs or past medical his-
tory of ASCVD were also invited to receive coronary 
tomography angiography (CTA) to evaluate the cor-
onary atherosclerosis burden. Only patients who 
have returned at least once after enrollment into 
the LIPIGEN registry (n=322; 87%) were included in 
the analysis of response to lipid- lowering therapies 
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(LLT),9 coronary atherosclerosis burden, and occur-
rence of MACE.10

Clinical Assessment of Patients With FH
Medical records of enrolled patients were reviewed by 
3 authors (D.C., L.D., and M.M.). Clinical information 
including major coronary risk factors, all available lipid 
measurements, pharmacological treatments, and his-
tory of MACE were retrieved. Last follow- up data were 
defined as those at the time of the last clinic visit as of 
April 30, 2019.9 For 99 subjects for whom pretreatment 
lipid levels were not available in the medical records, 
the untreated LDL- C was estimated according to the 
revert algorithm.11 Diagnosis of type 2 diabetes mel-
litus was performed in accordance with World Health 
Organization criteria12 and that of hypertension following 
the criteria recommended by the National Cholesterol 
Educational Program Adult Treatment Panel III Expert 
Panel of the US National Cholesterol Panel.12

Lipids measurements at the time of first visit at 
the Lipid Clinic (baseline), before initiation of LLT 
(untreated), at enrollment in the LIPIGEN study (at 
entry), and at last visit were considered. According 
to the intensity of LLT, patients were divided into 1 
of the following mutually exclusive groups8,13: (1) un-
treated; (2) low- moderate intensity that was defined 
as the use of low- moderate intensity therapy, namely 
atorvastatin 10 or 20 mg or rosuvastatin 5 or 10 mg 
without ezetimibe, simvastatin 20 mg with or without 
ezetimibe, simvastatin 40 mg and pravastatin 40 or 
80 mg, lovastatin 40 or 80 mg, fluvastatin 40 mg with 
or without ezetimibe, monacolin K plus ezetimibe 
or ezetimibe only; (3) high- intensity, defined as the 
use of rosuvastatin (20 or 40 mg), atorvastatin (40 or 
80 mg) without ezetimibe or atorvastatin 10 or 20 mg 
or rosuvastatin 5 or 10  mg with ezetimibe, simvas-
tatin 40 plus ezetimibe, lovastatin 40 plus ezetimibe 
and fluvastatin 80 mg plus ezetimibe; and (4) maxi-
mal intensity, including rosuvastatin (20 or 40 mg) or 
atorvastatin (40 or 80 mg) plus ezetimibe. As during 
follow- up, inhibitors of PCSK9 (proprotein convertase 
subtilisin/kexin type 9; PCSK9i) were made available 
for reimbursement in Italy based on DLCNC score 
>8,14,15 and 37 patients with FH were prescribed with 
either evolocumab or alirocumab. Then, these were 
categorized in patients taking low- moderate inten-
sity LLT plus PCSK9i and maximal intensity LLT plus 
PCKS9i. Unfortunately, no data on adherence to LLT 
were available in medical records so this information 
is lacking.

MACE events were defined as angina pectoris, 
acute myocardial infarction, coronary, carotid or pe-
ripheral revascularization (as well as hemodynamic ste-
nosis without revascularization), ischemic stroke, and 
cardiovascular death. MACE events were identified by 

self- reported medical history or previous hospital ad-
mission and adjudicated by using available medical 
records. Events occurred after baseline were used to 
calculate incident MACE and were censored on the 
date of event or, if individuals remained event free, up 
to April 30, 2019.9 In case of multiple MACEs occurred 
in the same period (eg, angina followed by coronary 
revascularization), we considered only the ischemic 
event for the final adjudication.

Genetic Analysis
Genomic DNA was extracted from circulating leuko-
cytes and sequenced according to the LIPIGEN- FH 
protocol.7 In brief, the promoter and coding DNA se-
quences as well as exon- intron boundaries regions 
(±25 base pairs) of LDLR, APOB, apolipoprotein E 
(APOE ), PCSK9, low density lipoprotein receptor 
adaptor protein 1 (LDLRAP1), Signal Transducing 
Adaptor Family Member 1 (STAP1) and Lipase A, 
Lysosomal acid (LIPA) genes were analyzed by Next 
Generation Sequencing using MiSeq (Illumina) equip-
ment. Sanger sequencing was also performed to 
confirm identified genetic variants. DNA samples neg-
ative for FH- causing mutations were further screened 
by Multiplex Ligation- dependent Probe Amplification 
analysis according to manufacturer’s protocol (MRC- 
Holland, Amsterdam, The Netherlands) to detected 
copy number variations.

Variants were annotated according to the American 
College of Medical Genetics classification. In doing 
this, we used VarSome, a data aggregator and variant 
data discovery tool,16 which implemented 21 American 
College of Medical Genetics criteria for automated 
interpretation of the clinical significance of sequence 
variants. A manual adjustment step for all variants was 
also performed according to Chora et al.17 Variants 
predicting nonsense mutations and copy number vari-
ations were classified as pathogenic.

According to these criteria, patients carrying patho-
genic or likely pathogenic variants were included in 
the FH monogenic group (FH/M+); those who resulted 
negative for monogenic mutations were classified as 
FH/M−.

LDL- C Raising Genetic Risk Score 
Calculation
A weighted LDL- C- raising polygenic risk score 
(PRS) was calculated based on 6 SNPs (rs4299376, 
rs1367117, rs6511720, rs629301, rs7412, rs429358), 
as reported.4 These SNPs were genotyped in all pa-
tients clinically diagnosed with FH as well as in 1046 
subjects with normolipemia, used as reference popu-
lation. Healthy individuals with normolipemia were se-
lected from 2069 blood donors12 based upon LDL- C 
and plasma total triglycerides levels below the 75th 
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age-  and gender- specific percentiles18 to avoid potential 
bias of including individuals carrying FH- causing vari-
ants. Genotyping was performed using 7900HT Fast 
Real- Time PCR System, according to manufacturing 
protocol (Applied Biosystems TaqMan). In agreement 
with previous reports,1,4 LDL- C raising PRS correlates 
with LDL- C values in individuals with normolipemia 
(Figure S1) and it explains 2.5% of LDL- C variation in 
the study population with clinically diagnosed FH after 
excluding those with monogenic FH (β=0.17, P=0.023).

To generate a cutoff value of LDL- C raising PRS rea-
sonably appropriate to classify patients with PHC, we 
used receiver operating characteristic analysis to iden-
tify the best value discriminating FH/M–  from healthy 
individuals with normolipemia. The result of area under 
the receiver operating characteristic curve indicated 
0.646 (95% CI, 0.602– 0.691; P<0.001) as the best dis-
criminating value and, therefore, we decided to select 
the upper value of >0.69. This value corresponded to 
the 70th percentile of PRS distribution in the popula-
tion with normocholesterolemia.

Therefore, patients with FH/M− with LDL- C raising 
PRS >0.69 were classified as those with the higher 
probability to have a polygenic cause of their hyper-
cholesterolemia and defined as PHC. Conversely, pa-
tients with FH/M− with LDL- C raising PRS ≤0.69 were 
classified as those with unknown genetic causes of 
hypercholesterolemia (FH/M− undetermined).

Coronary Computed Tomography 
Angiography Evaluation
During follow- up, 124 patients agreed to undergo 
coronary CTA. In 5 patients, the exam was not per-
formed (in 4 subjects for heart rate >70 bpm, despite 
treatment with oral β blockers and in 1 patient for 
technical problems) so that the final cohort of imag-
ing study consisted of 119 patients with clinically de-
fined FH.

Two populations were included as controls for the 
coronary imaging study. In these groups coronary CTA 
were performed by using the same tomographic scan-
ner and images were analyzed by the same 2 readers 
blinded for genotype and clinical characteristics of the 
patients.

The first cohort consisted in 58 subjects classi-
fied to be at high risk among subjects participating in 
a working community- based screening program for 
atherosclerosis risk factors and voluntary underwent 
a coronary CTA examination. The medical assessment 
of these individuals has been detailed elsewhere.19 In 
this group, the exclusion of FH was carried out only on 
a clinical basis.

The second group comprised 77 subjects who 
participated in a population- based survey20 for detect-
ing the coronary atherosclerosis burden in free- living 

individuals. In these subjects, a complete medical 
workup, including 12- lead ECG and fasting blood 
samples for laboratory determinations and DNA analy-
sis, were obtained. All subjects included in these con-
trol groups provided specific written consent and the 
Ethics Committee of Sapienza University of Rome re-
viewed and approved corresponding study protocols 
(Approval Code #4086).

Coronary CTA was performed using a dual- source 
64- detector row CT scanner (SOMATOM Definition, 
Siemens AG, Forcheim, Germany). All exams were 
ECG- gated, either retrospectively or prospectively, the 
decision being taken singularly for each patient de-
pending on the heart rate. Unenhanced scans were 
performed for determination of coronary artery calcium 
(CAC). Ninety mL of a high concentration iodine con-
trast agent (4.5 mL/s rate, 400 mgI/100 mL, Iomeron 
400, Bracco, Milan, Italy) were then administered 
through an automatic dual- head power injector and an 
18 gauge cannula in the right antecubital vein, followed 
by 40 mL of saline to flush the contrast. Bolus tracking 
technique was used to optimize timing of image acqui-
sition. Scanning parameters for the CTA included heart 
rate- dependent pitch (0.2– 0.45), 0.33 seconds gantry 
rotation time, 100 to 120 kV tube voltage, and 350 to 
800 mA tube current.

All images were transferred to a dedicated work-
station (Vitrea2 Vital Images, Minnetonka, MN) for 
semiautomatic calculation of the Agatston score21 
and for image analysis. Several techniques were 
applied for estimation of plaque severity, including 
standard axial images, multiplanar reformat, maxi-
mum intensity projection, and cross- sectional recon-
structions. Images were analyzed independently by 
2 readers blinded to the FH status and LDL- C level 
of the patients, with a joined session to solve any 
disagreement.

Atherosclerotic disease was quantified at CTA 
for each patient using the Coronary Artery Disease- 
Reporting and Data System (CAD- RADS),22 which 
stratifies patients according to their most severe 
stenosis.

Statistical Analysis
Descriptive statistics, such as mean (±SD) and median 
(interquartile range) or number (percentage), were cal-
culated for all variables, as appropriate. Continuous 
variables were compared by Student t test, or ANOVA, 
Mann- Whitney, and Kruskal- Wallis tests if normally or 
not- normally distributed, respectively; categorical vari-
ables were compared by χ2 test or Fisher exact test. 
The change of LLTs from baseline to the last follow-
 up were assessed by using χ2- test. Paired t test and 
Mann- Whitney tests were respectively used to com-
pare LDL- C values in the whole group of patients with 
FH and between subgroups.
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Because of the high frequency of zero values, CAC 
scores were compared between groups after trans-
formation using the formula log (CAC score +1) as re-
ported.23 They were transformed back to the original 
scale and presented as means (+SD). As sensitivity 
analysis, the distribution of FH genotypes according to 
CAC categories 0, 1 to 100, and >100 Agatston units 
was also evaluated. Linear regression was used to 
identify variables associated with an increase in the log 
(CAC+1). Odds ratio through logistic regression analy-
sis was estimated to assess groups with the higher risk 
of having moderate- severe coronary stenosis.

To estimate the incident rate of MACE, the first 
new event that occurred after baseline during fol-
low- up was considered. We estimated the survival 
from incident MACE event during follow- up by using 
Kaplan- Meier curves.10 Cox proportional hazards 
model was applied to investigate the predictors of 
incident MACE.10

All multiple comparisons adjustments were per-
formed by adding bootstrap correction, with the aim 
to adjust raw P value and obtain more robust esti-
mates of SEs and CIs of the parameters included in 
the model.24

All statistical analyses were performed using SPSS/
WIN software version 18.0 (SPSS Inc., Chicago, IL). 
A 2- sided P<0.05 was considered as statistically 
significant.

RESULTS
Characteristics of Patients With Clinically 
Defined FH
The characteristics of patients with FH at the time 
of enrollment in the LIPIGEN registry are shown in 
Table 1. The mean age was 47.1 years (interquartile 
range 36.5– 59.0) and 48.1% were men. About one 
third (35.6%) of patients had other cardiovascular 
risk factors such as smoking (16.7%), hypertension 
(15.4%), or type 2 diabetes mellitus (3.5%). Thirty- 
eight (10.3%) reported previous premature ASCVD 
events and family history of ASCVD events was 
present in 33.9% of patients. According to DLCNC, 
about 50% of patients had definite or probable FH 
and the mean LDL- C was 167.4±67.9 mg/dL; 61.3% 
were taking LLTs.

Diagnostic Yield of Genetic Testing
Within the clinically defined FH cohort, 209 (56.5%) pa-
tients were classified as FH/M+ and 161 (43.5%) pa-
tients were classified as FH/M−.

The list of causative variants identified in patients 
with FH/M+ is reported in Table S1. Overall, 205 (98.1%) 
patients with FH/M+ were carriers of a single mutation, 

whereas 2 (1.4%) were carriers of double heterozy-
gous mutations (in cis) in the LDLR gene. Three (1.4%) 
and 1 (0.4%) patients were found to be carriers of 
heterozygous mutations in APOB and PCKS9 genes, 
respectively. No FH- causative variants were found in 
LDLRAP1 or LIPA genes. We identified 97 unique mu-
tations, 97.9% of which were within the LDLR gene. 
Most of them were already reported, and 15 were 
novel (Table S2).

Then, we assessed whether the LDL- C raising PRS 
could explain hypercholesterolemia in patients with FH/
M−. To this aim, we compared the LDL- C raising PRS 
determined in the FH/M− group with that obtained in 
the group of subjects with normocholesterolemia. In 
this latter group, mean age was 41.3±12.2 years, the 
proportion of women 36.6%, and mean LDL- C level 
115.3±37.8  mg/dL. The distribution of LDL- C raising 
PRS among patients with FH/M–  was right skewed 
(toward higher scores) as compared with that among 
subjects with normocholesterolemia (Figure S2A), thus 
generating a mean LDL- C raising PRS higher than 
that in the reference population (0.69±0.20 versus 
0.61±0.20; P<0.001). Interestingly, the distribution and 

Table 1. Characteristics of Clinically Diagnosed FH 
Patients at Enrollment Into the LIPIGEN Registry

Demographic

n 370

Age, y 47.1±14.4

Male, n (%) 178 (48.1)

BMI, kg/m2 24.9±3.8

DLCN S, n (%)

Possible (3– 5 points) 182 (49.2)

Probable (6– 8 points) 89 (24.1)

Definite (>8 points) 99 (26.8)

Plasma lipids, mg/dL

Total cholesterol 249.8±73.1

LDL cholesterol 167.4±67.9

HDL cholesterol 59.2±15.7

Total triglycerides 120.2±77.2

Medical history, n (%)

History of ASCVD 38 (10.3)

T2DM 13 (3.5)

Family history of ASCVD 122 (33.9)

Smokers 62 (16.7)

HTN 57 (15.4)

Lipid- lowering medications 227 (61.3)

Data are reported as mean (± standard deviation) or number (percentage) 
as appropriate. ASCVD was defined as the occurrence of any of angina, acute 
myocardial infarction and coronary, carotid or peripheral revascularization (as 
well as hemodynamic lesion) as well as of ischemic stroke (see Material and 
Methods). ASCVD indicates atherosclerotic cardiovascular disease; BMI, 
body mass index; DLCNC, Dutch Lipid Clinic Network Criteria; FH, familial 
hypercholesterolemia; HDL, high- density lipoprotein; HTN, hypertension; 
LDL, low- density lipoprotein; and T2DM, type 2 diabetes.
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the mean value (0.61±0.24) of LDL- C raising PRS in 
FH/M+ did not differ from that in subjects with normo-
cholesterolemia (Figure  S2B). By applying the LDL- C 
raising PRS >0.69 as cutoff value for polygenic FH, we 
found that 89 (55.3%) of patients without monogenic 
cause of FH could be classified as PHC. Conversely, 
72 (45.7%) patients with FH/M− showing LDL- C raising 
PRS ≤0.69 remained genetically undefined and thus 
classified as FH/M− undetermined.

Figure 1 show the distribution of FH genotypes ac-
cording to DLCNC score. Among patients classified as 
“definite FH” 82.8% had a monogenic cause whereas 
only 10.1% had a polygenic cause of hypercholes-
terolemia. Conversely, among patients classified as 
“possible FH” 37.4% were monogenic and 34.1% were 
polygenic. This latter group contained the largest pro-
portion (28.6%) of patients with genetically undefined 
FH.

Clinical characteristic of patients with FH accord-
ing to genotypes are shown in Table  S3. Those with 
monogenic FH were younger, showed higher untreated 
LDL- C, lower high- density lipoprotein cholesterol and 
higher prevalence of tendinous xanthomas as com-
pared with polygenic or patients with FH/M− undeter-
mined. By definition, PHC showed the highest LDL- C 
raising PRS, but monogenic FH also showed higher 
LDL- C raising risk score PRS than patients with FH/
M− undetermined. No significant differences among 

groups were observed in the classical risk factors. 
However, when PHC was compared with FH/M− un-
determined group, the latter showed significantly lower 
untreated LDL- C.

Response to Lipid- Lowering Treatment 
According to Genotypes
As represented in Table 2, FH/M+ showed higher un-
treated and baseline LDL- C as compared with FH/M− 
subgroups. At baseline, patients with monogenic FH 
were receiving a more intense LDL- C lowering therapy 
than those with polygenic and undetermined hyper-
cholesterolemia. During follow- up, patients received 
an intensification of LLT and this translated into an im-
provement of LDL- C control in all groups (Table 2). As 
patients with FH/M+ were exposed to more aggres-
sive treatment (Table 2), the response to therapy was 
evaluated according to LLT intensity. As reported in 
Figure 2, LDL- C concentration at last visit was consist-
ently higher in FH/M+ as compared with FH/M− across 
all categories of treatments. Accordingly, FH/M+ gen-
otype was found to be a significant predictor of the 
last visit LDL- C level, even after adjustment for base-
line LDL- C and LLT intensity (β=0.10; 95% CI, 0.004– 
0.100; Padj=0.034). Of note, patients classified as FH/
M− undetermined showed a response to therapy that 
appeared almost superimposable to that observed in 
PHC.

It is also worth mentioning that, despite maximizing 
the conventional LLT, the vast majority of patients with 
FH did not reach the recommended LDL- C target.8 We 
observed that only the addition of PCSK9i to maximal 
LLT was able to bring LDL- C within the suggested tar-
get and this appeared to be independent from geno-
type8 (Figure 2).

Impact of Genotypes on Coronary 
Atherosclerosis Burden
Among the 119 patients with clinically ascertained FH 
investigated with CTA, 79 were classified FH/M+ and 
40 FH/M−. Their characteristics in comparison with 
those of pooled CTA study reference populations 
(controls, n=135) are shown in Table 3. As a whole, 
patients with FH were younger and thinner and re-
ported higher prevalence of smoking; conversely, 
controls showed higher prevalence of hypertension 
and diabetes mellitus. As expected, on- treatment 
LDL- C was significantly higher in patients with mo-
nogenic FH as compared with controls, whereas it 
was comparable between patients with FH/M− and 
controls.

Data for CAC score are reported in Table 3. Median 
CAC score was significantly higher in patients with 
monogenic FH as compared with both patients with 
FH/M− and controls, whereas it did not differ between 

Figure 1. Distribution of genotypes according to Dutch 
Lipid Clinic Network Criteria scores.
Percentage is reported for each class of DLCNC score. Possible 
FH are patients with a DLCNC score between 3 and 5 points 
whereas Probable and Definite FH are those with a DLCNC scores 
between 6 and 8 points and higher than 8 points, respectively. 
Patients have been defined as FH/M+ if carrying a monogenic 
mutation, PHC if having a weighted polygenic risk score >0.69, and 
FH/M− undetermined if having elevated LDL- C and LDL- C raising 
genetic risk score ≤0.69 (see Methods). DLCNC indicates Dutch 
Lipid Clinic Network Criteria; FH, familial hypercholesterolemia; 
LDL- C, low- density lipoprotein cholesterol; N, number; and PHC, 
polygenic hypercholesterolemia.
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these latter groups. Figure 3A shows the percentage 
of patients with monogenic and FH/M− in each CAC 
categories. A CAC score above 100 occurred more 
frequently among patients with monogenic FH than 
in the other groups (χ2=12.46, P=0.002for trend). It is 
worth to mention that CAC score was also available 
for 15 patients with FH/M− undetermined having a 
polygenic risk score below our cutoff for PHC des-
ignation. Interestingly, an exploratory analysis sug-
gested that these patients had CAC distribution that 
was similar to that in PHC (data not shown). In a mul-
tivariate linear regression analysis (stepwise method) 
including age, LLT use, current smoking, LDL- C at 
the time of imaging, and gender as covariates, Log 
(CAC+1) was significantly associated with mono-
genic FH (β=0.28; 95% IC, 0.32– 1.02; Padj<0.001), 
age (β=0.62; 95% IC, 0.04– 0.07; P<0.001) and gen-
der (β=0.25; 95% IC, 0.24– 0.93; Padj=0.001). These 
associations persisted even after adjustment for mul-
tiple testing (all bootstrap Padj<0.001).

As expected, patients with clinically defined FH 
showed a higher number of plaques in coronary arteries 
as compared with controls (Table  3). Nevertheless, the 
number of lesions was significantly greater in the group 

with monogenic FH than in the group with FH/M− (7.8±8.9 
versus 3.5±5.6; P<0.024) (Table  3). Moreover, 66.7% of 
patients with FH/M+ were showing more than 2 lesions 
as compared with 44.4% of patients with FH/M− and 
29.2% of controls. Also, the proportion of patients with 
monogenic FH showing moderate- to- severe stenosis was 
greater, albeit not statistically significant, as compared with 
the other groups (24.1% in monogenic, 12.5% in FH/M−, 
and 9.6% in controls; Pfor trend=0.075) (Figure 3B). In the 
logistic regression analysis (stepwise method) with the 
population with FH/M− as the reference group and age, 
gender, and smoking included as covariates, the risk of 
CAD- RADS score above 3 was 4- fold higher in patients 
with FH/M+ than FH/M− (odds ratio [OR], 4.2; 95% CI, 
1.1– 15.6; Padj=0.034). After adjustment for multiple testing, 
patients with FH/M+ still showed 3.6- fold higher risk of 
having CAD- RADS score above 3 when compared with 
patients with FH/M− (bootstrap Padj=0.042). However, 
when we added into the model the LDL- C value at the 
time of CTA the association between FH genotype and 
CAD- RADS score was only marginally significant (OR, 3.6; 
95% CI, 0.94– 13.95; bootstrap Padj=0.06).

When considering controls as the reference popu-
lation in the same multivariate model, the risk of having 

Figure 2. LDL- C levels at last visit according to intensity of lipid- lowering therapy.
We have reported the median LDL- C levels obtained at last visit according with genotypes and intensity 
of lipid- lowering therapies. Patients have been classified as FH/M+ if carrying a monogenic mutations 
and FH/M− if they were PHC or FH/M− undetermined (see Methods). For definition of LLT intensity see 
Methods. FH indicates familial hypercholesterolemia; LDL- C, low- density lipoprotein cholesterol; LLT, 
lipid- lowering therapies; PCKS9i, proprotein convertase subtilisin/kexin type 9 inhibitors; and PHC, 
polygenic hypercholesterolemia.
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a CAD- RADS score above 3 was ≈12- fold higher in 
patients with monogenic FH/M+ (OR, 12.4; 95% CI, 
3.07– 37.35; Padj<0.001) as compared with controls. 
This association was maintained even after bootstrap 
correction (OR, 10.0; 95% CI, 1.8– 35.5; bootstrap 
Padj<0.001). Conversely, no differences in CAD- RADS 
score were found after comparing patients with FH/M− 
and controls (OR, 3.4; 95% CI, 0.92– 12.47; Padj=0.06, 
bootstrap Padj=0.19).

Impact of FH Genotypes on MACE
During a median follow- up period of 31.0  months 
(interquartile range 13.0– 68.0  months), 18 MACE 
were registered among 322 patients with clinically 
diagnosed FH, representing 11.7 events per 10 000 
person- year.10,25 Sixteen were coronary end points 
(15 coronary revascularisations and 1 fatal myocardial 

infarction) and 2 were carotid stenting. Of these, 11 
occurred in patients who were in primary preven-
tion and 7 in patients who had a history of ASCVD 
at enrollment.

Figure  4 shows the Kaplan- Meier survival curves 
for MACE according to FH/M+ and FH/M− genotypes. 
The risk of incident MACE was 4- fold higher in patients 
with monogenic than in FH/M− (hazard ratio [HR], 4.1; 
95% CI, 0.98– 18.5; P=0.06). The results of multivariate 
analysis are reported in Table S4. The model includ-
ing age at last visit and gender (Model 1) showed that 
the risk for MACE associated with the diagnosis of FH/
M+ was about 5 times higher (HR, 4.8; 95% CI, 1.06 
−21.36; Padj=0.041). This risk was even higher (HR, 9.1; 
95% CI, 1.18– 70.9; Padj=0.034) when MACE at base-
line, age at last visit, active smoking, and gender were 
considered as covariates (Model 2). Finally, these re-
sults remained almost unchanged even after adding 

Table 3. Characteristics of Individuals Participating to the Coronary CTA Study

FH/M+ (N=79) FH/M− (N=40) Controls (N=135)
P for FH/M+ 

vs FH/M−
P for FH/M+ 
vs Controls

P for FH/M− 
vs Controls

Demographic

Age, y 47.5±12.9 (19– 73) 50.4±10.7 (29– 72) 56.0±10.2 (30– 79) ns <0.001 0.004

Males n, % 45 (57.0) 25 (62.5) 78 (57.8) ns ns ns

BMI, kg/m2 25.6±3.6 25.5±3.1 29.6±4.2 ns <0.001 <0.001

Plasma lipids, mg/dL

Total cholesterol 225.6±62.9 219.1±54.4 201.6±49.5 ns ns ns

HDL cholesterol 53.9±13.2 58.8±14.9 50.5±15.5 ns 0.05 0.002

LDL cholesterol 149.2±56.8 136.4±45.9 123.8±37.0 ns 0.003 ns

Total triglyceride 108.9±58.4 123.1±130.2 183.3±150.9 ns <0.001 0.006

Medical history, n (%)

T2DM 3 (3.8) 1 (2.6) 19 (14.1) ns 0.017 0.047

Smokers 42 (53.2) 17 (43.6) 48 (36.6) ns 0.042 ns

HTN 17 (21.5) 7 (17.9) 72 (53.3) ns <0.001 <0.001

LLT intensity, n (%)

Untreated 6 (7.6) 11 (27.5) 118 (90.8)*

<0.001 <0.001 <0.001

Low- moderate 18 (22.8) 20 (50.0) 12 (8.9)*

High 26 (32.9) 7 (17.5) …

Maximal 25 (31.6) 2 (5.0) …

Low- moderate plus PCKS9i 2 (2.5) … …

Maximal plus PCSK9i 2 (2.1) … …

Coronary atherosclerotic burden

CAC score† 14.5 (0– 161.6) 0 (0– 31.8) 0 (0– 7.6) 0.050 0.002 ns

No. of coronary lesions 7.8±8.9 3.5±5.6 1.9±4.7 0.024 <0.001 ns

Data are reported as mean (± standard deviation) or number (percentage) as appropriate. Plasma lipids are those measured at the time of CTA study. Patients 
have been defined as FH/M+ monogenic if carrying a monogenic mutation and FH/M− if they were PHC or FH/M− undetermined (see Materials and Methods). 
Smokers variables included active or past smoking. For definition of LLT intensity see Materials and Methods. Controls results from the combination of the 
reference populations (controls) for the coronary CTA study (see Material and Methods). BMI indicates body mass index; FH, familial hypercholesterolemia; 
HDL, high- density lipoprotein; HTN, hypertension; LDL, low- density lipoprotein; LLT, lipid- lowering therapies; ns, not significant; PCSK9i, proprotein convertase 
subtilisin/kexin type 9 inhibitors; PHC, polygenic hypercholesterolemia; and T2DM, type 2 diabetes.

*Information about the assumption of lipid- lowering therapies at the time of CTA was missing in 5 subjects from the reference population.
†CAC score was available in 77 subjects from controls. CAC scores are reported as mean (± standard deviation) of original scale values. However, they were 

compared between groups after log(CAC+1) transformation, as described in Material and Methods.
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into the model untreated LDL- C values (Model 3), the 
on- treatment LDL- C (Model 4) or after adjustment for 
multiple comparisons (Model 4; HR, 8.02; 95% CI, 
1.01– 63.5; bootstrap Padj=0.048).

DISCUSSION
In this study, we have highlighted that monogenic 
FH was associated with lower responsiveness to 
conventional LDL- C lowering therapies, increased 
preclinical coronary atherosclerosis, and risk of 
atherosclerotic- related events when compared with 
patients with hypercholesterolemia with polygenic 

or unknown genetic cause. Our findings are in line 
with the growing body of evidence indicating that 
patients with monogenic FH may have a poorer 
prognosis than those without monogenic FH.1,3,5,23 
However, they add some elements of novelty. First, 
we found that asymptomatic, patients with treated 
hypercholesterolemia with a carefully defined mono-
genic status showed an increased burden of coro-
nary atherosclerosis as compared with those whose 
hypercholesterolemia had a polygenic or a geneti-
cally undetermined cause. It is worth to note that 
in our cohort the coronary atherosclerosis burden 
was estimated by assessing at the same time CAC 
score and the severity of coronary luminal stenosis, 
measures that both have been demonstrated to be 
predictors of the risk of occurrence of ischemic clini-
cal events.1,8,23,26 This is consistent with the obser-
vation that in our series the presence of monogenic 
FH was associated with almost 4 times higher risk 
of occurrence of new MACE during about 3- years 
follow- up period. It is remarkable that the excess risk 
of atherosclerosis associated with monogenic FH 
was not completely captured by either baseline or 
on- treatment LDL- C levels observed in patients car-
rying this genotype. A clear explanation for this is not 
easily available. The simplest reason could be that 
the increase in LDL- C observed in monogenic FH 
may occur earlier in life,10 thus determining a higher 
cumulative lifetime LDL- C exposure as compared 
with what occurs in patients without pathogenic mu-
tations in FH- causing genes. In addition, the residual 
elevated on- treatment LDL- C levels in patients with 
monogenic FH during conventional LLT made pa-
tients carrying this genotype more susceptible to the 
long- term atherosclerotic damage.3 An alternative 
explanation could lie in the mechanism of LDL- C el-
evation in monogenic FH, which is definitively due to 
reduction of LDLR activity unlike what occurs in PHC, 
where a variety of largely unknown mechanisms may 
be present.2,3 Although additional investigations are 
needed to clarify these possibilities, our findings fur-
ther confirm the importance of identifying the geno-
type underlying hypercholesterolemia, for example, 
monogenic versus polygenic. This allow to better 
guide the therapeutic choices in patients with mo-
lecularly confirmed monogenic hypercholesterolemia 
in whom a more intensive and earlier intervention is 
required.1,9,27

The second new piece of information provided by our 
study is represented by the demonstration that, during 
conventional LLT, patients who carry a pathogenic 
FH mutation (FH/M+) had a poorer response to the 
treatment compared with patients without monogenic 
mutations (PHC and FH/M- undetermined), whereas a 
comparable response was found in the 2 mutation neg-
ative groups. This was present even when high intensity 

Figure 3. Coronary atherosclerosis burden according to 
genotypes.
A, Distribution of genotypes according to CAC categories. B, 
Distribution of severity of coronary stenosis expressed by CAD- 
RADS categories according to FH genotypes. Patients have been 
classified as FH/M+ if carrying a monogenic mutation (N=79), FH/
M− if they were defined as PHC or FH/M− undetermined (N=40), 
and controls (N=135). CAC values were available in only 77 
controls. For definition of CAD- RADS see Methods. CAC indicates 
coronary artery calcium; CAD- RADS, Coronary Artery Disease- 
Data and Reporting System; FH, familial hypercholesterolemia; 
and PHC, polygenic hypercholesterolemia.

A

P for trend =0.01

0%

20%

40%

60%

80%

CONTROLS FH/M- FH/M+

CAC=0 CAC 1-99 CAC≥100

43.4
43.5

16.2

23.6

17.4 18.9

33.0

39.1

64.9

B

0%

20%

40%

60%

80%

100%

CONTROLS FH/M- FH/M+

CAD RADS 0 CAD RADS 1-2 CAD RADS 3-5

51.1 50.0
43.0

39.3 37.5

32.9

9.6 12.5 24.1

P for trend =0.075



J Am Heart Assoc. 2021;0:e018932. DOI: 10.1161/JAHA.120.018932 11

D’Erasmo et al Monogenic vs Polygenic Hypercholesterolemia

or maximal LLT was prescribed. Previous studies have 
evaluated the effect of cholesterol- lowering treatments 
in heterozygous FH3,9,28,29 but none was carried out 
among FH carefully classified as having a monogenic 
versus polygenic basis. Nevertheless, present data 
confirm that, overall, only a small proportion of mono-
genic (heterozygous) FH treated with conventional LLT 
reach the recommended target.8 In this context, it is 
remarkable that only the use of PCSK9i allowed reach-
ing the LDL- C targets in our patients with heterozygous 
FH. In addition, our survey confirms the observation of 
a comparable response to PCSK9i in both monogenic 
and polygenic patient groups. Previous studies have 
investigated this aspect,3,30,31 but the present investi-
gation has the advantage of being carried out in rela-
tively larger and genetically classified group of patients 
with FH. Indeed, Lee et al30 had published comparable 
biochemical responsiveness to PCSK9i in both mono-
genic (heterozygous) and polygenic hypercholesterol-
emia, but in smaller patient groups. Also, Brunham’s 
group reported data about LLT response changes for 
patients with FH in pre-  and post- PCSK9i era but with-
out genetic classification.3

It has been suggested that the clinical diagnosis of 
FH must be based on DLCNC score.8 In agreement 
with others,32 we found that the likelihood of detecting 
FH- causing variants is greatest in patients with higher 
DLCNC scores; in our cohort more than 50% of pa-
tients with monogenic FH were in the DLCNC score 

categories of “definite” and “probable.” We are increas-
ingly becoming aware that there are important limita-
tions to the currently used algorithms for the clinical 
diagnose of FH, namely DLCNC and Simon Broome 
Register.32 Indeed, the clinical manifestations (prema-
ture corneal arcus, xanthomas, xanthelasma) are seen 
less frequently in modern practice, family history is 
sometimes unavailable or unreliable, baseline LDL- C 
(untreated) level is often difficult to reconstruct be-
cause of the use of LLT, and, finally, some subjects 
with causal mutation in FH- related genes might have 
an LDL- C <95th percentile. To overcome these difficul-
ties, efforts to develop new and simpler algorithms to 
define FH are under way.33 Indeed, a still open ques-
tion is whether DLCNC has the same ability to predict 
the response to therapy and the risk of atherosclerosis 
of genetic testing. Even though this issue is out the 
scope of present work, preliminary data from our co-
hort indicate that DLCNC is globally less efficient than 
genotyping in predicting clinical outcomes in these 
patients with hypercholesterolemia (data not shown). 
However, further investigation into this aspect is ur-
gently needed.

Study Limitations
We should acknowledge some strengths and limitations 
of current study. First, its retrospective, cross- sectional 
observational design is a key limitation. Moreover, 

Figure 4. MACE- free survival curves according to genotypes.
Kaplan- Meier survival curves for incident major adverse cardiovascular events (MACE) occurred during 
follow- up in the cohort of clinical FH patients (322 subjects) according to genotypes. Patients have been 
defined as FH/M+ monogenic if carrying a monogenic mutation (N=182) and FH/M− if they are PHC or 
FH/M− undetermined (N=140). MACE have been defined as reported in Methods. FH indicates familial 
hypercholesterolemia; IC, confidence interval; and PHC, polygenic hypercholesterolemia.
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follow- up data were available only on the 322 index 
cases who have returned at least once after baseline 
visit and we were not able to assess patient’s adherence 
to LLT. Despite this, our findings were based on one of 
the largest cohorts of Italian patients with clinically as-
certained FH and were largely consistent with previous 
investigations. In particular, our on- treatment LDL- C and 
occurrence of MACE are in accordance with similar data 
from contemporary large FH registries.28,29 Second, the 
assessment of pathogenicity of FH- causative variants 
was mostly based on in silico prediction, while no direct 
functional testing was carried out. However, it must be 
noted that most annotated variants have been already 
reported to be associated with the FH phenotype and 
some of the novel types have been segregated within 
families (data not reported). The LDL- C raising PRS was 
generated by using a simplified 6- SNP panel as op-
posed to other investigations where a much larger num-
ber of LDL- C raising common SNPs was employed.3,34 
This leaves the possibility that other relevant LDL- C ris-
ing variants were not considered in the present analysis. 
Nevertheless, the use of the 6- SNP panel to predict a 
polygenic basis in patients with FH not carrying mono-
genic mutations has been already validated by others.3,4 
Furthermore, one of our objectives was to verify if the use 
of a simplified genetic approach to the diagnosis of PHC 
could have relevant implications from a clinical point of 
view. The LDL- C raising PRS cutoff value for PHC was 
identified as the best discriminator between patients with 
FH/M− and individuals with normocholesterolemia in the 
Italian population. We believe this approach is the most 
robust and it can better reflect the interplay of population- 
specific genetic and environmental factors. Indeed, in our 
reference population with normocholesterolemia LDL- C 
level increases by an unadjusted value of 31 mg from the 
first to the last decile of PRS distribution (Figure S1). Third, 
we obtained coronary imaging in a small subgroup of pa-
tients who were not randomized to CTA evaluation, thus 
possibly leading to a bias. However, it must be noted that 
we have included in the atherosclerosis burden evalua-
tion only patients who were completely asymptomatic 
at the time of examination and were not aware of their 
genetic FH status. Moreover, to strengthen CTA findings 
we have compared patients with FH with individuals be-
longing to the general population as well as to a high- risk 
population without FH. Finally, we have to acknowledge 
that only a small number of events occurred during 
follow- up and this might limit the soundness of our esti-
mation of MACE associated to monogenic or polygenic 
hypercholesterolemia.

CONCLUSIONS
The main finding of this study is that the genetic back-
ground has a significant impact in determining the 

response to conventional LLT as well as the athero-
sclerosis burden in treated patients with clinically di-
agnosed FH. These results clearly demonstrate that 
genetic testing is crucial to improve atherosclerosis 
risk stratification in FH and might be helpful in planning 
more intensive therapeutic strategies. In this context, 
the advent of novel LLT, such as PCSK9i, might be 
useful in reducing the gap between the genetic forms 
of hypercholesterolemia.

ARTICLE INFORMATION
Received August 13, 2020; accepted February 19, 2021.

Affiliations
From the Department of Translational and Precision Medicine (L.D., A.D.C., 
G.P., D.C., A.M., F.B., I.S., M.M., M.A.) and Department of Experimental 
Medicine (F.C.), "Sapienza" University of Rome, Rome, Italy; CORESEARCH, 
Center for Outcomes Research and Clinical Epidemiology, Pescara, Italy 
(A.N.); Department of Radiological Sciences, Oncology and Pathology, 
"Sapienza" University of Rome, Rome, Italy (A.A., N.G., M.F.); and Department 
of Radiological Sciences, Oncology and Pathology, "Sapienza" University of 
Rome, I.C.O.T. Hospital, Latina, Italy (I.C.).

Acknowledgments
We thank Dr Manuela Casula, Veronica Zampoleri, and Marta Gazzotti for 
their unparalleled work in the coordination and management of the LIPIGEN 
Registry.

Sources of Funding
The LIPIGEN- FH Study is an initiative of the SISA Foundation supported by 
an unconditional research grant from Sanofi.

Disclosures
D’Erasmo has received personal fees for public speaking, consultancy, or 
grant support from Amryt Pharmaceuticals, Akcea Therapeutics, Pfizer, 
Amgen, and Sanofi; Arca has received research grant support from Amryth 
Pharmaceutical, Amgen, IONIS, Akcea Therapeutics, Pfizer, and Sanofi; 
has served as a consultant for Amgen, Aegerion, Akcea Therapeutics, 
Regeneron, Sanofi, and Alfasigma and received lecturing fees from Amgen, 
Amryth Pharmaceutical, Pfizer, Sanofi, and AlfaSigma. The remaining au-
thors have no disclosures to report.

Supplementary Material
Tables S1– S4
Figures S1– S2

REFERENCES
 1. Khera AV, Hegele RA. What is familial hypercholesterolemia, and why 

does it matter? Circulation. 2020;141:1760– 1763. DOI: 10.1161/CIRCU 
LATIO NAHA.120.046961.

 2. Hegele RA, Ban MR, Cao H, McIntyre AD, Robinson JF, Wang J. 
Targeted next- generation sequencing in monogenic dyslipidemias. 
Curr Opin Lipidol. 2015;26:103– 113. DOI: 10.1097/MOL.00000 00000 
000163.

 3. Trinder M, Francis GA, Brunham LR. Association of monogenic vs 
polygenic hypercholesterolemia with risk of atherosclerotic cardiovas-
cular disease. JAMA Cardiol. 2020;5:390– 399. DOI: 10.1001/jamac 
ardio.2019.5954.

 4. Futema M, Shah S, Cooper JA, Li K, Whittall RA, Sharifi M, Goldberg O, 
Drogari E, Mollaki V, Wiegman A, et al. Refinement of variant selection 
for the LDL cholesterol genetic risk score in the diagnosis of the poly-
genic form of clinical familial hypercholesterolemia and replication in 
samples from 6 countries. Clin Chem. 2015;61:231– 238. DOI: 10.1373/
clinc hem.2014.231365.

 5. Khera AV, Chaffin M, Zekavat SM, Collins RL, Roselli C, Natarajan P, 
Lichtman JH, D’Onofrio G, Mattera J, Dreyer R, et al. Whole- genome 
sequencing to characterize monogenic and polygenic contributions in 

https://doi.org/10.1161/CIRCULATIONAHA.120.046961
https://doi.org/10.1161/CIRCULATIONAHA.120.046961
https://doi.org/10.1097/MOL.0000000000000163
https://doi.org/10.1097/MOL.0000000000000163
https://doi.org/10.1001/jamacardio.2019.5954
https://doi.org/10.1001/jamacardio.2019.5954
https://doi.org/10.1373/clinchem.2014.231365
https://doi.org/10.1373/clinchem.2014.231365


J Am Heart Assoc. 2021;0:e018932. DOI: 10.1161/JAHA.120.018932 13

D’Erasmo et al Monogenic vs Polygenic Hypercholesterolemia

patients hospitalized with early- onset myocardial infarction. Circulation. 
2019;139:1593– 1602. DOI: 10.1161/CIRCU LATIO NAHA.118.035658.

 6. Averna M, Cefalù AB, Casula M, Noto D, Arca M, Bertolini S, Calandra 
S, Catapano AL, Tarugi P; LIPIGEN Group. Familial hypercholesterol-
emia: the Italian Atherosclerosis Society Network (LIPIGEN). Atheroscler 
Suppl. 2017;29:11– 16. DOI: 10.1016/j.ather oscle rosis sup.2017.07.001.

 7. Pirillo A, Garlaschelli K, Arca M, Averna M, Bertolini S, Calandra S, 
Tarugi P, Catapano AL; LIPIGEN Group. Spectrum of mutations in 
Italian patients with familial hypercholesterolemia: new results from the 
LIPIGEN study. Atheroscler Suppl. 2017;29:17– 24. DOI: 10.1016/j.ather 
oscle rosis sup.2017.07.002.

 8. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, 
Chapman MJ, De Backer GG, Delgado V, Ference BA, et al. 2019 ESC/
EAS Guidelines for the management of dyslipidaemias: lipid modifica-
tion to reduce cardiovascular risk. Eur Heart J. 2020;41:111– 188. DOI: 
10.1093/eurhe artj/ehz455.

 9. D’Erasmo L, Commodari D, Di Costanzo A, Minicocci I, Polito L, Ceci 
F, Montali A, Maranghi M, Arca M. Evolving trend in the management 
of heterozygous familial hypercholesterolemia in Italy: a retrospec-
tive, single center, observational study. Nutr Metab Cardiovasc Dis. 
2020;30:2027– 2035. DOI: 10.1016/j.numecd.2020.06.028.

 10. D’Erasmo L, Minicocci I, Nicolucci A, Pintus P, Roeters Van Lennep JE, 
Masana L, Mata P, Sánchez- Hernández RM, Prieto- Matos P, Real JT, 
et al. Autosomal recessive hypercholesterolemia: long- term cardiovas-
cular outcomes. J Am Coll Cardiol. 2018;71:279– 288. DOI: 10.1016/j.
jacc.2017.11.028.

 11. Ruel I, Aljenedil S, Sadri I, de Varennes É, Hegele RA, Couture P, 
Bergeron J, Wanneh E, Baass A, Dufour R, et al. Imputation of base-
line LDL cholesterol concentration in patients with familial hypercholes-
terolemia on statins or ezetimibe. Clin Chem. 2018;64:355– 362. DOI: 
10.1373/clinc hem.2017.279422.

 12. Di Costanzo A, D’Erasmo L, Polimeni L, Baratta F, Coletta P, Di Martino 
M, Loffredo L, Perri L, Ceci F, Montali A, et al. Non- alcoholic fatty liver 
disease and subclinical atherosclerosis: a comparison of metabolically-  
versus genetically- driven excess fat hepatic storage. Atherosclerosis. 
2017;257:232– 239. DOI: 10.1016/j.ather oscle rosis.2016.12.018.

 13. Masana L, Pedro- Botet J, Civeira F. IMPROVE- IT clinical implications. 
Should the "high- intensity cholesterol- lowering therapy" strategy re-
place the "high- intensity statin therapy"? Atherosclerosis. 2015;240:161– 
162. DOI: 10.1016/j.ather oscle rosis.2015.03.002.

 14. Available at: https://www.aifa.gov.it/- /attiv azion e- web- e- pubbl icazi 
one- sched e- di- monit oragg io- regis tro- repat ha- est- , Accessed August 
8, 2020.

 15. Available at: https://www.aifa.gov.it/web/guest/ - /attiv azion e- web- 
e- pubbl icazi one- sched e- di- monit oragg io- regis tro- pralu ent- cvd- . 
Accessed August 8, 2020.

 16. Kopanos C, Tsiolkas V, Kouris A, Chapple CE, Albarca Aguilera M, 
Meyer R, Massouras A. VarSome: the human genomic variant search 
engine. Bioinformatics. 2019;35:1978– 1980. DOI: 10.1093/bioin forma 
tics/bty897.

 17. Chora JR, Medeiros AM, Alves AC, Bourbon M. Analysis of publicly 
available LDLR, APOB, and PCSK9 variants associated with familial hy-
percholesterolemia: application of ACMG guidelines and implications 
for familial hypercholesterolemia diagnosis. Genet Med. 2018;20:591– 
598. DOI: 10.1038/gim.2017.151.

 18. Menotti A, Seccareccia F, Lanti M, Farchi G, Conti S, Dima F, Scanga 
M, Marenco G, Falchero M, Ideo G, et al. Mean levels and distributions 
of some cardiovascular risk factors in Italy in the 1970’s and the 1980’s. 
The Italian RIFLE Pooling Project. Risk factors and life expectancy. G Ital 
Cardiol. 1995;25:1539– 1572.

 19. Pigna G, Napoli A, Zaccagna F, Marincola BC, Monticolo R, Catalano 
C, Iuliano L, Arca M. The relationship between metabolic syndrome, 
its components, and the whole- body atherosclerotic disease burden 
as measured by computed tomography angiography. Atherosclerosis. 
2011;215:417– 420. DOI: 10.1016/j.ather oscle rosis.2010.12.038.

 20. Minicocci I, Montali A, Robciuc MR, Quagliarini F, Censi V, Labbadia 
G, Gabiati C, Pigna G, Sepe ML, Pannozzo F, et al. Mutations in 
the ANGPTL3 gene and familial combined hypolipidemia: a clin-
ical and biochemical characterization. J Clin Endocrinol Metab. 
2012;97:E1266– E1275. DOI: 10.1210/jc.2012- 1298.

 21. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr, 
Detrano R. Quantification of coronary artery calcium using ultrafast 

computed tomography. J Am Coll Cardiol. 1990;15:827– 832. DOI: 
10.1016/0735- 1097(90)90282 - t.

 22. Cury RC, Abbara S, Achenbach S, Agatston A, Berman DS, Budoff 
MJ, Dill KE, Jacobs JE, Maroules CD, Rubin GD, et al. CAD- RADS(TM) 
Coronary Artery Disease— Reporting and Data System. An expert 
consensus document of the Society of Cardiovascular Computed 
Tomography (SCCT), the American College of Radiology (ACR) and the 
North American Society for Cardiovascular Imaging (NASCI). Endorsed 
by the American College of Cardiology. J Cardiovasc Comput Tomogr. 
2016;10:269– 281. DOI: 10.1016/j.jcct.2016.04.005.

 23. Miname MH, Bittencourt MS, Moraes SR, Alves RIM, Silva PRS, Jannes 
CE, Pereira AC, Krieger JE, Nasir K, Santos RD. Coronary artery cal-
cium and cardiovascular events in patients with familial hypercholes-
terolemia receiving standard lipid- lowering therapy. JACC Cardiovasc 
Imaging. 2019;12:1797– 1804. DOI: 10.1016/j.jcmg.2018.09.019.

 24. Di Costanzo A, Belardinilli F, Bailetti D, Sponziello M, D’Erasmo L, 
Polimeni L, Baratta F, Pastori D, Ceci F, Montali A, et al. Evaluation of 
polygenic determinants of non- alcoholic fatty liver disease (NAFLD) by 
a candidate genes resequencing strategy. Sci Rep. 2018;8:3702. DOI: 
10.1038/s4159 8- 018- 21939 - 0.

 25. D’Erasmo L, Di Costanzo A, Cassandra F, Minicocci I, Polito L, Montali 
A, Ceci F, Arca M. Spectrum of mutations and long- term clinical out-
comes in genetic chylomicronemia syndromes. Arterioscler Thromb 
Vasc Biol. 2019;39:2531– 2541. DOI: 10.1161/ATVBA HA.119.313401.

 26. van Rosendael AR, Bax AM, Smit JM, van den Hoogen IJ, Ma X, Al’Aref 
S, Achenbach S, Al- Mallah MH, Andreini D, Berman DS, et al. Clinical 
risk factors and atherosclerotic plaque extent to define risk for major 
events in patients without obstructive coronary artery disease: the long- 
term coronary computed tomography angiography CONFIRM registry. 
Eur Heart J Cardiovasc Imaging. 2020;21:479– 488. DOI: 10.1093/ehjci/ 
jez322.

 27. Page MM, Bell DA, Watts GF. Widening the spectrum of genetic test-
ing in familial hypercholesterolaemia: will it translate into better patient 
and population outcomes? Clin Genet. 2020;97:543– 555. DOI: 10.1111/
cge.13685.

 28. Du Duell PB, Gidding SS, Andersen RL, Knickelbine T, Anderson L, 
Gianos E, Shrader P, Kindt I, O’Brien EC, McCann D, et al. Longitudinal 
low density lipoprotein cholesterol goal achievement and cardiovascu-
lar outcomes among adult patients with familial hypercholesterolemia: 
the CASCADE FH registry. Atherosclerosis. 2019;289:85– 93. DOI: 
10.1016/j.ather oscle rosis.2019.08.007.

 29. Pérez de Isla L, Alonso R, Mata N, Saltijeral A, Muñiz O, Rubio- Marin P, 
Diaz- Diaz JL, Fuentes F, de Andrés R, Zambón D, et al. Coronary heart 
disease, peripheral arterial disease, and stroke in familial hypercholes-
terolaemia: insights from the SAFEHEART Registry (Spanish Familial 
Hypercholesterolaemia Cohort Study). Arterioscler Thromb Vasc Biol. 
2016;36:2004– 2010. DOI: 10.1161/ATVBA HA.116.307514.

 30. Lee T, Iacocca MA, Ban MR, Hegele RA. Efficacy of evolocumab in 
monogenic vs polygenic hypercholesterolemia. CJC Open. 2019;1:115– 
118. DOI: 10.1016/j.cjco.2019.02.005.

 31. Kolovou V, Katsiki N, Makrygiannis S, Mavrogieni S, Karampetsou 
N, Manolis A, Melidonis A, Mikhailidis DP, Kolovou GD. Lipoprotein 
apheresis and proprotein convertase subtilisin/kexin type 9 inhibi-
tors in patients with heterozygous familial hypercholesterolemia: a 
one center study. J Cardiovasc Pharmacol Ther. 2021;26:51– 58. DOI: 
10.1177/10742 48420 943079.

 32. Casula M, Olmastroni E, Pirillo A, Catapano AL; MEMBERS OF THE 
LIPIGEN STEERING COMMETTEE; PRINCIPAL INVESTIGATORS: 
Coordinator center; Participant Centers; Participant Laboratories; 
COLLABORATORS; STUDY CENTRAL LABORATORY AND 
ANALYSIS GROUP. Evaluation of the performance of Dutch Lipid 
Clinic Network score in an Italian FH population: the LIPIGEN study. 
Atherosclerosis. 2018;277:413– 418. DOI: 10.1016/j.ather oscle 
rosis.2018.08.013.

 33. Ruel I, Brisson D, Aljenedil S, Awan Z, Baass A, Bélanger A, Bergeron J, 
Bewick D, Brophy JM, Brunham LR, et al. Simplified Canadian definition 
for familial hypercholesterolemia. Can J Cardiol. 2018;34:1210– 1214. 
DOI: 10.1016/j.cjca.2018.05.015.

 34. Natarajan P, Peloso GM, Zekavat SM, Montasser M, Ganna A, Chaffin 
M, Khera AV, Zhou W, Bloom JM, Engreitz JM, et al. Deep- coverage 
whole genome sequences and blood lipids among 16,324 individuals. 
Nat Commun. 2018;9:3391. DOI: 10.1038/s4146 7- 018- 05747 - 8.

https://doi.org/10.1161/CIRCULATIONAHA.118.035658
https://doi.org/10.1016/j.atherosclerosissup.2017.07.001
https://doi.org/10.1016/j.atherosclerosissup.2017.07.002
https://doi.org/10.1016/j.atherosclerosissup.2017.07.002
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1016/j.numecd.2020.06.028
https://doi.org/10.1016/j.jacc.2017.11.028
https://doi.org/10.1016/j.jacc.2017.11.028
https://doi.org/10.1373/clinchem.2017.279422
https://doi.org/10.1016/j.atherosclerosis.2016.12.018
https://doi.org/10.1016/j.atherosclerosis.2015.03.002
https://www.aifa.gov.it/-/attivazione-web-e-pubblicazione-schede-di-monitoraggio-registro-repatha-est-
https://www.aifa.gov.it/-/attivazione-web-e-pubblicazione-schede-di-monitoraggio-registro-repatha-est-
https://www.aifa.gov.it/web/guest/-/attivazione-web-e-pubblicazione-schede-di-monitoraggio-registro-praluent-cvd-
https://www.aifa.gov.it/web/guest/-/attivazione-web-e-pubblicazione-schede-di-monitoraggio-registro-praluent-cvd-
https://doi.org/10.1093/bioinformatics/bty897
https://doi.org/10.1093/bioinformatics/bty897
https://doi.org/10.1038/gim.2017.151
https://doi.org/10.1016/j.atherosclerosis.2010.12.038
https://doi.org/10.1210/jc.2012-1298
https://doi.org/10.1016/0735-1097(90)90282-t
https://doi.org/10.1016/j.jcct.2016.04.005
https://doi.org/10.1016/j.jcmg.2018.09.019
https://doi.org/10.1038/s41598-018-21939-0
https://doi.org/10.1161/ATVBAHA.119.313401
https://doi.org/10.1093/ehjci/jez322
https://doi.org/10.1093/ehjci/jez322
https://doi.org/10.1111/cge.13685
https://doi.org/10.1111/cge.13685
https://doi.org/10.1016/j.atherosclerosis.2019.08.007
https://doi.org/10.1161/ATVBAHA.116.307514
https://doi.org/10.1016/j.cjco.2019.02.005
https://doi.org/10.1177/1074248420943079
https://doi.org/10.1016/j.atherosclerosis.2018.08.013
https://doi.org/10.1016/j.atherosclerosis.2018.08.013
https://doi.org/10.1016/j.cjca.2018.05.015
https://doi.org/10.1038/s41467-018-05747-8


 
 
 

SUPPLEMENTARY MATERIAL 
 

  



Table S1. List of variants considered for monogenic HeFH classification. 

Mutation Type 
N. of 

patients 
209 

LDL-C 
mg/dl 

Number of 
Unique 

Mutations 

Novel to 
This Study 

     

LDLR (single mutations) 205 272.2 ± 83.6 91 15 
Nonsense 19 318.5 ± 108.0 9 2 

Missense (and small in-frame deletion) 116 260.3 ± 76.4 48 4 

Frameshift 29 288.6 ± 101.9 14 4 
Splicing 18 265.6 ± 63.8 7 1 

Copy number variation 21 283.9 ± 70.4 7 2 

5’UTR 2 271 ± 33.2 2 - 

LDLR (2 mutations in cis) 2 376.5 ± 48.8 4 2 
     

APOB (single mutations) 3  1 - 

Missense (and small in-frame deletion) 3 193.7 ± 9.7 1 - 
     

PCSK9 (single mutations) 1  1 - 

Missense (and small in-frame deletion) 1 252.0 1 - 
 

LDL-C values are represented as mean (± standard deviation). 

LDL-C, low-density lipoprotein cholesterol; LDLR, LDL receptor gene;5’ UTR, 5’ untranslated 

region of the gene; APOB, apolipoprotein B gene; PSCK9, proprotein convertase subtilisin/kexin 

type 9 gene. 

 

 

 

 

 

 

 



Table S2. Novel variants identified in the LDLR gene in the present cohort.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Novel variants identified in the LDLR gene and never associated with FH clinical phenotype in HGMD or UCL FH databases are shown.  

Genetic Identifier  
Proteic Identifier 

(sp)  
ACMG classification 

    

c.80_81delinsAA p.Cys27*  Pathogenic 

c.109G>A p.Gly37Arg  Likely Pathogenic 

c.169_182del p.Glu58Valfs*67  Pathogenic 

c.191-? 2311+?dup p.(?)  Pathogenic 

c.313+4_313+16del13 p.(?)  Pathogenic 

c.363C>A p.Cys121*  Pathogenic 

c.628A>T p.Ile210Phe  Likely Pathogenic 

c.641G>A p.Trp214*  Pathogenic 

c.1299C>G p.Asp433Glu  Likely Pathogenic 

c.1360del p.Thr454Profs*53  Pathogenic 

c.1530_1532delGTT p.Leu511del  Pathogenic 

c.2054dup p.Gln686Alafs*31  Pathogenic 

c.2120A>C p.Asp707Ala  Likely Pathogenic 

c.2141-?_2583+?del p.(?)  Pathogenic 

c.2574_2575insA p.Val859Serfs*66  Pathogenic 

    

    
    



Missense novel variants were deemed as monogenic FH-causing variants if reported as likely pathogenic or pathogenic according to the ACMG 

classification and following specific FH assumption as previously reported [16-17]. Variants predicting nonsense mutations or CNVs were classified 

as pathogenic. The NM_000527.4 was considered for all annotations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S3. Comparison of clinical characteristics of patients with clinically diagnosed HeFH according to genotypes   

Variables 

FH/M+ 

Monogenic 

N=209 

FH/M- Whole 

n=161 

P 

FH/M+ 

monogenic 

vs 

PHC 

 

P 

FH/M+ 

monogenic 

vs 

FH/M-

undetermined 

P 

PHC 

vs 

FH/M-

undetermined 

 

PHC 

N=89 

 

FH/M- 

undetermined 

N=72 

Age, yrs 44.8 ± 15.0 50.4 ± 13.4 49.6 ± 14.4 0.005 0.029 ns 

Male, n (%)  99 (47.4) 44 (49.4) 35 (49.2) ns ns ns 

BMI, Kg/m2 24.9 ± 4.2 24.7 ± 3.0 25.2 ± 3. ns ns ns 

Arcus cornealis, n (%) 23 (11.0) 8 (8.9) 13 (18.1) ns ns ns 

Tendinous xanthoma, n (%) 16 (7.68) 2 (2.2) 0 0.041 0.016 ns 

6-SNPs Score 0.61 ± 0.23 0.83 ± 0.08 0.52 ± 0.16 <0.001 <0.001 <0.001 

Plasma Lipids, mg/dL       

Total cholesterol 353.3 ± 79.9 303.0 ± 45.7 292.3 ± 59.2 <0.001 <0.001 0.037 

LDL cholesterol 271.5 ± 83.3 217.2 ± 40.6 205.7 ± 56.9 <0.001 <0.001 0.009 

HDL cholesterol 59.0 ± 21.6 60.6 ± 17.0 60.6 ± 17.0 ns ns ns 

Total triglycerides 127.3 ± 73.6 136.0 ± 75.7  125.5 ± 60.7 ns ns ns 

Medical History, n (%)       

History of ASCVD 77 (33.6) 8 (8.9) 13 (18.1) ns ns ns 

T2DM 5 (2.3) 6 (6.7) 3 (4.1) ns ns ns 

Family history of ASCVD 166 (34.6) 28 (26.2) 29 (31.2) ns ns ns 

Smokers 38 (16.5) 8 (8.9) 4 (5.6) ns ns ns 



 

Data are reported as Mean (± standard deviation) or number (percentage) as appropriate. Lipid data indicate untreated values.  

Patients have been defined as FH/M+ monogenic if carrying a monogenic mutation and FH/M- if they were PHC or FH/M- undetermined (see 

Materials and Methods).  

FH, Familial Hypercholesterolemia; PHC, polygenic hypercholesterolemia, BMI, Body Mass Index; LDL, low-density lipoprotein; HDL, high-density 

lipoprotein; ASCVD, atherosclerotic cardiovascular disease; T2DM, type 2 diabetes; HTN, hypertension. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HTN 29 (13.8) 19 (21.3) 9 (12.5) ns ns ns 



Table S4. Multivariate cox regression analysis (stepwise) for the risk of incident MACE at follow-up 

 
 

Model 1 Model 2 Model 3 Model 4 

FH/M+ 4.772 (1.06-21.36), 0.041 9.151 (1.18-70.99), 0.034 9.151 (1.18-70.99), 0.034 7.975 (1.01-62.41), 0.048 

Male sex ns ns ns ns 

Age at last visit 1.007 (1.003-1.011), 0.002 1.008 (1.003-1.013), 0.001 1.008 (1.003-1.013), 0.001 1.007 (1.002-1.012), 0.004 

MACE baseline - ns ns ns 

Active smoking - ns ns ns 

Untreated LDL-C - - ns - 

On-treatment 
 LDL-C  - - - ns 

 
Data are expressed as Expβ (95%IC, P). Model 1 includes genotype, gender, age, Model 2 the same covariate of Model 1 plus smoking and MACE 

at baseline, Model 3 the same covariates of Model 2 plus untreated LDL-C and Model 4 the same covariates of Model 2 plus On-treatment LDL-C. 

A p value<0.005 is considered as significant. 

MACE, major cardiovascular events; FH/M+, monogenic hypercholesterolemia; LDL-C, low density cholesterol.  
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In this figure we represented the mean LDL-C values associated with each deciles of LDL-C 

raising PR  in normolipemic invididuals (Controls).

LDL-C, low density lipoprotein cholesterol ; PR , polygenic risk score. 

Figure S1. Correlation between    -C raising   S and    -C values in

normolipemic individuals



Figure S2.
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A

 istribution of    -C raising  olygenic  isk Score (  S) in a reference  talian normolipemic

population cohort (Controls) in patients carrying a monogenic FH-causing variant (FH/M+) or in

mutation-negative (FH/M-) patients.

 anel A Mutation-negative FH patients (FH/ M-)   . healthy controls (Controls);  anel   Mutation-

positive FH patients (FH/M+) vs. healthy controls (Controls).
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