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Chapter 1
Introduction and outline: Familial Hypercholesterolemia – 

inheritance of high atherosclerotic cardiovascular disease risk
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Chapter 1

General Introduction
Familial hypercholesterolemia (FH) is a genetic disorder with a history stretching 
back centuries, as evidenced by its depiction in classical art. For example, 
Leonardo Da Vinci’s portrait of the  and Frans Hals’s portrayal of an 

 provide early visual evidence of this condition through features like 
xanthelasma and tendinous xanthoma. Due to these visible clinical features, 
FH was initially perceived as a dermatological condition in 18731. It was not 

association with premature cardiovascular disease (CVD) in affected families was 
established1

al.2, while Khachadurian and colleagues later elucidated its autosomal dominant 
inheritance pattern, distinguishing between the heterozygous and homozygous 
forms3. The pivotal role of elevated low-density lipoprotein (LDL) cholesterol in 
FH came to light through subsequent research, highlighting it as both a hallmark 
of the condition and a causative factor of the associated vascular disease. This 
understanding paved the way for the discovery of the LDL receptor (LDLR) 
pathway and its malfunction as a primary defect in many FH cases. In addition 
to the LDLR gene (LDLR), genetic studies have revealed the apolipoprotein B 
gene (APOB), and proprotein convertase subtilisin kexin type 9 gene (PCSK9) as 
other causative loci for FH1. The development of 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) reductase inhibitors revolutionized FH treatment by introducing 

cholesterol levels. Since then, a plethora of treatment options have emerged, 
further broadening the arsenal against high cholesterol.

Why optimize screening for FH?

as a prevalent genetic disorder characterized by elevated LDL cholesterol levels 
from birth onwards, which substantially accelerates the onset of atherosclerotic 
cardiovascular disease (ASCVD)4. With an estimated global prevalence of 1 
in 300 individuals5, translating to roughly 30 million patients worldwide6, and 
the 2 to 26-fold increased risk of premature ASCVD7, FH poses a substantial 

LDL cholesterol management are essential to minimize the lifetime cumulative 
cholesterol burden and associated ASCVD risk. Unfortunately, despite this 
urgency, over 90% of FH patients globally remain undiagnosed, leading to 
widespread undertreatment of affected individuals. This alarming statistic 
highlights the critical need for improved screening and detection methods for FH.

171020_Ibrahim_BNW-def-v1.indd   10 04/04/2024   11:44
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Why optimize diagnostics for FH?
In 2018, an international expert panel emphasized the importance of molecular 

compliance, and increasing the precision and cost-effectiveness of cascade 
testing8. However, despite these diagnostic and prognostic merits, the 
widespread adoption of genetic testing faces challenges such as costs of 
genetic tests, limited accessibility, especially in some parts of the world, limited 
availability of genetic counselling services, and challenges in genetic variant 
interpretation9. With the advent of next-generation sequencing (NGS), traditional 
methods like Sanger sequencing are being phased out, yet the wider application 
of NGS is still limited. The diagnostic process is further complicated by the fact 

testing, highlighting the importance of careful patient selection for genetic 
testing. Diagnostic algorithms such as Dutch Lipid Clinic Network (DLCN) criteria, 
Simon Broome Register (SBR), Make Early Diagnoses to Prevent Early Deaths 
(MEDPED) criteria, and the Familial Hypercholesterolemia Case Ascertainment 
Tool (FAMCAT) exhibit varying diagnostic rates, indicating the necessity for 
optimized diagnostic criteria in FH. Enhancing access to cost-effective genetic 

management of FH, ultimately reducing ASCVD risk and improving patient 
outcomes.

Why optimize risk prediction in FH?
FH presents a markedly elevated lifetime risk for ASCVD, yet individual risk 

causes, additional genetic background, and environmental factors1,10. This 

in FH patients. Commonly used ASCVD risk calculators like the Framingham 
risk score, designed for the general population, fall short in patients with FH1, 
because they fail to adequately estimate the baseline risk resulting from lifelong 

acknowledge the value of considering lifetime cumulative cholesterol burden in 
managing FH and preventing ASCVD11. However, despite this recognition, actual 
clinical practice often does not focus on lifetime exposure, but rather on single 
LDL cholesterol measurements. Given the heterogeneity of FH phenotypes, the 
limitations of current risk calculators, and the gap between clinical guidelines and 
practice, there is a pressing need for a more personalized approach in managing 

1
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FH. This approach becomes even more critical in the current era, which offers a 
wide array of LDL cholesterol-lowering agents, allowing for tailored treatment 
strategies that can more effectively address the diverse needs of FH patients.

Aims and outline of this thesis
This thesis aims to address the gaps in current practices and to propose novel 
strategies for the detection, diagnosis, and risk assessment in FH, ultimately 
aiming to improve patient outcomes and reduce the burden of ASCVD in FH.

Part I of this thesis addresses the critical need for improved detection and 
screening of FH. Chapter 2 delves into existing and explores novel methods 
for the screening and detection of FH. Chapter 3 shifts the focus towards the 
Netherlands, evaluating gaps in knowledge, awareness, and clinical practices 
regarding FH among Dutch general practitioners, aiming to gain insights into 
barriers of FH detection. Chapter 4 and 5 propose more effective strategies 
for the detection of FH. Chapter 4 investigates the potential of automatically 
integrating health record-based data to identify FH patients. Chapter 5 evaluates 
a novel screening strategy using LDL cholesterol percentile cut-offs in a large 
central laboratory database, aiming to identify clinical and genetic cases of FH. In 
parallel, Chapter 5 also evaluates the extent of underutilization of genetic testing 
as well as undertreatment in clinically and/or genetically diagnosed FH patients.

Part II of this thesis delves into the genetic diagnostic methods of FH. Chapter 
6 reviews the genetic complexity of FH and the position of FH in the context 
of other dyslipidemias. Chapter 7 evaluates the accuracy of a low-cost, high-
throughput, customized genotyping array in diagnosing FH, which is important 
considering the economic and accessibility challenges in genetic testing.

Part III of this thesis explores the possibilities to optimize risk prediction 
and management strategies in FH. Chapters 8 through 11 examine various 
aspects, from LDL receptor gene (LDLR
of self-rated medication adherence and health outcomes in a broader context. 
Chapter 8 assesses a novel approach for classifying pathogenic LDLR variants 

prediction in FH patients. Chapter 9 aims to quantify the extent of subclinical 
atherosclerosis in relatively young FH patients using coronary CT angiography 
(CCTA) and evaluates the relationship between lifetime cumulative LDL 
cholesterol exposure and coronary atherosclerosis. Chapter 10 investigates 
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the impact of cumulative LDL cholesterol exposure on coronary artery disease 
(CAD) in FH patients, while also considering other cardiovascular risk factors. 
Chapter 11 examines the association between self-rated medication adherence 
and blood pressure control, LDL cholesterol levels, cardiovascular events, and 
all-cause mortality, providing valuable insights into the broader implications of 
medication adherence in cardiovascular risk management. Finally, Chapter 12 

future perspective on the evolving focus of FH management.

1
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Abstract

initially considered, with a population frequency of approximately 1 in 300. The 

existing screening methods and exploration of novel methods of detection.

New public policy recommendations on the detection of FH have been made by 
a global community of experts and advocates. Phenotypic tools for diagnosing 
index cases remain inaccurate. Genetic testing is the gold standard for FH and 
a new international position statement has been published. Correction of LDL 
cholesterol for the cholesterol content of lipoprotein(a) (Lp[a]) may increase 
the precision of the phenotypic diagnosis of FH. Cascade co-testing for FH and 
elevated Lp(a) levels provides a new opportunity to stratify CVD risk in families. 
Digital technology and machine learning methods, coupled with clinical alert 

detecting and managing index cases. Universal screening of children, combined 
with child-parent cascade testing, appears to be the most effective method for 
underpinning a population strategy for maximizing the detection of FH.

Detection of FH can be enhanced by optimizing current diagnostic algorithms, 
probing electronic health records with novel information technologies, and 
integrating universal screening of children with cascade testing of parents and 
other relatives.
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Introduction
FH is the most common monogenic cause of premature coronary artery disease 
(CAD). FH is characterized by lifelong elevation of LDL cholesterol, resulting 
in an up to 25-fold higher atherosclerotic cardiovascular disease (ASCVD) 
risk when compared with individuals with normal LDL cholesterol levels1. 
Recent systematic reviews and meta-analyses demonstrate a prevalence of 
approximately 1:300 in the general population, with a 10-fold higher prevalence 
among those with ischemic heart disease, a 20-fold higher prevalence among 
those with CAD, and a 23-fold higher prevalence among those with severe 
hypercholesterolemia2,3. The high ASCVD risk can be effectively mitigated with 
statins and other lipid-lowering therapies (LLTs), particularly when initiated 
at an early age4. Because of its high prevalence and risk of ASCVD, and the 
availability of effective treatment options, early detection and treatment of 
FH is crucial. However, the European Atherosclerosis Society (EAS) estimates 
that in most countries, less than 1% of ASCVD patients are diagnosed and, 
consequently, many FH patients remain inadequately managed5,6. A recent 
worldwide consensus has concluded that the screening and detection of FH 
is a major public health priority, thereby consolidating and extending the 1999 
WHO recommendations on FH7,8. The purpose of this article is to review existing 
as well as novel methods for improving the detection of FH.

A pivotal step in improving the diagnosis of FH is to increase the number of 

of new index cases may be achieved in different ways.

Specialists should think of FH in patients who present with premature 
atherosclerosis and high LDL cholesterol levels, a family history with a high 
prevalence of cardiovascular disease, and marked elevation of LDL cholesterol 

clinical diagnosis through clinical diagnostic algorithms and, if available, 
subsequent genetic testing5. Genetic testing should be especially advocated in 
young patients with acute coronary syndrome (ACS) and high LDL cholesterol 
levels9.

2
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Several diagnostic algorithms for FH are used in clinical practice. The Dutch 
Lipid Clinic Network (DLCN) and Simon Broome Register (SBR) criteria are the 
most widely used phenotypical FH criteria, and have been recommended in 
multiple guidelines10–12. In children, phenotypic diagnosis of FH is based on an 
LDL cholesterol of at least 5 mmol/l, or an LDL cholesterol of at least 4 mmol/l 
in combination with a family history of premature CAD and/or high baseline 
cholesterol in one parent13. The applicability of current diagnostic tools in 
children varies; the DLCN criteria are not valid in children, while the SBR criteria 

than 10 years13.

Another frequently used diagnostic score for FH diagnosis is Make Early 
Diagnose-Prevent Early Death (MEDPED), which principally uses age-dependent 
LDL cholesterol plasma levels as a criterion12. The FH Case Ascertainment Tool 
(FAMCAT) is a prediction tool (from the United Kingdom) used in primary care, 
which aims to identify possible FH patients using nine diagnostic variables14. 
Weng et al. recently conducted an external validation study showing a high 
degree of discrimination for FAMCAT (area under the receiver operating curve 

than that of SBR (0.694, 0.681–0.703), DLCN (0.724, 0.710–0.738), and 
MEDPED criteria (0.624, 0.609–0.638)15.

More recently, Besseling et al. developed and validated a new model, predicting 
the presence of an FH-causing variant in patients referred by general practitioners 
(GPs)16. Their model showed good discrimination and calibration with an AUC of 
0.854 (95%CI: 85.0–85.9). Although not frequently used, their tool might guide 
physicians in referral of patients for molecular testing. Ruel et al. proposed a 

when associated with at least one of the following: tendon xanthomata, presence 
17

has a diagnostic performance comparable to the DLCN and SBR criteria 
(Cohen’s 17. The American Heart 

18, whereby 
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or premature CAD and LDL cholesterol of at least 4 mmol/l in a child or at least 
18. According to Chan et al., the 

DLCN, SBR, and MEDPED criteria are more valid predictors of the presence of 
an FH-causing variant than the AHA criteria in patients referred to a lipid clinic, 
although concordance between these criteria is moderate19.

When clinical suspicion of FH is raised with the use of clinical scores, genetic 
testing may be considered when the clinical score exceeds a certain threshold, 
with a direct association between the height of the score, for example with the 
DLCN score, and the risk of having a pathogenic variant. Genetic testing is the 
gold standard for FH diagnosis. Variants in the genes encoding for the LDL 
receptor (LDLR), apolipoprotein B (APOB) and proprotein convertase subtilisin/
kexin type 9 (PCSK9) have been shown to cause FH. An Expert Consensus Panel, 

diagnosis; pathogenic variants indicate higher cardiovascular risk, thus the need 
for more aggressive LLT; genetic testing increases both the initiation of and 
adherence to therapy; and genetic testing facilitates cascade testing of at-risk 
relatives20. However, its application has several barriers, such as under-availability 
of genetic counselling services, cost implications, issues with interpretation, and 
restrictions on life insurance11. Nevertheless, genetic counselling of families with 
FH is fundamental to clinical practice and is therefore strongly recommended 
in recent guidelines20,21. Therefore, healthcare professionals need to develop 
literacy in genomic medicine to make them less reluctant in engaging in pre- or 
post-test counselling either with patients or relatives of patients.

Several improvements can be made to the clinical diagnostic algorithms for 
FH. For example, most of the widely used clinical scoring systems for FH use 
absolute LDL cholesterol cut-off values and were derived for use in adults in 
western populations. As LDL cholesterol levels are age-, sex-, and ethnicity-

22, incorporation of cut-off values dependent on these three variables 
might improve the precision of the scores10.

Moreover, LDL cholesterol levels can be distorted by lipoprotein(a) (Lp[a]) levels. 
Lp(a) is an LDL-like particle containing cholesterol, which can erroneously elevate 

2
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LDL cholesterol concentration when Lp(a) concentrations are high, thereby 
leading to a false phenotypic diagnosis of FH. Langsted et al. demonstrated 

approximately 25%23. Thus, adjustments for the cholesterol content of Lp(a) in 
LDL cholesterol will in principle improve the true positive diagnostic yield of the 
clinical algorithms23,24.

Furthermore, the possibility of incidental hypercholesterolemia should be taken 
into consideration when using clinical scoring systems. Jackson et al. recently 
showed that approximately 71% of blood donors who had elevated levels of 
LDL cholesterol at one point, showed normalization of LDL cholesterol levels 
upon retesting, demonstrating the importance of multiple LDL cholesterol 
measurements25. These variations of LDL cholesterol levels overtime remain 
unexplained.

Different machine learning strategies are currently used in healthcare systems to 

machine, and a neural network) outperformed the DLCN score in predicting the 
presence of an FH-causing variant26. In the USA, a machine-learning algorithm, 
FIND FH, has been developed, aiming to identify patients with probable FH by 
analyzing medical and insurance records for clinical parameters consistent with 
FH27. This model scans large, diverse, and disparate healthcare databases and 
has been shown to be successful in identifying individuals with FH.

Pepplinkhuizen et al. recently showed that automated medical record-based 
integration of LDL cholesterol levels, LLT, and patient and family history, enables 

28. In Lithuania, an electronic extraction tool, applied 
to medical records in primary care and outpatient settings to screen for likely 

2005 patients in the Lithuanian FH screening program, covering about 15% of 
estimated FH cases in Lithuania29.
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Screening patients with ACS admitted to coronary care units (CCUs) offer 
another opportunity for detecting FH, owing to the higher prevalence of the 
condition in these patient cohorts30–32. ACS presents 10–15 years earlier in 
patients with FH than in those without FH30. Patients admitted to the CCU with 
ACS or previously documented CAD should be routinely screened for FH after 
which cascade testing of relatives should be initiated. The diagnosis of FH should 
be made phenotypically and ideally using genetic testing (Table 1).

Table 1. Types of screening and detection methods for FH and corresponding target populations, 
geographical locations, testing modalities, and enabling tools.

Screening and 
detection method

Target population
Geographical 
location

Testing 
modality

Enabling tool

Selective

Patients with 
premature CAD

Coronary care 
units or cardiology 
outpatient clinics

Phenotypic Electronic 
health records, 
information 
technology

Opportunistic

Blood donors Blood transfusion 
centers

Phenotypic Database blood 
bank

General population Primary and 
tertiary care

Phenotypic Electronic 
health records, 
information 
technology

Systematic 
cascade testing

Family members 
from a known 
index case

Community, 
primary care

Phenotypic/
genetic

Registries, digital 
technology

Universal

Children 
during routine 
immunization or 
examination visits

Community, 
primary care

Phenotypic/
genetic

Electronic health 
records, digital 
technology

CAD, coronary artery disease.

The Consensus Statement of the EAS and the FH Foundation recommend 
that the management of most FH patients should take place in a primary care 
setting and preferably in the family context5,33. However, hitherto, little attention 
has been given to screening for FH in general practice, although primary care 
providers are well positioned for this, considering the frequent patient contact 
and the potential for cascade testing of relatives within the same practice34. 

2
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The main role of GPs in the management of FH is to be alert to the possibility of 
FH in patients, to manage low complexity patients and to assist with cascade 
testing of family members of index cases. However, it has been shown that 
the knowledge and awareness on FH are limited among GPs35–37. Several 

region showed that the majority of GPs considered themselves as the principal 
healthcare professional for providing care to patients with FH35–37. However, only 
one-third of them were fully aware of the national guidelines35–37. Gaps in FH 

FH in primary care.

Searching laboratory and general practice databases have also been 
demonstrated to be successful in screening large numbers of individuals and 
identifying high-risk cases and subsequently yielding new genetic or phenotypic 
FH index cases38,39. However, family histories in GP databases are often poorly 
recorded for many patients40–42 and manual database searches are time-
consuming39. Multiple survey studies have shown that primary care providers 
would endorse a clinical decision support system that alerts them of individuals 
at high risk of having FH36,37. Alerting GPs of individuals at high risk for FH, either 

elevated LDL cholesterol levels in laboratory results, has been shown to lead to 
43,44. 

GPs may be a more time and cost-effective approach to identify FH.
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Universal and opportunistic screening
In order to detect the majority of FH cases in the general population, other 
methods than just cascade testing may be required11,45. Therefore, several 
universal screening approaches, especially in children, have been introduced 

adolescence are the most favorable time for diagnosing FH and introducing 
treatment34. In Slovenia, a fasting serum total cholesterol (TC) measurement 
was included in the national routine examination of 5-year-old children46. All 
children with a TC higher than 6 mmol/l (232 mg/dl) or a TC higher than 5 mmol/l 
(193 mg/dl) along with a family history positive for premature cardiovascular 
complications, were genotyped for FH-causing variants. FH was genetically 

47.

Universal screening of children with subsequent child-parent reverse-cascade 

new FH patients (Table 1). Wald et al. showed that child-parent screening was 
feasible in primary care practices at routine child immunization visits48. Child-
parent cascade screening may also be the fastest strategy for identifying FH in 
the population49. Wald et al. calculated that 25% of individuals with FH would 

12 years for only child-parent screening, and 47 years for cascade testing. This 
approach also appears cost-effective50. However, hitherto, this strategy has only 
been implemented in Slovenia. The UK National Screening Committee rejected 
universal screening for FH with child-parent reverse screening in February 2020, 
which is a major missed public health opportunity considering the estimation that 
the approach would prevent 4000 myocardial infarctions in patients less than 
50 years of age in the UK each year, about half of them fatal51.

Apart from universal screening, there are also some more recently explored 
opportunistic approaches to identify FH patients. For example, Alver et al. 
screened population biobanks for genetic FH52, whereas Jackson et al. screened 
a large cohort of blood donors using the MEDPED criteria25. Both approaches 
offer novel strategies to detect and notify individuals with potential FH, but their 
cost-effectiveness needs further evaluation.

2
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active LDL cholesterol testing, genetic testing, or both, of all consenting 

relatives diagnosed with FH become index cases, thereby amplifying the number 
of cases detected53. By only obtaining LDL cholesterol levels, up to 20% of 
family members with LDLR mutations, but modestly elevated LDL cholesterol 
levels, would remain undiagnosed due to overlapping LDL cholesterol levels 
between FH and non-FH patients54. Thus, incorporating genetic testing into 
cascade screening improves the detection rate for FH and makes it more cost-
effective. An advantage of cascade testing is that it can reduce the average age 
at which individuals are diagnosed and treatment is initiated, potentially resulting 
in reductions in premature CAD54,55.

Ellis et al. have shown that testing for elevated Lp(a) levels during cascade 
testing for FH is a very effective way to also identify patients with high Lp(a) 
levels56. Identifying these patients is important because these patients are at 
an increased risk of ASCVD, particularly if they are also diagnosed with FH56.

Government-funded cascade screening programs have successfully been 
implemented in various countries, with the most comprehensive nationwide FH 
screening program executed in the Netherlands between 1994 and 201327,57. 

54,57. By the end of the program, more 
than 60,000 individuals from more than 5000 pedigrees were genetically 
tested and more than 28,000 new, genetically diagnosed FH patients were 

highly acceptable among participants. Less than 5% of the screeners were 
critical about being actively approached for screening, and the effects on mood 
and quality of life were minimal to absent58. Furthermore, the diagnosis of FH 
did not hamper access to employment or life insurance. The experience in the 

and effective. Its success is demonstrated by the sharp decrease of diagnosed 

system, where it became the responsibility of the treating physician to approach 
family members of index patients, instead of it being nationally organized57. FH 
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healthcare system, which has drastically declined the pace with which new FH 
patients are diagnosed (Figure 1).

Number of newly genetically detected index case patients and their relatives with FH through 
cascade testing in the Netherlands. Since the end of the cascade testing program with active 
approach of family members in 2014, the number of newly genetically diagnosed FH patients has 
drastically decreased. Source of data: Dutch national expertise center for genetics in heart and 
vascular disease.

Cascade testing for FH has consistently been demonstrated to be cost-
effective59–62. Ademi et al. have demonstrated that cascade screening of 10-year-
old children for FH and initiation of treatment of affected individuals is very likely 
to be cost-saving63. Crosland et al. found that the addition of primary care case 

mmol/l was more cost-effective than cascade testing alone64. In Poland, it has 
been demonstrated that screening patients after an ACS event followed by 

2
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cascade testing in relatives of positively diagnosed individuals is a very cost-
effective strategy65.

and monitored with the use of registries. Registries are powerful tools to increase 
awareness, disseminate information, and promote education among healthcare 
providers, policy makers, and patient registrants. National FH registries have been 
very successfully developed and utilized in Spain, the UK, the USA, Australia, 
and the Netherlands. The EAS and FH Studies Collaboration (FHSC) have been 
developed, aiming to establish a worldwide, large-scale, standardized registry of 
patients with FH, containing data on how FH is detected and managed and the 
clinical implications thereof. The ultimate goal is to disseminate this information 
with the aim of improving the care of patients and families with FH worldwide66.

Conclusion
We have reviewed established and newer methods for detecting FH. There is 

therefore inadequate management of affected individuals. FH detection can 

strategies to electronic health records. Universal screening of children and 
reverse child-parent cascade testing is potentially the most effective method of 
detecting FH in the community, but it should be combined with other methods 
for identifying index cases. In an ideal system, all strategies for detecting FH 
(selective, opportunistic, universal) should be integrated. Implementation of such 
systems remains the critical challenge that needs to be addressed.

LFR is co-founder of Lipid Tools. ESGS has received lecturing/adboard fees 
GFW 

Regeneron, Arrowhead and Kowa. SI reports no disclosures.
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Abstract

Familial hypercholesterolemia (FH) warrants early diagnosis to prevent premature 
atherosclerotic cardiovascular disease (ASCVD). However, underdiagnosis and 
undertreatment of FH persist. This study aims to assess knowledge and practice 
concerning FH care among general practitioners (GPs) in the Netherlands.

An internationally standardized online questionnaire was sent to Dutch GPs 
from February 2021 to July 2022. The survey assessed FH knowledge and 
awareness, encompassing general familiarity, awareness of management 
guidelines, inheritance, prevalence, CVD risk, and clinical practice related to 
FH. Comparative analysis was performed with primary care physicians from 

Of the 221 participating GPs, 62.4% rated their familiarity with FH as above 
average (score >4; scale 1-7), with 91.4% considering themselves familiar with 

by 83.7%, 87.8%, 55.7%, 19.5%, and 13.6% of the respondents, respectively. 
Among the GPs, 58.4% answered less than half of the eight knowledge 
questions correctly. Dutch GPs reported greater FH familiarity and guideline 
awareness compared with international counterparts but exhibited similar low 
performance on FH knowledge questions.

Despite the Netherlands’ relatively high FH detection rate, substantial knowledge 
gaps regarding FH persist among Dutch GPs, mirroring global trends. Enhanced 
FH education and awareness in primary care are imperative to improve FH 
detection and ensure adequate treatment. Targeting the global suboptimal 
understanding of FH might require international efforts.
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Introduction
Familial hypercholesterolemia (FH) is a highly prevalent genetic disorder, 

(LDL) cholesterol plasma levels, predisposing affected individuals to a 3- to 
4-fold increased risk of premature cardiovascular disease (CVD)1–3. Despite the 
well-established association with CVD, FH remains profoundly underdiagnosed 
and untreated worldwide1,4. Estimates reveal that more than 90% of the 30 
million individuals affected by FH worldwide remain undiagnosed and only 
a minority of FH patients receives adequate treatment, while up to one-third 
receives no treatment at all4,5. As early diagnosis and initiation of lipid-lowering 
therapy (LLT) is key for therapeutic success in FH6,7

cases should preferably take place in an out-of-hospital setting due to the 
infrequent encounter of young patients within a hospital setting.

of FH, as they are at the forefront of patient care, can initiate cascade screening, 
and can more easily supervise the required lifelong lipid lowering management 
at lower costs compared with other specialists8. Indeed, international guidelines 
have recommended that management and care for FH patients should primarily 
be performed in a primary care setting9. This assertion is supported by the 

care settings. These include child-parent reverse cascade screening in primary 
care practices in the United Kingdom (UK)10, as well as the use of electronic data 
extraction tools that employ algorithms to phenotypically diagnose FH11,12. Use 
of such sophisticated data extraction tools not only increases the detection of 
FH in general practice but also helps to minimize practice workloads8.

Knowledge and awareness of FH are pivotal factors for successfully detecting 
and treating FH within primary care. However, survey studies conducted in the 

13–16. 
This includes limited awareness about its prevalence, heritability, and associated 
CVD risk, all crucial for assessing the pre-test probability of FH in individuals.

The Netherlands has gained recognition as a leader in FH detection, owing to 
the implementation of a comprehensive nationwide cascade screening program 

17

newly diagnosed FH patients. Consequently, it is hypothesized that knowledge, 

3

171020_Ibrahim_BNW-def-v1.indd   39 04/04/2024   11:44



40

Chapter 3

awareness, and practice of Dutch GPs regarding FH screening and treatment 
would surpass that of their international colleagues. The present study aimed to 
examine this hypothesis and to assess gaps in knowledge, awareness and clinical 
practices concerning the management of FH among GPs in the Netherlands, 
using a structured questionnaire13.

Materials and Methods

Cardiologische Centra Nederland [WCN]) in the Netherlands, received an 
invitation from WCN to participate in an anonymous questionnaire study on FH 
through email. To acquire a sample accurately representing different regions 
across the Netherlands, additional GP practices were approached randomly 
within regions underrepresented among the initial respondents of the survey. 
GPs were strictly instructed to answer the questions without any help or use of 

submitted duplicates were excluded from the analysis. In addition, respondents 
who were not currently practicing as GPs were excluded. Upon reasonable 

corresponding author.

The study participants were presented an online survey based on a standardized 
questionnaire previously developed and employed in the ‘Ten Countries Study’13. 
The ‘Ten Countries Study’ is a multinational research initiative that involved the 
participation of more than 1000 primary care physicians who completed a survey 
aimed at assessing their knowledge and identifying gaps in their management of 
FH. The study enrolled primary care physicians from ten countries and regions 

Philippines, South Korea, Taiwan, and Vietnam, as well as the UK. The survey was 

the current study (Supplementary Table S1). A total of 17 questions pertaining 
to FH were included in the adapted questionnaire, which were categorized into 
three sections: 1) awareness, 2) knowledge, and 3) preference, practice, and 
screening. The awareness-related questions encompassed various aspects, such 
as familiarity with the disorder itself and FH management guidelines. The level 
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of familiarity with FH was evaluated by having the GPs self-rate their familiarity 
using a scale ranging from 1 to 7. This self-rating scale followed the approach 
outlined in the ‘Ten Countries Study’, where a score higher than 4 denoted above-
average familiarity. To evaluate GPs’ knowledge of FH, eight questions were 

CVD risk. Lastly, the survey included six questions to assess GPs’ practices 
concerning FH. In light of evolving guidelines subsequent to the development of 
the questionnaire, treatment-related questions were excluded from the survey. 
Furthermore, given the contemporary estimate of FH prevalence of 1:250, as 

the current study. Detailed information on the complete questionnaire and the 
adaptations from the questionnaire employed in the ‘Ten Countries Study’ can 
be found in Supplementary Table S1.

A ‘knowledge score’ was calculated for each participant based on their responses 
to eight knowledge-related questions. Each correctly answered question was 
assigned one point, resulting in a score ranging from 0 to 8. Survey responses 
between different demographic groups were compared using Chi-square tests. 
The categorization of these groups was based on a below-median versus above-
median division. Additionally, the survey responses from the participants in the 
present study were compared to the countries included in the ‘Ten Countries 
Study’. Response frequencies were compared using a two-tailed binomial test and 
expressed as odds ratios with the UK as reference group. Normally distributed 
data are reported as mean±standard deviation (SD), non-normally distributed 
data as median with interquartile range [IQR]. All analyses were performed in R 
version 4.0.3. Two-sided 

Results

A total of 246 respondents successfully completed the questionnaire, 25 of 
whom were excluded due to their lack of current engagement as practicing GP. 

presented in Table 1. Among the respondents, 122 (55.2%) practiced in rural 
areas, while 99 (44.8%) practiced in metropolitan areas. In terms of practice 
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worked in a duo practice and 41 (18.6%) in a solo practice. The median [IQR] 
years of experience as a GP was 15.0 [7.0, 22.0], and the median number of 
diagnosed FH patients within the practice was 5.0 [3.0, 10.0].

Table 1. Participant demographics

Characteristic
General practitioners

n = 221

Experience in general practice 15.0 [7, 22]

Patient load per month 334±53

FH patients in practice 5.0 [3.0, 10.0]

Practice setting
     Group
     Duo
     Solo

105 (47.5)
75 (33.9)
41 (18.6)

Practice location
     Rural
     Metropolitan

122 (55.2)
99 (44.8)

Values are n (%), mean±SD, or median [IQR]. FH, familial hypercholesterolemia.

In the present study, 138 (62.4%) GPs rated their familiarity as above average 
(score >4). Moreover, 202 (91.4%) reported being familiar with referral and 
treatment guidelines pertaining to FH and 122 (55.2%) GPs reported to be 
familiar with specialized health institutes for lipid disorders. Survey responses 
are shown in Table 2.

often above average and were more familiar with specialized lipid institutes (OR 
1.91 [95%CI 1.11 to 3.31], p 
respectively). Moreover, GPs with >5 FH patients in their practice, compared 
with those with less than 5 FH patients, also rated their familiarity with FH 
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Table 2. 
practice regarding familial hypercholesterolemia

Question
GPs

n = 221

Awareness
FH familiarity rated above average
Aware of FH guidelines
Aware of lipid disorder health institutes

138 (62.4)
202 (91.4)
122 (55.2)

Knowledge

diagnosis

185 (83.7)
194 (87.8)
43 (19.5)

123 (55.7)
57 (25.8)

30 (13.6)
28 (12.7)
61 (27.6)

Practice
Assesses family history of CAD in patients with premature CAD

Performs screening for hypercholesterolemia in children in families with 
premature CAD, age group:
     0-6 years
     7-12 years
     13-18 years
     18+ years
     Unknown
Has referred FH patients to health institutes for lipid disorders (when 
aware of them)

194 (87.8)
156 (70.6)

3 (1.4)
42 (19.0)

116 (52.5)
34 (15.4)
26 (11.8)
104 (47.1)

Preference
Considers general practitioners as suitable for early detection of FH and 

enhance FH detection

183 (82.8)

183 (82.8)

Values are n (%). CAD, coronary artery disease; CVD, cardiovascular disease; FH, familial 
hypercholesterolemia; GP, general practitioner.

3
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General knowledge regarding FH among GPs was evaluated through eight 
questions incorporated in the survey (Supplementary Table S1; Table 2). 

prevalence, its inheritance pattern, and the associated ASCVD risk with FH 

Among the participants, 118 (53.4%) underestimated the actual ASCVD risk 
associated with FH. The correct age for premature ASCVD for men and women 

age given for premature ASCVD in women was 56.2±8.8 years and 52.0±8.9 
years in men. Among the GPs, 80 (36.2%) perceived ASCVD as occurring 

Based on these items, a ‘knowledge score’ was constructed for each participant. 
Among the GPs, 129 (58.4%) answered less than four of the eight questions 
correctly, and none of the participants answered more than six questions 
correctly (Supplementary Figure S1

compared with those with less than 15 years of experience (OR 2.03 [95%CI 

Among the respondents 183 (82.8%) regarded their own profession as the most 
suitable for early detection and cascade screening for FH and only 104 (47.1%) 
referred their FH patients to a specialized health institute for lipid disorders (Table 
2

premature coronary artery disease (CAD) for family history of CAD. Furthermore, 

within families with premature CAD. Screening for FH in children before the age 
of 13 was undertaken by 45 (20.4%) of the participating GPs. Implementation 

to the potential presence of FH, was endorsed by 183 (82.8%) GPs, thereby 

settings.
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Dutch GPs rated their familiarity with FH higher compared with primary care 
physicians from the UK (OR 2.52 [95%CI 1.53 to 4.27]) (Figure 1A). Among 
the countries participating in the ‘Ten Countries Study’, the percentage of self-
perceived familiarity with FH rated as above average was below 50%13, whereas 
it was 62.4% in the Netherlands. A comparable difference was observed for 
self-perceived awareness of FH guidelines (OR 6.38 [95%CI 3.35 to 12.48]) 
(Figure 1B).

Figure 1. Comparison of primary care physicians’ responses to awareness-related questions 
between different countries/regions
Shown are odds ratios (OR’s) derived from Pang et al.13 with addition of OR’s for the Netherlands. 
The UK served as reference country. (A) Self-rated familiarity with familial hypercholesterolemia 
above average and (B) awareness of familial hypercholesterolemia guidelines. FH, familial 
hypercholesterolemia.

Dutch GPs exhibited comparable scores to primary care physicians in the UK 
(OR 0.66 [95%CI 0.29 to 1.40], OR 0.89 [95%CI 0.38 to 1.95], OR 0.58 [95%CI 
0.33 to 1.04], OR 1.23 [95%CI 0.74 to 2.02], and OR 1.00 [95%CI 0.49 to 2.15], 
respectively) (Figure 2).

3
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Figure 2. Comparison of primary care physicians’ responses to knowledge-related questions 
between different countries/regions
Shown are odds ratios (OR’s) derived from Pang et al.13 with addition of OR’s for the Netherlands. 

FH. FH, familial hypercholesterolemia; CVD, cardiovascular disease.

A comparable proportion of GPs in the ‘Ten Countries Study’ and the Netherlands 
conducted screening for family history of CAD in patients with premature CAD 
(Figure 3A). Moreover, Dutch GPs performed routine family screening in FH 
patients at a frequency comparable to that of primary care physicians in the UK 
(OR 0.91 [95%CI 0.51 to 1.58]) (Figure 3B).
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Figure 3. Comparison of primary care physicians’ responses to practice-related questions be-
tween different countries/regions
Shown are odds ratios (OR’s) derived from Pang et al.13 with addition of OR’s for the Netherlands. 
The UK served as reference country. (A) Screening patients with premature coronary artery disease 
for family history of coronary artery disease and (B) performing routine screening in family members. 
FH, familial hypercholesterolemia; CAD, coronary artery disease.

Discussion

regarding FH care among Dutch GPs, despite their self-perceived high familiarity 
with this disorder. While 62.4% of the GPs rated their familiarity with FH as 
above average and 91.4% reported being familiar with treatment and referral 
guidelines pertaining to FH, more than half of the GPs answered less than half 
of the knowledge-associated questions correct. Dutch GPs had comparable 
performance to primary care physicians in the UK concerning their responses to 
the knowledge-related questions although their self-rated familiarity with FH 

the need for further FH education and awareness programs in primary care in 
the Netherlands in order to enhance FH detection and to ensure appropriate 
treatment in FH patients.

The current study sheds light on the suboptimal knowledge of FH among Dutch 

countries participating in the ‘Ten Countries Study’ as well as the USA13,14,18,19. A 
consistent pattern observed in these studies is that the primary care physicians 
perceive themselves as the most appropriate healthcare providers for managing 
FH, despite their suboptimal awareness of guidelines as well as their limited 
knowledge regarding its prevalence and diagnostic characteristics. Only a 
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(19.5%) and its heritability (55.7%), which are key factors for recognizing 
potential FH cases. Most GPs either underestimated the true prevalence of 
FH, perceiving it to be less common than it actually is, or indicated uncertainty 

risk associated with FH, while the vast majority (53.4%) underestimated this 
risk. Moreover, GPs perceived the threshold for premature CVD onset to be 
four years earlier for women and three years earlier for men compared to the 

outcomes or management strategies. Nonetheless, the limited understanding 

obstacle to effective FH screening and can further contribute to the problem of 
FH underdiagnosis and undertreatment4

of increased awareness among GPs to ensure accurate recognition of FH cases.

patients to be conducted within a primary care setting, as primary care plays a 
critical role in cascade screening and achieving long-term treatment adherence1,20. 
Indeed, most GPs acknowledged their suitability as healthcare providers to 

including interpretative comments accompanying laboratory results to alert them 
to the likelihood of FH. Moreover, the majority of the GPs (approximately 70%) 

has been established as a highly cost-effective mean of identifying new cases of 
FH21

familiarity and the actual knowledge of FH among Dutch GPs. Therefore, it 
is imperative to develop strategies that address these knowledge gaps and 
enhance FH awareness among GPs. These might include a more pronounced 
integration of FH education into GP training curricula, dissemination of FH-
related information through frequently attended GP conferences and webinars, 
and enhanced collaboration with lipid specialists. Focusing on GPs in the early 
stages of their career may especially be effective, considering that GPs with more 

due to exposure these more experienced GPs had to the nationwide cascade 
screening program that discontinued in 2013. For GPs less experienced in FH 
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management, more referrals to specialized lipid clinics and increased interaction 
with experts are essential until adequate knowledge is acquired.

Furthermore, the issue of suboptimal understanding of FH in primary care 
extends beyond the borders of the Netherlands and rather encompasses an 
international challenge. Therefore, exploring international collaboration to 
design effective educational programs targeting knowledge barriers may offer 
a valuable approach to overcome global key barriers in FH care implementation. 
These educational programs, preferably developed in collaboration with GPs, 
should be embedded in implementation science frameworks22,23. Implementation 
science provides a structured method to integrate recommended strategies and 
guidelines into practice, focusing on identifying and addressing gaps between 
current practice and evidence-based recommendations. By leveraging these 
frameworks, which focus on factors that can create resistance to health system 

tailored interventions can be systematically designed, tested, and implemented, 
ultimately improving the detection and management of FH23.

The current study has several limitations. First, the participants were 
opportunistically selected, potentially leading to a bias where GPs with 

However, this would imply an overestimation of the participants’ performance, 
further emphasizing the need for additional efforts to enhance FH knowledge 
and awareness among Dutch GPs. Furthermore, substantial efforts were 
undertaken to ensure the sample accurately represented the GP population in 
the Netherlands. Second, it is important to note that healthcare systems vary 
across countries. Particularly the delivery of primary care may involve various 
types of physicians in different countries, whereas in the Netherlands, this role 

FH management ideally should be performed in a primary care setting.

The present study highlights that, despite the relatively high FH detection rate in 
the Netherlands, important gaps exist in the knowledge of Dutch GPs regarding 
the prevalence, heritability, CVD risk, and guidelines associated with this 
disorder. To enhance the early detection of FH and ensure appropriate treatment 
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of affected patients within primary care settings, it is crucial to develop effective 
educational strategies that can increase knowledge and awareness of FH among 
GPs. Educational programs should be developed in collaboration with GPs and 
imbedded in implementation frameworks.

NSN is cofounder of Lipid Tools. JERL reports grants for the Dutch Heart 
Foundation, the Netherlands organization for Health Research and Development 
(ZonMw) and research support from Novartis. GKH reports research grants 

CardioVascular Research Initiative, European Union and the Klinkerpad fonds, 
institutional research support from Aegerion, Amgen, AstraZeneca, Eli Lilly, 

and Regeneron until April 2019 (fees paid to the academic institution); and part-
time employment and stock holder of at Novo Nordisk A/S, Denmark since April 
2019. GW has received grants/lecturing fees/honoraria/advisory board fees 

Novartis. ESGS has received ad-board/lecturing fees, paid to the institution, 

Ionis/Akcea, Novartis. Associate Editor for the Netherlands Heart Journal. LFR 
is cofounder of Lipid Tools and reports speakers fee from Ultragenyx. The other 
authors report no disclosures.

Funding

016.156.445) and Klinkerpad fonds.

171020_Ibrahim_BNW-def-v1.indd   50 04/04/2024   11:44



51

FH knowledge and awareness among GPs

References
1. Nordestgaard BG, Chapman MJ, Humphries SE, et al. Familial hypercholesterolaemia is 

underdiagnosed and undertreated in the general population: Guidance for clinicians to 
prevent coronary heart disease. . 2013;34(45):3478-3490. doi:10.1093/eurheartj/
eht273

2. Benn M, Watts GF, Tybjærg-Hansen A, Nordestgaard BG. Mutations causative of familial 
hypercholesterolaemia: Screening of 98 098 individuals from the Copenhagen General 
Population Study estimated a prevalence of 1 in 217. . 2016;37(17):1384-1394. 
doi:10.1093/eurheartj/ehw028

3. Khera A V., Won HH, Peloso GM, et al. Diagnostic Yield and Clinical Utility of Sequencing 
Familial Hypercholesterolemia Genes in Patients With Severe Hypercholesterolemia. J Am 

. 2016;67(22):2578-2589. doi:10.1016/j.jacc.2016.03.520

4. Sturm AC, Knowles JW, Gidding SS, et al. Clinical Genetic Testing for Familial 
. 2018;72(6):662-

680. doi:10.1016/j.jacc.2018.05.044

5. Schreuder MM, Hamkour S, Siegers KE, et al. LDL cholesterol targets rarely achieved in 
. 

2023;(April):0-6. doi:10.1016/j.atherosclerosis.2023.03.022

6. Mach F, Baigent C, Catapano AL, et al. 2019 ESC/EAS Guidelines for the management of 
. 2020;41(1):111-

188. doi:10.1093/eurheartj/ehz455

7. Luirink IK, Wiegman A, Kusters DM, et al. 20-Year Follow-up of Statins in Children with 
Familial Hypercholesterolemia. . 2019;381(16):1547-1556. doi:10.1056/
nejmoa1816454

8. Brett T, Qureshi N, Gidding S, Watts GF. Screening for familial hypercholesterolaemia 
in primary care: Time for general practice to play its part. . 
2018;277(August):399-406. doi:10.1016/j.atherosclerosis.2018.08.019

9. Watts GF, Gidding SS, Hegele RA, et al. International Atherosclerosis Society guidance for 
implementing best practice in the care of familial hypercholesterolaemia. . 
2023. doi:10.1038/s41569-023-00892-0

10. Wald DS, Bestwick JP, Morris JK, Whyte K, Jenkins L, Wald NJ. Child–Parent Familial 
Hypercholesterolemia Screening in Primary Care. . 2016;375(17):1628-1637. 
doi:10.1056/nejmoa1602777

11. Gray J, Jaiyeola A, Whiting M, Modell M, Wierzbicki AS. Identifying patients with familial 
hypercholesterolaemia in primary care: An informatics-based approach in one primary care 
centre. . 2008;94(6):754-758. doi:10.1136/hrt.2006.107391

12. Troeung L, Arnold-Reed D, Ping-Delfos WCS, et al. A new electronic screening 
tool for identifying risk of familial hypercholesterolaemia in general practice. . 
2016;102(11):855-861. doi:10.1136/heartjnl-2015-308824

13. Pang J, Hu M, Lin J, et al. An enquiry based on a standardised questionnaire into knowledge, 
awareness and preferences concerning the care of familial hypercholesterolaemia among 

. 
2017;7(10):1-9. doi:10.1136/bmjopen-2017-017817

3

171020_Ibrahim_BNW-def-v1.indd   51 04/04/2024   11:44



52

Chapter 3

14. Bell DA, Garton-Smith J, Vickery A, et al. Familial Hypercholesterolaemia in Primary Care: 
Knowledge and Practices among General Practitioners in Western Australia. 

. 2014;23(4):309-313. doi:10.1016/j.hlc.2013.08.005

hypercholesterolemia among primary care providers. . 2019;10(2):229-
236. doi:10.1007/s12687-018-0383-3

16. Bulsara C, Brett T, Radford J, et al. Awareness of familial hypercholesterolaemia in Australian 
primary care: A qualitative descriptive study. . 2021;50(9):634-640. 
doi:10.31128/AJGP-04-21-5952

17. Louter L, Defesche J, Roeters van Lennep J. Cascade screening for familial 
hypercholesterolemia: Practical consequences. . 2017;30:77-85. 
doi:10.1016/j.atherosclerosissup.2017.05.019

18. Kwok S, Pang J, Adam S, Watts GF, Soran H. An online questionnaire survey of UK general 
practitioners’ knowledge and management of familial hypercholesterolaemia. . 
2016;6:12691. doi:10.1136/bmjopen-2016

hypercholesterolemia among primary care providers. . 2019;10(2):229-
236. doi:10.1007/s12687-018-0383-3

20. Watts GF, Gidding S, Wierzbicki AS, et al. Integrated guidance on the care of familial 
hypercholesterolaemia from the International FH Foundation. . 2014;171(3):309-
325. doi:10.1016/j.ijcard.2013.11.025

21. Ibrahim S, Reeskamp LF, Stroes ESG, Watts GF. Advances, gaps and opportunities 
in the detection of familial hypercholesterolemia: overview of current and future 
screening and detection methods. . 2020;31(6):347-355. doi:10.1097/
MOL.0000000000000714

22. Nilsen P. Making sense of implementation theories, models and frameworks. 
. 2015;10:53. doi:10.1186/s13012-015-0242-0

23. Sarkies M, Jones LK, Pang J, Sullivan D, Watts GF. How Can Implementation Science Improve 
the Care of Familial Hypercholesterolaemia? . 2023;25(4):133-143. 
doi:10.1007/s11883-023-01090-6

171020_Ibrahim_BNW-def-v1.indd   52 04/04/2024   11:44



53

FH knowledge and awareness among GPs

Supplemental materials

Supplementary Figure S1. Distribution of familial hypercholesterolemia knowledge scores 
among Dutch general practitioners

as a percentage.
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Supplementary Table S1. Questions included in the survey

Awareness of Familial Hypercholesterolemia

1) On a scale of 1 to 7; how familiar are you with familial hypercholesterolemia?
1
2
3
4
5
6
7

2) Are you aware of guidelines on the detection and management of familial 
hypercholesterolemia? *

Yes
No
Partially

3) Are you aware of any specialist/clinical services for lipid disorders to whom you can
refer patients?

Yes
No

Knowledge pertaining to Familial Hypercholesterolemia

4) Which one description below best describes familial hypercholesterolemia?
The presence of family members with diagnosed high cholesterol
A genetic disorder that is characterized by very high cholesterol and a family history of 
premature heart disease
The presence of multiple lipid abnormalities that may be genetic in nature
An ultra rare, potentially fatal condition caused by cholesterol levels that can be up to six     
times the normal level
Don’t know

hypercholesterolemia? (Reference intervals: Total cholesterol <5.5mmol/L; Triglyceride 
<1.7mmol/L; HDL cholesterol >1.0mmol/L; LDL cholesterol <3.5mmol/L)

Total cholesterol 6.0mmol/L; Triglyceride 3.4mmol/L; HDL cholesterol 0.8mmol/L; LDL-
cholesterol 3.8mmol/L
Total cholesterol 6.3mmol/L; Triglyceride 12.2mmol/L; HDL cholesterol 1.0mmol/L; LDL-
cholesterol  mmol/L
Total cholesterol 8.0mmol/L; Triglyceride 1.1mmol/L; HDL cholesterol 1.0mmol/L; LDL-
cholesterol 6.5mmol/L
Total cholesterol 5.4mmol/L; Triglyceride 1.3mmol/L; HDL cholesterol 1.7mmol/L; LDL-
cholesterol 3.1mmol/L
Total cholesterol 7.1mmol/L; Triglyceride 1.0mmol/L; HDL cholesterol 3.5mmol/L; LDL-
cholesterol 3.2mmol/L
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6) What is the prevalence of familial hypercholesterolemia? **
1 in 100 persons
1 in 250 persons
1 in 500 persons
1 in 1,000 persons
1 in 2,000 persons
1 in 5,000 persons

   Don’t know

someone who has familial hypercholesterolemia will also have the condition
themselves?

0%
25%
50%
75%
100%

   Don’t know

8) How much greater is the risk of premature coronary heart disease (CHD) in untreated
familial hypercholesterolemia patients compared to the general population?

2 times greater
4 times greater
10 times greater
20 times greater
50 times greater

   Don’t know

heart disease to be “premature”? Leave blank if you wish to answer “Don’t know”.
   Premature heart disease in men (years of age or younger):

consider heart disease to be “premature”? Leave blank if you wish to answer “Don’t know”.
   Premature heart disease in women (years of age or younger):

11) Is the following statement true or false? 

True
False

   Don’t know

3
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Lipid specialists
General practitioner
Cardiologists
Nurses with experience in cardiac risk prevention
Pediatricians
Obstetricians/Gynecologists
Endocrinologists

   Other:

13) In patients with documented premature coronary artery disease which of the
following do you routinely carry out? (Please tick all that apply)

Look for arcus cornealis
Look for tendon xanthomata
Take a detailed family history of coronary artery disease
Screen close relatives for hypercholesterolemia
All of the above

   None of the above

14) If you have patients with familial hypercholesterolemia under your care do you

Yes, patient’s children only
Yes, patient’s children and other close relatives
No

   Not applicable

15) At what age would you test young individuals for hypercholesterolemia in a family
with premature coronary heart disease?

0 – 6 years
7 – 12 years
13 – 18 years
None of the above

   Don’t know

to this service?
Yes
No

   Don’t know

17) Which one of the following options could usefully assist you in detection of familial
hypercholesterolemia in your practice?

Alert by the clinical software system in your practice
Direct telephone call from the laboratory
All of the above
None of the above
Don’t know

   Other (please specify):
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Demographics ****

18) In which province is your practice located in the Netherlands?
Drenthe
Flevoland
Friesland
Gelderland
Groningen
Limburg
Noord-Brabant
Noord-Holland
Overijssel
Utrecht
Zeeland

   Zuid-Holland

with familial hypercholesterolemia?
   Number of patients:

20) How would you describe the area of your practice?
Metropolitan

   Rural

21) What type of practice do you work in?
Group practice
Duo practice
Solo practice

22) How many years have you been in practice since completing your medical degree?
   Number of years:

23) Approximately how many patients do you see for any condition in an average
month?

   Number of patients:

24) How many of your patients (do you estimate) have been formally diagnosed with 
familial hypercholesterolemia?

   Number of patients:

This questionnaire was adapted from the survey employed by Pang et al. in the ‘Ten Countries 
Study’1

included. ***Questions on treatment were excluded in this section on practiced care for familial 
hypercholesterolemia. ****The questions on demographics were tailored to the Netherlands. HDL, 
high-density lipoprotein; LDL, low-density lipoprotein.

3
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Abstract

Familial hypercholesterolemia (FH) is an inherited disorder associated with an 
increased risk of coronary artery disease (CAD) as a result of high low-density 
lipoprotein (LDL) cholesterol. The clinical diagnosis can be made with the Dutch 
Lipid Clinic Network criteria (DLCN criteria). FH is an underdiagnosed disorder, 
possibly due to false negative LDL cholesterol interpretation in patients receiving 
lipid-lowering therapy (LLT). We hypothesized that automated health record-

patients.

for LLT, among all patients testing LDL cholesterol in Northwest Clinics, the 
Netherlands. Patients previously diagnosed with FH were excluded. The primary 

after correction for LLT. Secondary endpoints were the additional number of 

family history, and LDL cholesterol before and after correction for LLT. Analysis 
was performed in a daily automated routine (HiX ChipSoft).

In a total of 41,937 individual LDL cholesterol measurements during 26 weeks, 

correction for LLT. FH had previously been diagnosed in 42 patients. In the 
remaining 309 patients (58.3% female; mean±SD age 66±11 years); 85.8% 

to 95 after correction for LLT, and to 127 after also adding patient- and family 
history. The mean±SD LDL cholesterol before and after correction for LLT was 
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We conclude that automated medical record-based integration of LDL 
cholesterol, LLT, and patient- and family history can provide a crucial signal to 
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Introduction
Familial hypercholesterolemia (FH) is an autosomal dominant inherited disorder 
caused by alterations in the low-density lipoprotein (LDL) cholesterol receptor 
clearance pathway, resulting in high plasma levels of LDL cholesterol starting 
from birth onwards. The prolonged exposure to elevated LDL cholesterol for 
many years leads to early and accelerated atherogenesis as attested by a more 
than 10-fold increased risk of coronary heart disease (CHD)1,2. The prevalence of 
heterozygous FH, previously thought to be 1 in 5002, has now been estimated 
at 1 in 250 subjects worldwide3,4. When detected and treated early in life, the 
risk of premature CHD can be virtually abolished5. Unfortunately, the majority of 
patients with FH remain undetected. Detection rates of below 5% hallmark the 
majority of countries worldwide1. Among the available diagnostic frameworks 
such as the Simon Broome criteria6, Make Early Diagnosis to Prevent Early Deaths 
(MEDPED)7, and the Familial Hypercholesterolemia Case Ascertainment Tool 
(FAMCAT)8, the Dutch Lipid Clinical Network (DLCN) criteria9 is a widely used 
algorithm because of its validation with genetic testing for FH with a sensitivity 

10

in the DLCN criteria indicates the need for genetic testing. Currently, the DLCN 
criteria are recommended by the 2019 European Atherosclerosis Society (EAS) 
Guidelines9. In an outpatient setting, failure to recognize FH is often due to the 

due to reduced LDL cholesterol levels11. In fact, this may well be one of the 
major reasons that previous efforts to improve FH-detection using electronic 
screening algorithms in electronic health records (EHR) have only provided 
modest results8,12–15. Since LDL cholesterol is one of the strongest discriminatory 
factors in the clinical diagnosis of FH using the DLCN criteria, it is essential to use 
untreated LDL cholesterol values in patients already using LLT16. However, to 
date, exact calculation of untreated LDL cholesterol levels is often not routinely 
performed12,13,15. In the present study, we investigated whether an automated 

and dose of LLT, can facilitate the detection of the FH phenotype in a single 
teaching hospital in the Netherlands.

Patients and Methods

We conducted a prospective cohort study. All patients in whom an LDL 
cholesterol result was assessed between April 15th and October 15th, 2019, 
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in the Northwest Clinics Laboratory, were evaluated. This laboratory serves an 
area with approximately 465,000 residents. LDL cholesterol measurements were 
requested by general practitioners or hospital physicians. Individual patients 

was obtained between April 15th and October 15th, 2019.

HiX is an EHR developed by ChipSoft (Amsterdam, the Netherlands), and used 

Directive 93/42/EEC MDD. HiX EHR contains data of patients from Northwest 
Clinics and of 465,000 individuals residing in the Northwest Clinics and 
Northwest Clinics Laboratory adherence, most of whom are cared for by general 
practitioners in the area. The EHR combines registration of name, address, 
residence, date of birth, medical history (preferably encoded since 2018), encoded 
current and previous medication, clinical notes, several numerical measurements 
of blood pressure, weight, a full array of automatically downloaded laboratory, 

and more.

In the EHR, an algorithm was constructed in the clinical decision rule module, 
which continuously evaluated LDL cholesterol results of the previous day. LDL 
cholesterol without LLT was calculated using correction factors based on 71 
original papers16. The measured LDL cholesterol was automatically multiplied 
by the applicable correction factor (for instance 20 mg rosuvastatin requires 
LDL cholesterol correction by factor 2.1; 80 mg atorvastatin plus ezetimibe 
10 mg requires LDL cholesterol correction by factor 2.5). Medication had to 
be registered as active in the EHR for at least 3 weeks, in order to prevent 
correcting for LLT with only very recent exposure. When LDL cholesterol was 

included. Patients under 18 years of age were excluded17. Patients previously 
diagnosed with FH or other previously diagnosed inherited lipid disorders were 
also excluded. A cut-off of 6.5 mmol/l was selected, corresponding to a minimal 
DLCN score of 5 points. For the purpose of the current study, individual records 
of patients were checked manually to verify the algorithm and to collect other 

4
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which premature CHD had occurred in family members. For the patients included 
in the study, the DLCN score was calculated before correction for LLT, after 
correction for LLT, and also after adding data on family history, clinical history 
and physical examination. The primary endpoint of the study was the additional 

after also adding data on patient- and family history and LDL cholesterol before 
and after correction for LLT.

This project was approved by the institutional review board. There was no need 

these cases, the treating physician was informed, providing information on the 
possibility to perform genetic testing in consultation with the patient.

Statistical analysis was carried out by using SPSS statistics version 25. Normally 
distributed variables were described as means with standard deviations (SD). 
Non-normally distributed variables were described as medians with interquartile 
range (IQR). Normality was assessed using the Kolmogorov–Smirnoff test and 
Shapiro Wilk test and using QQ plots. For the comparison between continuous 
variables with normal distribution, the paired sample T-test was used while 
the Wilcoxon signed-rank test was used for non-normally distributed variables.
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Results
LDL cholesterol measurements were collected in a total of 41,937 individuals 
from April 15th until October 15th, 2019. The automated algorithm extracted 

these 357 patients, FH had already been diagnosed in 42 patients, who were 
excluded from further analysis. In six patients, the LLT-correction factor was used 
incorrectly, since medication was temporarily on hold in the EHR. These patients 
were also excluded (Figure 1). In the remaining 309 patients (0.74% of 41.937 
LDL cholesterol measurements or 1:136 patients) the mean age±SD was 66±11 
years, 58.3% were female, 85.8% used LLT, of which 84.8% statins (Table 1). In 

54 patients, 44 did not use LLT. In 2 of the 309 included patients, a combination 
of LLT was used that did not have a correction factor in the current literature 
(rosuvastatin 2.5 mg and the combination of rosuvastatin 5 mg and ezetimibe 
10 mg). In those two patients, the correction factor closest to the dosage or 
combination of LLT was selected. The automated algorithm would extract 2760 
patients out of 41,937 LDL cholesterol measurements when applying a cut-off 

Figure 1.

correction for lipid-lowering therapy (B); number of patients after applying exclusion criteria (C). 
*After genetic testing or by a lipid specialist. FH, familial hypercholesterolemia; LDL-C, low-density 
lipoprotein cholesterol; LLT, lipid-lowering therapy.

4
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Table 1. 

Characteristics N = 309

Age (mean±SD) 66±11 years

Women (%, (n)) 58.3 (180)

Median [IQR] DLCN criteria points before correction for LLT (mmol/l) 1.0 [0-3]

Median [IQR] DLCN criteria points after correction for LLT (mmol/l) 5.0 [5-8]

Use of LLT (%, (n)) 85.8 (265)

Statin use (%, (n)) 84.8 (262)

High-intensity statin (%, (n))a 52.4 (162)

Moderate-intensity statin (%, (n)) 32.0 (99)

Low-intensity statin (%, (n)) 0.30 (1)

Ezetimibe use (%, (n)) 5.18 (16)

Ezetimibe in combination with statin (%, (n)) 4.20 (13)

Ezetimibe alone (%, (n)) 0.97 (3)

First degree relative with known premature coronary artery disease  (16)

First degree relative with known LDL cholesterol above the 95th 
percentile

0.0 (0)

First degree relative with tendinous xanthomata and/or arcus cornealis 0.30 (1)

th percentile 0.0 (0)

Patient with premature coronary artery disease 9.70 (30)

Patient with premature cerebral or peripheral vascular disease 5.20 (16)

Tendinous xanthomata 0.0 (0)

Arcus cornealis before the age 45 years 0.0 (0)

30.7 (95)

69.3 (214)

0.0 (0)

0.0 (0)

a

guidelines on the management of blood cholesterol18. DLCN criteria, Dutch Lipid Clinic Network 

criteria; LDL, low-density lipoprotein; LLT, lipid-lowering therapy.
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We calculated DLCN scores for all patients included with an LDL cholesterol 

points), 9 patients as ‘probable FH’ (DLCN criteria 6–8 points) and 0 patients 

points). Thus, the mandatory correction for LLT increased the number of patients 

the addition of patient- and family history resulted in an increase of DLCN-score. 
Four patients had both DLCN-relevant family history and clinical history. When 
adding available patient- and family history to correction for LLT, the number of 

95 to 127 (Table 2).

4

171020_Ibrahim_BNW-def-v1.indd   67 04/04/2024   11:44



68

Chapter 4

Ta
bl

e 
2.

 N
um

be
r o

f p
at

ie
nt

s 
pe

r D
LC

N
 s

co
re

 

D
LC

N
 s

co
re

0
1

2
3

4
5

6
7

8
>8

M
ed

ia
n 

[I
Q

R
]

D
LC

N
 s

co
re

U
nc

or
re

ct
ed

 L
D

L 
ch

ol
es

te
ro

l
11

4
10

6
35

45
9

1.
0 

[0
.0

-3
.0

]

LD
L 

ch
ol

es
te

ro
l c

or
re

ct
ed

 fo
r L

LT
21

4
95

5.
0 

[5
.0

-8
.0

]

A
ft

er
 a

ls
o 

ad
di

ng
 fa

m
ily

- 
an

d 
cl

in
ic

al
hi

st
or

y 
an

d 
ph

ys
ic

al
 e

xa
m

in
at

io
n

18
2

17
13

69
28

5.
0 

[5
.0

-8
.0

]

D
LC

N
 s

co
re

, D
ut

ch
 L

ip
id

 C
lin

ic
 N

et
w

or
k 

sc
or

e;
 L

D
L,

 lo
w

-d
en

si
ty

 li
po

pr
ot

ei
n;

 L
LT

, l
ip

id
-l

ow
er

in
g 

th
er

ap
y.

Th
e 

m
ea

n±
SD

 L
D

L 
ch

ol
es

te
ro

l b
ef

or
e 

an
d 

af
te

r c
or

re
ct

io
n 

fo
r L

LT
 w

as
 4

.6
9±

1.
42

 m
m

ol
/l 

an
d 

8.
16

±1
.6

8 
m

m
ol

/l,
 re

sp
ec

tiv
el

y 
Fi

gu
re

 2
). 

Th
e 

m
ea

n±
SD

 L
D

L 
ch

ol
es

te
ro

l i
n 

w
om

en
 w

as
 4

.8
4±

1.
47

 m
m

ol
/l 

be
fo

re
 c

or
re

ct
io

n 
an

d 
8.

25
±1

.8
2 

m
m

ol
/l 

af
te

r c
or

re
ct

io
n 

fo
r L

LT
. T

he
 m

ea
n±

SD
 L

D
L 

ch
ol

es
te

ro
l i

n 
m

en
 w

as
 4

.4
9±

1.
33

 m
m

ol
/l 

be
fo

re
 c

or
re

ct
io

n 
an

d 
8.

04
±1

.4
8 

m
m

ol
/l 

to
 th

e 
ol

de
r a

ge
 g

ro
up

s 
(>

50
 y

ea
rs

) (
Ta

bl
e 

3)
. O

f a
ll 

pa
tie

nt
s 

in
cl

ud
ed

, 5
2.

4%
 u

se
d 

hi
gh

 in
te

ns
ity

 s
ta

tin
 th

er
ap

y18
.

171020_Ibrahim_BNW-def-v1.indd   68 04/04/2024   11:44



69

FH detection through electronic health records

Figure 2.
Number of patients before (blue) and after (red) correction for lipid-lowering therapy according to 

Table 3. LDL cholesterol for men and women and different age categories, before and after lipid-
lowering therapy

Gender N N (%) using LLT
mean±SD

Women 180 148 (82%)

     Before correction for LLT 4.84±1.47

     After correction for LLT 8.25±1.82

Men 129 114 (88%)

     Before correction for LLT 4.49±1.33

     After correction for LLT 8.04±1.48

Age

29-50 25 12 (48%)

     Before correction for LLT 6.07±2.54

     After correction for LLT 7.92±1.58

51-70 169 147 (87%)

4
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Table 3. Continued.

Age N N (%) using LLT
mean±SD

     Before correction for LLT 4.69±1.31

     After correction for LLT 8.19±1.66

71- 90 115 106 (92%)

     Before correction for LLT 4.40±1.03

     After correction for LLT 8.17±1.75

LDL, low-density lipoprotein; LLT, lipid-lowering therapy.

Discussion
This study demonstrates the potential strength and robustness of a continuous 
automated screening algorithm alerting for likelihood of the clinical diagnosis of 
FH. In particular, the automated correction for LLT increased the signal for the 
phenotypic diagnosis of FH after measuring LDL cholesterol in large numbers 
of patients.

The clinical diagnosis of FH is most often made by applying an algorithm of clinical 
criteria of which the DLCN criteria are used the most frequently. Other algorithms 
are the Simon Broome criteria, MEDPED, and the recently developed FAMCAT8. 

discrimination when compared to the other algorithms for the diagnosis of FH. 
However, as the DLCN criteria algorithm was validated in concordance with 

and is recommended by the 2019 EAS Guidelines, it was used in the current 
study10. If FAMCAT turned out to correlate better with genetic testing than the 
DLCN criteria, adjustment to these criteria for the phenotypic diagnosis of FH 
would likely increase the signal for the diagnosis of FH even further. Whether 

of LDL cholesterol values, is unknown, and further studies are needed to show 
general applicability19.

detection of FH8,13,15,19. Previous studies also screened large numbers of patients 

Moreover, it were retrospective cohort studies. Here, we prospectively studied 
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the application of an automated continuous algorithm to calculate untreated 

determine the phenotypic likelihood of FH. We manually added additional non-
coded clinical criteria to demonstrate the further potential of the algorithm. Bell 
et al. described the review by an expert system to analyze laboratory results 
and clinical details on the current and previous lipid requests from a community 
laboratory in Western Australia20. While we chose LLT-corrected LDL cholesterol 
as a primary inclusion criterion, being a strong discriminatory factor in the clinical 
diagnosis of FH using the DLCN criteria16, Bell et al. searched for all DLCN-
related criteria. They found that clinical history relevant to the DLCN criteria was 
present in 1,1% of individuals, and that statin therapy was reported in 5118 out of 
84,823 individuals. Where the current algorithm is likely to include more patients 
based on LLT-corrected LDL cholesterol, the retrospective expert system by Bell 
et al. is perhaps more likely to include patients on the basis of history relevant 

only relevant endpoint for that would be the number of patients testing positive 

There are limitations to the current study. First, we cannot be certain of the 
completeness of documented clinical history, physical examination and family 
history. Increasing the use of coded content will most likely reduce this limitation 
in the future21. Second, we were unable to correct for secondary causes of 
elevated LDL cholesterol. Others found secondary causes for dyslipidemia 

exclusion of patients with secondary dyslipidemia could also exclude FH patients 
with concomitant secondary causes for dyslipidemia22. Furthermore, compliance 
to LLT is not taken into account in the present analysis. These limitations may have 
resulted in false positive interpretation and an overestimation of the corrected 
LDL cholesterol values and the DLCN scores. Lastly, we must acknowledge 
a limited accuracy of ‘calculation’ of untreated LDL cholesterol levels. Indeed, 
considerable inter-individual variation in LDL cholesterol response to rosuvastatin 
20 mg was observed in the JUPITER Trial, even among compliant patients. This 
may be due to genetic polymorphisms related to pharmacokinetics of statins and 
the LDL cholesterol receptor clearance pathway23.

The current study applied a somewhat arbitrary cut-off value for the primary 

chosen cut-off value resulted in inclusion of 309 patients with LDL cholesterol 

4
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that had genetically been diagnosed with FH. If we had applied a cut-off value 

in the inclusion of 2760 patients after correction for LLT, or one in every 15 
LDL cholesterol measurements. At this moment, it seems that one in 135 
measurements is better in line with the estimated prevalence of FH. Bell et al. 

result in line with the estimated prevalence of FH22. On the other hand, FH can be 
10,24, and regional differences 

Netherlands, where this study was conducted25. We must also acknowledge 
that patients were selected for lipid testing, which may have resulted in an 
ascertainment bias and an increased likelihood of high LDL cholesterol. Lastly, 

after correction for LLT in the current study does not necessarily relate to the 
number of patients that will undergo actual genetic testing. This was not 
investigated in the current study and may be subject to regional differences in 
the organization of healthcare and costs. In the Netherlands, genetic testing is 
generally available, funded by mandatory basic health insurance and performed 

(www.LEEFH.nl)26.

In conclusion, the current study shows that continuous automated electronic 
health record-based integration of LDL cholesterol corrected for LLT can provide 

history, and physical examination can increase the signal even further. The tool 
is currently being installed in HiX ChipSoft electronic health record systems, 
which covers approximately 40% of hospitals in the Netherlands. Whether 

patients and their relatives, and perhaps even in better outcomes, requires further 
study. Interpretative comments to the LDL cholesterol-requesting physician, 

diagnostic yields27. With the opportunity to identify large numbers of patients 
with phenotypic FH that may undergo genetic testing, the sensitivity and cost-
effectiveness of different FH screening algorithms should also be investigated 
in further detail in future research.
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which may be considered as potential competing interests: Rutger Vink and 
Bas Groot are employed by ChipSoft, the Netherlands, manufacturer of the 
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Abstract

Familial hypercholesterolemia (FH) is a highly prevalent genetic disorder 
resulting in markedly elevated LDL cholesterol levels and premature coronary 
artery disease. FH underdiagnosis and undertreatment require novel detection 
methods. This study evaluated the effectiveness of using an LDL cholesterol 

th percentile (sex- and age-adjusted) to identify clinical and genetic 
FH, and investigated underutilization of genetic testing and undertreatment in 
FH patients.

individuals. The study comprised three phases: biochemical validation of 

of FH.

1103 completed the questionnaire (mean age 64.2±12.7 years, 48% male). In 
these 1103 subjects, mean LDL cholesterol was 4.0±1.4 mmol/l and 722 (65%) 
received lipid-lowering therapy. FH clinical diagnostic criteria were met by 282 
(26%) individuals, of whom 85% had not received guideline-recommended 
genetic testing and 97% failed to attain LDL cholesterol targets. Of 459 
individuals consenting to genetic validation, 13% carried an FH-causing variant, 
which increased to 19% in clinically diagnosed FH patients.

treated clinical and genetic FH patients within a central laboratory database 
highlights the feasibility and clinical potential of this targeted screening strategy; 
both in identifying new FH patients and in improving treatment in this high-risk 
population.
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Introduction
Familial hypercholesterolemia (FH) is the most prevalent autosomal genetic 
disorder in lipoprotein metabolism, in which affected individuals are exposed to 
increased levels of low-density lipoprotein (LDL) cholesterol from birth onwards, 
leading to the accelerated onset of atherosclerotic cardiovascular disease 
(ASCVD)1. FH is estimated to affect 1 in 300 individuals, with an estimated 
global prevalence of 30 million subjects2. The high prevalence and the 2- to 

individual and public health3.

fundamental to effectively reduce the lifetime cumulative cholesterol burden 
and associated ASCVD risk4–6. Regrettably, current global estimates indicate 

undertreatment of this population, emphasizing the need for more effective FH 
screening and detection methods6–9. Various strategies to improve the diagnostic 
rates of clinical and genetic FH have been proposed, including opportunistic, 
selective, systematic, and universal screening9–11; although the most (cost-)
effective approach to identify new FH patients remains to be determined. 
Opportunistic screening of extensive databases, such as population biobanks 
and large cohorts of blood donors, has been reported12,13, but the yield of these 
strategies was limited9. Employing a more targeted approach, such as selecting 
patients from a centralized laboratory database based on sex- and age-adjusted 
LDL cholesterol levels, holds the promise to increase the yield of identifying FH 
patients.

The present study aimed to assess the effectiveness of employing an LDL 
cholesterol cut-off exceeding or equal to the 99.5th percentile for sex and age in 
identifying undiagnosed clinical and/or genetic FH cases in a central laboratory 

parallel, this study evaluated the extent of underutilization of genetic testing as 
well as undertreatment in clinically and/or genetically diagnosed FH patients.

Methods

In this cross-sectional study, participants were selected from a laboratory 
database located within the Atalmedial Medical Diagnostic Centers; a large 

5
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central laboratory serving up to 2.2 million individuals in Amsterdam and its 
surrounding region in the Netherlands. Individuals were enrolled based on at 

th percentile for their 
respective sex and age, based on previously reported percentiles in the LifeLines 
cohort in the Netherlands14,15. The central laboratory database used in this study 

(GPs), of patients in whom blood was drawn between January 2001 and January 
2020. To ensure exclusion of deceased or relocated patients, this study included 

blood withdrawal at the central laboratory within a 2-year window from study 
initiation, spanning December 2018 to December 2020. Prior to approaching 
the patients, consent was sought from their GPs. Participants were enrolled 
between December 2020 and May 2022. The current study was approved by the 
Institutional Review Board of Amsterdam UMC, complied with the Declaration 
of Helsinki, and participants provided written informed consent.

The study procedures encompassed three distinct phases: phase 1 biochemical 

phase 3 genetic determination of FH (Figure 1). During phase 1, patients 

cholesterol (TC), high-density lipoprotein (HDL) cholesterol, LDL cholesterol, and 
triglycerides were measured in lithium heparin plasma on Architect automated 
analyzers (Abbott) at Atalmedial Medical Diagnostic Centers. Participants who 
completed phase 1 were invited to complete an online questionnaire in phase 
2, designed to capture details of both medical and family history, including the 
data required for the clinical diagnosis of FH (Supplementary Table S1). Those 
self-reporting hypothyroidism or the use of anabolic steroids, both secondary 
causes of hypercholesterolemia, were excluded from the study. Finally, patients 
who completed phase 1 and 2 were approached for FH genetic analysis in phase 
3 utilizing a customized Illumina genotyping array containing probes for 636 FH-
causing variants, of which the genotyping procedures are previously described16. 
This custom-designed array previously demonstrated a sensitivity of 95% for 
the detection of pathogenic variants in one of the three FH genes (LDL receptor 
gene [LDLR], apolipoprotein B gene [APOB], and proprotein convertase subtilisin 
kexin type 9 gene [PCSK9])16.
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criteria, utilizing the laboratory and questionnaire data gathered in phase 1 and 2. 
The DLCN criteria, encompassing assessment of patients’ LDL cholesterol levels, 
family history, physical examination, and history of coronary heart disease (CHD), 
are endorsed by international guidelines for the clinical diagnosis of FH6. A score 

FH. In the computation of the DLCN score, LDL cholesterol levels adjusted for 
lipid-lowering therapy (LLT) were used15,17–24.

5
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Figure 1. Flowchart participant selection

of consent, 5614 remained for the study. This cohort underwent three phases: Phase 1 involved 
2088 individuals for biochemical validation of hypercholesterolemia, represented in orange. Phase 

blue. Phase 3 included 459 individuals for genetic determination of familial hypercholesterolemia, 
depicted in purple. GP, general practitioner; LDL, low-density lipoprotein.
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Categorical variables are expressed as frequencies and percentages, normally 
distributed variables as mean±standard deviation (SD), and non-normally 
distributed data as the median and interquartile range [IQR]. Statistical analyses 

Results

This study included participants from a central laboratory database containing 

th percentile for their sex and age. After 
excluding individuals lacking blood withdrawal records within 2 years of study 

cohort of 5614 subjects, originating from 457 different primary care practices, 
was approached for an additional blood withdrawal (phase 1, Figure 1). A total 
of 2088 individuals (37%) consented to reassessment of their lipid levels, of 
whom 1273 participants (61%) further engaged in the completion of an online 
questionnaire (phase 2; Figure 1). Of the 1273 participants, 170 were excluded 

The characteristics of the remaining 1103 participants are shown in Table 1. The 
mean age was 64.2±12.7 and 525 (48%) were male. History of hypertension, 
type 2 diabetes mellitus, and smoking was reported by 442 (40%), 120 (11%), 
and 96 (9%), respectively. Mean LDL cholesterol level obtained during the study 
was 4.0±1.4 mmol/l. Among the participants, 722 (65%) were on LLT, of whom 
682 (62%) used statins, 141 (13%) ezetimibe, and 22 (2%) proprotein convertase 
subtilisin/kexin type 9 (PCSK9) inhibitors. Adjusted for LLT, mean untreated LDL 
cholesterol was 5.7±1.9 mmol/l.

5
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Table 1. Participant characteristics

Characteristic N = 1103

Age – years 64.2±12.7

Male sex 525 (48%)

LDL cholesterol – mmol/l 4.0±1.4

LDL cholesterol corrected for lipid-lowering therapy – mmol/l 5.7±1.8

HDL cholesterol – mmol/l 1.4±0.3

Triglycerides – mmol/l 1.7 [1.3, 2.3]

Lipid-lowering therapy use
     Overall
     Statins
     Ezetimibe
     PCSK9

722 (65%)
 682 (62%)
141 (13%)

22 (2%)

History of CVD
     Overall
     MI
     CVA/TIA

126 (11%)
56 (5%)
77 (7%)

History of hypertension 442 (40%)

Diabetes mellitus type 2 120 (11%)

History of smoking 96 (9%)

Reported previous genetic testing for FH
     Presence of an FH-causing variant

74 (7%)
37 (50%)

Displayed values are n (%), mean±SD, or median [interquartile range]. CVA/TIA, cerebral vascular 
accident/transient ischemic attack; CVD, cardiovascular disease; FH, familial hypercholesterolemia; 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; MI, myocardial infarction; PCSK9, 

proprotein convertase subtilisin/kexin type 9.

Among the 1103 participants completing phase 1 and 2, 282 individuals (26%) 

Figure 2). Within 
this group meeting the FH clinical diagnostic criteria, 41 (15%) reported a history 

causing variant. Patient characteristics of the clinically diagnosed FH patients 
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are shown in Supplementary Table S2. Among these clinically diagnosed 
FH patients, 233 (83%) received LLT and 33 (12%) had a history of ASCVD 
(secondary prevention), while the remaining 249 individuals (88%) had not 
experienced prior ASCVD events (primary prevention). Within the primary 
prevention group, 3 (1%) patients reached the European Society of Cardiology 
(ESC)/European Atherosclerosis Society (EAS)-recommended LDL cholesterol 

25, whereas 6 (2%) patients achieved the local national 
Figure 3)26. 

As for the secondary prevention group, 1 (3%) patient reached the ESC/EAS-
25, and 1 (3%) patient met 

(Figure 3)26.

and 2 (online questionnaire), based on the DLCN criteria. Based on this score, participants are 

hypercholesterolemia.

5

171020_Ibrahim_BNW-def-v1.indd   85 04/04/2024   11:44



86

Chapter 5

Figure 3. Achievement LDL cholesterol targets in clinically diagnosed familial hypercholester-
olemia patients
Show here are the number of clinically diagnosed FH patients reaching the ESC/EAS-recommended 

Society; ESC, European Society of Cardiology; LDL, low-density lipoprotein.

Among the 1103 participants who completed both phase 1 (repeated 
blood withdrawal) and 2 (online questionnaire; no secondary causes of 

repeated blood withdrawal. When adjusted for their individually registered 
LLT use, 391 (35%) of the 1103 participants had repeated LDL cholesterol 

th percentile. The distribution of unadjusted LDL cholesterol 
levels among the 1103 participants measured during phase 2 of the study is 
depicted in Figure 4.
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Figure 4. LDL cholesterol distribution
Shown here is the distribution of unadjusted LDL cholesterol levels among participants completing 

between participants receiving lipid-lowering therapy (presented in blue) and participants not 
receiving lipid-lowering therapy (in orange).

Of the 1103 participants, 459 (42%) consented to genetic analysis aimed 
at identifying the presence of an FH-causing genetic variant (phase 3). 
Characteristics of this group are shown in Supplementary Table S3. Mean LDL 
cholesterol in this sub-cohort was 4.0±1.4 mmol/l, and a total of 311 subjects 
(68%) received LLT. Adjusted for LLT, mean LDL cholesterol was 5.8±1.9 mmol/l. 
Using a customized FH genotyping array in all 459 subjects, a pathogenic variant 

patients mean LDL cholesterol was 3.8±1.6 mmol/l, 4 (7%) had CVD in their 
medical history, and 46 (79%) received LLT (Supplementary Table S4). Among 

5
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10 (19%) reached the local national guideline recommended LDL cholesterol 

When restricting the selection of participants in phase 3 to those with a 
th

FH, 118 of them proceeded with genetic validation in phase 3. Among them, 
22 individuals were found to carry an FH-causing variant, resulting in a 19% 
(22/118) yield of genetic testing. When considering participants with both an 

th percentile (unadjusted or adjusted in case of LLT 

testing was 20% (19/95).

Discussion
Analysis of a dataset from a large central laboratory facility revealed that 1 out 
every 4 individuals with a single assessment of LDL cholesterol level exceeding 
the 99.5th percentile (sex- and age-adjusted) meets the criteria for a clinical FH 

patients, 85% did not receive guideline-recommended genetic testing for FH, 
whereas more than 97% of them failed to meet contemporary guideline-based 
LDL cholesterol target levels; irrespective of whether the setting was primary or 
secondary prevention. In 459 individuals who consented to genetic validation, an 

th percentile, 19% in 
those clinically diagnosed with FH, and 20% in individuals meeting both these 

untreated clinical and/or genetic FH cases within a central laboratory database 
highlights the feasibility and clinical potential of this targeted screening strategy 
in identifying new FH patients and in offering opportunities to optimize LLT in 
this high-risk population.

Previous studies using extensive databases for FH detection have reported lower 
yields for clinical FH diagnoses than the current study. For example, in a cohort of 
over 1 million blood donors, only 0.3% met the criteria for clinical FH13. A recent 

subjects27. The higher detection rate of 26% in the present study demonstrates 
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the likelihood of identifying patients with clinical FH using an automated, and 
thus low-cost, approach.

Array-based genotyping in individuals with a single LDL cholesterol 
th

of the participants. This diagnostic yield is comparable to the 14.9% genetic 

and medical specialists in the Netherlands, as reported by Reeskamp et al.28. 
In their study, they demonstrated that applying the DLCN criteria resulted in a 
27% diagnostic yield of FH genetic testing (with next-generation sequencing) 
in patients meeting the clinical criteria for FH. The current study shows a lower 
yield, with a 20% genetic testing yield in participants clinically diagnosed 

imply that adding clinical parameters to LDL cholesterol measurements offers 

diagnostic yield between the current study and that reported by Reeskamp et 
al., may have several explanations. First, the previous study included individuals 
referred to specialized lipid clinics for FH genetic testing, as opposed to the more 
population-wide cohort in the current study. In a referral-based population, the 
preselection (partly) based on clinical criteria is likely to result in a greater impact 
of the DLCN criteria on the yield of genetic testing. Second, in the current study, 
clinical parameter data were collected through questionnaires rather than being 
gathered at outpatient clinics by physicians, potentially leading to less accurate 
clinical criteria and thus less precise values. Conversely, the use of sex- and 

study, as opposed to a single absolute threshold value for LDL cholesterol used 
in previous studies, may have contributed to the relatively high percentage of 

cohort.

Despite longstanding efforts to increase FH detection rates, the global diagnosis 
rate remains less than 1%, emphasizing the need for better strategies9. The 
present study underlines the potential of implementing a centralized strategy 

th percentile for sex and age. Proactive collaboration between central 
laboratories, primary care physicians, lipid clinics, and FH advocacy groups are 

5
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crucial for such a strategy to be successful. The implementation of clinical 
decision support tools in laboratories is essential and highly endorsed by primary 
care physicians according to multiple survey studies29,30

genetic FH screening can be facilitated in the future by broader use of high-
throughput, low-cost customized FH arrays, which have been shown to result 

16.

Despite evidence showing that genetic testing improves cardiovascular 

cascade testing in at-risk family members7

underutilization of this guideline-recommended modality1,11. This is in line with 
the current study in which genetic testing was not performed in 85% of the 282 
clinically diagnosed FH patients. With respect to the use of LDL cholesterol 
lowering treatment, guidelines have unanimously emphasized the urgency of 
early and potent LLT to reduce ASCVD risk in FH25,31–38. The present study 
reveals a compelling reality: 97% of clinically diagnosed FH patients fail to attain 
guideline-based LDL cholesterol target levels, both in the primary and secondary 
prevention setting. A similar pattern of undertreatment was observed among the 
genetically diagnosed FH patients. Collectively, these data reemphasize the need 
for enhanced efforts to implement diagnostic as well as stringent therapeutic 
guidelines in FH management.

Several limitations of the present study warrant further discussion. First, not 
all initially selected individuals participated during all study phases, which 
may have introduced selection bias. Mean LDL cholesterol levels were lower 
in the patients that opted for genetic testing compared to the overall group. 
An explanation could be that the most severe cases had already been offered 
genetic testing before and thus opted out of additional genetic analysis. Second, 
the FH genotyping array used in the genetic validation phase of the study has a 
95% sensitivity, resulting in a small possibility of false negative results. Hence, 
there may have been an underestimation of the genetic yield observed in the 
current study. Lastly, the reliance on self-reported data for assessing ASCVD 
history and DLCN scores poses a limitation, despite measures implemented to 
enhance the comprehensibility of the survey.
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Analysis of a database from a large central laboratory revealed that 1 in 4 
individuals with a single LDL cholesterol measurement exceeding the 99.5th 

these individuals were not genetically tested for FH and did not attain guideline-
recommended LDL cholesterol targets, underscoring the clinical potential of a 

for optimization of LLT in this high-risk population.
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Supplemental materials

Supplementary Table S1. Online questionnaire

Demographics and medical history

1)   What is your gender?

2)   What is your age?

3)   Are you currently using a statin? 
3.1. If yes, which statin are you using? 
3.2. If yes, what is the daily dosage of your statin?

4)   Are you currently using Ezetimibe/Ezetrol?

5)   Are you currently using a PCSK9 inhibitor 
4.1. If yes, which PCSK9 inhibitor are you using?

6)   Are you using any other cholesterol-lowering medications? 
6.1. If yes, which one(s)?

7)   Have you ever discussed the possibility of you having familial hypercholesterolemia 
with a physician? 
7.1. If yes, was genetic testing for FH performed? 
     7.1.2. If yes, what was the result of the genetic testing?

8)   Have you ever had a myocardial infarction in the past? 
8.1. If yes, at what age did the myocardial infarction occur?

9)   Have you had a stroke or TIA (Transient Ischemic Attack) in the past? 
9.1. If yes, was it a stroke or TIA? 
9.2. If yes, At what age did you have a stroke or TIA?

10) Have you had symptoms of peripheral artery disease (intermittent claudication)? 
10.1. If yes, from what age did you experience symptoms?

11) Have you been diagnosed with coronary artery disease by a physician? 
11.1. At what age was this diagnosis made?

12) Do you have high blood pressure and/or take medication for high blood pressure?

13) Do you have diabetes mellitus?

14) Do you have chronic (lasting at least three months) kidney dysfunction (poorly 
functioning kidneys)?

15) Has a physician diagnosed you with hypothyroidism?

16) Do you use anabolic steroids?

5
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17) Prolonged exposure to high cholesterol levels (as seen in familial 

xanthomas?

18) Prolonged exposure to high cholesterol levels (as seen in familial 

 
18.1. If yes, from what age did you notice arcus lipoides?

Family history

19) Does high cholesterol run in your family? Check all that apply. 

cholesterol? 
19.2. What age was the youngest second-degree family member diagnosed with high 
cholesterol? 
19.3. What age was the youngest third-degree family member diagnosed with high 
cholesterol?

20) Do you have a family member who has had a heart attack? 

had a heart attack? 
20.2. If applicable, at what age was the youngest second-degree family member when 
they had a heart attack? 
20.3. If applicable, at what age was the youngest third-degree family member when they 
had a heart attack?

21) Does high cholesterol run in your family? Check all that apply. 

with high cholesterol? 
21.2. If applicable, at what age was the youngest second-degree family member 
diagnosed with high cholesterol? 
20.3. If applicable, at what age was the youngest third-degree family member diagnosed 
with high cholesterol?

22) Do you have a family member who has had a stroke or TIA? Check all that apply. 

a stroke or TIA? 
22.2. If applicable, what age was the youngest second-degree family member when they 
had a stroke or TIA? 
22.3. If applicable, what age was the youngest third-degree family member when they 
had a stroke or TIA?

23) Do you have a family member who has (had) peripheral artery disease symptoms 
(intermittent claudication)? 

symptoms?
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family? 

hypercholesterolemia?

Lifestyle

27) Do you currently smoke? 
27.1. Did you smoke in the past?

28) Do you consume alcohol? 
28.1. If yes, how many alcoholic drinks do you consume on average per week?

Supplementary Table S2. Characteristics of clinically diagnosed FH patients

Characteristic N = 282

Age – yr 64.2±9.9

Male sex 127 (45%)

LDL cholesterol – mmol/l 4.7±1.5

LDL cholesterol corrected for lipid-lowering therapy – mmol/l 7.8±2.1

HDL cholesterol – mmol/l 1.5±0.3

Triglycerides – mmol/l 1.9 [1.4, 2.6]

Lipid-lowering therapy use
     Overall
     Statins
     Ezetimibe
     PCSK9

233 (83%)
 218 (77%)
48 (17%)
15 (5%)

History of CVD
     Overall
     MI
     CVA/TIA

33 (12%)
20 (7%)
16 (6%)

History of hypertension 113 (40%)

Diabetes mellitus type 2 27 (10%)

History of smoking 29 (10%)

5
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Characteristic N = 282

Reported previous genetic testing for FH
     Presence of an FH-causing variant

41 (15%)
26 (63%)

Displayed values are n (%), mean±SD, or median [interquartile range]. CVA/TIA, cerebral vascular 
accident/transient ischemic attack; CVD, cardiovascular disease; FH, familial hypercholesterolemia; 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; MI, myocardial infarction; PCSK9, 

proprotein convertase subtilisin/kexin type 9.

Supplementary Table S3. Characteristics of participants undergoing genotyping

Characteristic N = 459

Age – years 63.3±12.0

Male sex 226 (49%)

LDL cholesterol – mmol/l 4.0±1.4

LDL cholesterol corrected for lipid-lowering therapy – mmol/l 5.8±1.9

HDL cholesterol – mmol/l 1.5±0.3

Triglycerides – mmol/l 1.7 [1.3, 2.2]

Lipid-lowering therapy use
     Overall
     Statins
     Ezetimibe
     PCSK9

311 (68%)
 289 (63%)
66 (14%)
11 (2%)

History of CVD
     Overall
     MI
     CVA/TIA

49 (11%)
26 (6%)
26 (6%)

History of hypertension 175 (38%)

Diabetes mellitus type 2 39 (8%)

History of smoking 44 (9%)

Reported previous genetic testing for FH
     Presence of an FH-causing variant

32 (7%)
13 (41%)

Displayed values are n (%), mean±SD, or median [interquartile range]. CVA/TIA, cerebral vascular 
accident/transient ischemic attack; CVD, cardiovascular disease; FH, familial hypercholesterolemia; 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; MI, myocardial infarction; PCSK9, 
proprotein convertase subtilisin/kexin type 9.
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Supplementary Table S4.

Characteristic N = 58

Age – years 66.2±11.7

Male sex 30 (52%)

LDL cholesterol – mmol/l 3.8±1.6

LDL cholesterol corrected for lipid-lowering therapy – mmol/l 6.1±2.3

HDL cholesterol – mmol/l 1.4±0.3

Triglycerides – mmol/l 1.5 [1.1, 2.0]

Lipid-lowering therapy use
     Overall
     Statins
     Ezetimibe
     PCSK9

46 (79%)
 41 (71%)
15 (26%)

4 (7%)

History of CVD
     Overall
     MI
     CVA/TIA

4 (7%)
3 (5%)
1 (2%)

History of hypertension 23 (40%)

Diabetes mellitus type 2 5 (9%)

History of smoking 4 (7%)

Reported previous genetic testing for FH 6 (10%)

Displayed values are n (%), mean±SD, or median [interquartile range]. CVA/TIA, cerebral vascular 
accident/transient ischemic attack; CVD, cardiovascular disease; FH, familial hypercholesterolemia; 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; MI, myocardial infarction; PCSK9, 
proprotein convertase subtilisin/kexin type 9.

5
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Abstract

Familial hypercholesterolemia (FH) is a highly prevalent condition, predisposing 
individuals to premature cardiovascular disease (CVD) and with a genetic basis 
more complex than initially thought. Advances in molecular technologies have 
given novel insights into the role of next-generation sequencing, the assessment 

correlation, and the position of FH in the context of other dyslipidemias.

Understanding of the scope of genetic determinants of FH has expanded 
substantially. This article reviews the current literature on the complexity 
that comes with this incremental knowledge and highlights the added value 
of genetic testing as an addition to phenotypic diagnosis of FH. Moreover, we 
discuss the broad genetic basis of FH, with a focus on the three main FH genes, 
but we also pay attention to polygenic hypercholesterolemia as well as minor 
and modulator genes involved in FH.

Both the availability and the need for genetic analysis of FH are on the rise 
as costs of sequencing continue to drop and new therapies require a genetic 
diagnosis for reimbursement. However, greater use of genetic testing requires 
more education of healthcare professionals, since molecular technologies will 
allow for rapid and accurate evaluation of large numbers of detected variants.
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Introduction
Familial hypercholesterolemia (FH) is an autosomal dominantly inherited disorder 
of lipoprotein metabolism that causes severely elevated plasma levels of low-
density lipoprotein (LDL) cholesterol from birth onwards. When left untreated, 
FH is the most common life-threatening genetic condition, causing premature 
atherosclerosis, cardiovascular disease (CVD), and even death at a young age1. 

population frequency of approximately 1:300 rather than 1:500 for heterozygous 
familial hypercholesterolemia (HeFH) and 1:300.000 rather than 1:1 000 000 
for homozygous familial hypercholesterolemia (HoFH)2–4. Unfortunately, the 
majority of these patients remains unrecognized1. According to the European 
Atherosclerosis Society (EAS), in most countries across the world, less than 1% of 

managed. Studies using electronic health record searches have revealed this 
suboptimal treatment, with at most half of patients treated adequately and up 
to one-third not treated at all5. This situation is poignant, especially considering 
the very high prevalence, the presence of an easily measurable biomarker (LDL 
cholesterol), and the availability of effective treatment options for FH1,6.

FH is caused by pathogenic variants in any of the three FH genes (LDLR receptor 
gene [LDLR], apolipoprotein B gene [APOB], or proprotein convertase subtilisin 
kexin type 9 gene [PCSK9]) leading to molecular defects in the gatekeepers 
of the LDL cholesterol clearance pathway4. In 2018, an international expert 
panel endorsed the use of molecular testing for the care of patients with FH, 

precision and cost-effectiveness of cascade testing5,7,8. However, since genetic 
testing is considerably expensive and in some parts of the world less accessible 
or even unavailable, phenotypic diagnosis can be made by various diagnostic 
criteria1,9. These criteria usually include features such as physical stigmata, 
elevated plasma levels of LDL cholesterol, and a family history of elevated LDL 
cholesterol or CVD7,10,11. Clinical diagnostic algorithms for FH can also be used 
as a preselection for individuals referred for genetic testing.

Apart from the three main genes associated with FH, there are also other so-
called ‘minor FH genes’, meaning less common causes of phenotypical FH, which 
may also cause an FH-like phenotype12. Variants in APOE and homozygous 
or compound heterozygous variants in ABCG5, , LIPA, or  
are often underlying a hypercholesterolemia phenotype. Advances in targeted 

6
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next-generation sequencing (NGS) methods have enabled the sequencing 
of multiple genes simultaneously, providing insights into new variants in the 
classic FH genes, the minor FH genes, as well as other lipid metabolism-
related genes. Research in molecular genetics of dyslipidemias has shown that 
FH is more complex than initially thought, with at least nine different genes 
harbouring thousands of potential causative variants12. This complexity is also 
demonstrated by the spectrum of types and classes of rare disease-causing 
variants, the polygenic phenotype in many patients and the countless factors that 
modulate the clinical expression of FH. Thus, although previously considered as a 
monolithic and monogenic condition following the usual Mendelian principles13, 
it might be more accurate to envision FH as a group of conditions with variable 
inheritance patterns, molecular etiologies, and clinical presentations.

Several questions have arisen when considering the complex genetic origin of 
FH. For example, what role NGS can play in the clinical diagnosis of FH, but also 
the assessment of deep intronic variants and how newly found variants should 

the context of other dyslipidemias, such as elevated lipoprotein(a) (Lp[a]) levels, 
sitosterolemia, dysbetalipoproteinemia, hypertriglyceridemia, and lysosomal 

genotype and phenotype is also an important consideration, especially now 
sequencing has become more accessible due to rapidly declining costs.  In this 
review, we aim to evaluate current practice in molecular diagnostics for FH, as 
well as delineate the complexity that comes with genetically diagnosing FH by 
NGS from a gene panel composed of all known genes that are related to genetic 
dyslipidemias.

Added value of genetic testing
Historically, FH diagnosis can be made by using several criteria of which the 
Dutch Lipid Clinic Network (DLCN) and Simon Broome Register (SBR) criteria 
are the most widely used. Although these criteria have been recommended in 
multiple guidelines7,10,11, there is no international consensus on which clinical 

principle, an FH diagnosis can be made based solely on these clinical diagnostic 
criteria. However, the detection of an FH pathogenic variant has been described 
as the ‘the gold standard’ for FH diagnosis5. Genetic testing is especially useful 
in individuals who do not meet the clinical criteria, which are based on clinical 
and physical features, family history, and lipid levels. Phenotypically diagnosing 
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stigmata of FH yet14

national universal lipid screening program in which only 41% of children with a 
15.

cholesterol cut-offs. However, although LDL cholesterol levels are, in general, 
appreciably increased in patients with FH-causing mutations, a wide spectrum 
of LDL cholesterol levels is observed16. Furthermore, overlap exists between 
those with and without FH pathogenic variants. Thus, genetic testing can play 
an important role in distinguishing these groups of patients.

have shown that the risk for coronary artery disease (CAD) is higher at any LDL 
cholesterol level in patients carrying an FH pathogenic variant compared with 
non-carriers16,17, a phenomenon most likely driven by the cumulative exposure 
to LDL cholesterol from birth onwards7,18. However, not only the presence of 

type of the pathogenic variant and its severity also determine the degree of 
hypercholesterolemia and the course of atherosclerotic cardiovascular disease. 
For example, carriers of LDLR null variants (where there is no protein synthesis 
or synthesis of a completely non-functional LDLR) are more severely affected, 
whereas non-null LDLR variants, as well as APOB and PCSK9 variants, usually 
result in milder phenotypes16,19.  In addition, the type of mutation has implications 
for the choice of therapy in FH patients, especially in those with severe HeFH or 
HoFH. Patients with HoFH and biallelic LDLR-null mutations are, for example, 
in general non-responsive to anti-PCSK9 monoclonal antibodies20, whereas 
FH patients with gain-of-function PCSK9 mutations are remarkably responsive 
to these PCSK9-inhibitors21,22. Furthermore, genetic testing has been shown 
to positively affect initiation of lipid-lowering therapy (LLT), patients’ therapy 
compliance, and LDL cholesterol reduction23,24.

Finally, genetic testing enables family-based cascade testing for FH. Due to 
the autosomal dominant inheritance pattern of FH, screening relatives of index 
patients is highly effective. When a pathogenic variant of the index patient has 

6
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have consistently demonstrated the cost-effectiveness of cascade testing for FH 
as well as the effectiveness of cascade screening in preventing CVD and death 
in FH patients25–28. In addition, cascade testing can reduce the age at which FH 

29. Performing cascade screening by using analysis of LDL 
cholesterol levels alone is less effective due to overlapping LDL cholesterol 
levels between FH patients and healthy siblings30.

Selection for molecular diagnostics
Despite the diagnostic and prognostic merits, genetic testing is underutilized 
among FH patients7. Reasons for this include the costs of genetic tests, limited 
availability of genetic counselling services, clinicians lacking knowledge and 
skills to use genetic testing, issues with variant interpretation, and restrictions 
in life insurance11. Moreover, Reeskamp et al.31 demonstrated that in the vast 
majority of patients undergoing genetic testing, no pathogenic variant is 

Aside from phenotypically diagnosing FH, several sets of diagnostic algorithms 
can also be used to select patients for molecular testing. In addition to the DLCN 
and SBR criteria, the Make Early Diagnosis to Prevent Early Death (MEDPED) 
criteria and the Familial Hypercholesterolemia Case Ascertainment Tool 
(FAMCAT) are other frequently used diagnostic scores for FH diagnosis. Weng 
et al.32

than the DLCN, SBR, and MEDPED criteria. More recently, Besseling et al.14 
developed a new model, predicting the presence of an FH-causing variant in 
patients referred by general practitioners, which showed good discrimination 
and calibration. However, their model needs validation in the general population 
before implementation in clinical practice. Although there are multiple sets of 
criteria for FH, concordance rates between these algorithms for the diagnosis of 
FH are not very good33.

‘Classic’ FH: Monogenic causes of hypercholesterolemia

LDLR gene mutations
Pathogenic variants in the LDLR, APOB, and PCSK9 genes account for the 
majority of FH cases (Table 1). Mutations occurring within the LDLR gene 
are responsible for more than 80% of reported FH-causing mutations12. More 
than 2000 pathogenic loss-of-function mutations in the LDLR gene have now 
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residue (~40–50% of reported variants); nonsense mutations in the coding 
region (~12–15%); splicing mutations, typically non coding and occurring at 
intron-exon boundaries (~8–10%); exonic and deep-intronic cryptic splice 
mutations (unknown reporting); small insertion/deletion (indels) mutations in 
or near the coding sequence that might or might not shift the reading frame (~ 
15–20%); and large indels or copy number variations (CNVs), usually partial 
gene deletions spanning multiple exons (~ 8–10%)s4,34. CNVs are quantitative 
structural genomic rearrangements, between 50 and thousands of base pairs 

rarely been reported in other FH-related genes beyond the LDLR gene12.

FH phenotype: the c.2140 + 103G>T mutation35. This variant causes a cryptic 
splice site in LDLR, ultimately resulting in a smaller amount of newly synthesized 
LDLR protein35. Intronic mutations in the LDLR have been described before. 
However, these variants are mostly located within 20 base pairs of the exon-
intron boundary, whereas the c.2140 + 103G > T mutation lies 103 nucleotides 

the association of this mutation with an aberrant mRNA and high LDL cholesterol 
levels as they found a 100% penetrance. Although the prevalence of this variant 
seemed low35

with unknown FH-causing mutations can at least partly be explained by yet 
undiscovered (deep) intronic variants36, underpinning the need for whole LDLR 
gene sequencing instead of only LDLR exome sequencing.

6
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LDLR mutations can affect every functional domain of the LDL receptor protein 
and thereby all stages of receptor-mediated endocytosis. Variants in LDLR can 

absence of the receptor synthesis, class 2 to impaired receptor release from 
the endoplasmic reticulum, class 3 to abnormal binding to apo B100, class 
4 to defective clustering in clathrin-coated pits or internalization, class 5 to 
defective recycling, and class 6 to failed initial LDLR transport to the basolateral 
membrane4,12. The genetic variants and classes can also simply be reduced 
to two categories: receptor- ) 
mutations resulting in either no protein synthesis or synthesis of a completely 
non-functional receptor, and receptor-  mutations resulting in synthesis 
of an ineffective receptor12. A wide range of LDL cholesterol levels exists among 
the different LDLR mutations. Receptor-negative mutations generally lead to the 
highest LDL cholesterol levels, whereas receptor-defective mutations typically 
are associated with lower LDL cholesterol levels. The severity of the clinical 

variant alleles. Considerable genetic heterogeneity exists among patients with 
presumed HoFH37. Many HoFH patients, in fact, have a compound heterozygous 
genotype, meaning they have inherited different mutations within the same gene, 
typically LDLR, instead of the same mutation on both alleles37. FH patients can 
also have a double heterozygous genotype, in which there are mutations in two 
alleles of two different genes, one of the mutated genes usually being LDLR37.

In families where a clear dominant inheritance pattern for FH is seen in the 
absence of an LDLR mutation, mutations can be found in additional causative 
loci (Table 1)38. Genetic mapping and NGS studies have revealed mutations in 
the region of APOB, encoding the receptor-binding domain of APOB, which 
is an essential ligand for LDLR-mediated endocytosis. Mutations in APOB 
account for 5-10% of the patients with FH and occur more often in Northern 
Europe than in other regions39. Regarding the large size of the APOB gene, 
there is only a limited number of variants in APOB that cause familial defective 
apolipoprotein B100 Gain-of-function mutations in PCSK9 are more rare and 

FH12. The geographical distribution of different types of PCSK9 mutations is 
largely unknown since the gene encoding PCSK9 is not systematically sequenced 
in many regions. However, mutations in exon 1 have been shown to predominate 
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Europe21.

LDLR, APOB, APOE, and PCSK9 are FH-causing genes of which one copy of 
a mutant allele acts dominantly in causing an FH phenotype, HeFH to be more 

 (Table 1)12. A more severe phenotype arises when a patient carries two 
mutant alleles, such as in the APOB, LDLR, and PCSK9 genes, consistent with 
HoFH. This inheritance pattern is viewed as autosomal co-dominant, given 
that both variant alleles contribute to the phenotype and additively raise LDL 
cholesterol levels12. Recessive inheritance is seen for the , LIPA, 
ABCG5, and  genes (Table 1), where two mutant alleles act recessively, 
causing a severe phenotype, consistent with HoFH4,40,41.

In general, patients with HoFH have higher concentrations of LDL cholesterol 
than patients with HeFH. Elevated LDL cholesterol levels as a result of compound 
heterozygosity or double heterozygosity for rare mutations present with a 
phenotype that resembles HoFH, although the severity varies depending on the 
type of molecular defect4. The extremely high concentrations of LDL cholesterol 
in HoFH patients are accompanied by the highest risk of atherosclerotic 
cardiovascular disease, which can be up to 100 times higher than the risk in 
the general population42,43. HeFH patients often present with LDL cholesterol 
concentrations two to three times higher than that in non-affected individuals, 
whereas LDL cholesterol levels in HoFH patients can be up to ten times higher 
than normal43. However, with more widespread use of molecular diagnostics, 
it has become clear that some individuals carrying heterozygous mutations in 
genes associated with FH, have LDL cholesterol concentrations that overlap 

43. 
This also works the other way around, as patients with homozygous mutations 
can present with LDL cholesterol levels in the range typical for heterozygotes 
(usually 5-10 mmol/L)40,44. This shows that LDL cholesterol levels are not only 
determined by large-effect monogenic variants, but that other factors, such 

cholesterol concentrations. Furthermore, the overlapping phenotypes between 
HoFH and HeFH patients allow for a separate group of patients, irrespective 

6
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severe phenotype of FH. This group includes patients with symptomatic and 
progressive atherosclerotic cardiovascular disease or advanced subclinical 
coronary atherosclerosis, severely elevated levels of LDL cholesterol (i.e. the 
top 20% of the LDL cholesterol distribution), and patients with additional risk 
factors for atherosclerotic cardiovascular disease, such as smoking, hypertension, 
or diabetes43.

To date, different methods have been used for the analysis of underlying 
genetic defects in patients with an FH phenotype. One method is by using DNA 
hybridization assays, which only test for the presence of a limited number of 

and require very little bioinformatic processing and interpretation. They typically 

design needs to be updated to decrease the chance of obtaining false-negative 
results. Furthermore, this method is not useful in the discovery of new mutations.

Another method is Sanger sequencing, which was the most commonly used 
method for diagnosis and detection of new mutations in FH between 1990 and 
201534. Sanger sequencing is used to examine small DNA segments and can 
precisely detect a single nucleotide change in a known gene causing a monogenic 

a potentially causative variant is found with other methods45. Although Sanger 
sequencing is expensive, time-consuming, and CNVs cannot be detected by the 

be detected in family members of index cases.

NGS refers to a variety of methods that use massively parallel sequencing 
designs to amplify and examine multiple segments of DNA concurrently, 
offering the possibility of sequencing the whole human genome or exome in a 
relatively short time. Most of these methods contain three main components: 1) 
fragmentation of the DNA of the source into many small pieces, which are used 

simultaneous chemical reactions; and 3) detection of signals from this massive 
series of sequencing reactions34. Several NGS approaches exist to clinically 
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diagnose a disorder where the causative genes are already know, as is the case 

2) whole exome sequencing (WES), in which all protein-coding parts of the 
DNA are sequenced; or 3) whole genome sequencing (WGS), in which the entire 
genome is sequenced. Since the vast majority of the WES and WGS data are 

targeted sequencing panel can be used. These targeted NGS panels can be 
designed to screen for rare variants in coding regions as well as evaluating non-
coding common single nucleotide polymorphisms (SNPs) as part of a polygenic 
risk score. The costs of targeted sequencing panels are decreasing steadily and 
they are now considered as current standard for clinical diagnosis for the genetic 
analysis of dyslipidemias45.

Other genetic causes of hypercholesterolemia
Next-generation DNA sequencing analysis in patients with severe 
hypercholesterolemia suggest that mutations in genes that have been linked to 
other syndromic lipid disorders can also rarely cause high LDL cholesterol levels. 
In individuals that have an FH-like phenotype but no mutations in the most 
common causative genes, these other dyslipidemia-associated mutations, but 
also other genetic causes of hypercholesterolemia, must be considered (Table 1).

 Lp(a) is an LDL-like particle in which 20-30% of the mass is composed of 
cholesterol, similar to the cholesterol content of LDL cholesterol. Lp(a) levels are 
primarily determined by the LPA 
by dietary or environmental factors. In contrast to LDL cholesterol particles, 
Lp(a) particles include apolipoprotein(a), which is synthesized almost exclusively 
in the liver. Unlike LDL cholesterol, Lp(a) is not primarily catabolized by the 
LDLR. The mechanism through which Lp(a) is cleared from plasma remains 
controversial. The LDLR might play a modest role as patients with FH due to 
LDLR mutations show higher Lp(a) levels than unaffected siblings46. The LDL 
cholesterol concentration in serum is often estimated by the commonly used 
Friedewald formula, using HDL-cholesterol, triglycerides, and total cholesterol 
levels. By using this formula, the cholesterol in the Lp(a) particles is counted as 
LDL cholesterol by default47. As LDL cholesterol levels can be distorted by Lp(a) 
levels, the concurrent presence of elevated Lp(a) can be a confounder factor in 
diagnosing FH. Numerous studies have demonstrated that correction for high 

6
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the clinical diagnostic algorithms for FH47,48. Nonetheless, if levels of both LDL 
cholesterol and Lp(a) are elevated, it seems that the particles act synergistically 
to increase CVD risk47. In FH patients, high Lp(a) levels further increase the risk 
of developing coronary heart disease, and should thus be measured at least once 
in all patients considered to have FH.

pathogenic variant in one of the main FH genes. A polygenic basis could explain 
part of the severe hypercholesterolemic phenotype of these patients4,12. 
This phenotype is caused by the accumulation of multiple small-effect DNA 
variations, that by themselves only slightly affect lipid levels, but when present 

individual carrying a single, rare, large-effect mutation. Large-scale genome-
wide association studies have revealed numerous common SNPs in a variety of 
genes that have been associated with LDL cholesterol levels49. More than 50 
genomic loci have been associated with increased LDL cholesterol levels. Some 
of these small-effect polygenic loci result in LDL overproduction, in contrast to 
the monogenic forms that are predominantly catabolic in nature. In the general 
population, a balance between LDL cholesterol-raising and LDL cholesterol-
lowering alleles is present. However, some individuals inherit a preponderance 
of LDL cholesterol-raising alleles that cumulatively lead to raised LDL cholesterol 
levels that might be in the range of LDL cholesterol levels observed in HeFH 
patients carrying large-effect single-gene mutations4. Polygenic predispositions 
are thought to cause high LDL cholesterol levels in up to half of patients that are 
referred to lipid clinics with possible or probable HeFH50–54.  However, Trinder 
et al. have demonstrated that the risk of CVD in patients with polygenic FH, in 

18. At 
present, there is no consensus regarding the precise loci and alleles that should 
be included in a genetic risk score4,12,34. The value of polygenic risk scores in the 
clinical management of patients with FH remains therefore uncertain and needs 
further evaluation.
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It is widely acknowledged that mutations in other genes involved in lipoprotein 
metabolism may be present in FH patients who do not have a pathogenic variant 
in LDLR, APOB, or PCSK9. FH-like phenotypes have, for example, been seen in 
families with rare heterozygous variants in APOE55. APOE is a multifunctional 
glycosylated protein that is a key component of all lipoproteins, especially 
triglyceride-rich lipoproteins, such as chylomicrons and chylomicron remnants, 
very low-density lipoproteins (VLDL), and intermediate-density lipoproteins 
(IDL). APOE is involved in the catabolism of these lipoproteins through its 
interaction with receptors belonging to the LDLR superfamily. Three common 
polymorphisms have been recognized in the APOE gene: apoE2, apoE3 and 
apoE4. Homozygosity for the E2 allele can underlie type 3 hyperlipoproteinemia 
(dysbetalipoproteinemia). In a few individuals, the APOE p.Leu167del gene 
mutation causes a rare autosomal-dominant hypercholesterolemia phenotype55. 
This APOE mutation is also associated with other clinical phenotypes, such as 
combined hyperlipidemia and sea-blue histiocytosis.

Variants in the genes encoding adenosine triphosphate-binding cassette 
transporters G5 and G8 (ABCG5 and ) have also been shown to affect 
LDL cholesterol levels. ABCG5 and ABCG8 form a heterodimer that is responsible 
for the transmembrane transport of sterols, in particular plant sterols41. In the 
intestine, the complex is involved in the transport of sterols from the enterocyte 
into the intestinal lumen, whereas in the liver it promotes the transport of sterols 
into the bile. Mutations in ABCG5 and  can cause sitosterolemia, an 
autosomal recessive disorder in which plant sterols accumulate in blood and 
tissues. Studies have shown an association between hypercholesterolemia and 
sitosterolemia in the general population41. With the expansion of NGS panels in 
FH patients, variants in ABCG5 and  have been frequently discovered. 
Patients with sitosterolemia can present with xanthomas and premature CAD, 
characteristics that closely mimic the clinical FH phenotype56.  Studies by Tada 
et al. and Nomura et al. suggest that heterozygous pathogenic variants in the 

 can worsen the clinical expression of FH in terms of additional 
elevation of LDL cholesterol levels and cardiovascular risk57,58. Recently, we have 

41.

In addition, in a few families in which the severe FH phenotype segregates as 

heterozygous mutations in , encoding the LDLR adaptor protein 137,59. 
Loss of function of this protein causes Autosomal Recessive Hypercholesterolemia 
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(ARH)60. The LDLRAP1 protein is a chaperone protein that binds to the LDLR 
and allows the internalization of the LDL-LDLR complex. Molecular defects 
in LDLRAP1 protein as a result of missense mutations might lead to a severe 
reduction in LDL cholesterol uptake as seen in FH patients59.

triglyceride metabolism are also related to hypercholesterolemia and seem to 
have the ability to mimic FH. We validated the results of an analysis of a 29 
NGS gene panel for genetic dyslipidemias in more than 4500 patients. In 30% 
of the patients with a clinical diagnosis of FH referred for genetic testing, a 
pathogenic variant that affects the triglyceride metabolism was found, whether 
or not in combination with a phenotype of hypertriglyceridemia. In 50% of these 
cases, a pathogenic variant in the Lipoprotein Lipase gene was found, but also 
pathogenic variants in the genes for Apolipoprotein E (24%), Apolipoprotein A5 
(12%), Lipase Maturation Factor-1 (8%), Apolpoprotein C2 (5%) and Glycosyl 
Phosphatidyl Inositol anchored High-density lipoprotein Binding Protein-1 (1%) 

Several additional genes have offered opportunities for therapeutic targets in the 
treatment of hypercholesterolemia. For example, the inhibition of angiopoietin-
like protein 3 (ANGPTL3), which normally regulates plasma lipid levels by 
inhibiting lipoprotein lipase (LPL) and endothelial lipase (EL), lowers LDL 
cholesterol independently of the classical LDLR mediated pathway61. Although 
the exact mechanism by which ANGPTL3 regulates LDL cholesterol levels is 
unknown, it does represent a promising therapeutic approach for HoFH patients. 
Another molecular target for FH treatment is MTTP (microsomal triglyceride 

reductions in LDL cholesterol levels62,63.

Role of genetics in FH screening

Control and Prevention11. This means that FH is considered a preventable 

impact on public health based on available evidence-based guidelines and 
recommendations11. Nevertheless, FH remains underdiagnosed and undertreated 
globally1, with the exception of a few countries such as the Netherlands and 
Norway, which have a history of comprehensive nationwide genetic screening 
programs for FH23,64. As stated before, studies have consistently demonstrated 
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25–28,65. However, 
in order to optimize the yield of cascade testing, other methods to identify index 
patients are required, as cascade testing relies on continuous ascertainment 
of new cases11,66. There are several strategies for detecting new FH patients, 
including selective, opportunistic, systematic and universal screening. As 
childhood and early adolescence are the most favourable time for diagnosing 
FH and introducing treatment67, several universal screening approaches in 
children have been introduced. In Slovenia, for example, 5-year-old children, 
who screened positive for hypercholesterolemia and had a family history of 

screening program and consequently genotyped for variants in LDLR, PCSK9, 
APOB, and APOE15. This strategy turned out highly effective with 57% of the 
referred children carrying a disease-causing FH variant. Universal screening of 
children and child-parent (reverse) cascade testing seems a highly effective 
method for FH detection and has been shown to be cost-effective68. Other, 
more opportunistic approaches to identify new FH patients are via the genetic 
screening of biobanks69 and blood donors70.

Conclusions

and enhancement of precision and cost-effectiveness of cascade testing. 
However, careful selection of subjects for genetic testing, for example by the 
use of diagnostic algorithms, is important in light of cost reductions. Genetic 
research into FH is continuously revealing the molecular, biochemical and clinical 
complexity of the disorder. Thus, advances in the understanding of genetics 
in FH have paradoxically led to new questions. Awareness of variability in 
inheritance patterns, molecular etiologies, and clinical presentations in FH is 
important. Furthermore, when considering molecular diagnostics in FH patients, 
yet undiscovered variants should be kept in mind.

The availability of genetic testing for FH is rapidly expanding. For molecular 
diagnostic methods to be effective, they must have the ability to detect molecular 
and gene locus heterogeneity, to reveal a wide range of mutation types, including 
single nucleotide variants and both small and large-scale indels, and pay 
tribute to the polygenic component of FH. Advances in molecular diagnostics, 
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for example the rapid rise of NGS, have made sequencing possible at much 
lower costs. This will increase the use of genetic testing. In addition, the need 
for genetic analysis in FH will increase, both for diagnosis and reimbursement 
of new therapies. Thus, cost-effective, whole-genome sequencing might soon 
become the clinical standard for FH diagnosis. However, this does require efforts 
to improve health professional and public understanding of genetic science and 
genomics. In addition, as the availability of genetic testing for FH expands, 
standardization of variant curation and maintenance of clinical databases and 
registries also need more support. Well-maintained and curated FH registries 
will help improve national standards for diagnosis and treatment.

Considering the fact that FH is the most commonly encountered genetic 
dyslipidemic disorder, the complexity of FH in particular should be embraced as 
it creates fertile ground for new hypotheses and technology-based solutions. 

families) with an FH phenotype but no obvious genetic cause, as this will provide 

clarity concerning the value of polygenic risk scores in the clinical management 
of FH patients, with more consensus regarding the precise loci and alleles 
that should be included in such a genetic risk score. Nonetheless, there still 
remains a substantial number of patients with extreme FH phenotypes without 
a monogenic FH mutation or a high polygenic risk score. It is very likely that there 
are still genetic variants underlying dyslipidemia that are yet to be discovered. 
Since the gold standard for declaring pathogenicity is the functional assessment 
of variants, we envision the development of new technologies that will allow for 
rapid and accurate evaluation of large numbers of detected variants.

Ultimately, genetic testing is an informative and powerful tool that can aid in 
clinical diagnosis and management, but also in advancing therapeutic strategies. 
However, genetic testing should be used in carefully selected patients, by health 
professionals that have the skills to accurately interpret genetic results. Selection 
of patients that undergo genetic testing can be done by using diagnostic 
algorithms. The existing diagnostic criteria are, however, suboptimal, as is 
demonstrated by the low diagnostic yield of genetic testing at the moment. 

existing diagnostic algorithms as well as development of new diagnostic criteria 
is warranted. In the foreseeable future, we also see a role for customized FH 
arrays that can be important for the preselection of patients for DNA sequencing. 
These arrays can be offered at very low costs at high sensitivity, although the 

171020_Ibrahim_BNW-def-v1.indd   120 04/04/2024   11:44



121

FH genetics

sensitivity is slightly lower than current sequencing methods. However, because 
the costs are much lower, screening through these arrays can be offered to much 
more individuals. Individuals that test negative through these arrays, but who 
have persistently high LDL cholesterol levels, can then still undergo routine 
sequencing.
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Abstract

Familial hypercholesterolemia (FH) is a common but underdiagnosed 
genetic disorder characterized by high LDL cholesterol levels and premature 
cardiovascular disease. Current sequencing methods to diagnose FH are 
expensive and time-consuming. In this study, we evaluated the accuracy of a 
low-cost, high-throughput genotyping array for diagnosing FH.

An Illumina Global Screening Array was customized to include probes for 636 

coverage was assessed in all FH variant carriers diagnosed through next-

Next, the performance of the array was validated in another sample of FH 

The theoretical coverage of the array for FH-causing variants was 91.3%. 
Validation of the array was assessed in a sample of 1268 carriers of whom 1015 
carried a variant in LDLR, 250 in APOB, and 3 in PCSK9. The overall sensitivity 
was 94.7%, which increased to 98.2% after excluding participants with variants 
not included in the array design. CNV analysis yielded a 89.4% sensitivity. In 

yielding a false positive result in 16 subjects (1.3%).

The FH genotyping array is a promising tool for genetically diagnosing FH at low 
costs and has the potential to greatly increase accessibility to genetic testing for 
FH. Continuous customization of the array will further improve its performance.
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Introduction
Familial hypercholesterolemia (FH) is a prevalent autosomal codominant disorder, 
predisposing affected individuals to premature atherosclerotic cardiovascular 
disease (ASCVD) due to lifelong increased low-density lipoprotein (LDL) 
cholesterol levels. FH variant carriers are at a 3- to 4-fold increased risk for 
ASCVD compared to non-carriers1–3. Early initiation of lipid-lowering therapy in 
FH patients can prevent cardiovascular disease4. Genetic screening is therefore 

initiation of and compliance to lipid-lowering therapy4–7. Despite the widely 
acknowledged positive implications of an early and reliable genetic diagnosis, 
approximately 90% of the 30 million affected individuals worldwide have 

carriers6. On top of several other promising strategies to enhance FH detection8, 
improving access to cheap and reliable genetic testing for FH may help in further 
implementation of wider genetic testing to increase the diagnostic yield in 
subjects with a clinical suspicion of FH.

Nowadays, genetic testing for FH focuses on identifying a pathogenic variant in 
one of the three FH genes (i.e. LDL-receptor [LDLR], apolipoprotein B [APOB], 
and proprotein convertase subtilisin/kexin type 9 [PCSK9]). Genetic testing for 
FH has historically involved DNA sequencing of the three FH genes through 
Sanger sequencing in specialized laboratories, which is rapidly being replaced by 
next-generation sequencing (NGS) nowadays. Because such DNA sequencing 
methods are laborious and relatively expensive, large-scale application of 
DNA testing for FH is often hampered and alternative rapid and affordable 
molecular diagnostic methods are warranted9

these demands is the use of genotyping arrays that have a standard content of 
predetermined FH-causing variants. While the ability of genotyping arrays to 
accurately diagnose very rare variants has been debated10, multiple studies have 

calling procedures are employed11–13. For FH, this has been done with arrays 
containing probes for a limited amount of pathogenic variants, varying between 
20 to 251 FH-causing variants14–17.

causing, in combination with advanced genotyping calling procedures, would 

7

171020_Ibrahim_BNW-def-v1.indd   131 04/04/2024   11:44



132

Chapter 7

the Netherlands. Secondly, we validated this array in a selected sample of 1268 
FH patients, previously diagnosed in the Dutch FH cascade screening program.18

Methods
The methods of the current study are described in the Data Supplement. In 
brief, an Illumina Global screening array was customized to include probes for 

coverage was assessed in all FH variant carriers diagnosed through NGS 

Dutch FH cascade screening program (Figure 1). The reuse of anonymized data 
was approved by the Institutional Review Board of Amsterdam UMC (W20_033 

study are available from the corresponding author.
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Figure 1. Flowchart of participant inclusion in the current study
The studied population was previously selected and studied for the effect of statins on 

18 and originated from the Dutch FH cascade screening program 

performance analysis and 1223 in the technical performance analysis in the current study. ASCVD, 
atherosclerotic cardiovascular disease.

Results

To investigate the potential diagnostic yield of the customized FH genotyping 
array, its coverage of FH-causing SNVs and indels was compared to the detected 
FH-causing SNVs and indels in the Netherlands between July 2016 and July 
2022. Interestingly, 80% of FH cases in the Netherlands are caused by only 111 
different variants (Figure 2). During these six years, 1772 FH variant carriers were 

LDLR, 18 in APOB, and 
33 in PCSK9). Theoretically, 1618 (91.3%) of these FH variant carriers should be 
detectable using the FH genotyping array as they carried an FH-causing variant 
that was included in the array design.

7
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Figure 2. Relationship between unique FH-causing variants and cumulative population coverage
Shown here is the cumulative proportion of FH cases in relation to the number of unique FH variants 
as diagnosed by next-generation sequencing in the Netherlands from June 2016 until June 2022. 
In dark green are those variants that are included in the FH genotyping array design, in light green 
those that are not.

A total of 1292 previously genetically diagnosed FH variant carriers were 
randomly selected from the Dutch national FH cascade screening program for 
reanalysis by the FH genotyping array. After quality control (QC), 24 samples 
(carrying 9 unique variants) were excluded due to poor DNA quality, resulting in 

was 42.1±14.5 years, 52.7% was female. In this cohort, 1015 (80.0%) subjects 
carried a likely pathogenic or pathogenic variant in the LDLR gene, 250 (19.7 
%) in the APOB gene, and 3 (0.2 %) in the PCSK9 gene (Table 1). The analyzed 
cohort comprised 140 unique FH-causing variants of which 118 (84.3%) were 
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SNVs, 16 (11.4%) were indels, and 6 (4.3%) were CNVs. Of these 140 unique 
variants, 122 (87.1%) were included in de the design of the FH genotyping array 
and should thus be detectable. In total, 1223 (96.5%) of the subjects included in 
this study were carrier of an FH-causing variant that was included in the custom 
array design.

Table 1. Characteristics of studied FH population

Characteristics
FH variant carriers

Females 668 (52.7)

Age at start follow-up, years 42.1±14.5

BMI, kg/m2 25.6±4.4

Smoker 472 (37.6)

Alcohol use 744 (58.7)

Hypertension 172 (13.7)

Diabetes 51 (4.0)

Affected gene
     APOB
     LDLR
     PCSK9

251 (19.8)
1014 (80.0)

3 (0.2)

Total cholesterol, mg/dL 230±56

Estimated untreated LDL cholesterol, mg/dL 214±71

LDL cholesterol (measured), mg/dL 161±53

HDL cholesterol, mg/dL 46±15

Triglycerides, mg/dL 100 [67, 152]

Lipid-lowering therapy use
     Statin use
     Other lipid-lowering therapy use

874 (68.9)
870 (68.6)
301 (23.7)

All values are n(%), mean±SD, or median [inter quartile range]. APOB, apolipoprotein B; BMI, body 
mass index; FH, familial hypercholesterolemia; HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; LDLR, low-density lipoprotein receptor; PCSK9, proprotein convertase subtilisin/kexin 

type 9.

7
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First, the FH genotyping array performance was analyzed in the complete 
genotyped validation cohort, yielding the overall performance. Next, a technical 
performance was evaluated, which only included subjects in this cohort carrying 
variants included in the FH genotyping array design.

Of the 1268 FH variant carriers included, 986 (77.8%) were carrier of an FH-
causing SNV of whom 957 (97.1%) carried an SNV that was included in the FH 

the array, yielding a sensitivity of 95.6% (943/986) in the overall performance 
analysis and a sensitivity of 98.5% (943/957) in the technical performance 
analysis (Figure 3). The study cohort also included 216 carriers of an FH-causing 
indel; 200 (92.6%) of whom the indel was included in the FH genotyping array 

in a sensitivity of a 92.1% (199/216) in the overall performance analysis and a 
sensitivity of 99.5% (199/200) in the technical performance analysis (Figure 3). 
When categorized as detected variants per gene, 93.8% (952/1015) of LDLR 
variant carriers, 99.6% (249/250) of APOB variant carriers, and 0% (0/3) of 
PCSK9
analysis, 98.0% (952/971) of LDLR variant carriers, 100% (249/249) of APOB 
variant carriers, and 0% (0/3) of PCSK9
cohort, 66 carriers of a CNV in LDLR (59 deletions and 7 duplications) were 

resulting in a sensitivity of 89.4% (59/66) (Figure 3).

The overall sensitivity of the FH genotyping array for SNVs, indels, and CNVs 
combined was 94.7% (Figure 3) with a false-negative rate of 5.3%. In 45 of 
the included carriers (3.5% of the total study cohort), the variants could not be 

array. Excluding these subjects resulted in a 98.2% (1201/1223) sensitivity 
(Figure 3).
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FH genotyping array sensitivity in the complete cohort and according to variant type. Sensitivity 
was determined in the complete cohort (overall performance, dark green) and in those participants 
of which the variant was included as a probe in the genotyping array design (technical performance, 
light green). Since CNVs are not directly included in the array design, but are detectable using 
array-based CNV analysis software, only the overall performance is reported. CNV, copy number 
variations; SNV, single nucleotide variants; indels, insertions or deletions.

In 18 of the included subjects, 19 additional FH-causing variants (13 SNVs, 1 
Table 2). These variants had not been detected 

previously using the gold standard sequencing methods. All 18 subjects were 
re-analyzed with targeted Sanger sequencing or Multiplex ligation-dependent 

sequencing and were considered a false positive result. In the total cohort, this 

in LDLR (Table 2
sequencing and were thus previously missed by the conventional diagnostic 
methods.

7
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Table 2. 

 Sample
Previously observed variant 
(type of variant)

Variant(s) observed by array 
(type of variant)

Result DNA 
reanalysis

1 LDLR:c.(940+1_941-1)_
(1186+1_1187-1)del (CNV)

LDLR: c.(940+1_941-1)_
(1186+1_1187-1)del (CNV);
LDLR:c.1176C>A (SNV)

False 
positive

2 LDLR:c.429C>A (SNV) LDLR:c.429C>A (SNV);
LDLR:c.-136C>T (SNV)

False 
positive

3 LDLR:c.681C>A (SNV) LDLR:c.681C>A (SNV);
LDLR):c.131G>A (SNV)

False 
positive

4 LDLR:c.1243G>C (SNV) LDLR:c.1243G>C (SNV);
LDLR:c.1358+1G>A (SNV)

False 
positive

5 LDLR:c.1284C>G (SNV) LDLR:c.1284C>G (SNV);
APOB:c.10739A>G (SNV)

True
positive

6 LDLR:c.518del (indel) LDLR:c.518del (indel);
LDLR:c.1A>C (SNV)

False 
positive

7 LDLR:c.682G>A (SNV) LDLR:c.682G>A (SNV);
LDLR:c.1048C>T (SNV)

False 
positive

8 LDLR:c.917C>T (SNV) LDLR:c.917C>T (SNV);
LDLR:c.1027G>A (SNV)

True
positive

9 LDLR:c.917C>T (SNV) LDLR:c.917C>T (SNV);
LDLR: c.-193_-187delins (indel)

False 
positive

10 LDLR:c.917C>T (SNV) LDLR:c.917C>T (SNV);
LDLR: duplication of 911 bp in exon 
8 (CNV)

False 
positive

11 LDLR:c.313+1 or +2 cluster 
(SNV) *

LDLR:c.313+1 or +2 cluster (SNV)* ;
LDLR:c.1048C>T (SNV);
LDLR:c.501C>A (SNV)

False 
positives

12 LDLR:c.1359-1G>A (SNV) LDLR:c.1359-1G>A (SNV);
LDLR:c.-136C>T (SNV)

False 
positive

13 LDLR:c.1359-1G>A (SNV) LDLR:c.1359-1G>A (SNV);
LDLR: duplication of 77 bp in part of 
exon 10 (CNV)

False 
positive

14 APOB:c.10580G>A (SNV) APOB:c.10580G>A (SNV);
LDLR:c.1048C>T (SNV)

False 
positive

15 APOB:c.10580G>A (SNV) APOB:c.10580G>A (SNV);
LDLR:c.1048C>T (SNV)

False 
Positive

16 APOB:c.10580G>A (SNV) APOB:c.10580G>A (SNV);
LDLR: duplication of 1479 bp in 
exon 15 (CNV)

False 
positive
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Table 2. Continued.

 Sample
Previously observed variant 
(type of variant)

Variant(s) observed by array 
(type of variant)

Result DNA 
reanalysis

17 LDLR:c.1027G>A (SNV) LDLR:c.1027G>A
LDLR: deletion of 167 bp in part of 
exon 10 and duplication of 3808 bp 
in part of exon 15 (CNV)

False 
positive

18 APOB:c.10700C>T (SNV) APOB:c.10700C>T (SNV);
LDLR: deletion of 146 bp in part of 
exon 10 (CNV)

False 
positive

*LDLR:c.313 +1 or +2 is a cluster of variants at the same position, the array in its current design 
cannot discriminate between these variants. SNV, single nucleotide variant; CNV, copy number 
variation; indel, insertion or deletion; LDLR, low-density lipoprotein receptor; APOB, apolipoprotein 
B; PCSK9, proprotein convertase subtilisin/kexin type 9.

Discussion
The present study demonstrates that the use of a customized genotyping array, 
which included >600 FH-causing variants, holds promise as a high-throughput 
diagnostic modality for FH, with an observed overall sensitivity of 94.7% among 
1268 previously diagnosed FH variant carriers. Due to many probes for variants 
in LDLR on this array, CNV analysis was also possible, although with a lower 

The Illumina array was customized to include many FH-causing variant probes 
and performed well in a cohort of FH variant carriers. In contrast to the overall 
sensitivity in this cohort, which is especially relevant for clinicians and patients, 
the technical performance is of most interest for developers and suppliers. This 
study included carriers of FH-causing variants, of whom 96.5% carried a variant 
that was detectable with the FH genotyping array, highlighting the importance 
of variant selection when designing genotyping arrays. Importantly, such arrays 
can easily be updated by suppliers and ongoing evaluation of newer array 
versions is expected to show an overall sensitivity that approaches its technical 
sensitivity. Furthermore, technical scrutiny of the false positive variants could 
result in redesign of these probes and further improve the technical performance 
of the FH genotyping array as well.

The performance of uncustomized genotyping arrays in detecting rare pathogenic 
variants has been under debate10. Here we show, however, that inclusion of rare 
variants – such as FH-causing variants – in the design of genotyping arrays, 

7
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combined with advanced post-processing algorithms, optimizes the array 
genotyping procedure and results in a high diagnostic yield.

The use of customized genotyping arrays for FH diagnosis is not a novel concept, 
but previous studies have evaluated only a limited number of FH-causing 
variants14. Several genetic arrays for FH, that included common regional FH-
causing variants in their design, have been described, including the Randox FH 
array evaluating 40 FH-causing variants, the Elucigene FH20 Array evaluating 
20 FH-causing variants, and different versions of the LIPOchip evaluating 118 
to 251 FH-causing variants15–17. Although promising, implementation of these 
arrays has been hampered by their relatively limited number of variants, leading 

14. For example, one study 
showed that approximately two-third of all NGS-diagnosed FH variant carriers 
were missed by a limited-variant array containing 24 variants19.

For other diseases, such as amyotrophic lateral sclerosis and primary 

arrays in detecting rare variants11–13. The current study extends these optimistic 

greater diagnostic yield. The results regarding the overall sensitivity of the FH 
genotyping array are, however, not directly generalizable to other countries due 
to regional differences in FH-causing variants. With the current FH genotyping 
array design, theoretically, 91.3% of all FH cases in the Netherlands can be 
detected.

Approximately 10% of FH cases is caused by CNVs20. CNV analysis with 

of the many included variants in LDLR in the FH genotyping array design, we 
were able to correctly detect 89.4% of CNVs, contrasting the majority of the 
previously reported FH-arrays, which were not designed to detect CNVs16.

The FH genotyping array does not solely include rare disease-causing variants, 
but also contains over 700.000 other variants, which enables the calculation of 
polygenic risk scores (PRS). In the case of FH, a PRS further enhancing coronary 
artery disease (CAD) risk estimation, may be highly relevant to tailor intensive 
treatment regimens to FH variant carriers at highest risk. A recent study showed 
that, compared to non-carriers with intermediate PRS, FH variant carriers 
with low PRS had only a 1.30-fold (95%-CI 0.39–4.32) increased CAD risk, 
while FH variant carriers in the highest quintile of the PRS distribution were 
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characterized by a staggering 12.61 (95%-CI 2.96–53.62) increased CAD risk21. 

reporting in FH.

In the present study, we were able to diagnose FH in approximately 95% of the 
FH variant carriers at an array cost price of 30 Euros, using a technology that 
is more suitable for high-throughput FH screening at a population level due to 

the price of current DNA testing methods for FH in the Netherlands, which is 
over 2500 Euros, suggesting that use of the FH genotyping array might have 
a cost-saving effect22. Nevertheless, the exact place of genotyping arrays in 

genotyping array did not reach a 100% sensitivity, a clinical protocol should be 
in place to decide what should be done in terms of genetic analysis in cases with 
severe hypercholesterolemia and a negative array test result. The same holds 
true when using the FH genotyping array as a screening tool at a population 
level where the a priori probability of carrying an FH-causing variant is low. In 
both settings – clinical testing and population screening – one could consider 
reanalysis using NGS in patients that are at high risk for carrying an FH-causing 
variant, for example those with high clinical probability according to scores such 
as the Dutch Lipid Clinic Network (DLCN) criteria. In addition, to improve the 

the array and NGS could be considered. Validation studies, like the present one, 
are helpful to evaluate the areas of improvement in this regard. In combination 
with advanced processing algorithms, array genotyping procedures will further 
improve in calling rare variants. Importantly, the lack of a 100% sensitivity and 

genotyping methods. Further evaluation of the possible application of microarray 
genotyping is warranted. However, considering the low costs, screening of 
larger cohorts of healthy individuals or those with subtle phenotypes (i.e. mild 
hypercholesterolemia) seems sensible and realistic. Moreover, continuous 
customization of the array, for example by exclusion of probes that yield false 
positive results and inclusion of additional probes for FH-causing variants from 
other geographic regions, can further improve its reliability and diagnostic yield, 
and can thus pave the way for cheaper world-wide screening of FH.

7
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There are several limitations of the current study that warrant further discussion. 
First, the probes present on the current version of the array are based on variants 
that were predominantly detected in the Netherlands and may therefore not 
be generalizable to all populations or ethnic groups. However, the array can 

variants. Secondly, we selected a random population of FH variant carriers in the 
Netherlands, who only carried 140 unique variants, and thus, we were not able 
to test all probes included in the array design. Nevertheless, our study clearly 
shows the high overall performance of this array in a setting that resembles 
clinical practice in which an unselected population is genotyped, and it is likely 
that the performance for all included variants is similar to the currently observed 
results.

Use of an affordable, customized FH genotyping array resulted in accurate 

positive rates, in a cohort of previously diagnosed FH variant carriers. Continuous 
customization of the array will further increase the reliability of this technique 
and will allow for cheaper and more accessible genetic testing for FH.
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Supplemental materials

Detailed Methods

The present study included a cohort of heterozygous FH variant carriers, 
18,23. This program, 

implemented between January 1994 and April 2013, led to genetic testing in 

carriers through a ‘cascade screening’ approach23

variant. The cohort included in the current study, was previously selected in 
another study based on the linkage of health records to Pharmo Record Linkage 
System (RLS) to obtain clinical follow-up data18. In total, 1292 FH variant carriers, 
aged 18 years or older, who provided informed consent for additional genetic 
analysis, and were free of atherosclerotic cardiovascular disease at time of 
enrollment, were selected for further analysis in the present study. The reuse of 
anonymized data was approved by the Institutional Review Board of Amsterdam 
UMC (W20_033 # 20.061).

All carriers included in the present study were genetically diagnosed with FH 

not evaluated. All variants selected for analysis by the FH genotyping array in 
the present study are shown in Supplementary Table 1 (online available via 
QR-code below).

The Illumina Global Screening Array version 3 MD (GSAv3MD-GOALLv1, 
hereinafter referred to as FH genotyping array, was custom designed in 2019 
as part of the Genotyping On All Patients (GOALL) project at Erasmus MC in 
Rotterdam, the Netherlands, in an effort to include all FH-causing variants 
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Netherlands during the last three decades. The initial number of known FH-
causing single nucleotide variants (SNVs) and small insertions and deletions 
(indels) extracted from their database was 834. Due to technical limitations, a 

Copy number variations (CNVs) were not directly included in the array design but 
are detectable using array-based CNV analysis software that uses CNV size and 
probe density of different genetic regions. Ultimately, the FH genotyping array in 
the present study was designed to detect 570 FH-causing variants in the LDLR 
gene, 43 in the APOB gene, and 23 in the PCSK9 gene. These variants have 

as pathogenic or likely pathogenic between 1994 and 2013 based on co-

within Dutch families that were included in the Dutch FH cascade screening 

guidelines. A detailed description of the variants included in the design of the 
FH genotyping array is shown in Supplementary Table 2 (online available via 
QR-code below).

Netherlands. For this purpose, we selected all patients that were genetically 
diagnosed with FH at the national referral center for genetic dyslipidemias in the 
Netherlands between June 2016 and June 2022 and estimated the proportion 

of the FH genotyping array.

7
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Genetic data analysis

Genotyping with the FH genotyping array was performed at the Human 
Genotyping Facility (HuGe-F) at Erasmus MC in Rotterdam, the Netherlands, 
after which the data was processed using Illumina GenomeStudio version 2.0 
software. Subsequently, quality control (QC) analysis was performed using Plink 

applied. Variant QC was performed by removing variants that were not present in 
at least 95% of the subjects. Sample QC was performed by excluding individuals 

the zCall algorithm was applied to improve rare variant calling24. This algorithm is 

variant calling as a post-processing step24.

CNVs through the incorporation of several parameters, such as total signal 
intensity (the Log(R) ratio), allelic intensity ratio at each SNP marker (the B-allele 
Frequency), the probe density, and the allele frequency of SNPs25. The PENNCNV 

>0.18 (indicating inequality of the normal 2-allele intensity values) was excluded 
from further analyses. CNV calling was subsequently performed manually with 
NEXUS (Biodiscovery Research version 10) in subjects with a CNV according 
to the PENNCNV output. Nexus can be used to identify large chromosomal 
aberrations by making log-ratios and B-allele frequency plots in order to detect 

deletions of one or more exons without exact nucleotide breakpoints positions. 
Any CNV that was found using array data with PENNCNV and Nexus, but not 
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Subjects included in this study were screened for all 636 FH-causing SNVs and 
indels included in the FH genotyping array design and underwent additional 
array-based CNV analysis. The dataset generated by this analysis was 
compared to the previously obtained sequencing data, which was considered 
the gold standard. Matched results from the FH genotyping array and Sanger 
sequencing or MLPA were considered as ‘true positives’. When the array result 
did not directly match with the previously found variant for a subject, the array 
results were considered as ‘false positive’ or ‘false negative’. Samples with ‘false 
positive’ results were reanalyzed using Sanger sequencing for SNVs and indels, 
and MLPA for CNVs, to rule out a previously missed variant. For all false negative 
results, it was investigated whether the previously found variant was included 
in the array design, to evaluate whether a variant was missed by design or by 
technical performance of the array. Accordingly, two performance analyses were 
performed: 1) an overall analysis including all subjects in the study and 2) a 
technical analysis including only subjects carrying a variant which should have 
been detectable by the FH genotyping array.

Normally distributed data are expressed as mean±SD, not normally distributed 

genotyping array.

7

171020_Ibrahim_BNW-def-v1.indd   149 04/04/2024   11:44



171020_Ibrahim_BNW-def-v1.indd   150 04/04/2024   11:44



PART III
Optimized risk prediction in Familial Hypercholesterolemia

171020_Ibrahim_BNW-def-v1.indd   151 04/04/2024   11:44



171020_Ibrahim_BNW-def-v1.indd   152 04/04/2024   11:44



Chapter 8
LDLR Variant classification for improved cardiovascular risk 

prediction in Familial Hypercholesterolemia

Shirin Ibrahim*, Merel L. Hartgers*, Laurens F. Reeskamp, Linda Zuurbier, Joep 
Defesche, John J.P. Kastelein, Erik S.G. Stroes, G. Kees Hovingh,  

and Roeland Huijgen  
*These authors contributed equally

171020_Ibrahim_BNW-def-v1.indd   153 04/04/2024   11:44



154

Chapter 8

Abstract

Familial Hypercholesterolemia (FH) is a genetic disorder marked by high LDL 
cholesterol and an increased premature coronary artery disease (CAD) risk. 

 gene (LDLR) variants may 
inadequately capture patient variability in LDL cholesterol levels and CAD risk. 
This study assessed a novel approach for assessing LDLR variant severity using 

Participants of the Dutch FH cascade screening program were screened for 456 
LDLR
for each LDLR variant carrier. These percentiles were used to calculate the mean 

th, 
75th-88th, 88th-92nd, 92nd-96.5th, 96.5th-98th th percentile. Additionally, 

LDLR defective) variants. CAD risk between carriers in the different strata and 
non-carriers was compared using a Cox proportional hazard model.

Out of 35,257 participants, 12,485 (36%) LDLR
Carriers had a 5-fold higher CAD risk compared with non-carriers. Hazard ratios 
for CAD increased gradually from 2.2 (95%CI 0.97-5.0) to 12.0 (95%CI 5.5-24.8) 
across the strata. A 7.3-fold and 3.9-fold increased CAD risk was observed in 
carriers of class 1 and non-class 1 LDLR variants, respectively.

LDLR variants based on 
their impact on LDL cholesterol levels, allowing for more precise, genotype-
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Introduction
Familial hypercholesterolemia (FH) is a common genetic disorder characterized 
by elevated levels of low-density lipoprotein (LDL) cholesterol caused by 
pathogenic variants in one of the three FH genes (LDL receptor gene [LDLR], 
apolipoprotein B gene [APOB], and proprotein convertase subtilisin kexin type 
9 gene [PCSK9]), ultimately leading to premature morbidity and mortality due 
to atherosclerotic cardiovascular disease (ASCVD)1–4. To date, approximately 
3000 FH-causing variants have been reported, with >90% of the monogenic 
FH cases being caused by pathogenic variants in LDLR5,6 The effect of the 
different FH-causing variants on residual LDLR activity varies widely, leading to a 
broad spectrum of LDL cholesterol levels and subsequent risk of coronary artery 
disease (CAD) among FH patients6–8. This diversity in LDLR functionality is often 

the wide range of impact these variants can have9,10. However, understanding 
the broad spectrum of LDL cholesterol levels and CAD risk stemming from the 

outcomes.

typically relies on  or  analyses. However,  studies 
are laborious and infrequently performed, while  predictions often 
do not consistently match clinical observations7,11. As a consequence, the 
actual pathogenicity of many variants is unknown. A more clinically relevant 

in vivo, rather 

The aim of the current study was to assess the severity of pathogenic variants 
in LDLR based on LDL cholesterol levels in a large cohort of heterozygous FH 

levels (as indicators of LDLR functionality or loss thereof) and CAD risk was 
examined, aiming to enhance the accuracy of cardiovascular risk prediction in 
FH patients.

8
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Patients and Methods

The present study included carriers of an FH-causing variant who participated 
in the Dutch national FH cascade screening program12,13. Between January 1994 
and April 2013, this FH screening initiative resulted in genetic testing in over 
60,000 individuals, identifying more than 28,000 carriers of FH-causing variants 
via a cascade screening method. Index patients were excluded from the current 
study to avoid clinical sampling bias. In addition, homozygous FH patients and 
individuals carrying pathogenic variants in APOB or PCSK9 were also excluded. 
This study was approved by the Institutional Review Board of Amsterdam UMC, 
the Netherlands, and complied with the Declaration of Helsinki. All participants 
gave written informed consent.

Prior to 2003, lipid data were not consistently available for all participants of the 
program. From 2003 onwards, the screening program used the LDX-analyzer to 
measure lipid levels. LDL cholesterol levels were estimated by the Friedewald 
equation, unless triglycerides levels were above 400 mg/dl. Genetic testing 

LDLR.

calculated, using previously established LDL cholesterol percentiles in healthy 
controls, who were not receiving lipid-lowering therapy (LLT)8. In participants 
who only had on-treatment LDL cholesterol levels available, pre-treatment 
levels were calculated based on the average LDL cholesterol reduction achieved 
in trials with a given (combination) therapy14–17

variant in LDLR, the mean LDL cholesterol percentile was calculated based 
on LDL cholesterol percentiles of all carriers of that variant. Next, strata were 

th, 75th-
88th, 88th-92nd, 92nd-96.5th, 96.5th-98th

were strategically selected. In previous research, the 75th percentile served as a 
benchmark to distinguish individuals or LDLR variants with a modest or negligible 
FH phenotype when below this threshold. Variants with numerous carriers below 
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this threshold were scrutinized for potential non-pathogenicity7,11,18. The other 

In addition, variants were also categorized using the widely used methodology 
based on LDLR functionality19. According to this methodology, variants can 

generally the most severe variants because no LDLR protein can be synthesized 
at all from the mutated allele, representing a complete loss of function of the 

non-class 1 variants, there is often some residual LDLR activity (LDLR defective 
variants), denoting partial function with LDLR activity of 2-25%. Thus, class 1 
variants are generally considered more severe due to absence of LDLR protein 
synthesis and thus absence of residual LDLR activity. In contrast, non-class 1 
variants are mostly receptor defective and are in general considered less severe.

All study participants were alive at time of genetic testing and received no 

as a history of prior non-fatal cardiac events (myocardial infarction, percutaneous 
coronary intervention, or coronary artery bypass graft) at the time of testing. 

cut-off date was selected because statins became available in the Netherlands in 

Differences in normally distributed variables were compared using unpaired 
Student t-tests. Dichotomous variables were analyzed using chi-square tests. A 
Cox proportional hazards model adjusted for gender, age, hypertension, diabetes, 
smoking habits, and body mass index, was applied to evaluate the risk of CAD in 
different LDLR variant carriers, with unaffected relatives serving as the reference 

performed using SPSS for Windows version 23 (Chicago, IL).

8
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Results

A total of 40,447 individuals underwent FH cascade testing between 1994 and 
2010. After exclusion of carriers of an FH-causing variant in APOB and PCSK9 

LDLR variant carriers without any available LDL cholesterol 

LDLR 
Figure 1). The mean year 

of screening was 2005. A total of 456 distinct LDLR variants were considered 
pathogenic at the time genetic cascade screening was performed (Supplementary 
Table S1). Of the 35,067 subjects, 12,485 (36%) were heterozygous carriers of 
an FH-causing variant in LDLR and 22,582 (64%) were non-carriers (unaffected 
family members). Clinical characteristics of these two groups are shown in Table 
1. Compared to the non-carriers, FH patients had a lower mean age (38.0±20.0 
vs. 43.7±19.0 years), a lower Body Mass Index (24.0±4.9 vs. 25.0±4.6 kg/m2), 
and a lower prevalence of smoking, diabetes and hypertension (28% vs. 34%, 
2.2% vs. 3.2%, and 8.5% vs. 12%, respectively). Moreover, FH patients had a 
higher mean LDL cholesterol than non-carriers (162.4±54.1 vs. 112.1±36.7 mg/
dl) and a higher prevalence of CAD (6.9% vs. 3.6%).

Figure 1. Flowchart of participant selection
The study population originated form the Dutch familial hypercholesterolemia cascade screening 
program. APOB, apolipoprotein B gene; LDL-C, low-density lipoprotein cholesterol; LDLR, low-
density lipoprotein receptor; PCSK9, proprotein convertase subtilisin kexin type 9 gene.
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Table 1. Participant characteristics

Characteristic
FH patients Non-carriers

p-value

Age – yr 38.0±20.0 43.7±19.0

Male sex 5,941 (47.7%) 10,637 (47.1%) 0.390

History of hypertension 1,055 (8.5%) 2,720 (12.0%)

Diabetes mellitus 275 (2.2%) 717 (3.2%)

Body-mass index kg/m2 24.0±4.9 25.0±4.6

History of smoking 3,507 (28.2%) 7,586 (33.6%)

Total cholesterol – mg/dl 232.0±58.0 189.5±42.5

LDL cholesterol – mg/dl 162.4±54.1 112.4±36.7

LDL cholesterol corrected for LLT – mg/dl 204.9±77.3 119.9±38.7

HDL cholesterol – mg/dl 46.4±14.7 50.3±14.7

Triglycerides – mg/dl
98.2 [66.4, 

146.0]
109.7 [73.5, 

163.7]

Lipid lowering therapy use 4,982 (39.9%) 2,193 (9.7%)

Coronary artery disease 859 (6.9%) 819 (3.6%)

Displayed values are n (%), mean±SD, or median [interquartile range]. LDL, low-density lipoprotein; 

myocardial infarction, coronary bypass surgery and percutaneous transluminal coronary angioplasty 

in medical history.

LDL cholesterol percentiles are shown in Table 2. Subjects in the lowest LDL 
cholesterol percentile stratum were older compared to those in the highest 
stratum (40.4±20.2 years vs. 37.7±19.4 years), and were less often treated with 
LLT at the time of genetic diagnosis (16.1% vs. 47.7%, OR 5.3 [95%CI 4.3 – 6.5], 

strata; 7.9% of the patients in the lowest LDL cholesterol stratum and 53% of the 
patients in the highest LDL cholesterol stratum carried a class 1 variant (Table 2).

8
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To determine the event-free survival in the era before statins were widely used, 
data from the 31,217 subjects born before 1990 were used exclusively. Carriers 
of an FH-causing variant had a 5-fold higher CAD risk compared with non-carriers 
(HR 5.0 [95%CI 4.1 to 6.0]). CAD risk increased across the different variant-

th, 75th-88th, 88th-92nd, 92nd-96.5th, 96.5th-98th, and >98th being associated 
with HR’s of 2.2 (95%CI 0.97 to 5.0), 2.5 (95%CI 1.3 to 5.0), 3.8 (95%CI 2.6 to 
5.7), 4.1 (95%CI 2.9 to 5.9), 8.8 (95%CI 6.2 to 13), and 12 (95%CI 5.5 to 24.8), 
respectively (Figure 2). In comparison, categorizing the variants based on LDLR 
functionality, non-class 1 LDLR variant carriers had a 3.9-fold (95%CI 3.0 to 4.9) 
higher CAD risk than their unaffected relatives and carriers of a class 1 LDLR 
variant had a 7.3-fold (HR, 95% CI: 5.4-9.3) higher CAD risk compared with their 
unaffected relatives.

8

171020_Ibrahim_BNW-def-v1.indd   161 04/04/2024   11:44



162

Chapter 8

A
 C

ox
 p

ro
po

rt
io

na
l h

az
ar

d 
m

od
el

, a
dj

us
te

d 
fo

r a
ge

, s
ex

, h
yp

er
te

ns
io

n,
 d

ia
be

te
s,

 b
od

y 
m

as
s 

in
de

x,
 a

nd
 h

is
to

ry
 o

f s
m

ok
in

g,
 w

as
 u

se
d 

to
 c

om
pa

re
 c

or
on

ar
y 

LD
LR

ba
se

d 
on

 th
e 

m
ea

n 
pe

rc
en

til
e 

of
 L

D
L 

ch
ol

es
te

ro
l f

or
 e

ac
h 

va
ria

nt
 (g

re
en

). 
Th

e 
rig

ht
 s

id
e 

pr
es

en
ts

 L
D

LR
an

d 
no

n-
cl

as
s 

1 
(t

yp
ic

al
ly

 re
ce

pt
or

 d
ef

ec
tiv

e)
 v

ar
ia

nt
s 

(re
d)

. L
D

L,
 lo

w
-d

en
si

ty
 li

po
pr

ot
ei

n.

171020_Ibrahim_BNW-def-v1.indd   162 04/04/2024   11:44



163

LDLR

Discussion
In this study, a novel method for classifying LDLR variants based on their impact 

CAD risk among FH patients, ranging from 2.2-fold to 12-fold compared to non-

clinicians a valuable tool for personalized risk assessment, potentially enabling 
more precise management strategies for FH patients.

In this large-scale study involving over 35,000 individuals screened for 
pathogenic LDLR variants, it was observed that carriers of an FH-causing variant 
face a 5-fold increased CAD risk compared to unaffected relatives. This risk 

LDLR variant, with FH patients that 
carry variants associated with extreme LDL cholesterol levels (>98th percentile 
adjusted for sex and age) demonstrating a 5-fold higher risk compared to carriers 

treatment LDL cholesterol levels ranged from 98.2 mg/dl for carriers of the most 
modest LDLR variants to 355.0 mg/dl for carriers of the most severe variants. 
This variability in LDL cholesterol levels has substantial implications for CAD risk, 
emphasizing the importance of considering the total exposure to a genetically 

The insights on CAD risk in FH from this study align with earlier large cohort 
studies employing exome sequencing for rare LDLR variants20–22. For example, 

where a 4-fold increased CAD risk was observed among carriers of an FH-causing 
variant in general and a 10-fold increase for those with class 1 LDLR variants20. 

LDLR variants posing a high CAD risk, which paralleled the risk levels observed 

variants, the residual LDLR function remains, however, uncertain. These variants 
without established LDLR function exhibit a considerable variation in FH 
phenotype. The methodology used in this study, using LDL cholesterol levels 
(corrected for sex and age) as an indicator of LDLR functionality, provides a 
useful tool for estimating residual receptor activity, which is especially useful 
in categorizing defective LDLR
notable improvement compared with  studies and  tools that have 
limited applicability and accuracy7,11.

8
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The present study introduces a novel method for classifying the severity of 

may be better suited to personalize the risk estimates of individual patients, 

receptor-defective models. This approach may help provide accurate patient 
counselling, initiate timely intervention in high-risk individuals, and decide on 
genetic cascade screening within families, especially when dealing with LDLR 
variants with a great impact on LDL cholesterol levels.

First, the risk estimates are based on a longitudinal analysis. Nonetheless, this 
study included an unprecedented large cohort of FH-variant carriers which 
enabled precise estimation of effects, especially since LDL cholesterol levels 
in non-carriers of the same families were used as the reference. Second, the 
analysis focused on non-fatal CAD events that occurred before the introduction 
of statins in 1990. This approach was chosen to minimize confounding from 
statin use, which is commonly prescribed to FH patients regardless of their 
CAD history. However, by focusing only on pre-1990 non-fatal events, there is 
a potential underestimation of the impact of the genetic variants. Moreover, the 
study included patients who had survived a non-fatal CAD event for several 
years, sometimes up to 15 years or more, leading to a potential survival bias that 
might have affected carriers and non-carriers differently. To address this selective 
survival bias, relative CAD risk instead of absolute CAD risk was reported. Lastly, 

may not be universally applicable. In many regions, where FH is primarily 
clinically diagnosed based on physical signs, family history, and lipid levels, and 
where genetic cascade screening is not standard practice, identifying a reference 
population of unaffected relatives is challenging, which makes the determination 
and calculation of LDL cholesterol percentiles for variant carriers complex.

Conclusion
In conclusion, the approach presented in this study for classifying LDLR variants 
based on their impact on LDL cholesterol levels allows for a more precise 
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towards more tailored and effective care in FH.
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Abstract

Familial hypercholesterolemia (FH) patients are subjected to a high lifetime 
exposure to low-density lipoprotein (LDL) cholesterol, despite use of lipid-
lowering therapy (LLT). This study aimed to quantify the extent of subclinical 
atherosclerosis and to evaluate the association between lifetime cumulative LDL 
cholesterol exposure and coronary atherosclerosis in young FH patients.

unaffected control group, underwent coronary CT angiography (CCTA) with 

Ninety genetically diagnosed FH patients and 45 unaffected volunteers (mean 
age 41±3 years, 51 (38%) female) were included. FH patients had higher 
cumulative LDL cholesterol exposure (181±54 vs. 105±33 mmol/l*years) and a 
higher prevalence of coronary plaque compared with controls (46 [51%] vs. 10 
[22%], OR 3.66 [95%CI 1.62-8.27]). Every 75 mmol/l*years cumulative exposure 
to LDL cholesterol was associated with a doubling in percent atheroma volume 
(total plaque volume divided by total vessel volume). Early treated patients had 
a modestly lower cumulative LDL cholesterol exposure compared with late 

median exposure.

Lifetime exposure to LDL cholesterol determines coronary plaque burden in FH, 
underlining the need of early as well as potent treatment initiation. Periodic 
CCTA may offer a unique opportunity to monitor coronary atherosclerosis and 
personalize treatment in FH.
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Introduction
Familial hypercholesterolemia is an autosomal co-dominant disorder 
characterized by high levels of plasma low-density lipoprotein (LDL) cholesterol 
due to inadequate clearance of LDL particles from the bloodstream1. The resulting 
cumulative exposure to high LDL cholesterol has been widely acknowledged 
to promote atherosclerotic plaque formation2–4. The accelerated atherogenesis 
associated with FH is a major contributor to the 2- to 26-fold increase in 
premature atherosclerotic cardiovascular disease (ASCVD)5. Accordingly, 
therapeutic efforts focus on LDL cholesterol lowering in order to reduce the risk 
for cardiovascular disease (CVD) in FH patients.

In recent years, there has been a growing recognition of the impact of lifetime 
cumulative exposure to LDL cholesterol, rather than focusing on single 
measurements of LDL cholesterol concentrations6–11. Prior studies have 

earlier stages of atherosclerosis12. As a consequence, guidelines have emphasized 
early initiation of lipid lowering therapy (LLT) as a key determinant for achieving 
therapeutic success in FH patients, although with less stringent LDL cholesterol 

– 1.8 mmol/l)1,13. The success of early initiated treatment in FH was substantiated 
by the study of Luirink and colleagues, which demonstrated that early initiation 

with FH patients in whom LLT was initiated later in life3. However, the FH 
patients in the early treatment initiation group were relatively young at the end 
of follow-up (mean age of 31.7 years), and their cumulative exposure to LDL 
cholesterol remained substantially higher compared with unaffected controls. It 
remains to be established whether this approach truly prevents atherosclerotic 
lesion formation and ASCVD after the third decade of life.

For both short and long-term ASCVD risk assessment, comprehensive 

angiography (CCTA) has proven accurate and superior to measurement of 
surrogate clinical risk factors14. Whilst its radiation dose has been reduced to very 

anatomy, enabling accurate assessment of atherosclerosis phenotype and thus 
cardiovascular risk before the onset of cardiovascular events15–18.

9

171020_Ibrahim_BNW-def-v1.indd   183 04/04/2024   11:44



184

Chapter 9

Through CCTA acquisition and subsequent AI-guided analysis (AI-QCT), the 
present study aimed to quantify subclinical atherosclerosis in relatively young 
FH patients as compared with age- and sex-matched unaffected controls. 
Lifetime cumulative LDL cholesterol exposure, as a product of FH severity and 
treatment intensity and duration, was correlated to coronary plaque burden 
and characteristics on CCTA. Within the FH cohort, additional analyses were 
performed to compare coronary plaque burden between a unique cohort of early 
treated FH patients and FH patients treated later in life, and patients with above- 
and below-median cumulative LDL cholesterol exposure.

Methods

The present study is an observational study that included a cohort of genetically 
diagnosed heterozygous FH patients divided in a subgroup in whom LLT was 
initiated in childhood or adolescence, before the age of 25 years (early treated), 
and a subgroup in whom LLT was initiated after the age of 25 years (late treated). 
These patients were 1:1:1 matched with non-FH healthy volunteers based on age 
and sex. Participants were enrolled between March and December 2022. The 
early treated FH patients were recruited from a cohort that was diagnosed with 
FH during childhood or adolescence at Amsterdam University Medical Centers 
(Amsterdam, the Netherlands), and in whom detailed long-term follow-up was 
collected at 5-year intervals3. The FH patients in whom LLT was initiated later 
in life were recruited from outpatient clinics of three hospitals in the Netherlands 
(Amsterdam University Medical Centers, Amsterdam, Spaarne Gasthuis Hospital, 
Hoofddorp, and Northwest Clinics, Alkmaar). The control group were healthy 
volunteers, primarily consisting of siblings of the early treated FH patients who 

(NCT05352386) was approved by the Institutional Review Board of Amsterdam 
UMC, complied with the Declaration of Helsinki, and all participants provided 
written informed consent.

drugs, was collected through comprehensive medication history taking. This 
process included consideration of adherence, which was corroborated through 
available medical and pharmacy records. The American College of Cardiology 
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statin treatment intensity19.

In this study, the calculation of lifetime cumulative exposure to LDL cholesterol 
involved using LDL cholesterol levels measured during the study visit, combined 
with the historical data on LLT use. Each patient’s lifetime was divided into 
distinct periods marked by changes in LLT. A web-based lipid reference tool 
estimated treated and untreated LDL cholesterol levels for each period, based on 
average LDL cholesterol reductions observed in clinical trials for the respective 
therapies20–28. These estimated (un)treated LDL cholesterol levels were then 
multiplied by the duration of each period in years to calculate the exposure for 

life was calculated by taking half of the calculated cumulative LDL cholesterol in 
that period. The cumulative exposure across all periods was summed to derive 
the total lifetime exposure, and a time-weighted average LDL cholesterol was 
calculated by dividing this sum by the subject’s age in years.

scanner (SOMATOM Force, Siemens Healthineers, Germany). Patients were 
administered sublingual nitroglycerin and, if necessary, metoprolol to achieve 
a heart rate below 65 beats per minute. CCTA was performed with automated 
tube voltage and tube current modulation (CAREKv, CAREDose 4D, Siemens 
Healthineers, Germany) using a prospective sequential electrocardiogram 
triggered CCTA protocol.

The CCTA images were analysed by a Food and Drug Administration (FDA)-

Denver, CO). AI-QCT performs automated analysis of CCTA using a series of 
validated convolutional neural networks for image quality assessment, coronary 
segmentation and labelling, lumen wall evaluation, vessel contour determination, 
and plaque characterization, thereby providing a reproducible quantitative 
estimate of stenosis as well as plaque volume and plaque components. The 
development and validation of the AI-QCT algorithm have been described 
previously16,17,29–31.

9
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beam hardening or other artefact, the poor-quality parts of the coronary artery 

2 within the coronary artery wall that 
was differentiated from the surrounding epicardial tissue, epicardial fat, and the 
vessel lumen itself. The total plaque volume (mm3

all coronary lesions. Additionally, the plaque volumes were categorized as low-

-30 and +350, and >350, respectively32. Finally, the coronary plaque volume 
was normalized to vessel volume to account for variation in coronary artery 
volume, which was calculated as plaque volume/vessel volume x 100%. These 
measurements were used to calculate percent atheroma volume (PAV), percent 

as a PAV above or equal of 0.5% (~10 mm3

combined presence of positive remodelling >1.1 and LD-NCP in one lesion.

Dutch Lipid Clinic Network (DLCN) criteria were computed at the time of the 
study visit. These criteria, which encompass the evaluation of LDL cholesterol 
levels, family history, physical examination, and CAD history, are endorsed by 
international guidelines as a clinical diagnostic tool for FH33. A DLCN score of 

between FH patients and controls, DLCN scores were computed without 
allocating points for the presence of functional mutations. Differences in coronary 
plaque burden and plaque composition were compared between FH patients 
and controls using a Wilcoxon signed-rank test for continuous variables (PAV, 
NCPV, and CPV) and the chi-square test for categorical variables (presence HRP 
and presence of LD-NCP). Additionally, the association between cumulative 
LDL cholesterol exposure and the different plaque volumes (PAV, NCPV, and 
CPV) was assessed using univariable linear regression models. Due to the 
right-skewed distribution, PAV, NCPV, and CPV were log-transformed (log2) to 
resemble a doubling in the respective plaque volume per point increase. Similar 
models were constructed for the association between time-weighted average 
LDL cholesterol and the different plaque volumes. Plaque volume estimates 
from the linear regression models were graphically displayed with a 95% CI 
for increasing cumulative LDL cholesterol exposure as well as time-weighted 
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average LDL cholesterol. Additionally, percentage increases, derived using log2 

risk factors (age, sex, blood pressure and body mass index [BMI]), were reported 
for both cumulative LDL cholesterol exposure and time-weighted average LDL 
cholesterol in relation to the different plaque volumes. Finally, the differences in 
coronary plaque burden and composition were assessed between early and late 
treated FH patients as well as between patients with high and low cumulative 

above- and below-median, respectively) using a Wilcoxon signed-rank or the 
chi-square test.

Data are presented as numbers (%) for categorical variables, mean±SD for 
normally distributed variables, and median with interquartile range [IQR] for 
non-normally distributed data. All statistical analyses were conducted using R 
version 4.0.3. Two-sided p 

Results

A total of 135 participants without overt cardiovascular symptoms or disease, 
of whom 90 heterozygous FH patients and 45 unaffected controls (mean age 
41.1±3.2 vs. 41.0±3.5, respectively; 38% male), were enrolled in the current 
study (Table 1). A list of the FH-causing variants present in the FH patients is 
shown in Supplementary Table S1. The median DLCN score among FH patients 
was 6 [IQR 3, 8], whereas the control group had a median score of 2 [IQR 1, 
3]. Mean LDL cholesterol level measured at the study visits was 3.33±1.71 

time-weighted average LDL cholesterol, 4.39±1.28 mmol/l vs. 2.56±0.72 mmol/l 

LLT. Of the FH patients, 66 (73%) used statin therapy, 45 (50%) ezetimibe, and 
20 (22%) proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors. At 

9
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Table 1. Participant characteristics

Characteristic
FH patients

n = 90
Controls

n = 45
p-value

Age ± SD – yr 41.1±3.2 41.0±3.5 0.641

Male sex – no. (%) 34 (38%) 17 (38%) 1.000

History of hypertension – no. (%) 3 (3.3%) 0 (0%) 0.551

Diabetes mellitus type 2 – no. (%) 3 (3.3%) 0 (0%) 0.551

Body-mass index ± SD – kg/m2 27.8±5.5 25.8±4.4 0.098

History of smoking – no. (%) 34 (38%) 16 (36%) 0.801

Systolic blood pressure ± SD – mm Hg 119±14 115±13 0.141

Diastolic blood pressure ± SD – mm Hg 81±34 76±9 0.175

LDL cholesterol ± SD – mmol/l 3.33±1.71 3.00±0.84 0.885

Time-weighted average LDL cholesterol ± 
SD – mmol/l ‡

4.39±1.28 2.56±0.72

HDL cholesterol ± SD – mmol/l 1.38±0.30 1.53±0.45 0.013

Triglycerides [IQR] – mmol/l 0.84 [0.63, 1.31] 0.86 [0.67, 1.48] 0.392

Lipoprotein(a) [IQR] – nmol/l 26 [10, 84] 17 [9, 65] 0.343

C-reactive protein [IQR] – mg/liter 0.7 [0.4, 2.2] 0.9 [0.5, 1.5] 0.544

Mean age start lipid lowering therapy ± 
SD – yr

24±12 NA NA

Lipid lowering therapy use – no. (%)
     Overall
     Statins
     Ezetimibe
     PCSK9

74 (82%)
66 (73%)
45 (50%)
20 (22%)

0 (0%)
0 (0%)
0 (0%)
0 (0%) 0.001

Cumulative LDL cholesterol exposure ± SD 
– mmol/l*years 181±54 105±33

‡Time-weighted average LDL cholesterol was calculated by dividing the total cumulative LDL 
cholesterol exposure by age in years; CVD, cardiovascular disease; HDL, high-density lipoprotein; 
LDL, low-density lipoprotein; PCSK9, proprotein convertase subtilisin/kexin type 9.

compared with unaffected controls; 46 (51%) vs. 10 (22%) (OR 3.66 [95%CI 
1.62 to 8.27]; Table 2). Moreover, they had a higher PAV (0.53 [IQR 0.17, 1.35] vs. 
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Figure 1). The prevalence 
of HRP did not statistically differ between FH patients and unaffected controls 

Similarly, the prevalence of LD-NCP was numerically higher in FH patients than 
in controls (16 [18%] vs. 5 [11%], respectively), without reaching statistical 

Table 2. Plaque burden FH patients versus controls 

Characteristic
FH patients

n = 90
Controls

n = 45
p-value

Presence of plaque – no. (%) 46 (51%) 10 (22%) 0.001

Total plaque volume [IQR] – mm3 13 [4, 32] 6 [2, 13] 0.002

Percent atheroma volume [IQR] – % 0.53 [0.17, 1.35] 0.19 [0.08, 0.48] 0.001

0.39 [0.14, 0.87] 0.19 [0.05, 0.41] 0.002

0.04 [0.00, 0.47] 0.00 [0.00, 0.02]

Presence of high-risk plaque – no. (%) 14 (16%) 3 (6.7%) 0.142

Presence of low-density plaque – no. (%) 16 (18%) 5 (11%) 0.314

9
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Figure 1. Boxplots of coronary plaque burden in unaffected controls and FH patients
Shown are boxplots of the different plaque volumes for both the control group as well as FH 

The unadjusted associations between cumulative LDL cholesterol exposure 
and time-weighted average LDL cholesterol in relation to the different plaque 
volumes are shown in Figure 2. Adjusted for clinical characteristics, every 50 
mmol/l*years of cumulative LDL cholesterol exposure increase was associated 
with a 58.2% (95%CI 26.0 to 98.5) relative increase in PAV, 45.6% (95%CI 
19.3 to 77.8) relative increase in percent NCPV, and 56.9% (95%CI 23.3 to 
99.7) relative increase in percent CPV (Figure 3A). In alternative terms, every 
75 mmol/l*years cumulative exposure to LDL exposure was associated with 
a doubling in PAV. Similarly, with every 1 mmol/l increase in time-weighted 
average LDL cholesterol, PAV, percent NCPV, and percent CPV increased with 
44.7% (95%CI 20.3 to 74.2), 35.2% (95%CI 15.0 to 59.1), and 44.7% (95%CI 
19.0 to 76.0), respectively (Figure 3B). A sensitivity analysis restricted to the 
FH patients showed similar associations between LDL cholesterol exposure and 
plaque burden (Supplementary Figure S1).
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Figure 2. Associations between exposure to LDL cholesterol and coronary plaque burden
Shown here are estimates with 95%CI from linear regression models for cumulative LDL cholesterol 
exposure (A, C, E) and time-weighted average lifetime LDL cholesterol (B,D,F) for the different 

lipoprotein cholesterol.

9
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Figure 3. Associations between exposure to LDL cholesterol and coronary plaque burden

cumulative LDL exposure (A) and time weighted average of LDL cholesterol (B) with the different 
plaque volumes (log2 transformed) as outcome variable. Models were adjusted for clinical risk 
factors: age, sex, blood pressure, and body mass index.

45 patients (mean age 40.6±3.4, 38% male), and statin therapy was initiated late 

at start of LLT was 15±4 years in FH patients treated early versus 37±4 years in 
FH patients treated late (Supplementary Table S2). The mean untreated LDL 
cholesterol level in the early treated group was 7.04±1.80 mmol/l vs. 5.83±1.99 

slightly lower cumulative LDL cholesterol exposure compared with the FH 

of LD-NCPV or HRP characteristics (Table 3; left panel). High-intensity statins 
were used in 32.5% of the treatment years for early treated FH patients, while 
late treated FH patients received high-intensity statins in 78.5% of the total 
treatment years.

Next, differences in coronary plaque burden between FH patients with 
above- and below-median cumulative LDL cholesterol exposure of 175 mmol/
l*years were assessed. The main characteristics of these groups are shown in 
Supplementary Table S3. FH patients with an above-median cumulative LDL 
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with below-median cumulative LDL cholesterol exposure (Table 3; right panel).

9
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Discussion
The present study demonstrates that genetically diagnosed FH patients exhibit 
a greater coronary plaque burden than unaffected individuals, with every 75 
mmol/l*years increase in lifetime cumulative LDL cholesterol exposure resulting 
in a twofold increase in total plaque volume. Notably, early initiation of treatment 
in FH patients was not independently associated with a reduction in coronary 
plaque. Conversely, FH patients with above-median cumulative exposure to LDL 
cholesterol had a more than threefold higher risk of coronary atherosclerosis. 

LDL cholesterol lowering in FH patients, strategies that inherently contribute to 
minimizing lifetime cumulative exposure to LDL cholesterol, thereby reducing 
lifetime ASCVD risk.

The current data show that at a mean age of 41 years, approximately 1 out 
of 2 FH patients has marked coronary plaque on CCTA, compared with 1 in 5 
of age- and sex-matched unaffected controls. This observation corroborates 
earlier studies in FH, reporting higher coronary plaque burden among FH patients 
compared with unaffected controls4,34–39. Recently, a systematic review including 
9 studies representing 1176 asymptomatic heterozygous FH patients (mean 
age of 47 years, 53% women) reported the presence of coronary artery calcium 
in 55% (95%CI 45 - 66) of the patients39. Although the younger FH cohort in 

relatively young age of the FH patients and the small sample size may have 

underscore the importance of contrast-enhanced CT imaging to identify early, 

early adaptation of LLT to diminish lifetime ASCVD risk15.

Recent guidelines have predominantly focused on the importance of early 
initiation of LLT in FH1. Indeed, Luirink et al. demonstrated that initiation of 
low- to moderate-intensity statins at a mean age of 13 years reduced the risk 
of CVD after 20 years of follow-up, despite only a modest 32% reduction in 
LDL cholesterol (mean LDL cholesterol at follow-up was 4.16 mmol/l)3. Using 
subjects randomly selected from the same FH cohort, quantitative CCTA analysis 
in the present study uncovered a marked increase in coronary atherosclerosis 
compared with unaffected controls. This apparent discrepancy between the 

by methodological differences. Luirink and colleagues reported on intima-media 

9
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thickness (IMT) and IMT progression as a marker for plaque burden and found no 
difference between early treated FH patients and unaffected siblings, which is in 

prevalence of coronary atherosclerosis in early treated FH patients compared 
with unaffected controls. The high prevalence of coronary atherosclerosis in the 
early treated FH cohort in the present study implies that early initiation of LLT 

group that is contemporaneous with the treated cohort, as opposed to the study 
of Luirink et al. that compared early treated FH patients with their late treated 
affected parents. This is necessary to rule out the possibility that any observed 
effects are due to generational differences. Nonetheless, it is important to 
acknowledge that both the current study and the research conducted by Luirink 
et al. have limitations inherent in their observational study designs.

The relatively small difference in cumulative LDL cholesterol exposure 
between early and late treated FH patients – coinciding with an absence of 

particularly considering the longer duration of LLT in the early treatment group. 

severe phenotypes leading to earlier diagnosis and treatment and a markedly 
lower use of high-intensity LLT in the early treated group. High-intensity statin 
therapy accounted for approximately one-third of the total treatment years in 
the early treated group, in contrast to 78.5% in the late treated FH patients. 

40. Despite 
these considerations, it is important to note that the early treated group had 
a prolonged duration of treatment, which adds complexity to interpreting the 
impact of treatment intensity and timing on cumulative LDL cholesterol exposure. 
Moreover, both groups were undertreated, as only 14% of the total FH cohort 

LDL cholesterol exposure had a more than threefold higher risk of coronary 
plaque compared with those at below-median exposure, supports the concept 
that treatment intensity cannot be neglected when LLT is started early in life. 
Initiation of both early and potent LLT is imperative to effectively reduce lifetime 

concept that cumulative exposure to LDL cholesterol drives the development 
and progression of ASCVD41, and therefore bear important clinical implications 
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for FH treatment. A strong and independent association between cumulative LDL 
cholesterol exposure and coronary plaque burden was observed: every 50 mmol/
l*years of cumulative LDL cholesterol exposure resulted in a 58.2% increase 
in PAV. Yet, 49% of the included FH patients had no evident atherosclerosis, 
whereas one third of patients with below-median LDL cholesterol did exhibit 

spectrum of clinical phenotypes characterizing FH42. The integration of lifetime 
cumulative LDL cholesterol exposure and LLT intensity, combined with AI-QCT 

in the current era with availability of a broad armamentarium of LDL cholesterol 
lowering agents. FH patients with presence of coronary plaque despite a low 

cholesterol targets, whereas older FH patients without overt atherosclerosis on 
CCTA may not need additional LLT beyond statins and ezetimibe. An imaging-
based strategy through (periodic) CCTA may therefore represent an optimal 
approach to personalize care in FH patients.

There are several limitations of the current study that warrant further discussion. 
First, despite utilizing one of the largest cohorts with prolonged follow-up of 
FH patients treated early, this was a single-center observational study with 
a relatively limited sample size. Additionally, disparities in clinical follow-
up settings, risk factor management, and treatment adherence may have 
existed between those with early vs. later treatment onset, complicating the 
interpretation of the relationship between age at treatment initiation and the 
severity of coronary atherosclerosis in the FH patients. Nonetheless, the data 

cholesterol, which inherently takes into account disease severity and impact of 
therapeutic interventions, and coronary plaque burden. Second, cumulative LDL 
cholesterol exposure was reconstructed retrospectively using the LDL cholesterol 
measured at the study visit and a tool to calculate (un)treated LDL cholesterol 
levels for different treatment periods, which may have introduced some degree of 
imprecision. Efforts were made to ensure accuracy and completeness of detailed 
data on medication use through comprehensive medication history taking and 

records. Lastly, it is important to note that varying adherence during lifetime 
might have affected the estimated cumulative exposures to LDL cholesterol, 
especially in the early treated FH patients, as their treatment duration was longer.

9
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In conclusion, this study demonstrates that FH patients, including those 
treated at an early age, exhibit a higher coronary plaque burden compared with 
unaffected controls, with lifetime cumulative LDL cholesterol exposure being the 

of early implementation of potent LDL cholesterol lowering interventions in FH 
in order to minimize cumulative LDL cholesterol exposure, thereby mitigating 
lifetime ASCVD risk. Periodic CCTA may offer a unique opportunity to monitor 
coronary atherosclerosis and personalize LLT to diminish the lifetime ASCVD 

guided approach are warranted.
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Supplemental materials

Supplementary Figure S1. Associations between exposure to LDL cholesterol and coronary 
plaque burden in FH patients
Shown here are estimates with 95%CI from linear regression models for cumulative LDL-C exposure 
(A, C, E) and time-weighted average lifetime LDL-C (B,D,F) for the different plaque volumes as 

volume (E,F), in FH patients only. Plaque volumes were log2 transformed. LDL-C, low-density 
lipoprotein cholesterol.
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Supplementary Table S1. FH-causing variants in FH population included in the study

FH-causing variant n

LDLR:c.1359-1G>A 16

LDLR:c.1690A>C/LDLR:c.2397_2405del 12

LDLR:c.313+1G>A 5

LDLR:c.550T>C 5

LDLR:c.131G>A 5

APOB:c.10580G>A 4

LDLR:c.501C>A 4

LDLR:c.2054C>T 2

LDLR:c.519C>G 2

LDLR:c.681C>G 2

APOB:c.10580G>A/LDLR:c.2479G>A 1

LDLR):c.1285G>A 1

LDLR):c.1435C>G 1

LDLR):c.268G>A 1

LDLR:c.-187C>T 1

LDLR:c.(190+1_191-1)_(1186+1_1187-1)dup 1

LDLR:c.(313+1_314-1)_(1186+1_1187-1)del 1

LDLR:c.(940+1_941-1)_(1186+1_1187-1)del 1

LDLR:c.1004G>T 1

LDLR:c.1027G>A 1

LDLR:c.1196C>A 1

LDLR:c.1246C>T 1

LDLR:c.1285G>A 1

LDLR:c.1297G>T 1

LDLR:c.1444G>A 1

LDLR:c.1759del 1

LDLR:c.1820A>G 1

LDLR:c.1898G>A 1

LDLR:c.1898G>T 1

LDLR:c.191-2A>G 1

LDLR:c.1A>C 1

9
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Supplementary Table S1. Continued.

FH-causing variant n

LDLR:c.1A>G 1

LDLR:c.2096C>T 1

LDLR:c.2389+1G>C 1

LDLR:c.2416dup 1

LDLR:c.314-?_940+?del(FHvancouver-6deletion) 1

LDLR:c.589T>G 1

LDLR:c.621C>T 1

LDLR:c.644G>A 1

LDLR:c.763T>C 1

LDLR:c.917C>T 1

LDLR:c.932A>G/LDLR:939C>G 1

PCSK9:c.1394C>T 1

LDLR, low-density lipoprotein receptor; APOB, apolipoprotein B; PCSK9, proprotein convertase 

subtilisin/kexin type 9.

Supplementary Table S2. Characteristics of early versus late treated FH patients

Characteristic
FH early treated

N = 45
FH late treated

N = 45
p-value

Age ± SD – yr 40.6±3.4 41.7±3.0 0.100

Male sex – no. (%) 17 (38%) 17 (38%) 1.000

History of hypertension – no. (%) 2 (4.4%) 1 (2.2%) 1.000

Diabetes mellitus type 2 – no. (%) 2 (4.4%) 1 (2.2%) 1.000

Body-mass index ± SD – kg/m2 27.3±5.3 28.2±5.8 0.682

History of smoking – no. (%) 14 (31%) 20 (44%) 0.192

Systolic blood pressure ± SD – mm Hg 118±14 121±13 0.262

Diastolic blood pressure ± SD – mm Hg 78±7 85±47 1.000

LDL cholesterol ± SD – mmol/l 3.50±1.85 3.17±1.55 0.508

Estimated untreated LDL cholesterol ± 
SD – mmol/l

7.04±1.80 5.83±1.99 0.002

Time-weighted average LDL cholesterol ± 
SD – mmol/l ‡

4.12±0.95 4.67±1.51 0.156

HDL cholesterol ± SD – mmol/l 1.40±0.29 1.35±0.31 0.292
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Supplementary Table S2. Continued.

Characteristic
FH early treated

N = 45
FH late treated

N = 45
p-value

Triglycerides [IQR] – mmol/l 0.80 [0.58, 1.31] 0.87 [0.64, 1.29] 0.458

Lipoprotein(a) [IQR] – nmol/l 27 [9, 71] 22 [10, 86] 0.939

C-reactive protein [IQR] – mg/liter 0.6 [0.4, 2.1] 0.9 [0.4, 2.3] 0.434

Lipid lowering therapy use – no. (%)
     Overall
     Statins
     Ezetimibe
     PCSK9

40 (89%)
36 (80%)
25 (56%)
10 (22%)

34 (76%)
30 (67%)
20 (44%)
10 (22%)

0.098
0.153
0.292
1.000

Current statin use – no. (%)
     High intensity
     Low-moderate intensity

24 (53%)
12 (27%)

21 (47%)
9 (20%)

0.527
0.612

Total patient years of statin use – yr
     High intensity
     Low-moderate intensity

362.6
753.9

160.9
45.0

0.000
0.000

5 (11%) 8 (18%) 0.368

19 (42%) 20 (44%) 0.832

Mean age start lipid lowering therapy ± 
SD – yr

15±4 37±4 0.000

Percentage of excluded coronary artery 
vessels [IQR]

0.00 [0.00, 0.74] 0.00 [0.00, 0.32] 0.269

‡Time-weighted average LDL cholesterol was calculated by dividing the total cumulative LDL 
cholesterol exposure by age in years; CVD, cardiovascular disease; HDL, high-density lipoprotein; 

LDL, low-density lipoprotein; PCSK9, proprotein convertase subtilisin/kexin type 9.

9
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Supplementary Table S3. Characteristics of FH patients with high versus low cumulative LDL 
cholesterol exposure

Characteristic
High LDL-C 

exposure
 n = 45

Low LDL-C 
exposure

n = 45
p-value

Age ± SD – yr 41.8±3.2 40.5±3.2 0.058

Male sex – no. (%) 19 (42%) 15 (33%) 0.384

History of hypertension – no. (%) 1 (2.2%) 2 (4.4%) 1.000

Diabetes mellitus type 2 – no. (%) 2 (4.4%) 1 (2.2%) 1.000

Body-mass index ± SD – kg/m2 28.9±6.0 26.6±4.7 0.145

History of smoking – no. (%) 18 (40%) 16 (36%) 0.664

Systolic blood pressure ± SD – mm Hg 123±15 115±12 0.015

Diastolic blood pressure ± SD – mm Hg 87±46 75±8 0.008

LDL cholesterol ± SD – mmol/l 3.95±1.87 2.71±1.27 0.000

Time-weighted average LDL cholesterol ± 
SD – mmol/l ‡

5.38±1.05 3.41±0.50 0.000

HDL cholesterol ± SD – mmol/l 1.37±0.30 1.39±0.30 0.869

Triglycerides [IQR] – mmol/l 0.96 [0.72, 1.49]
0.72 [0.47, 

0.95]
0.002

Lipoprotein(a) [IQR] – nmol/l 42 [10, 133] 19 [10, 64] 0.145

C-reactive protein [IQR] – mg/liter 0.7 [0.5, 2.3] 0.7 [0.3, 2.1] 0.455

Lipid lowering therapy use – no. (%)
     Overall
     Statins
     Ezetimibe
     PCSK9

37 (82%)
32 (71%)
24 (53%)
14 (31%)

37 (82%)
34 (76%)
21 (47%)
6 (13%)

1.000
0.634
0.527
0.043

4 (8.9%) 9 (20%) 0.134

12 (27%) 27 (60%) 0.001

Mean age start lipid lowering therapy ± SD – yr 27±12 22±11 0.055

Patient characteristics in FH patients with high (above-median) versus low (below-median) 
cumulative LDL cholesterol exposure. Median cumulative LDL cholesterol exposure was 175 
mmol/l*years. ‡ Time-weighted average LDL cholesterol was calculated by dividing the total 
cumulative LDL cholesterol exposure by age in years; CVD, cardiovascular disease; HDL, high-
density lipoprotein; LDL-C, low-density lipoprotein cholesterol; PCSK9, proprotein convertase 
subtilisin/kexin type 9.
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Impact of cumulative LDL cholesterol and other risk factors 
in patients with familial hypercholesterolemia
Familial hypercholesterolemia (FH) is a genetic disorder marked by elevated low-
density lipoprotein (LDL) cholesterol levels1. The causal role of LDL cholesterol 

1. 
Recent studies have emphasized the role of cumulative LDL cholesterol exposure 
in determining CAD risk, which is particularly relevant in FH patients whose LDL 
cholesterol levels are high from birth onwards2,3. Despite increased attention 
for the concept of cumulative LDL cholesterol burden, data from large cohorts 
of FH patients supporting its relevance for atherosclerotic cardiovascular 
disease (ASCVD) risk remain scarce2. The present study evaluates the impact 
of cumulative LDL cholesterol, as well as the impact of other traditional 
cardiovascular risk factors, on CAD risk in FH patients.

For this cross-sectional study, data were used from the Dutch national FH 
cascade screening program (1994-2013), comprising approximately 60,000 
individuals who underwent molecular testing for FH, of whom around 28,000 
were found to be carrier of an FH-causing variant4. The Institutional Review 
Board of Amsterdam UMC approved the reuse of anonymized data. Only subjects 
with available data on LDL cholesterol, lipid-lowering therapy (LLT) use, and 
history of CAD, were included. Lifetime cumulative LDL cholesterol exposure 
was estimated by integrating LDL cholesterol levels measured at program entry 

these across all life stages, as described previously5. The primary outcome was 
a composite of self-reported history of myocardial infarction, percutaneous 
coronary intervention, and coronary artery bypass grafting. Generalized 
estimating equations accounting for family relations were used to investigate 
the relationship between cumulative LDL cholesterol and age, and cumulative 
LDL cholesterol, risk factors, and CAD, respectively.

The analyses included 12,601 heterozygous FH patients and 25,375 unaffected 
relatives. The mean (±standard deviation [SD]) age of the FH patients was 
36.8±20.8 years (6060 [48.1%] male), while unaffected relatives had a mean 
age of 43.6±19.8 years (12,036 [47.4%] male). At program entry, mean LDL 
cholesterol was 4.2±1.4 mmol/l in FH patients and 3.0±1.0 mmol/l in unaffected 
relatives. Mean estimated untreated LDL cholesterol levels and mean cumulative 
LDL cholesterol exposure were 5.2±1.8 mmol/l and 186.5±131.5 mmol/l*years 
in FH patients, vs. 3.1±1.1 mmol/l and 142.2±88.1 mmol/l*years in unaffected 
relatives. As expected, cumulative LDL cholesterol increased more with age in FH 
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patients than in unaffected relatives (Figure 1A
higher CAD prevalence compared with unaffected relatives; 761 (6.0%) vs. 694 

association between cumulative LDL cholesterol and CAD prevalence was 

cumulative LDL cholesterol raised the odds for CAD by 1.7-fold (95%CI 1.6-
1.8). The effect of 1 SD increase in cumulative LDL cholesterol on CAD risk 
was higher than 1 SD increase for a single LDL cholesterol measurement (OR/
SD of 2.02 [95%CI 1.9-2.2] vs. OR/SD of 1.5 [95%CI 1.4-1.5], respectively). 
Despite the overriding importance of LDL cholesterol in FH, this study revealed a 

traditional risk factor (smoking, diabetes, hypertension, or obesity), corrected for 
cumulative LDL cholesterol exposure and sex, was associated with an OR of 2.7 
for CAD (95%CI 2.3-2.9), compared with individuals without these risk factors, 
which escalated to 7.4 (95%CI 6.6-8.3) in those with two or more traditional 
risk factors (Figure 1B).

This large observational study emphasizes the importance of cumulative LDL 
cholesterol burden as a major driver of CAD in FH patients. Notably, the presence 
of traditional risk factors results in a marked further escalation of CAD risk. These 

LDL cholesterol burden, while simultaneously managing traditional risk factors, 
for improved CAD prevention in FH patients.

10
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Figure 1. Results of the analysis of cardiovascular risk in familial hypercholesterolemia

highlighting a steeper increase in FH patients compared to unaffected relatives (Panel 1A), and 
the incremental increase in CAD risk associated with presence of traditional cardiovascular risk 
factors (i.e. smoking, diabetes, hypertension, and obesity) in relation to cumulative LDL cholesterol 
(Panel 1B). CAD prevalence was estimated using generalized estimation equations accounting for 
family relations and with addition of sex as covariate. CAD, coronary artery disease; FH, familial 
hypercholesterolemia; LDL, low-density lipoprotein.
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Abstract

Medication non-adherence contributes to poor health outcomes, but remains 
challenging to identify. This study assessed the association between self-rated 
adherence and systolic blood pressure (SBP), low-density lipoprotein (LDL) 
cholesterol levels, cardiovascular events, and all-cause mortality in the Systolic 
Blood Pressure Intervention Trial (SPRINT).

each visit by marking a scale ranging from 0% to 100%. Lower and high adherence 

regression models and Cox proportional hazard models were used to evaluate 
the association between self-rated adherence and SBP and LDL cholesterol, 
and cardiovascular events and all-cause mortality, respectively. A total of 9,278 
participants (mean age 68±9.4 years, 35.6% female) had repeated self-rated 
adherence measurements available, with a mean of 15±4 measurements per 

2 year follow-up; 128.7 (95%CI 127.6-129.9) vs. 120.0 (95%CI 119.7- 120.2) 
mm Hg in the intensive arm; and 139.8 (95%CI 138.4-141.1) vs. 135.0 (95%CI 
134.7-135.2) in the standard arm. Moreover, lower adherence was associated 
with an estimated 11 mg/dl higher LDL cholesterol level, more cardiovascular 
events (HR 1.69, 95%CI 1.20-2.39), and higher all-cause mortality (HR 1.63, 
95%CI 1.16-2.31).

correlates with blood pressure control, LDL cholesterol levels, and adverse 
outcomes.
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Introduction

behavior in medication-taking is not corresponding with recommendations 
from a healthcare provider, impedes the therapeutic effect in cardiovascular risk 
management1. Numerous studies have shown that up to 50% of all patients 
treated in the setting of cardiovascular risk management have low adherence 
to prescribed medication2. Medication non-adherence has been associated with 
increased mortality, morbidity, preventable hospital admissions, and avoidable 
costs in healthcare systems3–6

interventions, including motivational interviewing, simplifying drug regimens and 
addressing side-effects, can be put in practice7–9

adherence remains a major challenge for clinicians, and discussions on medication 
adherence between physicians and patients are uncommon10–12. Current tools 
to diagnose medication non-adherence, such as multi-item questionnaires or 
biochemical testing, can be time consuming or cost prohibitive, which contributes 
to their limited use in clinical practice13.

The aim of the present study is to evaluate the diagnostic and prognostic 
properties of a single self-rated adherence question. For this purpose, the 
association between self-rated adherence and on-treatment systolic blood 
pressure (SBP), low-density lipoprotein (LDL) cholesterol levels, cardiovascular 
events, and all-cause mortality was assessed in hypertensive patients who 
participated in the Systolic Blood Pressure Intervention (SPRINT) Trial.

Methods

All participants in the present study were previously enrolled in the randomized, 
controlled, open-label, multicenter SPRINT trial (NCT01206062) and provided 
written informed consent. The study design has been described in detail 
previously14. In short, SPRINT compared cardiovascular disease (CVD) outcomes 

patients (aged >50 years), with SBPs between 130 and 180 mm Hg and an 
increased CVD risk, but without diabetes or prior stroke, participated in the trial. 

three months, thereafter. The SPRINT data was acquired from the National 
Heart, Lung, and Blood Institute and is publicly accessible through the National 

11
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Heart, Lung, and Blood Institute BioLINCC data Repository. The statistical data 

author upon reasonable request. The current study and the use of the SPRINT 
data was approved by the institutional review board of the Amsterdam University 
Medical Center, the Netherlands.

The SPRINT trial implemented strategies that maximized participant adherence 
to the intervention and study protocol during the trial, including screening 
for medication non-adherence prior to randomization. Risk factors for poor 
adherence, such as unclear patient’s motivation for participation and missed 
visits during screening, were assessed by study staff who had the discretion not 
to enroll the patient if they felt adherence barriers were insurmountable.

In the present study, the predictor variable was self-rated medication adherence 
measured on a visual analogue scale (VAS) at each visit. Participants were asked: 
‘

’. The VAS consisted of a scale with intervals of 10% ranging from 
0% to 100%, with 0% meaning the patient had taken none of the blood pressure 
pills that were prescribed since the last visit; and 100% meaning the patient had 
taken every single dose of his or her blood pressure pills as prescribed since the 
last visit. Of the 9,361 participants enrolled in the SPRINT trial, 9,278 (99.1%) 
had repeated self-reported VAS scores available during a 48 months follow-
up period and were thus included in this present study (Figure 1). Medication 
adherence was also measured using Morisky Medication Adherence Scale-8 
(MMAS-8) at baseline, 12 months, and 48 months. However, use of data on 
MMAS-8 in the SPRINT trial was not approved by the SPRINT group at the 
time of conducting this study, thus comparison between the VAS score and the 
MMAS-8 in detecting adherence was not possible.
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Figure 1. Flowchart of participant inclusion in current study
The study cohort in the present study was previously enrolled in the SPRINT trial which compared 

Trial; CVD, cardiovascular disease; SBP, systolic blood pressure.

self-rated medication adherence measurements >80% as high adherence and 
14. The primary outcomes in the present study were (1) 

three months thereafter, up to 4 years of follow-up; (2) a composite endpoint 
of myocardial infarction, other acute coronary syndromes, stroke, heart failure, 
and death from cardiovascular causes; and (3) all-cause mortality. Endpoint 
adjudication has been reported elsewhere14. The secondary outcome in the 
present study was plasma LDL cholesterol levels obtained at baseline, 12 
months, 24 months, and 48 months of follow-up.

11
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First, to show differences in characteristics, patients were categorized into 
two groups based on self-rated adherence measurements: those with all self-
rated adherence measurements >80% and those with at least one self-rated 

over time on SBP and LDL cholesterol, linear mixed models were used. The 
association between visit to visit self-rated adherence and SBP over time was 
analysed using a linear mixed effect regression model with random intercept, 
adjusted for randomization group, age, and sex. The linear mixed effect model 
accounted for an interaction between randomization group, adherence and time, 
and was modelled using B-splines. The number of splines were chosen based on 
the Akaike information criterion. For the association between adherence and LDL 
cholesterol levels, which was restricted to statin users, a separate linear mixed 
model adjusted for age and sex and with random intercept, was constructed. 
Since lipid lowering treatment was not part of the trial design, time was not 
included in this model.

The association between visit to visit adherence and the clinical outcomes was 
explored using time-dependent Cox proportional hazard models with self-
rated adherence as time-dependent covariate15, with adjustment for age, sex, 
treatment group, history of cardiovascular events (including stroke, MI, cardiac 
or peripheral revascularization), smoking history, statin use, and baseline values 
of body mass index (BMI), SBP, LDL cholesterol, and HDL cholesterol. Randomly 
missing clinical variables were imputed using multiple imputation by chained 
equations. A number of 25 imputed copies were created of the original data set 
and estimates from the regression analyses were pooled.

Data are presented as mean±SD for normally distributed variables or median 
with interquartile range (IQR) for non-normally distributed data. All statistical 
analyses were performed using R version 4.0.3. P 
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Results

A total of 9,278 were included in the current study. Mean age of the participants 
was 67.9±9.4 years, 35.6% was female, and 20.1% had suffered a CVD event 
in their medical history. Median follow-up period in the SPRINT trial was 3.79 
years. The mean number of self-rated adherence measurements obtained per 
patient was 15±4. Of the 132,631 obtained measurements in the SPRINT trial, 

reported measurements >80%. Descriptive characteristics for these two groups 
are listed in Table 1

and were more frequently female.

11
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In the linear mixed effect model, patients with lower self-rated adherence in the 

estimates compared to those with high adherence scores. For instance, at 2 year 
follow-up the SBP was 128.7 (95%CI 127.6 to 129.9) mmHg vs. 120.0 (95%CI 
119.7 to 120.2) mm Hg in the intensive treatment group and 139.8 (95%CI 138.4 
to 141.1) vs. 135.0 (95%CI 134.7 to 135.2) in the standard treatment group, 
respectively (Figure 2). The mean difference in SBP between patients with lower 
and high adherence scores was larger in the intensive treatment group than in 
the standard treatment group at all the time points; at 2 year follow-up the mean 
difference in SBP was 8.7 mm Hg in the intensive treatment group and 4.5 mm 
Hg in the standard treatment group (Supplementary Table S1). Concordantly, 
patients with high adherence scores were more likely to achieve the SBP target 
compared to those with lower adherence scores at 1, 2, and 4 years follow-up; 

follow-up, respectively.

11
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Figure 2. Estimated values for systolic blood pressure per adherence category and per treat-
ment group over time
Shown is the estimated SBP derived from the linear mixed effect model adjusted for randomization 
group, age, and sex. The estimated systolic blood pressure is depicted with respect to the population 
mean age (67.9 years) and mean sex (65.4% male) over time per adherence and treatment group 
with a 95%CI. SBP, systolic blood pressure.

Patients with lower adherence scores were at increased risk to experience 
the composite end-point compared to those with high adherence scores, after 

(Figure 3
between patients with lower vs. high adherence scores (HR 1.63, 95%CI 1.16 

Figure 3).
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Figure 3. Forest plot for composite endpoint and all-cause mortality
Shown here are the hazard ratios of the multivariable model for the composite endpoint of 
myocardial infarction, other acute coronary syndromes, stroke, heart failure, and death from 
cardiovascular causes and for all-cause mortality. The body-mass index is (BMI) the weight in 
kilograms divided by the square of the height in meters squared. CVD, cardiovascular disease; SBP, 
systolic blood pressure; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Of all participants, 3,948 (43%) were using statins at baseline, and in this subset 
a total of 11,282 measurements of both self-rated adherence and LDL cholesterol 
were gathered. In the SPRINT trial, females had higher LDL cholesterol levels 

levels compared to those with high adherence scores; 105 mg/dl (95%CI 100 
to 111) vs. 94 mg/dl (95%CI 93 to 95) in males and 121 mg/dl (95%CI 115 to 
126) vs. 109 mg/dl (95%CI 107.4 to 110.9) in females, respectively (Figure 4).

11
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Figure 4. Observed LDL cholesterol values per adherence category
Shown are estimated LDL cholesterol levels according to adherence from a linear mixed model 
adjusted for age and sex. Estimates were calculated for the population mean age (67.9 years) and 
shown as point estimates with 95%CI, separately for females (red) and males (blue). LDL, low-
density lipoprotein.

Discussion
This post-hoc analysis of the SPRINT randomized controlled trial demonstrates 

and a high risk of unfavourable health outcomes. Patients with self-rated lower 

cholesterol levels and were at increased risk for both cardiovascular events and 
all-cause mortality when compared with patients with self-rated high adherence. 
Moreover, in the intensive treatment group, mean differences in SBP were larger 
between patients with lower and high adherence compared with the standard 

more stringent treatment targets.
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Among the numerous approaches to assess medication adherence that are 
described in previous literature, patient self-report measures remain the most 
common16. In contrast to multi-item questionnaires, self-rating of adherence 
using a single question enables the patient to condense all relevant information 
about their personal medication-taking behaviour into a single score. Single-item 
self-rating in health care surveys is a validated tool that has been demonstrated 
to strongly correlate with mortality and morbidity17. In accordance with this 
concept, the present study demonstrates that self-rated lower adherence using 
a single adherence question was associated with higher SBP and LDL cholesterol 
levels, and an increased risk for cardiovascular events and all-cause mortality.

Existing multi-item adherence questionnaires, such as the MMAS-8 and the 
‘Beliefs about Medicine’, differ from self-rating in that they ask the patient 

analysis of the SPRINT dataset, the MMAS-8 questionnaire did not correlate 
with on-treatment SBP and clinical outcomes18. In another study conducted 
by Haley and colleagues, they did observe an association between MMAS-8 
and SBP levels in the SPRINT trial11. However, in this study, only baseline 
data were evaluated. Although the latter study demonstrated an association 
between MMAS-8 scores and SBP control and MMAS-8 and the number of 

between MMAS-8 scores and number of antihypertensive medications in their 
associations with SBP control11. In the present study, not only associations 
between self-rated adherence and both SBP levels and CVD outcomes were 
observed, but there were also larger differences in SBP between patients with 
lower and high adherence scores observed in the intensive treatment group 
(with more antihypertensive drugs) compared to the standard treatment group. 

adherence and resultant SBP control are found in those taking a greater number 
of antihypertensive drugs19,20.

A practical advantage of self-rated adherence over multi-item questionnaires, 
is that it can be readily incorporated in history taking, which allows for less 

the more elaborate questionnaires. Although the study patients were asked 

11
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demonstrated that in the subgroup of patients using concomitant lipid lowering 
therapy (statins), those with lower adherence scores also had higher estimated 
LDL cholesterol levels. This suggests potentially broader applicability of self-
rated adherence beyond hypertensive patients and antihypertensive drugs. 
This is of particular importance considering that statin non-adherence is also 
strongly associated with adverse cardiovascular outcomes21. Thus, the increased 
risk for adverse outcomes, including mortality, in patients with lower adherence 

than just antihypertensive drugs, although no conclusions on causality for non-

becoming increasingly important to differentiate between adherent and non-
adherent patients in order to provide patient-tailored treatment approaches. 

drug regimen, such as a lower number of pills by using a ‘polypill’, which has 
been proven to increase adherence22–27. Additionally, some disease states allow 
alternatives to daily oral drugs, where alternative platforms, such as antibody 
and RNA-targeting strategies, now allow for monthly or semi-annual dosing. It 
is anticipated that these long-acting drugs will increase adherence, particularly 
when the injection is given under supervision of a healthcare provider28.

The present study was a post-hoc analysis performed in a randomized controlled 
trial that was rigorously performed, which lent itself well to prospectively analyze 
the relationship between repeated self-rated adherence and clinical outcomes. 
However, the above mentioned preselection of adherent patients at the start 
of the SPRINT trial may impact generalizability of this study. Only 3.5% of all 

clinical trial setting would shift the results to a weaker association between self-
rated adherence and clinical outcomes. Hence, one would anticipate a greater 
impact on clinical outcomes outside of the clinical trial setting. Additionally, 

conducting a continuous analysis, which would have provided a more detailed 
understanding of the relationship between adherence levels and clinical 
outcomes. The low percentage of patients self-identifying as non-adherent 
may additionally be explained by overestimation of the personal adherence 
behaviour, denial of failure to adhere, or tendency to give desirable answers29–32. 
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Consequently, self-rated adherence should not be considered as a universally 
reliable indicator of non-adherence. In fact, previous studies have even suggested 
a direct relation between compliance with placebo and favourable clinical 
outcomes33–35. Self-rated adherence should therefore be interpreted in the 
context of the patient, their symptoms and potential side-effects, and diagnostic 
testing in order to evaluate a complete picture of medication adherence.

In conclusion, this study demonstrates that a single, self-rated adherence 

and correlates with blood pressure control, LDL cholesterol levels, cardiovascular 
events, and all-cause mortality.
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Summary and Discussion
The research encompassed in this thesis undertakes a comprehensive and 
multifaceted exploration of FH, with the overall aim of bridging some of the 
existing gaps in current diagnostic and therapeutic approaches for FH. Part I is 
dedicated to enhancing screening and detection strategies for both clinical and/
or genetic FH. In Part II, the focus shifts towards exploring the complexity of the 
genetic basis of FH, while introducing a low-cost, high-throughput alternative 
to the current genetic diagnostic approaches for FH. Part III explores the 

In Part I, this thesis conducts a thorough evaluation of existing and emerging 
methods for detecting FH, while shedding light on the urgent need for enhanced 
detection strategies. Given FH’s status as the most prevalent autosomal genetic 

risk of premature ASCVD, its underdiagnosis represents a critical public health 
issue. This concern is particularly pressing in the context of the wide availability 

cholesterol levels and, consequently, ASCVD risk.

Chapter 2 starts by elucidating the current clinical diagnostic algorithms for 
FH, such as the Dutch Lipid Clinic Network (DLCN) criteria and Simon Broome 
Register (SBR). The chapter critiques these phenotypic tools, noting their 
moderate concordance and other limitations, such as their limited applicability 
in children. Moreover, it underscores the pivotal role of genetic testing in FH, 

proven cost-effective strategy. Furthermore, this chapter advocates for enhancing 

LDL cholesterol measurements for the cholesterol content in lipoprotein(a) 
[Lp(a)]. It also proposes the integration of digital technologies and machine 
learning techniques, combined with clinical alerts and decision support systems, 
to improve detection methods.

Early diagnosis and initiation of lipid-lowering therapy (LLT) is crucial for the 
effective management of FH. Identifying index-cases should therefore ideally 
take place outside hospital settings, given the rarity of young patients’ hospital 
visits. General practitioners (GPs) play a key role in early FH detection due to their 
central position in patient care. They have the unique opportunity for conducting 
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family cascade screening and for overseeing the required lifelong LLT. However, 

and its management guidelines. To explore this aspect, Chapter 3 examined the 
understanding of FH among Dutch GPs through an internationally standardized 
online questionnaire. Despite the Netherlands’ relatively high FH detection rate, 

improved education and awareness about FH in primary care settings.

In  this thesis continues with exploring innovative strategies for 

records (EHR). Chapter 4 hypothesizes that the underdiagnosis of FH could be 
attributed, in part, to the misinterpretation of LDL cholesterol levels, especially 
in patients receiving LLT. This chapter illustrates how an automated system that 
integrates EHR-drawn data on LDL cholesterol, LLT, and patient- and family 

meet FH clinical criteria – outperforming methods that rely solely on absolute 

utilizing EHRs in healthcare. The continuous automated EHR-based integration 
of LDL cholesterol corrected for LLT not only provides an important signal to 

physicians’ adherence to established protocols and guidelines.

Moving forward, Chapter 5 continues with introducing a novel screening 
approach, using an LDL cholesterol cut-off at the 99.5th percentile in a large 
laboratory database. This tripartite study involved over 5000 individuals with at 

th

involved biochemical validation of hypercholesterolemia, which was followed 

cholesterol levels exceeded the 99.5th percentile (adjusted for sex and age), met 
the clinical criteria for FH. Furthermore, 13% were found to be carriers of an FH-
causing genetic variant. Additionally, the study uncovered that a substantial 85% 
of clinically diagnosed FH patient had not undergone guideline-recommended 
genetic testing. Alarmingly, more than 97% of these patients failed to achieve 
the LDL cholesterol targets set by contemporary guidelines, regardless of the 
focus on primary or secondary prevention. The high detection rate of clinical FH 
patients using a relatively straightforward and automated algorithm underscores 

12
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the profound clinical utility of this method. This approach may represent a 
promising direction for the future: integrating expert decision support systems 
into (centralized) laboratories. These systems could offer comprehensive 
diagnostic packages, rather than merely providing individual laboratory values 
with reference ranges. Such an integrated approach could revolutionize the way 

In summary, the results presented in Part I of this thesis advocate for the 
optimization of FH screening and detection. They propose transitioning to 
newer, genetically anchored, automated, and more technologically advanced 
approaches.

Part II of this thesis focuses on the genetic background of FH. An accurate 
diagnosis is the cornerstone of effective management for FH, a condition marked 
by its genetic heterogeneity and varied clinical presentation. In this context, 
Chapter 6 delves deep into the genetic architecture of FH, highlighting the 
primary genes involved in its pathogenesis – LDLR, APOB, PCSK9 – and how 

main 
, Chapter 6 also expands on so-called  which can mimic 

an FH-like phenotype, such as: APOE ABCG5, , LIPA, and . 
Moreover, it addresses other genetic causes of hypercholesterolemia, including 
polygenic hypercholesterolemia and pathogenic variants in the LPA gene 
that lead to elevated Lp(a) levels. In conclusion, this chapter emphasizes the 
important role of genetic testing in the clinical diagnosis and management of 
FH. Nevertheless, in order to fully harness the potential and achieve the highest 

algorithms that can be used to preselect patients for genetic testing.

Chapter 7 introduces a customized microarray encompassing 636 variants, 

involving 1268 individuals known to carry FH-causing variants, the customized 
FH array achieved an impressive 95% diagnostic accuracy, with each test costing 
a mere 30 Euros. This method is particularly suited for high-throughput FH 
screening at the population level due to its high degree of automation, quick 

this technology open up new possibilities for screening larger cohorts, including 
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those who are seemingly healthy or present with mild hypercholesterolemia. 
Interestingly, the landscape of genetic testing is rapidly evolving. Next-generation 

In the United Kingdom (UK), for instance, commercial sequencing laboratories 
now offer molecular diagnosis of FH for under 300 pounds. This trend highlights 

throughput diagnostic DNA tests. When considering the advantages and 
disadvantages of NGS versus the array approach, several factors come into play. 
NGS offers a broader scope, potentially identifying a wider range of genetic 
variants, including new or rare mutations. It is also becoming increasingly 
affordable, which could make it more accessible for widespread use. On the 
other hand, the microarray, with its targeted approach, provides a fast, highly 

screening and diagnosis. The question remains: will the decreasing costs and 

and targeted approach of microarrays offer a complementary or even a superior 
alternative in certain diagnostic contexts?

Part III of this thesis shifts the focus towards optimizing risk prediction and 
management strategies in FH. This last part encompasses a series of studies 
dedicated to enhancing our understanding of CVD risk in FH and how to optimally 
diminish this CVD risk.

The variability in LDLR variants, which are responsible for over 90% of FH cases, 
leads to a wide spectrum in LDL cholesterol levels and consequent coronary 
artery disease (CAD) risk among FH patients. Traditionally, LDLR functionality is 

2% residual LDLR activity) and ‘receptor defective’ (non-class 1 variants with 
2-25% residual activity). This dichotomy, however, overlooks the wide range 
of impact these variants can have. Chapter 8 introduces a novel approach for 
assessing the severity of LDLR variants and their associated CAD risk, based on 

participants from the Dutch FH cascade screening program were screened for 
456 LDLR
percentiles for each variant carrier, and used these to calculate the mean LDL 

12
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revealed a spectrum of CAD risk among FH patients ranging from a 2.2-fold 

into class 1 and non-class 1 variants yielded hazard ratios (HRs) of 3.9 and 7.3, 

percentiles, offers clinicians a valuable tool for personalized risk assessment, 
potentially enabling more precise management strategies for FH patients. 
However, this approach warrants further thorough investigation before potential 
clinical applicability.

FH patients have a high lifetime exposure to LDL cholesterol, despite the use 
of LLT. Chapter 9 aimed to quantify the extent of subclinical atherosclerosis 
and to evaluate the association between lifetime cumulative LDL cholesterol 
exposure and coronary atherosclerosis in young FH patients. In this study, 90 
FH patients, categorized into early treated (LLT initiated before 25 years of age) 
and late treated (LLT initiated after 25 years of age) subgroups, and an age- and 
sex-matched unaffected control group, underwent coronary CT angiography 

coronary plaque on CCTA, compared with 1 in 5 of the unaffected controls. 

between early and late treated patients. This may be due to a combination of 
more severe phenotypes leading to earlier diagnosis and treatment, coupled with 

therapy resolves the issue. It appears that starting early treatment with weaker 
statins might only delay, but not prevent, the progression of atherosclerosis 
compared with non-affected relatives. Corroborating this, is the fact that this 

LDL cholesterol exposure and coronary plaque burden, with a 58.2% increase 
in percent atheroma volume for every 50 mmol/l*years of cumulative LDL 
cholesterol exposure. In conclusion, Chapter 9 highlights that FH patients, 
even when treated early, have a higher coronary plaque burden compared 
with unaffected controls, with lifetime cumulative LDL cholesterol exposure 
being a major driver of coronary atherosclerosis. These results suggest that we 
have discovered something critically important: the solution might not be as 
straightforward as starting any statin therapy at a young age, but rather starting 
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potent LLT early to effectively lower cumulative LDL cholesterol exposure and 
truly alter the disease trajectory in FH patients.

In Chapter 10, the focus shifts beyond LDL cholesterol to underscore 
the importance of considering additional cardiovascular risk factors in the 
management of FH. This study, involving 12,601 FH patients and 25,375 
of their unaffected relatives from the Dutch national FH cascade screening 

exposure in the prevalence of CAD but also unveils the substantial impact of 
traditional cardiovascular risk factors on CAD risk. Despite the central role of LDL 
cholesterol in FH, the study illuminates an important aspect: other factors carry 

(adjusted for cumulative LDL cholesterol exposure and sex) was associated with 
an OR of 2.7 for CAD (95%CI 2.3-2.9), when compared with individuals without 
these risk factors, which escalated to 7.4 (95%CI 6.6-8.3) in those with two or 

of cumulative LDL cholesterol over the years but simultaneously remind us of 
the value of looking beyond LDL cholesterol alone. This realization underscores 
the need for a comprehensive approach in managing FH – one that not only 
focuses on reducing the lifetime LDL cholesterol burden through early and potent 
treatment but also diligently addresses other traditional risk factors.

Besides considering other cardiovascular risk factors, another critical aspect in 
the management of FH is addressing patient adherence to LLT. In outpatient 
clinics, more than 50% of patients discontinue statin use within two years. This 

However, accurately assessing and documenting patient medication non-
adherence remains a challenge for healthcare providers. Chapter 11 addresses 
this challenge by assessing the association between a simple, self-rated 
adherence question and various health outcomes within the Systolic Blood 

as measured through one self-rating adherence question, corresponds to 
elevated systolic blood pressure and LDL cholesterol levels, a higher prevalence 
of cardiovascular events, and increased all-cause mortality. This highlights 
the utility of self-rated adherence as a tool for discerning patients at risk for 
adverse health outcomes. One potential clinical consequence of identifying 
low adherence is the consideration of transitioning patients more swiftly to 
injectable therapies, which avoid the need for daily oral intake. This approach 

12
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addition to clinical practice, offering a straightforward yet effective method for 
healthcare providers to gauge patient adherence and tailor treatment approaches 
accordingly.

In summary, this thesis sheds light on various dimensions of FH, proposing 
a transition to genetically anchored, technologically advanced detection 

current management of FH and outlines a path for targeted treatments, while 
emphasizing a holistic strategy to mitigate cardiovascular risk in this high-risk 
population.
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Future perspectives
A boy and a horse were once in the woods.
The boy says to the horse: 
The Horse: 
The Boy: .
The Horse: .
After taking that one step, the boy looks at the horse and says: 
The horse: ?
The boy: .
The horse: .

This narrative of the boy and the horse aptly symbolizes the objective of this thesis: 
while we have not yet fully optimized the care for familial hypercholesterolemia 
(FH), this thesis represents a step forward in enhancing our understanding of 
the condition. It serves as a building block in bridging the existing gaps in our 
current diagnostic and therapeutic approaches, moving us closer to a more 
comprehensive management of FH.

FH has been recognized as a tier 1 genomic condition by the Centers for 
Disease Control and Prevention, which means that existing evidence strongly 
supports the clinical validity and utility of screening for the condition and 
its implementation in practice1

challenge of translating evidence-based guideline recommendations into 
routine clinical practice. Despite guidelines advocating for the use of genetic 

LDL cholesterol targets2,3, the studies included in this thesis have uncovered 
substantial underutilization of these recommended practices. They highlight a 
pervasive lack of FH knowledge and awareness among healthcare professionals 
alongside a notable shortfall in effective screening and detection methods, and 
achievement of LDL cholesterol targets. Given the amount of evidence supporting 
the FH guideline-recommendations, the question is not ‘What strategies do we 
need to implement?’ but rather ‘How can we implement these strategies?’.

A crucial step in this implementation is enhancing the knowledge and awareness 
of FH among physicians, particularly general practitioners (GPs), who play a 
pivotal role in the early detection and management of FH. Empowering these 

12
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frontline healthcare providers with comprehensive FH education and clinical 
decision support tools is essential. This includes a thorough understanding 
of the condition’s genetic basis, practical management strategies, and the 
skills necessary for effective communication with families affected by FH. 
The development of clear, straightforward clinical practice guidelines on 
diagnostics and treatment targets, designed for ease of use in daily practice, 
will be paramount.

In addition to this, we also see the necessity of enhancing FH care through 
successfully converting the evidence provided in literature into actionable 
guidelines that can subsequently be implemented in clinical settings. For 
instance, increasing evidence supports the importance of lifetime cumulative 
LDL cholesterol burden as a better indicator of lifetime CVD risk, rather than 
focusing solely on single measurements. This shift underscores the imperative 
for early and potent treatment strategies in FH patients. However, debates 
persist within the medical community regarding the optimal age for initiating 
LLT. Establishing clear, evidence-based guidelines for LLT initiation is crucial 
to ensure consistency across clinical practices. Future studies that compare 
outcomes between FH patients receiving early and potent treatment against 
those receiving standard care could provide further evidence needed to update 
clinical guidelines, advocating for a more intensive approach from a younger age.

Despite our dedicated efforts to guide physicians on the management of FH, 
including on the nuances of diagnosis and treatment according to current 
guidelines, there remains a noticeable gap in the consistent application of these 
practices. This disparity underscores the urgent need to evolve our methodologies. 
A promising avenue is the integration of decision support tools within Electronic 
Health Records (EHRs). By embedding these tools directly into EHRs, we can 
shift from passive guideline dissemination to actively enabling adherence to best 

promises to streamline the detection, diagnosis, and ongoing management of 
FH by offering clinicians instant access to (guideline-based) actionable insights 

EHR-integrated decision support tools, future studies should aim to validate their 
effectiveness in enhancing guideline adherence, improving diagnostic accuracy, 
and facilitating timely treatment initiation.
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Furthermore, central laboratories emerge as pivotal players in enhancing FH 
detection through the strategic analysis of extensive datasets. By identifying 
individuals exhibiting LDL cholesterol levels within the highest age- and 

methodology not only will likely expand our detection capabilities but makes 
the screening process more widely accessible and less reliant on singular 

uptake of genetic testing, which remains underutilized despite clear guideline 
recommendations. Incorporating genetic diagnostics into clinical decision-making 
processes could standardize genetic testing as a fundamental component of FH 
patient evaluation.

The utility of a customized FH genotyping array, as discussed in Chapter 7 of this 
thesis, becomes particularly evident in this context. Designed for scalability and 
high-throughput screening, this microarray could lower the barriers to genetic 

ensure its adaptability and effectiveness in diverse clinical settings. Customization 

enhance its diagnostic accuracy and global applicability. This calls for research 
focused on the development of protocols for the ongoing customization of the 
genotyping array, ensuring it remains responsive to the evolving landscape of 
FH genetics. Additionally, the feasibility of integrating such genotyping arrays 

implementation science research. This would encompass evaluating healthcare 
systems’ readiness, identifying training needs for healthcare professionals, and 
assessing patient acceptance of new diagnostic pathways. Lastly, to realize this 
strategy, a collaborative effort among stakeholders – clinicians, researchers, and 
healthcare systems – is paramount. Partnerships with technology companies to 
further customize the array and build such advanced diagnostic tools into clinical 
practice will be critical. Simultaneously, policy makers must be engaged to ensure 
that the regulatory and reimbursement frameworks support the adoption of 
these innovations.

The variable cardiovascular disease (CVD) risk among FH patients highlights 
the necessity for personalized treatment strategies. This necessitates research 
aimed at accurately identifying which FH patients are at the highest risk for 

12
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CVD, potentially by employing methods like those proposed in Chapter 8 of this 

treatment plans, but further studies are needed to validate these approaches 
before they can be widely implemented in clinical practice.

Current methodologies to navigate the heterogeneous spectrum of CVD risk in 
FH patients involve considering lifetime cumulative LDL cholesterol exposure and 
the presence of plaque as detected by coronary CT angiography (CCTA). Chapter 
9 of this thesis provides crucial insights, revealing that 1in 2 FH patients, with an 

approach in the current era of a diverse array of LDL cholesterol-lowering agents. 

cholesterol exposure might require more stringent LDL cholesterol targets. 
Conversely, older FH patients without evident atherosclerosis on CCTA may 

imaging-based strategy employing periodic CCTA assessments could offer an 
optimal pathway to personalize care in FH patients, aligning treatment strategies 

to validate how CCTA, with AI-QCT support, can effectively stratify CVD risk 
in FH patients, paving the way for truly personalized management strategies.

Conclusions
The work presented in this thesis moves us a step closer to better care for FH 
patients. In essence, the future of FH care lies in the seamless integration of 
genetic insights, new diagnostic tools, and personalized treatment strategies. 
This holistic approach aims to improve our management of FH, ensuring that 
each patient receives the most effective, tailored care based on their unique risk 
factors and genetic background. Moving forward, collaboration across disciplines 
and the continued evolution of technologies will be key to realizing this vision, 
ultimately leading to better outcomes for patients with FH.
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Nederlandse samenvatting
Dit proefschrif t omvat een uitgebreide verkenning van familiaire 
hypercholesterolemie (FH), met als voornaamste doel het dichten van bestaande 
lacunes in de huidige diagnostische en therapeutische benaderingen van FH. 
Deel I is gewijd aan het verbeteren van screening- en detectiestrategieën voor 
zowel klinische als genetische FH. In Deel II ligt de focus op de complexiteit van 
de genetische basis van FH, met daarnaast de introductie van een , 

 alternatief voor de huidige genetische diagnostiek voor FH. Tot slot, 
richt Deel III
in FH.

In het eerste deel van dit proefschrift wordt een grondige evaluatie uitgevoerd 
van zowel bestaande als nieuwe methoden voor het opsporen van FH, waarbij 
de nadruk ligt op de dringende noodzaak voor verbeterde detectiestrategieën. 
FH is de meest voorkomende autosomaal erfelijke aandoening die het 
lipoproteïnemetabolisme beïnvloedt en een aanzienlijke rol speelt in het 
verhogen van het risico op vroegtijdige atherosclerotische cardiovasculaire 
ziekten (ASCVD). Een vroegtijdige diagnose van FH is dan ook van groot belang, 
zeker gezien de ruime beschikbaarheid van LDL-cholesterolverlagende middelen, 
die een aanzienlijke reductie in LDL-cholesterolwaarden, en daarmee in het risico 
op ASCVD, mogelijk maken.

Hoofdstuk 2 in Deel I biedt een overzicht van zowel bestaande als nieuwe 
strategieën uit de literatuur voor de detectie van FH. Dit hoofdstuk belicht 
allereerst de huidige klinische diagnostische algoritmes voor FH, met name de 
veelgebruikte Dutch Lipid Clinic Network (DLCN) en Simon Broome Register 
(SBR) criteria. Er wordt opgemerkt dat deze klinische hulpmiddelen slechts 
een matige overeenkomst met elkaar tonen en hun beperkingen kennen, zoals 
de gelimiteerde toepasbaarheid bij kinderen. Verder wordt de cruciale rol van 
genetische diagnostiek in de context van FH benadrukt, vooral de effectiviteit 
ervan in het mogelijk maken van cascade-screening bij eerstegraads familieleden 
– een bewezen kosteneffectieve strategie. Dit hoofdstuk pleit ook voor het 
verbeteren van de detectie van FH, bijvoorbeeld door diagnostische algoritmes te 

voor het cholesterolgehalte in lipoproteïne(a) (Lp[a]). Tot slot wordt gepleit voor 
het integreren van digitale technologieën en  technieken, 
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in combinatie met klinische beslisregels, om de detectiemethoden van FH te 
verbeteren.

Het tijdig diagnosticeren en starten van lipidenverlagende therapie (LLT) is 

van indexpatiënten plaats buiten het ziekenhuis, aangezien jonge patiënten 
zelden in het ziekenhuis komen. Huisartsen spelen, dankzij hun centrale positie 
in de patiëntenzorg, een sleutelrol in de vroege opsporing van FH. Zij hebben 
de unieke mogelijkheid om familie-cascade screening van hele gezinnen in hun 
praktijk uit te voeren en tegelijkertijd toezicht te houden op de noodzakelijke 
levenslange LLT voor FH patiënten. Het succes van deze aanpak is echter sterk 
afhankelijk van de kennis van huisartsen over FH en bijbehorende richtlijnen. In 
Hoofdstuk 3 van dit proefschrift is de kennis van Nederlandse huisartsen over 
FH onderzocht aan de hand van een internationaal gestandaardiseerde online 
enquête. Ondanks de relatief hoge detectiegraad van FH in Nederland, onthult 
de studie aanzienlijke kennishiaten bij Nederlandse huisartsen over de zorg 
rondom FH. Dit weerspiegelt een bredere, wereldwijde trend. Deze bevindingen 
benadrukken de dringende noodzaak voor verbeterde educatie over FH in de 
eerstelijnsgezondheidszorg.

In Hoofdstuk 4 richt dit proefschrift zich op het verkennen van innovatieve 
strategieën voor het verbeteren van de detectie van FH door de potentie 
van elektronische patiënten dossiers (EPDs) te onderzoeken. Dit hoofdstuk 
stelt de hypothese dat de onderdiagnostiek van FH deels te wijten is aan de 
verkeerde interpretatie van LDL-cholesterolwaarden, vooral bij patiënten die 
LLT gebruiken. Het hoofdstuk illustreert hoe een geautomatiseerd systeem dat 
gegevens uit EPDs integreert – zoals LDL-cholesterolwaarden, LLT, en patiënt- 

klinische criteria van FH aanzienlijk kan verbeteren, en daarmee de methoden 
overtreft die enkel steunen op absolute LDL-cholesterolwaarden. Deze bevinding 
toont de potentie van het gebruik van EPDs in de gezondheidszorg. De continue, 
geautomatiseerde correctie van LDL-cholesterolwaarden voor LLT in EPDs, 

faciliteren, maar zou ook de naleving van vastgestelde protocollen en richtlijnen 
door artsen kunnen verbeteren.

Hoofdstuk 5 van dit proefschrift introduceert een nieuwe screeningsmethode, 
waarbij gebruikt wordt gemaakt van een groot centraal laboratoriumbestand 
waarin individuen met LDL-cholesterol afkapwaarden boven het 99,5ste 

A
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percentiel voor leeftijd en geslacht zijn geselecteerd. Deze omvangrijke studie 
omvatte meer dan 5000 individuen, elk met minimaal één eerdere LDL-
cholesterolmeting boven dit percentiel. Het onderzoek bestond uit drie fasen: 
de initiële biochemische bevestiging van hypercholesterolemie, gevolgd door 

bevestiging van FH met een speciaal ontworpen . De 
bevindingen van de studie zijn opmerkelijk: één op de vier personen wiens LDL-
cholesterol de 99,5ste percentielgrens overschreed (rekening houdend met 
geslacht en leeftijd), voldeed aan de klinische criteria voor FH. Verder bleek 
13% drager te zijn van een genetische variant die FH veroorzaakt. Opvallend 
was dat een aanzienlijke 85% van de klinisch gediagnosticeerde FH-patiënten 
geen genetische diagnostiek had ondergaan, zoals wel aanbevolen is in de 
richtlijnen. Bovendien haalde meer dan 97% van deze patiënten niet de LDL-
cholesterol doelstellingen volgens de huidige richtlijnen, ongeacht of het ging 
om primaire of secundaire preventie. Deze resultaten benadrukken de klinische 
waarde van een relatief eenvoudige en geautomatiseerde laboratorium-
gebaseerde screeningsmethode voor het opsporen van FH. De integratie van 
geautomatiseerde detectietools in centrale laboratoriumsystemen belooft een 

belangrijke stap voorwaarts zou kunnen betekenen in FH zorg.

De resultaten gepresenteerd in de eerste hoofdstukken van dit proefschrift 
pleiten voor het optimaliseren van de opsporing en detectie van FH. Er wordt 
voorgesteld om over te gaan op genetica gebaseerde, geautomatiseerde en meer 
geavanceerde benaderingen.

Deel II van dit proefschrift richt zich op de genetische achtergrond van FH. 
Een nauwkeurige diagnose is cruciaal voor de effectieve behandeling van 
FH, een aandoening die gekenmerkt wordt door genetische heterogeniteit en 
uiteenlopende klinische presentaties. Hoofdstuk 6 verdiept zich in de genetische 
structuur van FH en belicht de belangrijkste genen die betrokken zijn bij de 
pathogenese ervan – LDLR, APOB, PCSK9 – en hoe varianten in deze genen 
het ziektebeeld beïnvloeden. Naast deze primaire genen besteedt het hoofdstuk 
ook aandacht aan de zogenoemde  FH-genen die een FH-achtig klinisch 
beeld kunnen imiteren, waaronder APOE, ABCG5, , LIPA en . 
Daarnaast worden andere genetische oorzaken van hypercholesterolemie 
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behandeld, waaronder polygene hypercholesterolemie en pathogene varianten 
in het LPA gen die leiden tot verhoogde lipoproteïne(a) (Lp[a]) waarden. Dit 
hoofdstuk onderstreept tot slot het belang van genetisch testen in de diagnose 
en behandeling van FH. Om het potentieel van genetisch testen volledig te 
benutten en de hoogste diagnostische opbrengst te behalen, is het echter 

de preselectie voor genetische diagnostiek voor FH te verbeteren.

In Hoofdstuk 7 wordt een  microarray geïntroduceerd die 
636 varianten omvat die, op het moment van ontwikkeling van de array, 

in 1268 reeds bekende dragers van een FH-veroorzakende variant, toonde aan 
dat deze microarray een indrukwekkende diagnostische nauwkeurigheid van 
95% behaalde, tegen een kostprijs van slechts 30 euro per test. Deze methode 
is bijzonder geschikt voor grootschalige FH-screening op populatieniveau 
vanwege de hoge mate van automatisering, snelle doorlooptijd en (eenmaal 
perfect ) minimale incidentie van secundaire bevindingen. De 

voor het screenen van grotere cohorten, inclusief ogenschijnlijk gezonde 
individuen of personen met slechts milde hypercholesterolemie. Interessant is 
dat het landschap van genetische testen snel evolueert. De kosten van next-
generation sequencing (NGS) zijn de afgelopen jaren aanzienlijk gedaald. In het 
Verenigd Koninkrijk bieden commerciële sequencing-laboratoria bijvoorbeeld 
al moleculaire diagnostiek voor FH aan voor een steeds toegankelijker bedrag. 
Deze trend benadrukt een concurrentiestrijd voor het ontwikkelen van de meest 

overwegen van de voor- en nadelen van NGS versus de microarray-benadering 
spelen verschillende factoren een rol. NGS biedt de mogelijkheid tot het 

zeldzame mutaties. Het wordt ook steeds betaalbaarder, wat het toegankelijker 
kan maken voor breder gebruik. Aan de andere kant biedt de microarray, met 

varianten, met minder kans op secundaire bevindingen. Deze vergelijking leidt 
tot een interessante discussie over de toekomst van FH-screening en -diagnose. 
De vraag blijft: zal de dalende kostprijs en toenemende toegankelijkheid van 

van microarrays een complementaire of zelfs superieure alternatief bieden in 
bepaalde diagnostische settings?

A
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In Deel III van dit proefschrift ligt de focus op het optimaliseren van 
risicovoorspelling en behandelstrategieën voor FH. Dit laatste deel omvat een 
reeks studies die gericht zijn op het verbeteren van ons inzicht in het CVD risico 
bij FH en de optimalisatie van strategieën om dit CVD-risico te verminderen.

De verscheidenheid in LDLR varianten, die verantwoordelijk zijn voor meer 
dan 90% van de FH-gevallen, resulteert in een breed scala aan LDL-
cholesterolwaarden en het daaraan gekoppelde risico op coronaire hartziekte 
(CAD) bij FH patiënten. Traditioneel wordt de functionaliteit van de LDLR 

dan 2% resterende LDLR-activiteit) en ‘receptor-defectief’ (niet-klasse 1 
varianten met 2-25% resterende activiteit). Deze tweedeling houdt echter 
geen rekening met de variërende impact van deze varianten. Hoofdstuk 8 
introduceert een nieuwe methode om de ernst van LDLR varianten en het 
daarmee geassocieerde CAD risico te beoordelen, gebaseerd op hun effect 

werden 35.257 deelnemers van het nationale FH cascadescreeningsprogramma 
gescreend op 456 LDLR varianten. Voor elke drager van een FH-variant werden 

gebruikt om de gemiddelde LDL-cholesterolpercentiel voor elke variant vast 

spectrum van CAD risico bij FH patiënten, variërend van een 2,2-voudige tot 
een 12-voudige toename vergeleken met niet-dragers. De traditionele indeling 
in klasse 1 en niet-klasse 1 varianten resulteerde in hazardratio’s (HR’s) van 

instrument voor gepersonaliseerde risicobeoordeling, en kan leiden tot meer 
precieze behandelstrategieën voor FH patiënten. Echter, deze benadering vereist 
verder onderzoek alvorens het klinisch toepasbaar is.

FH patiënten hebben over het hele leven genomen een verhoogde blootstelling 
aan LDL-cholesterol, zelfs bij gebruik van LLT. Hoofdstuk 9 richt zich op het 

samenhang tussen cumulatieve levenslange blootstelling aan LDL-cholesterol en 
coronaire atherosclerose bij jonge FH patiënten. In dit onderzoek ondergingen 90 
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FH patiënten, ingedeeld in vroeg- (LLT gestart vóór 25 jaar) en laat behandelde 
(LLT gestart na 25 jaar) subgroepen, evenals een leeftijds- en geslachtsconforme 

(AI) geleide analyse van de CCTA beelden (AI-QCT). De resultaten toonden aan 
dat, op een gemiddelde leeftijd van 41 jaar, ongeveer 1 op de 2 FH patiënten 

was in coronaire atherosclerose tussen de vroeg en laat behandelde patiënten. 
Dit kan te wijten zijn aan een combinatie van ernstigere fenotypen die leiden 

lager gebruik van hoge intensiteit statines in de vroeg behandelde groep. Deze 
bevinding stelt de opvatting ter discussie, zoals geïmpliceerd in eerdere studies, 
dat vroege statinetherapie het probleem volledig oplost. Het lijkt erop dat het 
starten van een behandeling met minder krachtige statines op jonge leeftijd de 
progressie van atherosclerose mogelijk slechts vertraagt, maar niet voorkomt. Dit 
wordt ondersteund door het feit dat deze studie een duidelijk en onafhankelijk 
verband tussen cumulatieve LDL-cholesterolblootstelling en coronaire plaque 
laat zien, met een toename van 58,2% in het procentuele atheroomvolume voor 
elke 50 mmol/l*jaar cumulatieve LDL-cholesterolblootstelling. Concluderend 
toont Hoofdstuk 9 aan dat FH patiënten, zelfs als ze vroeg worden behandeld, 
een hoger risico op coronaire plaque hebben in vergelijking met niet-aangedane 
individuen, waarbij de levenslange cumulatieve blootstelling aan LDL-cholesterol 
een belangrijke oorzaak is van coronaire atherosclerose. Deze resultaten 
suggereren dat de oplossing mogelijk niet zo eenvoudig is als het starten van 
elke statinetherapie op jonge leeftijd, maar eerder het vroegtijdig starten met 
krachtige LLT om werkelijk het ziekteverloop bij FH patiënten te veranderen.

In Hoofdstuk 10 ligt de nadruk op het meewegen van andere cardiovasculaire 
risicofactoren dan enkel het LDL-cholesterol, bij het behandelen van FH. Deze 
studie, die 12.061 FH patiënten en 25.375 van hun niet-aangedane familieleden 
die deel hebben genomen aan het nationale FH cascadescreeningsprogramma 

aan LDL-cholesterol in de prevalentie van CAD, maar onthult ook de aanzienlijke 
impact van traditionele cardiovasculaire risicofactoren op het CAD risico in FH 
patiënten. Ondanks de centrale rol van LDL-cholesterol in FH, benadrukt de 
studie een ander belangrijk aspect: andere factoren hebben een additionele en 

van atherosclerose. De studie laat zien dat de aanwezigheid van één traditionele 
risicofactor (gecorrigeerd voor cumulatieve LDL-cholesterolblootstelling en 

A

171020_Ibrahim_BNW-def-v1.indd   257 04/04/2024   11:44



258

Appendices

geslacht) geassocieerd is met een odds ratio (OR) van 2,7 voor CAD (95%CI 
2,3-2,9), vergeleken met individuen zonder deze risicofactoren, welke opliep tot 
7,4 (95%CI 6,6-8,3) bij personen met twee of meer traditionele risicofactoren. Dit 
besef onderstreept de noodzaak van een alomvattende aanpak in de behandeling 
van FH – een benadering die zich niet alleen richt op het verminderen van de 
levenslange LDL-cholesterolbelasting door vroege en krachtige behandeling, 
maar die ook andere traditionele risicofactoren zorgvuldig aanpakt.

Bij de behandeling van FH is het van cruciaal belang om naast de cardiovasculaire 
risicofactoren, ook aandacht te besteden aan de therapietrouw van patiënten 
ten aanzien van LLT. In de klinische praktijk staakt meer dan 50% van de 
patiënten het gebruik van statines binnen twee jaar. Deze onderbreking heeft 
een aanzienlijke invloed op de cumulatieve LDL-cholesterolbelasting. Echter, 
het nauwkeurig beoordelen en documenteren van therapieontrouw blijft een 
uitdaging voor zorgverleners. Hoofdstuk 11 van dit proefschrift richt zich 
op de samenhang tussen zelf-gerapporteerde therapietrouw, middels één 
simpele vraag, en verschillende gezondheidsuitkomsten binnen de Systolic 
Blood Pressure Intervention Trial (SPRINT). Uit de resultaten blijkt dat lagere 
therapietrouw, gemeten met een eenvoudige zelfevaluatievraag, samenhangt 
met een verhoogde systolische bloeddruk en LDL-cholesterolwaarde, een 
hogere prevalentie van cardiovasculaire events en toegenomen algehele 
mortaliteit. Dit benadrukt het nut van zelf-gerapporteerde therapietrouw 

ongunstige gezondheidsuitkomsten. Een mogelijke klinische consequentie van 
het vaststellen van lage therapietrouw kan zijn dat patiënten sneller overgezet 
worden op injecteerbare therapieën, waarmee de noodzaak van dagelijkse orale 
inname wordt vermeden. Deze benadering kan de therapietrouw en daarmee de 
gezondheidsuitkomsten aanzienlijk verbeteren. De eenvoud en effectiviteit van 
de zelfevaluatievraag maken het een waardevolle toevoeging aan de klinische 
praktijk.

Dit proefschrift belicht verschillende facetten van FH en adviseert een overgang 
naar detectiemethoden die zowel genetisch onderbouwd als technologisch 

legt lacunes bloot in de huidige zorg voor FH patiënten. Daarnaast benadrukt 
het de noodzaak van een gerichte aanpak voor behandelingen, terwijl het ook 
het belang van een holistische strategie onderstreept om het cardiovasculaire 
risico te verminderen in deze hoog-risico populatie.
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