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Inherited, or autosomal dominant, hypercholesterolaemia, with an average global prevalence of one in 500
individuals, is one of the most frequent inherited metabolic disorders. The disorder is associated with a
high risk for premature cardiovascular disease (CVD) and death as a consequence of accelerated
atherosclerosis. Although the molecular genetic basis is largely elucidated and effective medical treatment,
in the form of inhibitors of intracellular cholesterol synthesis, is available, the disorder is severely
underdiagnosed and undertreated. On the other hand, with the well-understood aetiology, the accurate
diagnosis, the availability of sensitive predictive makers and efficacious therapy, this disorder can serve as a
model for disease management: from early presymptomatic diagnosis, accurate prognosis, optimal
treatment and large-scale screening to population-based prevention of CVD.
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Clinical aspects
Autosomal dominant hypercholesterolaemia (ADH) is

clinically characterized by elevated total and low-density

lipoprotein (LDL) cholesterol levels in plasma.1 The

elevated LDL-cholesterol (LDL-C) levels lead to excessive

deposition of cholesterol in arterial walls, which eventually

results in accelerated atherosclerosis and premature cardio-

vascular disease (CVD). Additionally, and also as a result

of these elevated LDL-C levels, tendon xanthomas,

xanthelamata and an arcus cornealis may be found. The

onset and severity of CVD varies considerably in each ADH

patient, which primarily depends on the severity of the

elevated cholesterol levels and secondly on other risk

factors. These risk factors include: age (men over 45,

women over 55 years), family history of premature CVD,

cigarette smoking, hypertension (over 140/90mmHg), low

HDL cholesterol (below 35mg/dl or 0.9mmol/l) and

diabetes mellitus.2 ADH patients can roughly be divided

into four risk categories (Table 1).3

Untreated, 75% of male ADH patients suffer from CVD

before the age of 60 years.4 Characteristically, the mean age

of onset of CVD is between 40 and 45 years in men and

between 50 and 55 years in women with ADH.

Heterozygous ADH has a prevalence of approximately

one in 500 individuals, making it one of the most common

inherited disorders. The diagnosis of ADH is usually made

on the basis of clinical signs, but, since the physical

stigmata of ADH develop later in life, establishing the

diagnosis in younger patients is often difficult.1 Genetic

analysis, that is, the demonstration of a causative muta-

tion, provides the only unequivocal diagnosis.

Genetic aspects

The most prevalent underlying molecular defect of

ADH consists of mutations in the gene coding for the
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LDL-receptor protein. LDL particles bind to the LDL

receptor, are internalized and metabolized in the liver.

Mutations in the LDL-receptor gene (LDLR) impair the

internalization of the LDL particle, resulting in elevated

LDL-C levels in the circulation. ADH patients with an

identified LDLR mutation are diagnosed with familial

hypercholesterolaemia (FH).1 To date, more than 840

different mutations are known in the LDLR, which under-

lay FH. New mutations are identified on a regular basis.5,6

Crucial for the actual binding between the LDL receptor

and the LDL particle is the presence of apolipoprotein B

(APOB), the structural protein of the LDL particle. Muta-

tions in the LDL-receptor-binding domain of the APOB

protein are also known to cause high LDL-C levels. Five

different mutations located in this region of the APOB gene

are reported to cause a high cholesterol phenotype. These

patients are diagnosed as familial defective APOB (FDB),

which is clinically indistinguishable from FH.1,7 Not all

ADH cases can be explained on a molecular level by a

mutation in the LDLR or APOB gene.8 In an attempt to

elucidate the genetic background of the molecularly

uncharacterized ADH population, intensive research has

been carried out in the past years, and has resulted in the

identification of a third putative ADH locus located on

chromosome 1, encoding the proprotein convertase sub-

tilisin/kexin 9 (PCSK9).9 To date, only three mutations are

reported in this gene, cosegregating with a high cholesterol

phenotype.9–11 Screening for mutations in this gene in 300

ADH patients of Dutch descent, in which LDLR and APOB

were excluded, resulted in the identification of four genetic

variants not present in 400 control individuals. Subsequent

examination of the families in which these variants were

present demonstrated incomplete segregation with the

ADH phenotype. Although the precise mechanism and role

of PCSK9 in cholesterol metabolism nor the influence of

genetic variation in this gene are currently understood,

there is reasonable doubt that mutations in PCSK9 actually

result in the ADH phenotype in the Dutch population

(submitted for publication). On the contrary, very recent

findings show that nonsense mutations in the PCSK9 gene,

leading to loss of PCSK9 function, are associated with

significantly reduced LDL-C levels.12

Lipid-lowering treatment of ADH patients
Treatment goals

ADH patients can currently be divided into three distinct

groups: carriers of an LDLR mutation (FH), carriers of an

APOB mutation (FDB) and non-LDLR/non-APOB patients

(FH3). The phenotypic expression, in terms of levels of

LDL-C and onset and severity of atherosclerotic disease,

varies considerably in each group. Reduction of high

cholesterol levels in ADH patients will lead to a reduced

CVD risk. The first line of treatment is dietary therapy, but

efficacy is usually poor. Cholesterol levels almost always

remain high after dietary therapy and the drugs of first

choice are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-

CoA) reductase inhibitors (statins), which have been

proven to reduce cardiovascular events. Since the CVD

burden differs from patient to patient, treatment goals with

these statins for the individual patient depend on the

patient’s risk status (Table 2).3

Conventional lipid-lowering treatment

The most commonly used dose of statin differs for each

statin and depends on the potency of the drug. Never-

Table 1 Risk categories for ADH patients (LDL-C in mmol/l (mg/dl))

Risk category LDL cholesterol and additional risk factors

High risk Existing CVD or CVD risk equivalents, 10-year risk420% and LDL-C Z2.6 (100)
Moderately high risk Two or more risk factors, 10-year risk 10–20% and LDL-CZ3.4 (130)
Moderate risk Two or more risk factors, 10-year risk o10% and LDL-CZ4.1 (160)
Low risk 0–1 risk factor and LDL-CZ4.6 (190)

The 10-year risk is the risk to develop cardiovascular disease within the next 10 years.
CVD risk equivalents are diabetes or other forms of atherosclerotic disease, that is, peripheral arterial disease.

Table 2 Adult Treatment Panel III (ATPIII) LDL-C goals and cutpoints for the initiation of therapeutic lifestyle changes (TLC)
and drug therapy in the different risk categories

Risk category LDL-C target level Initiate TLC when Consider drug therapy when

High risk o2.6mmol/l (100mg/dl) Z2.6mmol/l (100mg/dl) Z2.6mmol/l (100mg/dl)a

Moderately high risk o3.4mmol/l (130mg/dl) Z3.4mmol/l (130mg/dl) Z3.4mmol/l (130mg/dl)a

Moderate risk o3.4mmol/l (130mg/dl) Z3.4mmol/l (130mg/dl) Z4.1mmol/l (160mg/dl)
Low risk o4.1mmol/l (160mg/dl) Z4.1mmol/l (160mg/dl) Z4.9mmol/l (190mg/dl)

LDL-C: LDL cholesterol.
aIn addition to dietary therapy.
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theless, many clinical trials with different dosing regimens

and duration have proven that the average dose of each

statin results in a significant reduction of total cholesterol

(17–31%), LDL-C (26–46%) and triglycerides (10–17%), as

well as increase of HDL cholesterol (6–12%) in all ADH

patients.13 Despite these significant drug-induced changes

in cholesterol levels, large proportions of ADH patients do

not achieve the LDL-C goals, as advised by the North

American National Cholesterol Education Programme

(NCEP).2 The Lipid Treatment Assessment Project (L-TAP),

which included 4888 patients from five different regions of

the United States, collected between 1996 and 1997,

showed that overall only 38% of ADH patients on statin

treatment achieved NCEP-specified LDL-C target levels.14

Target levels are mainly achieved in the low-risk group of

patients in which a smaller reduction in LDL-C is usually

required to achieve set goals. Within this group, 68% of

patients are successfully treated. In the high-risk group of

patients only 37% achieve their target LDL-C levels, while

in the group of patients with established CVD and thus at

the highest risk for future CVD only 18% are successfully

treated with statins.14 There are several possible reasons to

explain the failure to achieve treatment goals in ADH

patients. Mostly, patients who initiate treatment on statin

remain at the initial dose and are not having their dosage

titrated to achieve a larger LDL-C reduction.15–17 Addition-

ally, not all recommended doses of statins reduce LDL-C

levels sufficiently.

Aggressive lipid-lowering treatment

Recent data suggest that aggressive lipid-lowering treat-

ment can be more beneficial in reducing cholesterol levels

compared to the usual care treatment.18,19 In the 2-year

Atorvastatin versus Simvastatin on Atherosclerosis Progres-

sion (ASAP) study, patients with severely elevated choles-

terol levels were treated with a conventional treatment of

40mg simvastatin or a more aggressive approach of 80mg

atorvastatin. The group of patients on aggressive therapy

showed significant higher reduction in total cholesterol

(42 versus 34%), LDL-C (51 versus 41%) and triglycerides (29

versus 18%), with no significant differences in HDL

cholesterol change versus the conventional treated group.18

In the 1-year Arterial Biology for the Investigation of the

Treatment Effects of Reducing Cholesterol (ARBITER)

study, which included patients with moderately high

cholesterol levels, similar differences were seen.19 Patients

treated with 80mg atorvastatin were compared to patients

treated with 40mg pravastatin. Total cholesterol (36 versus

19%), LDL-C (49 versus 29%) and triglycerides (36 versus

8%) were significantly more reduced in the 80mg ator-

vastatin group compared to the 40mg pravastatin group.

Even more recently, titrated treatment up to 80mg of

rosuvastatin revealed LDL-C reductions up to 59.6%.20

Combined lipid-lowering treatment

To be able to treat patients to target, it becomes more and

more evident that, besides increasing the dose of statin,

combination of statins with other classes of lipid-lowering

drugs can be beneficial. For patients with high triglyceride

levels, statin therapy is often combined with fibrates or

nicotinic acid. For ADH patients receiving the highest

statin dose available and not on target, additional choles-

terol-lowering efficiency can be achieved by addition of the

cholesterol absorption inhibitor, ezetimibe. Several studies

have been performed in which coadministration of

ezetimibe with statins is well tolerated with a safety profile

similar to that of statin monotherapy.21 The overall effect

of monotherapy with 10mg ezetimibe on cholesterol levels

varies between �8 and �17% (average �13.572.9%) for

LDL cholesterol, 0 and þ6% (average 3.271.8%) for HDL

cholesterol, and �6 and �15% (average �9.372.6%) for

triglycerides.22–25 Since ezetimide does not only have

positive influence on LDL-C but also on HDL cholesterol

and triglycerides, coadministration of ezetimide with any

statin offers a well-tolerated and highly efficacious new

treatment regimen to treat ADH patients to target.

Carotid intima-media thickness in ADH patients
Carotid IMT as a surrogate marker

The atherosclerotic process, which eventually results in

CVD, starts with early morphological changes in arterial

walls, characterized by subendothelial accumulation of

cholesterol in macrophages and smooth muscle cell

proliferation, which finally results in arterial wall thicken-

ing.26 High-resolution B-mode ultrasound measurements

of the intima media thickness (IMT) of the carotid artery is

considered a surrogate marker for atherosclerosis.27 The

IMT is measured by B-mode ultrasound imaging, permit-

ting a safe, noninvasive real-time resolution assessment of

arterial walls. For measurement of IMT, three segments in

the carotid artery are defined: the common carotid artery

(CCA), the carotid bulb (CB) and the internal carotid artery

(ICA). The near and far walls of the three segments on the

right and left carotid arteries are scanned, resulting in the

combined assessment of 12 segments to provide an

accurate estimation of the overall atherosclerotic changes

in the arteries (Figure 1).

The IMT can be measured as a continuous variable from

childhood to older age, in patients as well as in healthy

controls.28 Multiple observation studies have been per-

formed that show that increases in carotid artery IMT are

positively associated with increased LDL-C levels, reduced

HDL cholesterol levels and increased risk of CVD.29–31 In a

recent study, the atherosclerotic progression from child-

hood into seniority was estimated in ADH patients and

in controls.27 It was found that IMT increase with age was

at least twice as rapid in ADH subjects compared to

controls (0.009 and 0.004mm/year, respectively). The
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mean differential IMT change between ADH and controls

was 0.005mm/year (Po0.001, Figure 2).

Carotid IMT as a treatment goal

Several trials with lipid-lowering drugs have shown that

carotid IMT progression can be slowed down significantly

in subjects receiving conventional statin treatment.32,33

Other trials with the same conventional treatment demon-

strated not only a reduced progression but even a

regression of the IMT.34–36 This regression is even more

prominent when patients are receiving aggressive treat-

ment.18,19,37 Patients with ADH and severely raised LDL-C

showed significant regression of IMT when LDL-C was

lowered by at least 45%.38 In the ASAP study, patients with

severely elevated LDL-C levels were treated with 40mg

simvastatin versus 80mg atorvastatin. The aggressive treat-

ment group showed a carotid IMT with a mean change of

�0.031mm (95% CI �0.007 to �0.055), while the

conventional treatment group showed an IMT with a

mean change of þ0.036mm (95% CI 0.014–0.058;

P¼0.0001) after a 2-year treatment.18

True regression of carotid atherosclerosis was seen in

two-thirds of the aggressively treated patients in whom

LDL-C was reduced by half.18 Similar results were seen in

the ARBITER study in which patients with moderate to

high elevated LDL-C levels were receiving 80mg atorvas-

tatin versus 40mg pravastatin. Atorvastatin induced pro-

gressive IMT regression over 12 months (change in IMT:

�0.03470.021mm), whereas IMT was stable in the

pravastatin group (change in IMT: 0.02570.017mm;

P¼0.03).19

ADH children as model for atherogenesis

In children with ADH, the disease is mostly asympto-

matic.39 Nevertheless, even in the general population,

autopsy reports of healthy children show atherosclerotic

lesions at young age. Since morphological changes of the

arterial wall start early in life, it is evident that treatment of

patients with a high-risk profile for CVD should start as

early as possible. To identify those patients who are at high

risk for developing early CVD, screening for ADH should

start in childhood.39

In a large cohort study with more than 1000 children of

ADH relatives, the best cutoff value of LDL cholesterol to

diagnose ADH was determined. LDL-C levels below

3.5mmol/l (135mg/dl) were only found in 4.3% of

children with a mutation in LDLR. LDL-C levels above this

level had a 0.98 post-test probability if having a LDLR

mutation. Thus, when the diagnosis of FH is certain in

relatives, simple measurement of LDL cholesterol allows an

accurate diagnosis of FH in childhood and treatment of

these children should be initiated.40 The recommended

therapy for ADH children consists of dietary intervention

and life-style changes. However, the long-term efficacy of

stringent dietary interventions in children is very poor. The

NCEP guidelines for children recommend that pharmaco-

logical therapy can be considered in patients whose LDL

cholesterol is above 160mg/dl (4.1mmol/l) when other

CVD risk factors are present, or above 190mg/dl

(4.9mmol/l) when no other risk factors are present.41

Pharmacological therapy should be instituted when

internal carotid
carotid bulb

common carotid

external carotid

10mm

carotid dilatationcarotid flow divider

Figure 1 Schematic diagram of the longitudinal view of the carotid
artery. The far wall is shown as a double-line pattern, which is a
representative of the intima-media complex. The measurements are
performed at the far wall of three defined segments: common carotid,
carotid bulb and internal carotid.
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Figure 2 Arterial wall thickness progression in persons with ADH
(LDL cholesterol 7.272.0mmol/l; IMT 0.7970.20mm (range 0.45–
1.53); n¼315; filled dots) and healthy controls (LDL cholesterol
3.470.8mmol/l; IMT 0.6370.14mm (range 0.48–1.14); n¼118;
open dots). IMT increase was calculated by linear regression. On
average, healthy controls reach an IMT of approximately 0.8mm at
age 80, whereas ADH subjects reach this value, if untreated, around
the age of 40 years.
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cholesterol levels remain persistently above the cutoff

points despite dietary and other lifestyle intervention.

However, the NCEP guidelines for adults have recently

become more stringent, which could provide a stimulus for

updating the guidelines for children as well.41

Statin therapy was until recently only available for

adults, and bile acid sequestrants were considered the

drugs of choice in the treatment of children with ADH, but

the lipid-lowering efficacy is modest and the long-term

compliance is poor.42 Therefore, in recent years several

trials have been conducted to establish the safety and

efficacy of statins in ADH children. All randomized

controlled trials convincingly demonstrated that statins

are effective and seem safe in the treatment of hyper-

cholesterolaemic children, even aggressive lipid-lowering

strategies.43–47 ADH in children is also accompanied by

endothelial dysfunction and increased carotid IMT as

compared with their healthy siblings.48–51 In fact, those

children have a five-fold more rapid increase of carotid

arterial wall IMT during childhood years than their

unaffected siblings. This more rapid increase leads to

detectable IMT deviation from the age of 12 years onwards.

Moreover, it was shown that LDL cholesterol, age and

gender contribute to the progression of carotid IMT in ADH

children.51 A large randomized controlled study with ADH

children demonstrated that 2-year pravastatin therapy was

effective and safe, with regard to growth and sexual

maturation. Moreover, it was clearly shown that 2-year

pravastatin induced regression of carotid IMT as compared

to the placebo-treated children.

An other placebo-controlled trial demonstrated that

early initiation of simvastatin therapy restored endothelial

dysfunction.52 Thus, increased arterial wall thickness and

similarly endothelial dysfunction as present in children

with FH are reversible with statin therapy. This underscores

the need for early treatment with statins to prevent the

children for future CVD.

ADH in the Netherlands
Identification of ADH index cases

Collecting DNA samples of clinically diagnosed ADH

patients was started in the Netherlands in 1991 and, to

date, the ADH cohort of index cases has expanded

significantly due to a network of 64 Lipid Clinics located

throughout the Netherlands. All clinically diagnosed ADH

patients are systematically screened for mutations in the

LDLR and APOB genes. So far, this has resulted in the

identification of 278 causative genetic variants in LDLR,

including point mutations, small deletions and insertions,

and large rearrangements in patients from Dutch descent.8

Additionally, five different causative point mutations were

found in the APOB gene of the Dutch ADH population.

These two types of mutations were found in a total of 2818

index cases. Mutations in LDLR account for approximately

67% of ADH cases in our country. In another approxi-

mately 10%, these high cholesterol levels can be explained

by the five mutations found in the APOB gene. This

indicates that also in the Dutch population there is strong

evidence that other genes besides the LDLR and APOB

genes must be responsible for elevated LDL-C levels. The

identification of a third ADH gene, PCSK9, might have

explained a large portion of the remaining non-LDL

reporter and non-APOB ADH patients also, since the

estimated frequency of mutations in PCSK9 causing ADH

was estimated to be between 6.0 and 12.5%. However, after

systematic large-scale screening for mutations in this gene

in 300 non-LDLR and non-APOB Dutch ADH patients, only

four potential causative genetic variants were found,

representing a much lower frequency of 1.3%. More

importantly, the mutations found in the PCSK9 gene of

our patients did not show complete cosegregating with the

ADH phenotype.

Family investigation by genetic fieldwork

Since the demonstration of a causative mutation provides

the only unequivocal diagnosis, identification of muta-

tions in the LDLR, APOB or new genes responsible for an

ADH phenotype is of major importance for the identifica-

tion of relatives of these patients. Since most of these

relatives are previously undiagnosed with ADH, demon-

stration of the causative mutation in families leads to early

cholesterol-lowering treatment and should eventually

reduce cardiovascular morbidity and mortality in this

group of ADH patients.53 Therefore, in 1994, the national

identification programme for ADH was established in the

Netherlands.53 Within this programme, first-degree rela-

tives of index cases are contacted and visited by a

specialized nurse for blood sampling. The blood samples

of these first-degree relatives are then tested for the

mutation causing hypercholesterolaemia in the index case.

If carrier status is confirmed, the first-degree relatives of

these newly identified patients are contacted. In the period

between 1994 and 1998, a 2-year follow-up study of 747

previously undiagnosed relatives of index cases with ADH

was conducted.54

At screening, 281 (37.6%) of the patients were already

receiving cholesterol-lowering medication, while 466

(62.4%) were not. After 2 years, in both groups, almost

80% of the patients remained on cholesterol-lowering

therapy. Although 38% of the newly identified carriers

were already receiving some form of cholesterol-lowering

therapy, more than 50% of the newly identified patients

became properly treated, after the confirmation of their

carrier status. After identification by the programme, in

patients who were already on treatment, LDL-C levels were

reduced by an additional 10.5%.

To date, the national identification programme for ADH

resulted in the identification of 21 150 relatives examined,

of whom 7079 (33%) relatives were identified as carriers of
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a pathogenic mutation. Of these carriers, 1376 (19%) were

under the age of 20 at the time of examination. Of the

7079 ADH patients identified, only 2463 (34.8%) patients

were on cholesterol-lowering treatment at the time of

identification. Cholesterol-lowering treatment is mainly

initiated at an age of 60 years and older (60%), followed by

the age category of 40–59 years (49%). Of patients in the

age category of 20 years and younger, only a minority (5%)

was on cholesterol-lowering treatment (Figure 3).

This indicates that the national programme for ADH is

not only highly efficient in identifying patients at an early

age but also provides the opportunity to actually treat

these patients early enough in life to reduce morbidity and

mortality.

Conclusion
In contrast to most genetic diseases, efficacious therapy is

available for ADH in the form of life-style changes and

lipid-lowering drugs. However, still too few patients are

being treated and too few patients are being treated to

target. Today, the possibility to treat each individual ADH

patient to target does exist, since the choice of statins is

wide, high doses of statins are effective and well-tolerated,

and combination treatment is effective in these patients.

However, most patients start their treatment at the time

they are already at high risk for developing CVD. There-

fore, early identification of patients is important. When

treatment of these patients is initiated in childhood, the

burden of CVD can be reduced significantly.

In summary, (1) ADH is an excellent model to study

atherogenesis in humans; (2) the treatment of ADH should

be initiated early, pursued aggressively and should not

merely focus on LDL-C; (3) ADH meets all the criteria for

active identification in the population at large; (4) ADH

children are an excellent model to study the process of

arterial wall thickening in an early asymptotic state. The

identification of these children should have high priority

in order to reduce morbidity and mortality as a conse-

quence of atherosclerosis, the most common cause of

death worldwide.
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