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ABSTRACT

Genetic disorders resulting in familial hypercholesterolemia (FH) include autosomal dominant hypercholesterolemia (ADH), polygenic hypercholesterolemia, as well as other rare conditions such as autosomal recessive hypercholesterolemia (ARH). All of these disorders cause elevations in low-density lipoprotein (LDL)-cholesterol (LDL-C) and, as a result, greatly increase the risk of cardiovascular disease (CVD). Genetic loci involved in ADH include the LDLR, which codes for the LDL receptor (LDLR), APOB, which codes for apolipoprotein B-100 (apoB-100), the major protein component of LDL, PCSK9, which codes for Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9), the low abundance circulatory protein that terminates the lifecycle of the LDLR, apolipoprotein E (APOE), which synthesizes the main protein of triglyceride rich lipoproteins, and signal transducing adaptor family member 1 (STAP1), who’s function in cholesterol homeostasis remains largely unknown. Importantly, a large percentage of people with the severe hypercholesterolemic phenotype do not possess a readily identifiable gene defect and many likely have polygenic hypercholesterolemia. Thus, identification of a specific genetic pathologic variant is not a necessary condition for the diagnosis of a genetic hypercholesterolemia. Several formal diagnostic criteria exist for FH and include lipid levels, family history, personal history, physical exam findings, and genetic testing. As all individuals with severe hypercholesterolemia are at high risk for CVD, treatment is centered on dietary and lifestyle modifications and early institution of lipid-lowering pharmacotherapy. Treatment should initially be statin-based, but most patients require adjunctive medications such as ezetimibe and PCSK9 inhibitors. Three large cardiovascular outcome trials have recently shown a reduction in atherosclerotic CVD when ezetimibe or PCSK9 inhibitors were added to a background of statin therapy and consequently have assisted in shaping international guidelines and consensus recommendations. A few patients with extreme and unresponsive elevations in LDL-C will require more aggressive therapies such as lipoprotein apheresis or the use of novel agents for the treatment of severe hypercholesterolemia such as microsomal triglyceride transfer protein (MTP) inhibitors and apoB-100 antisense oligonucleotides. For complete coverage of this and all related areas of endocrinology, please see our free web-book, www.Endotext.org.

INTRODUCTION

Genetic disorders resulting in familial hypercholesterolemia (FH) consist of autosomal dominant hypercholesterolemia (ADH), autosomal recessive hypercholesterolemia (ARH), and polygenic hypercholesterolemia. The genetic architecture of FH is more complex than previously recognized and in fact is now believed to be associated with at least nine different genes with thousands of variants, the details of which are beyond the scope of this chapter. But briefly, the term “autosomal dominant hypercholesterolemia” refers to those patients with dominantly inherited severe hypercholesterolemia – low-density lipoprotein (LDL)-cholesterol (LDL-C) greater than 190 mg/dL, who likely harbor mutations in genes regulating serum LDL levels. Historically, the more common causes of ADH include “classic” FH, which is a codominant disorder involving aberrations in the LDL receptor (LDLR), as well as other codominant forms of “nonclassical” FH, which involve defects in two other genes that regulate plasma clearance of LDL, apolipoprotein B (APOB), which synthesizes the main protein of LDL, and Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9), which synthesizes a low abundance circulatory protein that limits the LDLR lifespan (1,2). Autosomal dominant forms of ADH include apolipoprotein E (APOE), which synthesizes the main protein of triglyceride rich lipoproteins and signal transducing adaptor family member 1 (STAP1), who’s function in cholesterol homeostasis remains largely unknown (2,3). The ARH, which are very rare, result from pathogenic variants in LDL receptor accessory protein 1 (LDL-RAP1), lysosomal acid lipase gene (LIPA), ATP- binding cassette sub- family G member 5 and 8 (ABCG5/8) and cholesterol 7 alpha-hydroxylase (CYP7A1) (2,4). Finally, the last form of FH is attributable to polygenic causes which is due to multiple common polymorphisms (more than 50 loci identified, as opposed to a single large effect as seen in the textbook version of FH) that effect genes that regulate LDL-C levels (high LDL-C level gene score). Polygenic causes are relatively common and likely explains many of the patients who are genotype negative. In fact, up to 50% of patients referred to lipid clinics for possible or probable HeFH have a polygenic basis (2). Additionally, only approximately 2% of patients with an LDL > 190 mg/dL and no additional clinical or family history compatible with FH have a pathogenic variant in one of the FH genes (5,6). Thus, having an elevated LDL-C does not necessarily indicate that the patient has ADH due to a pathogenic variation in the LDLR, APOB, PCSK9, APOE, or STAP1 genes. All forms of FH result in very high levels of LDL-C and increase the risk of early and accelerated coronary artery disease (CAD) (4). Yet, FH remains vastly underdiagnosed and thus, undertreated, representing an extraordinary missed opportunity for maintenance of cardiovascular healthy and prevention of cardiovascular events. It has been estimated that less than 1% of the patients in the US with FH have been diagnosed (7). The present chapter, however, will largely focus on the ADH forms of FH involving the five traditional genetic loci described above. 

GENETICS

The LDLR is an 893-amino acid cell surface glycoprotein that binds and internalizes LDL particles, primarily in the liver. Mutations in LDLR (i.e., “classic” FH) give rise to nearly 90% of cases of clinical ADH (8). Over 2000 such mutations in LDLR have been identified, including deletions, insertions, missense, copy number variants, and nonsense mutations (2). FH patients can be homozygous (traditionally with a prevalence thought to be 1 in 1,000,000 but based on contemporary genetic studies, the prevalence is thought to be closer to 1 in 300,000), carrying mutations in both alleles encoding for LDLR, or heterozygous (traditionally with a prevalence thought to be 1 in 500, with newer data suggesting as frequent as 1 in 200), possessing mutations in only one allele (2,9). Homozygous FH (HoFH) should be suspected when LDL-C exceeds 400 mg/dL, whereas heterozygous FH (HeFH) should be suspected when LDL-C is greater than 190 mg/dL in adults and 160 mg/dL in children (4). Patients with HoFH can be true FH homozygotes, with two identical mutations in each allele, versus compound heterozygotes, with a different mutation in each allele. In addition, FH can result in elevated levels of lipoprotein(a) (Lp[a]) through an unclear mechanism, not necessarily linked to the dysfunctional LDLR pathway (10-14). Elevated Lp(a), which is composed of 30-45% cholesterol by mass and reported as part of the LDL-C laboratory measurement, amplifies the already increased risk of incident CAD seen in those with FH (14). It is also important to be aware of “founder effects” in some populations. Founder effects influencing the type and frequency of mutations causing FH are seen among Afrikaaners, French Canadians, Ashkenazi Jews, Christian Lebanese, and some Tunisian groups. Slimane et al. estimated the prevalence of individuals with HoFH and HeFH in Tunisia to be 1:125,000 and 1:165, respectively (15). 
 
“Nonclassical” FH, which phenotypically resembles classic FH in presentation and severity, involves dominantly inherited gene defects in APOB, PCSK9, and APOE, which code for proteins that modulate ligand-LDL/LDL-like receptor interaction (2,16,17). ApoB is the major protein constituent of LDL and acts as a ligand for LDLR. Mutations in ApoB (most commonly a single base change at a position near amino-acid 3,500) block the binding of LDL containing the apoB-100 to LDLR, resulting in severely elevated levels of LDL-C. This condition was originally defined as “familial defective APOB-100” or FDAB (18). PCSK9, on the other hand, is a circulating protein that terminates the lifecycle of LDLR by binding to it and targeting it to lysosomal degradation. Gain-of-function mutations in PCSK9 lead to a FH phenotype, whereas loss-of-function mutations lead to lower LDL-C and protection from coronary atherosclerotic events (19,20). Absence of circulating PCSK9 has been reported in a few subjects, who were reportedly healthy and had LDL levels around 20 mg/dl (21,22). Collectively, these observations spurred a frenzy of targeted research that led to the development and FDA approval of therapeutic antibodies against PCSK9 to reduce LDL levels in individuals with atherosclerotic cardiovascular disease (ASCVD) and/or in FH. Mutations in ApoE (an in-frame three base-pair deletion at position 167 in exon 4) block the binding of triglyceride rich lipoproteins (i.e. chylomicrons, chylomicron remnants, very low-density lipoprotein [VLDL-C], intermediate-density lipoprotein [IDL-C]) to the E receptor (belongs to the LDLR superfamily), and limits clearance of these particles from plasma (23). Finally, mutations in STAP1 also leads to elevated cholesterols, the mechanism by which is unknown presently but actively under investigation (3). The prevalence of ADH resulting from mutations in APOB, PCSK9, APOE, and STAP1 has been difficult to estimate, but it is agreed that these are extremely rare, 5-10%, <1%, <<1% and <<1% respectively (2). 

Finally, an additional ultra-rare recessive genetic disorder causing hypercholesterolemia bears mentioning. It involves a homozygous deletion mutation in the gene CYP7A1. This gene codes for the enzyme cholesterol 7α-hydroxylase, which catalyzes the initial step in cholesterol catabolism and bile acid synthesis. The mutation results in loss of enzymatic function and high levels of LDL-C, and was first identified in three homozygotes within a single kindred of English and Celtic descent (24). There are a number of other rare recessive genetic disorders that are associated with hypercholesterolemia, see table 1 below and the Endotext chapter on rare genetic disorders (25). 

	TABLE 1: RARE GENETIC DISORDERS THAT CAN BE CONFUSED WITH ADH

	Disorder
	Description

	Sitosterolemia
	Autosomal recessive disorder due to mutations in ABCG5/8. Manifestations include hypercholesterolemia, marked elevations of plasma plant sterols, tendon and tuberous xanthomas, and premature ASCVD

	Lysosomal acid lipase deficiency
	Autosomal recessive disorder due to mutations in LIPA, which codes for lysosomal acid lipase. Manifestations include moderate hypercholesterolemia with depressed high-density lipoprotein cholesterol (HDL-C), accelerated atherosclerosis, and progressive liver disease.

	Deficiency of LDL receptor adapter protein 1
	Autosomal recessive disorder due to mutations in LDL-RAP1. Typically presents with very high LDL cholesterol levels.

	Deficiency of cholesterol 7-alpha hydroxylase
	Autosomal recessive disorder due to mutations in CYP7A1, which codes for the enzyme that catalyzes the first step in bile acid synthesis, resulting in high intrahepatic cholesterol and reduced surface expression of LDLR.



An important practical point is that 30-50% of people with the FH phenotype have no readily identifiable defects in any of the genes that have been mentioned here; thus, diagnosing an individual with the FH phenotype does not necessarily mean the presence of a monogenic defect in the LDLR pathway (26). The genetic confirmation for FH-causing mutations in ADH varies considerably (2,6). The rate of positive genetics is related to clinical criteria - in patient with definite FH based on clinical criteria 60-80% are positive whereas in patients with possible FH based on clinical criteria only 21-44% are positive (27). Additionally, the LDL-C level is crucial. When LDL-C is very high (i.e. > 310 mg/dL), the frequency of monogenic pathogenic variants increases (92% of subjects had a monogenic variant (28). In patients without an identifiable pathologic genetic variant the etiology may be due to an as-yet-unidentified genetic error or to polygenic, epigenetic, or non-genetic factors, including co-morbid and environmental modifiers. For those without a mutation, an elevated LDL-C still confers elevated cardiovascular disease (CVD) risk, however, for any given LDL-C strata, those with a causal mutation compared to those without have higher risk for CVD, likely due to lifelong exposure to high LDL-C (6,29). In addition, unintended consequences of genetic testing (i.e. genetic discrimination for life or long-term care insurance and increased expense) must be taken into account. For these reasons, genetic testing should not be mandated. On the other hand, others advocate for routine genetic testing citing the rationale 1) to facilitate a definitive diagnosis; 2) pathogenic variants indicate higher cardiovascular risk and therefore more aggressive treatment; 3) to increase initiation of and adherence to therapy; and 4) for cascade testing of at-risk relatives (25). Cascade screening on the basis of LDL-C alone (i.e. ≥ 190 mg/dL) has low sensitivity and specificity, however, identification of a pathogenic variant with genetic testing followed by cascade screening results in very high sensitivity and specificity. This is likely due to missed diagnoses of FH with reduced penetrance where LDL-C < 190 mg/dL (27). Nonetheless, the reduced costs and more widespread availability of genetic testing warrant performance of this test to obtain information that can help the physician fine tune genotype-phenotype correlations and to identify subjects that can be studied for the discovery of novel pathways leading to severe hypercholesterolemia.

PATHOPHYSIOLOGY

Most circulating LDL particles end up in the liver. The LDLR pathway is the predominant method for LDL uptake (30,31).  ApoB binds to a specific binding site on LDLR and the receptor-ligand complex is subsequently internalized from clathrin-coated pits on the cell membrane. The receptor-ligand complex undergoes endocytosis and is targeted to the lysosome, where LDL is released for degradation while the LDLR is recycled back to the cell surface approximately 100-150 times in its 24 hour life cycle (2). PCSK9 terminates LDLR lifespan by disallowing its recycling, thus providing a physiologic mechanism of protein removal much different from, and stronger than, that caused by inducible degrader of LDL, an E3 ubiquitin ligase (19,32). There are other nonspecific and constitutively active pathways of LDL-C clearance as well (30,33). In HeFH, though transport through the LDLR pathway is reduced by 50%, LDL-C clearance is doubled through these other, non-LDLR pathways. The same holds true for HoFH, where despite a near-absolute reduction in LDLR transport, total LDL-C clearance via non-specific pathways is increased by 4-fold (34). Excess LDL-C, which accumulates in liver cells, is then re-exported via the apoB system back into the plasma, secreted into bile unchanged or transformed into bile acids. This increased production of LDL adds to inefficient clearance via LDLR to cause elevated serum LDL levels typical of the FH phenotype (35).

ADH can thus be further classified into subtypes 1, 2, and 3, based on which protein of the LDLR pathway is causative (Figure 1). ADH-1 comprises mutations within LDLR, the canonical form of FH. There are six major classes of ADH-1 (see table 2 below), based on the type of mutation. These include those that: inhibit synthesis of LDLR; impede exit of mature LDLR from the endoplasmic reticulum; affect the binding site of LDLR to apoB-100; preventing the ligand-receptor interaction; prevent endocytosis of the LDLR-apoB-100 complex; or inhibit recycling of LDLR to the cell surface for further rounds of lipid uptake (not shown). ADH-2 comprises mutations of APOB that block the association of apoB-100 to LDLR. ADH-3 is due to gain-of-function mutations of PCSK9, which reduce LDLR recycling and accelerate its lysosomal degradation (12). Some authors have suggested that mutations that affect binding of apoB-100 to LDLR carry a less severe phenotype than those that affect LDLR directly (36-40).
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FIGURE 1 (17): ADH-1 comprises mutations within LDLR. There are six major classes of ADH-1, affecting: a) synthesis of LDLR; b) exit of mature LDLR from the endoplasmic reticulum; c) binding site of LDLR to apoB-100; d) endocytosis of LDLR-apoB-100 complex; and recycling of LDLR to the cell surface (not shown). ADH-2 comprises mutations in apoB that block the association of apoB-100 to LDLR. ADH-3 is due to gain-of-function mutations of PCSK9, which reduce LDLR recycling and accelerate its lysosomal degradation. Adapted from Calandra et al. J. Lipid Research 2011; 52: 1885-926. 

	TABLE 2: THE SIX CLASSES OF LDLR MUTATIONS (41)

	Class 1: synthesis of receptor or precursor protein is absent
	The so-called null allele is a prevalent class of mutations and is generally associated with very high LDL-C levels. The molecular basis of this type of mutation shows a wide variety: point mutations introducing a stop codon, mutations in the promoter region completely blocking transcription, mutations giving rise to incorrect excision of mRNA, and finally, large deletions preventing the assembly of a normal receptor.


	Class 2: absent or impaired formation of receptor protein
	This class comprises mutations in which the normal routing through the cell is not complete or is only very slowly completed. Usually, there is a complete blockade of transport, and LDL receptors are unable to leave the ER. The Golgi apparatus is not reached, and the increase of 40,000 Da in molecular weight does not take place. Truncated proteins, as a result of a premature stop codon, and misfolded proteins, as a result of mutations in cysteine-rich regions leading to free or unpaired cysteine residues, are retained in the ER. However, quality control by the ER is not perfect, given the observation that sometimes misfolded proteins leave the ER but are processed more slowly. Such mutations give rise to class 2B mutations, in contrast to class 2A mutations that cause complete retaining in the ER.


	Class 3: normal synthesis of receptor protein, abnormal LDL binding
	Receptors characterized by this class of alleles show the normal rate of synthesis, exhibit normal conversion into receptor protein, and are transported to the cell surface, but binding to LDL is impaired. It is obvious that mutations in the binding domain underlie this class of receptors.


	Class 4: clustering in coated pits, internalization of the receptor complex does not take place
	The receptors in this class lack the property to cluster in coated pits (class 4A). This phenomenon, which makes interaction of receptors with the fuzzy coat impossible, is caused by mutations in the carboxyterminal part of the receptor protein. These mutated receptors are synthesized normally, folding and transport are normal, but clustering in coated pits is impossible, and sometimes the receptors are secreted even after they have reached the cell surface (class 4B).


	Class 5: receptors are not recycled and are rapidly degraded
	All mutations in this class are localized in the EGF-precursor homologous domain of the LDL receptor protein. This domain seems to be involved in the acid-dependent dissociation of the receptor-ligand complex in endosomes, after which the receptor can be recycled. When the entire EGF-precursor homologous domain is deleted by site-directed mutagenesis or when such a deletion occurs naturally in a homozygous FH patient, the receptor is trapped in the endosomes, and rapid degradation subsequently is observed.


	Class 6: receptors fail to be targeted to the basolateral membrane

	The class of mutations was recently discovered and is caused by alterations in the cytoplasmic tail of the protein. Such receptors do not reach the liver cell membrane and are probably rapidly degraded.



*Adapted from Gidding SS, et al. Circulation 2015;132:2167-92.

CLINICAL MANIFESTATIONS 

[bookmark: _Hlk532652667]Lipid Abnormalities in Heterozygous Familial Hypercholesterolemia

LDL-C levels are frequently greater than the 90th percentile for age and gender. The magnitude of the LDL-C elevation is affected by the specific mutations causing FH with mutations in the LDL receptor leading to greater elevations in LDL-C levels than mutations in Apo B or PCSK9 (28,36-39,42). Null mutations in the LDL receptor are more severe than non-null mutations (43). Additionally, other genes that regulate LDL-C and environmental factors, such as diet, also influence the magnitude of the elevation in LDL-C (44,45). It should be recognized that a significant number of patients with genetically diagnosed FH have LDL-C < 190 mg/dL. In some studies, approximately 50% of patients with genetically diagnosed FH have LDL-C levels < 190 mg/dL (5,6). HDL-C and triglyceride levels are usually normal or only modestly altered (46-53). Elevated triglycerides and/or low HDL-C do not rule out the diagnosis of FH. Lp(a) levels are frequently elevated in patients with FH and may contribute to the increased risk of ASCVD (10-14). One should exclude secondary causes of marked elevations in LDL-C particularly hypothyroidism (see chapter on Approach to the Patient with Dyslipidemia) (54).

Atherosclerotic Cardiovascular Disease in Heterozygous Familial Hypercholesterolemia 

Patients with FH have a 3-13 fold higher risk of ASCVD (55). Untreated males with FH have a 50% risk for a fatal or non-fatal myocardial infarction by 50 years of age whereas untreated females have a 30% chance by age 60 (56,57). However, it should be recognized that there is heterogeneity of ASCVD risk. Other cardiovascular risk factors, such as male sex, BMI, diabetes, hypertension, smoking, low HDL-C levels, and Lp(a) levels modulate the risk of ASCVD (55). Patients with FH who have corneal arcus or xanthomas are more likely to have ASCVD (58-60). Of particular note, patients with mutations that result in FH have a greater ASCVD risk than patients with equivalent LDL-C levels (6,29). This is likely due to the LDL-C elevations being present from birth (lifelong exposure to elevated LDL-C). 

Other Manifestations

Early onset corneal arcus (age < 45) and tendinous xanthomas, particularly the Achilles tendon and dorsum of hands, are classical abnormalities that occur in patients with FH. Xanthelasma ((xanthomas in eyelids) and tuberous xanthoma may also be seen. However, it should be recognized that in the modern era with the increased treatment of elevated LDL-C levels these abnormalities are no longer frequently seen (only 5-35% of patients have xanthoma or corneal arcus currently) (61,62). 

Homozygous Familiar Hypercholesterolemia

This is a rare disorder with untreated LDL-C levels that vary but are markedly elevated (usually > 300 mg/dL but often > 500 mg/dL) (63). Patients who are LDLR negative have higher LDL-C and a poorer clinical prognosis than LDLR defective patients (63). Lp(a) levels tend to be higher than observed in patients with HeFH (11). Additionally, HDL-C levels tend to be decreased in HoFH (63). Tendinous xanthoma, tuberous xanthomas, and arcus cornea may appear in childhood (63). If untreated >50% of patient with HoFH develop clinically significant ACVD by age of 30 and cardiovascular events can occur before age 10 in some patients (64). Almost 90% of patients with HoFH suffered a cardiovascular event by age 40 (64). Cholesterol and calcium deposits can lead to aortic stenosis and occasionally to mitral regurgitation (63,65-67).

DIAGNOSIS

FH, despite its different underlying gene abnormalities, leads to severe hypercholesterolemia and a distinct FH phenotype with markedly increased risk of developing CAD. In general, there are five major clinical criteria for diagnosing FH (see table 3): a family history of early CAD (less than age 55 in a first-degree relative in men, and less than age 65 in women), early CAD in the index case, elevated LDL-C (greater than 190 mg/dL), tendon xanthomas (especially in the Achilles and finger extensor tendons), and corneal arcus (which is highly specific in younger patients, but overall an insensitive finding). Mutations in any of the aforementioned genes of the LDLR pathway, when they are identified, are diagnostic. 

	TABLE 3: MAJOR CLINICAL CRITERIA FOR DIAGNOSING FH

	When to Suspect FH

	1) If LDL-C levels are > 190 mg/dL (4.92 mMol/L) or non-HDL-C levels are >220 mg/dL (5.70mMol/L)

	2) Patients with premature ASCVD (<55 years of age in male and <65 years of age in females)

	3) Family history of hypercholesterolemia

	4) When there is a positive family history of premature ASCVD (<55 years of age in male and <65 years of age in females)

	5) When tendon xanthomas or corneal arcus (< age 45) are present on physical exam



As has been mentioned in other chapters of this text, when evaluating a patient suspected of having FH, it is critical to rule out secondary causes of hypercholesterolemia, such as hypothyroidism, nephrotic syndrome, and liver disease. Another extremely rare cause of non-FH has been described, involving autoantibodies to LDLR that inhibit receptor-mediated binding and catabolism of LDL-C (68).

There are three sets of statistically validated criteria that are most commonly used in the diagnosis of FH: the Dutch Lipid Network criteria, Simon Broome Register criteria, and Make Early Diagnosis to Prevent Early Deaths (MEDPED) criteria (69,70). These are summarized in Table 4, below (71).


	TABLE 4: SCORING SYSTEMS FOR DIAGNOSING FH

	MEDPED Criteria (USA)

	
	Total cholesterol (LDL-C) levels in mg/dL

	Age
	1st degree relative
	2nd degree relative
	3rd degree relative
	General population

	< 18
	220 (155)
	230 (165)
	240 (170)
	270 (200)

	20
	240 (170)
	250 (180)
	260 (185)
	290 (220)

	30
	270 (190)
	280 (200)
	290 (210)
	340 (240)

	> 40
	290 (205)
	300 (215)
	310 (225)
	360 (260)

	Simon Broome Criteria (UK)

	Total cholesterol (LDL-C) 290 (190) mg/dL in adults, or 260 (155) mg/dL in children
	AND 
	DNA mutation                                                  Definite FH    

	
	
	Tendon xanthomas in patient or 1st or 2nd       Probable FH
degree relative


	
	
	Family history of MI at age < 50 in 2nd              Possible FH
degree relative or < 60 in 1st degree relative
OR
Family history of total cholesterol > 290 
mg/dL in 1st or 2nd degree relative

			Dutch Criteria (Netherlands)

	1 point
	1st degree relative with premature CVD or LDL-C > 95th percentile, OR
Personal history of premature peripheral or cerebrovascular disease, OR
LDL-C 155-189 mg/dL
	Definite FH 
(8 points or more)


Probable FH (6-7 points)



Possible FH
(3-5 points)


	2 points
	1st degree relative with tendon xanthoma or corneal arcus, OR
1st degree relative child (< 18 years) with LDL-C > 95th percentile, OR
Personal history of CAD
	

	3 points
	LDL-C 190-249 mg/dL
	

	4 points
	Presence of corneal arcus in patient < 45 years old
	

	5 points
	LDL-C 250-329 mg/dL
	

	6 points
	Presence of a tendon xanthoma
	

	8 points
	LDL-C > 330 mg/dL, OR
Functional mutation of the LDLR gene
	


Adapted from Fahed et al., Nutrition & Metabolism 2011;8:23.

Unlike MEDPED criteria, which use only lipid levels, the Simon Broome and Dutch criteria also use family history, personal history, physical exam findings, and genetic testing to establish an FH diagnosis. Again, however, it should be emphasized that FH should be diagnosed phenotypically, as opposed to genetically—most FH patients are genotype-negative and do not possess a clear genetic substrate for their hyperlipidemic phenotype, but they clearly warrant aggressive intervention. 

It is important to note that in the modern era of earlier recognition, wide-spread statin use and possibly improved dietary messages, it is often difficult to make a definitive or probable diagnosis of FH using clinical criteria (i.e. treatment reduces the development of xanthomas and corneal arcus and reduces or delays the occurrence of ASCVD events in patients and relatives). Similarly, it is often very difficult to know the before treatment LDL-C levels (27).

While genetic screening is not required for clinical management, lipid screening in family members should be undertaken in all individuals by age 20, starting as early as age 2 (42). Cascade screening—i.e., lipid screening of first-degree relatives of the proband—is infrequently employed, but is recommended as the most economical method of identifying new cases of FH (43). It is the responsibility of the examining clinician to attempt identification of other cases when making the diagnosis of FH in any given patient. 

TREATMENT 

Goals of Therapy

[bookmark: _Hlk532631973]In genetic disorders causing hypercholesterolemia, aggressive lipid-lowering through lifestyle modification, pharmacologic treatment, and invasive treatments such as apheresis has been shown to decrease angiographically-apparent CAD and reduce cardiovascular events (64,72,73). However, traditional risk assessment tools like the Framingham risk score do not apply to FH patients. Recent guidelines suggest that drug therapy should be initiated when LDL-C is greater than 190 mg/dL in all patients, including children over the age of eight (74,75). Most recommend at least a 50% reduction in LDL-C with statin therapy as a starting goal, with some advocating for targeting LDL-C less than 100 mg/dL and consideration of non-statin options (ezetimibe, bile-acid sequestrants, and PCSK9 inhibitors) should these threshold not be met (75,76). The European Atherosclerosis Society suggests LDL-C goals of less than 135 mg/dL in pediatric patients, less than 100 mg/dL in adults, and less than 70 mg/dL in adults with known CAD or diabetes mellitus (a goal that is seldom attained in most FH patients) (7).


	TABLE 5: GUIDELINE RECOMMENDATIONS FOR TREATING FH

	
	NLA Expert panel on pediatric FH(74)
	AHA/ACC 2018 cholesterol guideline(75)
	NLA Expert panel on adult FH(76)
	EAS guideline on FH(7)

	Age to initiate treatment
	≥ 8 years (earlier in special cases i.e. HoFH)
	≥ 20 years
	Not specified – “After a confirmatory diagnosis of FH …adult FH patients
should receive initial treatment”
	≥ 8 years

	Agent recommended
	Statins are preferred

Non-statin options (ezetimibe, BAS, fibrates, niacin) are discussed but not routinely recommended due to lack of FDA approval or adverse drug events
	Statins are preferred 

Non-statin options (ezetimibe, BAS, PCSK9 inhibitors) are also recommended as add on therapy
	Statins are preferred 

Non-statin options (ezetimibe, BAS, niacin) or LDL apheresis are also recommended as add on therapy or in statin intolerant patients
	Statins are preferred 

Non-statin options (ezetimibe, BAS) or LDL apheresis are also recommended as add on therapy or in statin intolerant patients

	Goal of therapy
	≥ 50% reduction in LDL-C or LDL-C < 130 mg/dL
	≥ 50% reduction in LDL-C or LDL-C < 100 mg/dL
	≥ 50% reduction in LDL-C
	LDL-C < 135 mg/dL in pediatrics, < 100 mg/dL in adults, < 70 mg/dL in adults with CAD or diabetes


AHA / ACC: American Heart Association / American College of Cardiology; EAS: European Atherosclerosis Society; NLA: National Lipid Association; BAS: bile-acid sequestrants

In our view in FH patients without clinical ASCVD one should aim for an LDL-C level < 100 mg/dL (2.59 mMol/L). In patients with clinical ASCVD the goal, at a minimum should be an LDL-C level < 70 mg/dL (1.81 mMol/L) with many experts recommending LDL-C levels < 55 mg/dL (1.4 2mMol/L), particularly when patients have additional risk factors (acute coronary syndrome, diabetes, polyvascular disease, etc.). In patients without ASCVD but who are at high risk due to other risk factors such as diabetes, Lp(a) > 50 mg/dL, smokers, a strong family history of premature ASCVD, etc. many experts would recommend an LDL-C goal of < 70 mg/dL (1.81 mMol/L). In patients with FH it may be difficult to achieve these goals.

Treatment of Patients with Heterozygous Familial Hypercholesterolemia

As with almost all metabolic disorder we should encourage the patient to follow a lifestyle that will reduce disease manifestations. However, lifestyle changes are very rarely sufficient to lower LDL-C levels to the desired range in patients with FH and therefore cholesterol lowering drugs will be required (see figure 2) (for detailed information on cholesterol lowering drugs see the chapter on cholesterol lowering drugs (77). In patients with HeFH, statins are a mainstay of treatment, despite the dearth of randomized clinical trials of statin efficacy in this special population. The major early statin trials (4S and WOSCOPS) likely had study populations that were enriched with FH patients, given that mean baseline LDL-C ranged from 189 to 216 mg/dL (78,79). Patients should be treated with atorvastatin 40-80 mg per day or rosuvastatin 20-40 mg per day (i.e. intensive statin therapy). As monotherapy, statins can reduce LDL-C by up to 60% (80). The vast majority of patients, however, require additional pharmacotherapy. When intensive statin therapy does not result in an LDL-C level in the desired range additional therapy should be added. Given that ezetimibe is now generic, relatively inexpensive, well tolerated, and has evidence for ASCVD risk reduction in a large cardiovascular outcome trial, this is frequently the next drug used (81). One can anticipate that ezetimibe 10 mg per day added to intensive statin therapy will result in an approximate 20% further reduction in LDL-C. If this is not sufficient one can then use a PCSK9 inhibitor to achieve the desired cholesterol goal. Adding a PCSK9 inhibitor will result in a further 50-60% decrease in LDL-C levels and in most patients will result in LDL-C levels in the desired range. In some instances, if the LDL-C level is far from goal (> 25%) on intensive statin therapy one can skip treating with ezetimibe and proceed directly to adding a PCSK9 inhibitor. In certain instances, bile resin binders may be useful in the treatment of FH (for example pregnant and lactating patients).
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FIGURE 2. Approach to the Pharmacologic Treatment of Patients with Heterozygous Familial Hypercholesterolemia       

The effect of PCSK9 inhibitors in patients with HeFH has been extensively studied (53,82-93). An analysis of the ODYSSEY trials (FH I, FH II, LONG TERM, and HIGH FH) evaluated alirocumab use (75 or 150 mg every 14 days) in 1,257 HeFH patients. The primary endpoint was LDL-C at 24 weeks; alirocumab resulted in a more than 55% reduction in LDL-C compared with placebo (92). In another trial, alirocumab 150 mg every 14 days in 62 apheresis patients reduced the primary endpoint, rate of apheresis treatments over 12 weeks, by 75%, with 63.4% of patients completely discontinuing apheresis treatments due to well controlled LDL-C values (91). The RUTHERFORD-2 trial, evaluated more than 300 patients with HeFH randomized to either high- or low-dose evolocumab versus placebo. At both dosing regimens, evolocumab resulted in significantly reduced LDL-C at 12 weeks compared with placebo (>60%) (53). Thus, PCSK9 inhibitors are very effective at lowering LDL cholesterol levels in HeFH patients.

Additionally, there are two cardiovascular outcomes trials that evaluated the FDA approved monoclonal antibodies targeting PCSK9. The FOURIER trial evaluated almost 28,000 subjects with stable vascular disease (CAD, stroke, peripheral arterial disease) on optimized statin therapy and randomized them to either placebo or evolocumab. Evolocumab therapy was associated with a 60% reduction in LDL-C and a 15% reduction in the primary 5-point major adverse cardiovascular outcome endpoint (94). ODYSSEY OUTCOMES enrolled approximately 18,000 subjects with recent acute coronary syndrome (1-12 months prior to enrollment in the trial) who were on high-intensity statin therapy at baseline and randomized them to placebo or alirocumab. Alirocumab was also associated with a 15% reduction in the primary outcome, in this case a 4-point composite of major adverse cardiovascular events (95). Major guidelines, consensus documents, and expert recommendations suggest consideration of a PCSK9 inhibitor (in addition to background statin +/- ezetimibe therapy) in high risk patients with established ASCVD and/or in patients with severe hypercholesterolemia when LDL-C values exceed 70 or 100 mg/dL respectively (75,96-99). Currently, only evolocumab carries an FDA labeled indication for ASCVD risk reduction in patients with established ASCVD though it is expected alirocumab will follow suit soon given recent publication of its landmark outcomes trial.

Treatment of Patients with Homozygous Familial Hypercholesterolemia

The initial therapy in patients with HoFH is identical to the treatment of patients with HeFH. However, statins and ezetimibe may prove relatively ineffective in the treatment of HoFH because the mode of action of these drugs largely depends on the upregulation of functional LDLR in the liver. In HoFH, measurable activity of both copies of the LDLR is absent or greatly reduced (64). 

In patients with HoFH, response to PCSK9 inhibition varies depending on the specific gene defect. In the TESLA-B trial, 49 patients with HoFH were treated with evolocumab or placebo every four weeks for 12 weeks. LDL-C in the evolocumab treatment arm was significantly reduced by almost 31% compared with placebo. In addition to overall reduction in LDL-C, the trial investigators examined the treatment effect by LDLR mutation status. They found that the response to evolocumab aligns with the genetic cause of HoFH, with a greater reduction in LDL-C observed in subjects with two LDL receptor-defective mutations (i.e., abnormal receptor functionality in both alleles) when compared with those patients with even just one LDL receptor-negative mutation (i.e., nonexistent receptor functionality in one allele) (100). Similar results were seen in a smaller HoFH trial (101). 

Standard triple drug therapy (statin, ezetimibe, PCSK9 inhibitor) often does not result in a sufficient lowering of LDL-C due to the combination of the very high baseline LDL-C and the relative resistance of patients with HoFH to drug therapy. Novel agents approved specifically for the treatment of severe hypercholesterolemia include microsomal triglyceride transfer protein (MTP) inhibitors and apoB-100 antisense oligonucleotides (ASO). MTP is involved in the transfer of lipid droplets to apoB as well as assembly and secretion of apoB-containing lipoproteins in the liver and gut. MTP inhibition thus reduces production and secretion of chylomicrons and VLDL-C. In one study, 29 patients with HoFH were treated with the MTP inhibitor lomitapide for 26 weeks and were followed until week 78. Average LDL-C reductions were 50% (to 166 mg/dl) at week 26, 44% (to 197 mg/dL) at week 52, and 38% (to 208 mg/dL) at week 78 (102). 

ASO molecules bind to specific mRNAs and target them for degradation, reducing protein synthesis in the process. Mipomersen is an ASO that binds to apoB-100 mRNA and thus prevents the formation of apoB-100. Mipomersen results in decreased synthesis of apoB-containing lipoproteins, mostly VLDL-C, eventually leading to a drastic reduction of LDL-C levels in plasma. In one trial, 51 patients with either genetically-defined HoFH, untreated LDL-C levels of >500 mg/dL plus xanthomas, or evidence of HeFH in both parents were randomized to placebo versus mipomersen for a treatment duration of 26 weeks. In the placebo group, baseline LDL-C was 402 mg/dL and declined to 390 mg/dL; in the treatment group, baseline LDL-C dropped from 440 mg/dl to 324 mg/dL (103). Unfortunately, the manufacturer of mipomersen removed the product from the market in June 2018. 

In patients in which drug therapy is either not successful at lowering LDL-C or not well tolerated one can consider lipoprotein apheresis. The FDA has approved lipoprotein apheresis for subjects with CVD and LDL-C >200 mg/dL or without CVD and LDL-C >300 mg/dL (104). Recently, this threshold has been moved to 160 mg/dL, thus increasing the target population for cholesterol dialysis at a time when arrival of stronger medications is curtailing patient entry into this therapeutic program. The process, which involves removing apoB-containing lipoproteins from plasma, is usually performed every two weeks and results in a 60-70% reduction of LDL-C and Lp(a) in the immediate post-procedure period. Levels tend to revert to baseline within two weeks. For more detailed information on lipoprotein apheresis see the Endotext chapter on this topic (105). 
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