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Familial hypercholesterolemia (FH) is an autosomal-domi-
nant genetic disease present in all racial and ethnic groups
and has long been recognized as a cause of premature athero-
sclerotic coronary heart disease.'” Heterozygous FH has the
highest prevalence of genetic defects that cause significant pre-
mature mortality (=1:200 to 1:500 or higher in founder popula-
tions). The genetic basis of the disorder, impaired functioning
of the low-density lipoprotein (LDL) receptor, was first recog-
nized by Goldstein and Brown* in their Nobel Prize—winning
work. Studies of LDL receptor function have identified addi-
tional mechanisms for the pathogenesis of FH (defects in apoli-
poprotein [apo] B impairing binding with the LDL receptor and
gain-of-function mutations in proprotein convertase subtulisin/
kexin type 9 [PCSK9] that enhance LDL receptor degradation).
FH leads to elevated LDL concentrations, with levels in het-
erozygous FH generally in untreated adults >190 mg/dL. LDL
cholesterol (LDL-C) and in untreated children or adolescents
>160 mg/dL LDL-C. Long-term exposure to elevated plasma
concentrations of LDL-C begins in utero, leading in heterozy-
gotes to premature ischemic heart disease in mid adulthood and
in homozygotes to ischemic heart disease in childhood or early
adulthood. In those who meet clinical definitions of FH based
on LDL-C levels and family history, genetic testing identifies
mutations in most children and a large percentage of adults.>®

Complementing these cell biology discoveries has been
drug discovery that has linked enhancement of LDL receptor
function to LDL-C lowering and successful prevention of isch-
emic heart disease, first with statins and now with newer drugs
that affect LDL receptor function in other ways, including those
that impair PCSK9 regulation of LDL receptor recycling.” The
natural history of FH, the natural history of genetic disorders
that lead to lifelong low LDL-C, and the dramatic improve-
ment in life expectancy created by effective cholesterol low-
ering provide the biological underpinning of the cholesterol
hypothesis with regard to atherosclerotic vascular disease.®!

Despite these scientific advances, FH remains underdi-
agnosed and undertreated worldwide.! Most patients receive
treatment in primary care settings without recognition of the
genetic implications of the disease. Guidelines and consen-
sus statements have been published to improve FH awareness
and care.'!>13 Improved identification of heterozygous and
homozygous individuals at a young age has emerged as a pri-
ority given that lifelong exposure to elevated LDL-C levels
is the cause of ischemic heart disease and that effective treat-
ment to lower LDL-C levels and to prevent or delay future
ischemic heart disease exists. FH has been recognized as a tier
1 genetic disorder by the Centers for Disease Control Office
of Public Health Genomics in the United States, meaning that
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sufficient evidence for health benefit exists to implement case
finding via family history—based screening, cascade screen-
ing, or other strategies. Importantly, FH advocacy groups,
often led by affected individuals with the support of interested
scientists and clinicians, have organized to increase FH aware-
ness and to lobby for an improved focus on FH care needs in
individual countries.

Nevertheless, significant challenges to optimizing FH care
exist. These include controversy over the value of universal or
cascade cholesterol screening for identifying those with FH, lack
of prevention research specific to FH distinct from lipid research
in the larger community, and lack of integrated case manage-
ment protocols across the continuum of care for the family with
multiple affected members. The Familial Hypercholesterolemia
Foundation and the National Lipid Association have proposed
the creation of specific International Classification of Diseases,
10th Revision, codes for heterozygous FH, homozygous FH,
and family history of FH. Having specific diagnostic coding
will allow FH patients insurance rights similar to those of indi-
viduals with other inherited diseases.

The purpose of this scientific statement is to provide an
agenda for further progress, building on the platform provided
by recent guidelines and reviews of progress with regard to
diagnosis and treatment. Patient perspectives are critical to
optimizing care because patients have to live with fears con-
cerning premature heart disease, implications of genetic diag-
nosis, and lifelong pharmacological care for a condition that
has no symptoms before a coronary event. Genetic diagnosis
and genotype/phenotype correlations have created questions
related to diagnosis, particularly with regard to the meaning
of heterozygosity and homozygosity, inheritance risk, genetic
interactions, and genetic modifiers and defining disease sever-
ity." Important aspects of natural history need to be better
understood, including rates of disease progression in both
heterozygous and homozygous FH, the role of subclinical
atherosclerosis screening in clinical decision making, and the
role of computed tomographic (CT) coronary imaging for risk
stratification in middle age. Identification of all patients with
FH is critical, but the optimal screening strategy has not been
determined, and the complementary roles of genetic testing,
family history, and LDL-C need to be further defined, particu-
larly for children. Strategies for the initiation of treatment and
for treatment goals have been developed, but evidence gaps
remain. Internationally, different healthcare systems with dif-
ferent resources create a need for local models of care (MoCs)
for FH recognition and treatment.

Patient Perspectives
Although FH is a common genetic disorder that substantially
shortens life expectancy, public awareness is low, and less is
known about patient perceptions compared with other inherited
disorders, including conditions such as breast cancer and colon
cancer. Each patient confronted with the diagnosis of FH will
have a unique perspective on all medical aspects considered in
this report, including medical morbidity, diagnostic and genetic
testing, and lifetime treatment, informed by his or her personal
or family’s past experiences. Certain broad themes affect patient
engagement, including family stress and emotional vulnerabil-
ity. Inadequate assessment of family history and experience

may lead to poor communication between providers and fami-
lies. Consideration should be given to the effects of preventive
treatment in the youngest individuals, fear of coronary artery
disease (CAD) in older individuals, burden of long-term care,
and concerns for the next generation in parents and grandpar-
ents. Clear explanations are required of diagnostic tests, includ-
ing plasma lipids, use of genetic testing, and cascade screening
(systematic evaluation of first-degree relatives for FH and fur-
ther if needed). Although the diagnostic process in FH can cre-
ate concerns about cost, insurance implications, loss of privacy,
and possible discrimination, cascade screening has not led to
psychological or social harm to adults or children.!>-"7

Perception of risk may affect patient behavior. Patients may
underestimate their cardiovascular disease risk and inappropri-
ately have little confidence in lifestyle measures. Family history
of disease may be more impactful to patients than their genetic
mutation status. Risk perception is personal and dynamic and
may be changed by a CAD event in the family, a change in or
an onset of symptoms, or a major life event such as becoming
a parent. Patients feel safer while taking medication and guilty
when noncompliant.'®!" Parents are critical in promoting treat-
ment adherence, but gaps often exist between children’s and
parents’ perspectives of the disease. These perceptions affect
adherence to both lifestyle interventions and medications.?*!

Studies assessing the quality of life (QOL) of treatment
modality in FH patients are small with the exception of 1
Dutch study. All studies were conducted outside the United
States and used different methods to assess QOL.**"" In gen-
eral, pediatric and adult FH patients receiving dietary and
pharmacotherapy have a QOL comparable to that of healthy
reference populations.?*? Patients appeared to feel safer when
taking their medications, but women appear to be more wor-
ried about the effects that the medications may have on their
or their children’s bodies.?>** In general, x80% of patients
self-report that medication and dietary adherence and clinical
benefits outweigh other concerns. Nonetheless, slightly <10%
would rather not comply with treatment recommendations; the
remainder are intermittently compliant. Unfortunately, most
recent intervention trials do not assess QOL during treatment.

Patients undergoing lipoprotein apheresis (LA) appear to
have a lower QOL compared with patients receiving dietary
therapy and pharmacotherapy only, but concurrent cardiovas-
cular disease may be contributory to this perception.??¢ Relief
of angina improves QOL, but frequent testing and other moni-
toring requirements with apheresis reduce QOL.

Clinicians’ provision of longitudinal and patient-specific
education about treatments helps ensure that patients under-
stand the benefits and risk, minimize adverse events, reduce
anxiety, enhance adherence, maximize benefits, and improve
QOL. Clinicians need to recognize variation in risk perception
because it can affect the patient’s vulnerability, health-seeking
behavior, and motivation for medical treatment. Genetic coun-
selors may be extremely helpful in the counseling process.
Discussion of side effects should be frank and accurate and
include side effects not associated with statins. Most impor-
tant, clinicians must recognize differences between their per-
ceptions of risk and their patients’ perceptions of risk. Table 1
provides a list of issues to address in counseling, and Table 2
provides a list of international resources for FH education.
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Table 1. Issues to Address With Families Affected by FH

Individual and family experiences, including CVD events, response to treatment
Genetics and implications of genetic diagnosis
Risk perception, including fear of future events

Medication side effects, including short-term, midterm, and lifetime
treatment needs

Medication adherence

Assessment and treatment of other cardiovascular risk factors
Pregnancy

Costs and insurance

Lifestyle behaviors, self-efficacy around lifestyle change

CVD indicates cardiovascular disease; and FH, familial hypercholesterolemia.

Pathogenesis and Genetics

FH was described for the first time >125 years ago. Initially,
it was classified as a dermatological disorder given its visual
characteristics such as xanthomas and xanthelasmas.”® Later,
FH was linked to a high incidence of premature atherosclerosis,
resulting in coronary, cerebral, or peripheral arterial disease.”
Family studies by Wilkinson et al* laid the hereditary basis for
FH, after which Khachadurian® demonstrated the autosomal-
dominant mode of inheritance. Increased LDL-C was recog-
nized as the hallmark of the disease.**** This observation led
to the discovery of a receptor for LDL particles.** It was later
proven that the underlying molecular cause of FH consisted
of mutations in the gene that coded for the LDL receptor pro-
tein. Mutations in this gene result in failure to produce LDL
receptor protein or in a reduction in LDL receptor activity, with
increased levels of LDL-C in plasma as a consequence.®

Table 2. Resources for FH Education for Patients and
Families

Global genes (globalgenes.org)
International FH Foundation (www.fh-foundation.org)
Australia
Australian Heart Foundation (www.heartfoundation.org.au)
FH Australasian Network (www.athero.org.au)
Brazil
Hipercol Brasil (www.hipercolesterolemia.com.br)
Spain
Fundacién Hipercolesterolemia Familiar (www.colesterolfamiliar.org)
United Kingdom
Heart UK-The Cholesterol Charity (www.heartuk.org.uk)
British Heart Foundation (www.bhf.org.uk)
United States
The FH Foundation (www.thefhfoundation.org)
The Foundation of the National Lipid Association (www.learnyourlipids.com)

National Human Genome Research Institute, National Institutes of Health
(www.genome.gov/25520184)

National Institutes of Health, clinical trials (clinicalstudies.info.nih.gov)
National Organization for Rare Disorders (www.rarediseases.org)

Preventive Cardiovascular Nurses Association (www.pcna.net/patients/
familial-hypercholesterolemia)

FH indicates familial hypercholesterolemia.
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LDL accounts for 75% of the cholesterol transport in the
body, and the majority of LDL, =70%, is cleared from the
plasma by LDL receptors located on the cellular membranes
of liver cells. The LDL receptor is responsible for the binding
and subsequent cellular uptake of apolipoprotein B (apoB)-
and apoE-containing lipoproteins. The LDL receptor locus
is located on chromosome 19p13.1-13.3 and comprises 18
coding regions (exons) and 17 intervening noncoding regions
(introns; Figure 1).% The LDL receptor gene is a housekeeping
gene that is translated into LDL receptors in most tissues. The
transcription is regulated by a negative feedback mechanism
controlled by the cellular content of cholesterol that involves
steroid regulatory element—binding protein. Prevention of
LDL receptor recycling to the cell surface and subsequent
degradation are regulated by PCSK9, a peptide that directs
the receptor to lysosomal degradation within the hepatocyte.

The naturally occurring mutations of the LDL receptor
can be divided into 6 classes affecting different aspects of
LDL receptor function®* (Table 3 and Figure 2), and to date,
>1200 different mutations of all type have been described.**
The functional defects in the LDL receptor are complex, and
a mutation can belong to >1 class.’” In practice, it is simpler
to classify mutations into 2 groups: LDL receptor—deficient
mutations (ie, null alleles that do not produce LDL recep-
tor protein) and LDL receptor—defective mutations (ie, gene
variants that affect function such as the interaction with the
ligand-binding domain of LDL).

Mutations in other genes impairing LDL receptor function
are also known to cause inherited hypercholesterolemia, with
clinical features indistinguishable from FH.*#* Structural rear-
rangements in the domain of apoB that interacts with the LDL
receptor, caused by mutations principally in exons 26 and 29 of
the APOB gene, interfere with binding of the LDL particle to
the LDL receptor and result in elevated LDL-C, although levels
may be slightly lower than for LDL receptor defects.*#¢ This
disorder has also been referred to as familial defective apoB.

A specific mutation in the gene coding for PCSK9 was shown
to be involved in the pathogenesis of autosomal-dominant hyper-
cholesterolemia.*’ These gain-of-function mutations enhance
the affinity of the PCSK9 protein to bind to the LDL receptor,
interfere with the dissociation of the LDL receptor/LDL com-
plex in the endosomes, prevent recycling of the receptor, increase
degradation of the LDL receptor, and hence reduce the number
of LDL receptors on the surface of the liver cell.*® The APOE
gene may be a fourth locus containing FH-causing mutations.*
Autosomal-recessive hypercholesterolemia, caused by loss-of-
function mutations in LDL receptor adaptor protein 1, located on
chromosome 1p36-35, causes a very small percentage of cases.
LDL receptor adaptor protein 1 mutations lead to the production
of a small, nonfunctional LDL receptor adaptor protein 1 protein
or prevent cells from making this protein, thereby preventing LDL
receptors from removing LDL from the circulation effectively.
Although the receptors can still bind normally to LDL, the lack
of LDL receptor adaptor protein 1 prevents the LDL receptor/
LDL complex to be transported into the cell.’! Because the gene
is recessive, parents may not have elevated cholesterol. The phe-
notype is often less severe than homozygous FH caused by LDL
receptor defects. A second autosomal-recessive genetic cause,
lysosomal acid lipase deficiency, has recently been identified.”
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Figure 1. The different domains in the low-density lipoprotein
(LDL) receptor protein are encoded by specific regions in the LDL
receptor gene. EGF indicates endothelial growth factor.

Numerous studies have investigated the relationship
between specific mutations or mutation classes and the clini-
cal expression of the disease.***%° The major effect of the

Table 3. Classes of LDL Receptor Mutations

type of LDL receptor mutation relates to the contribution of
the defect to the LDL-C level.”® Additional genetic variants
that affect LDL-C level to a small degree explain variation in
LDL-C levels independently of the major FH-causing gene.>**
Gene mutations that cause FH can rarely occur in combination
with genes that lower LDL-C in the same individual, causing
lower-than-expected LDL-C levels.® Triglyceride and high-
density lipoprotein cholesterol levels are usually unaffected
by FH-causing gene mutations but may be altered by obesity
and insulin resistance.®!

In the future, genetic testing provides the hope for the
most accurate diagnostic classification. Although LDL-C lev-
els drive risk, interactions among the many cholesterol-raising
and -lowering genes will have implications for the individual
and his or her offspring because any given person has only 1
set of these diverse alleles that determine variation in choles-
terol for himself or herself and risk of disease transmission to
the next generation.

Natural History of Heterozygous FH and the
Role of Subclinical Atherosclerosis Imaging

Youth

In childhood and adolescence, the only clinical recognition
is provided by the presence of an extremely elevated LDL-C
level, often >190 mg/dL. However, LDL-C levels as low as
140 mg/dL have been found in genetically confirmed cases.*!?

Class 1: synthesis of receptor
or precursor protein is absent

Class 2: absent or impaired
formation of receptor protein

Class 3: normal synthesis of
receptor protein, abnormal
LDL binding

Class 4: clustering in coated
pits, internalization of the
receptor complex does not
take place

Class 5: receptors are not
recycled and are rapidly
degraded

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

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.

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 40000 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.

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.

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).

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.

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.®

EGF indicates endothelial growth factor; ER, endoplasmic reticulum; FH, familial hypercholesterolemia; LDL, low-density lipoprotein;
and LDL-C, low-density lipoprotein cholesterol.
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Figure 2. The known mechanisms causing familial hypercholesterolemia linked to low-density lipoprotein (LDL) receptor (LDLR)
function. Numbers 1 through 6 correspond to the mechanisms of LDLR dysfunction discussed in the text and Table 3. Familial defective
apolipoprotein B (apoB) impairs the ability of the apoB to bind with the LDLR. LDLR adaptor protein (LDLRAP) impairs the ability of the
LDLR to interact with LDL particles to extract cholesterol. Proprotein convertase subtulisin/kexin type 9 (PCSK9) gain-of-function (GOF)

mutations inhibit LDLR function and increase the degradation of LDLRs.

Autopsy studies suggest that the elevation of LDL-C asso-
ciated with FH would confer a dramatic increase in athero-
sclerosis compared with normal LDL-C levels.®*% Vascular
imaging studies confirm the presence of subclinical athero-
sclerosis in affected individuals. By =8 to 10 years of age, the
carotid intima-media thickness of affected siblings is greater
than that of unaffected siblings, and aortic lesions can be seen
by magnetic resonance imaging.*% About 25% of adolescents
have detectable coronary artery calcium (CAC).%

Adulthood
With aging, physical manifestations of sustained elevations of
LDL-C may become apparent, including tendon xanthomas
and corneal arcus. However, the primary cardiovascular mani-
festation of FH in adulthood is angina or premature myocardial
infarction, which can occur as early as the third decade of life.
In the prestatin era, the median age of onset for the first myocar-
dial infarction was =50 years in men and 60 years in women."*’
Despite this high risk compared with unaffected individu-
als, the clinical course of atherosclerotic cardiovascular dis-
ease in FH subjects is variable, with the presence of higher
LDL-C levels and additional risk factors increasing risk.>’
The relative risk of mortality in FH compared with normolip-
idemic counterparts is much greater at younger ages than at
older ages. Data from the Simon Broome registry in the pres-
tatin era showed a standardized relative mortality rate of 125
(95% confidence interval, 15-451) and 48 (95% confidence
interval, 18—105) for women and men, respectively, in the 20-
to 29-year-old age group compared with paired normolipid-
emic subjects.®® In contrast, the relative risk in the same time
period for people 60 to 75 years of age was only 2.6 (95%

confidence interval, 1.3-4.5) for women and 1.1 (95% con-
fidence interval, 0.5-2.3) for men. Similar results have been
found in Dutch cohorts followed up longitudinally.'"*
Traditional cardiovascular risk factors and lipoprotein(a)
levels adversely affect the natural history of FH and CAD
rates.®!7%7* Levels of lipoprotein(a) are inherited as a codomi-
nant trait. Lipoprotein(a) is established as a cardiovascular risk
factor in the FH and non-FH population when levels exceed
50 mg/dL (75 nmol/L) with isoform-independent assays.”’
Although most FH subjects will develop coronary events and
early death, some will develop coronary events very late or will
not develop heart disease. Protective genetic factors against
CAD are incompletely understood. However, it is clear that
patients without coexistent, noncholesterol risk factors who
follow a healthy lifestyle bear a lower risk of CAD.%6!7!

Subclinical Atherosclerosis and Detection

of Myocardial Ischemia

Identification of silent myocardial ischemia indicates an ele-
vated risk for the occurrence of CAD events. At present, there
is no consensus on whether asymptomatic adult heterozygous
FH subjects should be submitted systematically to myocardial
stress evaluation to detect silent ischemia. Studies that include
a small number of subjects performed in the prestatin era using
either cardiac scintigraphy or exercise stress test showed the
presence of silent ischemia in =20% of asymptomatic hetero-
zygous FH men and male teenagers (mean age, 16 years).’s”
In these studies, the presence of ischemia was not associated
with LDL-C levels, smoking, or age. A positive exercise stress
test was also found in 20% of 194 heterozygous FH men and
women without previous manifestation of cardiovascular
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disease.”® However, in a larger group of 653 asymptomatic
heterozygous FH patients (42% male subjects with an average
age of 42 years, 70% using lipid-lowering therapy), a positive
stress test was found in 9% of the subjects.” Exercise stress
tests could also provide prognostic information in asymp-
tomatic heterozygous FH patients. After a 6-year follow-up,
when subjects with silent ischemia were excluded, lower
exercise capacity, heart rate recovery at 1 minute, and peak
pulse pressure were independently associated with the onset
of CAD.” Considering the accelerated development of CAD
in those with heterozygous FH, it seems reasonable to perform
stress testing and to evaluate exercise capacity periodically in
asymptomatic heterozygous FH patients, particularly those
with late diagnosis, with lipid-lowering treatment started in
adulthood, with a family history of early cardiac events, and
with an interest in competitive sports.

Subclinical Atherosclerosis Imaging
Subclinical atherosclerosis imaging has demonstrated an
asymptomatic atherosclerosis burden in FH populations.
Cross-sectional case-control studies have found an increased
prevalence and greater severity of subclinical coronary and
carotid atherosclerosis in heterozygous FH compared with
normolipidemic individuals.5¢8-3¢ Differences can be identi-
fied beginning at 8 years of age.®>%782 Cross-sectional stud-
ies have found not only higher CAC scores but also a greater
prevalence of noncalcified and obstructive plaques with the
use of cardiac CT angiography (CTA).**% Cardiac CTA
allows the detection not only of calcified but also of noncalci-
fied and mixed plaques if they are of sufficient size. CTA can
also quantify vessel lumen disease. The presence of plaques
on CTA was associated with older age, male sex, and higher
cholesterol levels. In 1 study, the presence of coronary lumen
obstruction was highly associated with higher CAC scores,
and a CAC score of 0 Agatston units excluded obstructive
CAD; conversely, 69% of patients with a CAC score >400
Agatston units exhibited obstructive CAD.¥3* Positron emis-
sion tomography has documented the presence of arterial wall
inflammation in patients with severe FH requiring LA. This
inflammation is relieved by the apheresis treatment.®

A significant limitation of currently validated clinical
algorithms for cardiovascular risk stratification, including the
Framingham risk score, is that they underestimate risk related
to lifelong exposure to elevated LDL-C levels.*® Patients with
FH should be considered high risk; additional risk factors will
contribute to further reduced life expectancy. CAC score has
been shown to reclassify the risk of cardiovascular disease in
intermediate-risk non-FH patients®’ and in patients with type
2 diabetes mellitus.®® An observational study suggests that
imaging may improve clinical differentiation between patients
with heterozygous FH and those with polygenic or secondary
hypercholesterolemia.® Despite the evidence that subclinical
atherosclerosis is more frequent and more intense in individu-
als with heterozygous FH than in matched normolipidemic
subjects, there is to date no FH-specific evidence that the
detection of advanced subclinical disease will improve reclas-
sification of cardiovascular risk.**** Childhood may be par-
ticularly important because risk may be underestimated in this
age group. In asymptomatic non-FH subjects, CTA helps in

identifying subjects at a higher risk for cardiovascular disease
events when significant atherosclerosis may be present despite
optimal treatment.”® However, it does not add reclassification
power over clinical evaluation and CAC quantification.

Population-based research on subclinical atherosclerosis
imaging and testing for silent myocardial ischemia may not
be generalizable to the FH population. Patients with FH are
exposed to elevated LDL-C levels from birth, accelerating the
development of atherosclerosis.

In FH, the expression of ischemic heart disease remains
variable, ranging from severe premature disease in up to
10% of affected individuals by 40 years of age but absence
of cardiovascular disease until late in life in a similar small
percentage. Thus, there is a need for studies of risk stratifica-
tion specific to heterozygous FH that include atherosclerosis
imaging and stress evaluation. Current clinical studies are
effective in documenting the extent of atherosclerosis in FH
patients and in clinical practice. The identification of an FH
patient with more advanced disease than expected may lead to
lifesaving therapy. However, current research does not answer
the question of how to successfully incorporate subclinical
atherosclerosis imaging into regular clinical care. Imaging
techniques such as CT for CAC quantification, CTA, and
carotid intima-media thickness could be studied with regard
to early atherosclerotic disease recognition, risk stratification
for intensity of intervention, and tracking of the effects of
treatment on disease. Moreover, it is necessary to determine
whether imaging or stress testing incorporated into treatment
algorithms improves outcomes. Both clinical trials and multi-
center registries could be used for this purpose.?*8+9!

Natural History of Homozygous FH and
Subclinical Atherosclerosis Imaging
Homozygous FH is characterized by a >4-fold increase in
plasma LDL-C concentrations detectable at birth.”?* These
high plasma LDL-C levels lead to deposits of cholesterol in
tendons, cutaneous tissues, and vasculature, including the
coronary arteries, aortic root and valve, carotid arteries, and
renal arteries.”® Severe and widespread atherosclerosis occurs
in all major arterial beds from a young age.”*** Untreated
patients with homozygous FH who are LDL receptor negative
(<2% residual of normal LDL receptor activity) rarely survive
beyond the second decade. LDL receptor—defective patients
(2%-25% residual activity) have a slightly better prognosis
but, with few exceptions, develop clinically significant coro-

nary and aortic valve disease by 30 years of age.”

Most clinical features in homozygous FH appear in the first
to second decade of life.”” The clinical diagnosis of homozy-
gous FH is typically based on the presence of cutaneous xantho-
mas (Figure 3) before 10 years of age and an untreated LDL-C
>500 mg/dL (13 mmol/L).** Interdigital xanthomas, particu-
larly between the thumb and index finger, are pathognomonic
(Figure 4). The severity of atherosclerosis tends to be propor-
tional to the extent and duration of elevated LDL-C.*® In homo-
zygous FH, children as young as 4 years of age have suffered
sudden death resulting from acute myocardial infarction.**1%
Although severe coronary atherosclerosis is the major cause of
death, supravalvular and aortic valve stenosis is also life-threat-
ening; young adults with homozygous FH with often require
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Figure 3. The clinical diagnosis of homozygous familial
hypercholesterolemia is typically based on the presence of
cutaneous xanthomas before 10 years of age and an untreated
low-density lipoprotein cholesterol >500 mg/dL (13 mmol/L).

aortic valve replacement.'”"'> Cholesterol-lowering treatment
has been associated with improved outcomes (Figure 5).°

CTA detects the presence of CAD in both asymptomatic
and symptomatic homozygous FH.'®!% CTA can be used
to detect aortic plaques affecting the coronary ostia and the
coronary tree. Because extensive CAC may not be present in
plaques in young subjects, CTA is preferable to simple non-
contrast CT to detect CAC."" CTA can exclude the presence
of severe coronary luminal obstructions.'” Finally, CTA can
be used to evaluate the supra-aortic valve region that is usually
compromised in homozygous FH.

As a result of hemodynamic stress over damaged valvular
and supravalvular regions, aortic disease may progress even
when LDL-C levels have been reduced.'® Transthoracic and
transesophageal echocardiography can be used to quantify the
severity of aortic valve and supra-aortic disease.!”” Magnetic
resonance imaging can also be used as an alternative to CTA
to study the aorta and to plan possible surgical interven-
tions.!”® Finally, B-mode ultrasound can be used to detect
carotid plaques and stenosis.'”

Figure 4. Interdigital xanthomas, particularly between the thumb
and index finger, are pathognomonic for homozygous familial
hypercholesterolemia.
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Figure 5. Cholesterol-lowering treatment has been associated
with improved outcomes. Cox proportional hazards model with
time-varying benefit from statin therapy comparing treated and
untreated personyears for (A) survival and (B) first major adverse
cardiovascular event (MACE) in patients with homozygous
familial hypercholesterolemia, with year of birth fixed as mean
year of birth. Reproduced from Raal et al.® Copyright © 2011,
American Heart Association, Inc.

In homozygous FH, the risk for CAD is high, and disease
progression is rapid. Clinicians should assume that athero-
sclerosis is present at the time of diagnosis, and a baseline
assessment of coronary atherosclerosis should be obtained.
Noninvasive imaging should be used to monitor for both ath-
erosclerotic (CTA, carotid intima-media thickness assessment,
exercise stress testing) and aortic valve disease (echocardiog-
raphy) progression and to guide intensification of therapy.

Diagnosis

Progress in FH has been hampered by the lack of a specific
International Classification of Diseases code to flag FH
patients once they have been identified. Current International
Classification of Diseases, Ninth Revision, codes for pure
hypercholesterolemia are widely applied to non-FH patients,
leading to misclassification. This hampers the ability to iden-
tify and track FH patients, as wel