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Abstract

Importance: Cardiovascular disease is the number one cause of death in the
adult population, greater than all cancers combined. When a heart attack or
stroke occurs, many individuals have no advance warning, thus making pre-
vention difficult. Cardiovascular disease begins early, ie, in the developing
fetus, and progresses throughout childhood and adolescence, such that it is
identifiable both radiographically and ultrasonographically in the adolescent.
Observations: There are multiple lines of evidence that atherosclerosis is
present in the pediatric population. This evidence is based on autopsy studies
in accident victims, coronary artery calcium scoring and carotid intermedia
thickness measurements, intravascular ultrasound studies of hearts trans-
planted from teenage accident victims, and wartime casualties in young males.
Multiple studies of cardiovascular risk factors (e.g., hypertension, obesity, in-
sulin resistance, glucose intolerance and hyperlipidemia) have emphasized
their importance in contributing to the pathogenesis of atherosclerosis. With
the recent increase of obesity in the pediatric population, these risk factors
will assume increasing importance in the development of clinical cardiovas-
cular disease in the adult population. Prevention of atherosclerosis will re-
quire measuring a lipid profile in adolescents and initiating intervention to
reduce the triglyceride and LDLc concentration. Education of both the ado-
lescent at risk and his/her family will be necessary. Lifestyle changes are pa-
ramount. Hyperlipidemic medication should be reserved for individuals with
severe lipid abnormalities. Conclusion and Relevance: Atherosclerotic
changes of arteries begin during gestation and progress throughout the pedia-
tric years into adulthood. Pediatricians’ contribution to reducing the progres-
sion of atherosclerosis in their patients can have major effects in controlling
this epidemic in adults. Education of adolescents and their parents concerning
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a healthy lifestyle is paramount to a successful cardiovascular disease preven-
tion program.
Keywords

Atherosclerosis, Adolescence, Myocardial Infarction, Cardiovascular,
Pediatrics

1. Introduction

Major advances in medical technology and therapeutics in the last decade have
resulted in prolongation of life in heart attack and stroke victims. However,
these advances have not decreased the prevalence of atherosclerotic disease,
which still remains the number one cause of death in the adult population [1].
Atherosclerosis begins in the fetal period, progresses throughout adolescence,
and becomes clinically manifested in the adult population. Appropriate pediatric
intervention during adolescence may not only prevent the further development
of atherosclerotic plaques but may also stabilize plaques that have previously
formed [2].

There is an increased incidence of obesity in the pediatric population. As the
BMI increases, the risk of coronary heart disease in adulthood increases [3] [4].
By the time adolescence is reached, 50% of obese adolescents will have radio-
graphically identifiable plaques in their coronary arteries (Figure 1) [5]. The
process of atherosclerosis begins during fetal development when fatty streaks are
present in arteries and is most pronounced in fetuses from mothers who are
hypercholesterolemic during their pregnancy (Figure 2) [6] [7]. These fatty
streaks have been shown to contain both native LDLc and oxidized LDLc as well
as macrophage derived cellular products [6]. Following birth, these lesions in-
crease significantly between ages 1 year and 3 years and are identifiable both ra-
diographically and ultrasonographically by the teenage years [5] [6]. Histological
studies demonstrate a progressive increase in plaque formation and maturation

from childhood through adolescence and progression into adulthood (Figure 3)

8].

2. Discussion

Atherosclerosis is a devastating disease that often occurs unexpectedly in the
prime of life when productivity of the individual is at its peak. Approximately,
fifty percent of the time it is silent (painless), although even silent myocardial
infarction is associated with significant morbidity and mortality [9]. Its cost to
society and the health care system is staggering and thus it directly and indirectly
affects all U.S. citizens through health care system premiums and lost work
productivity. Recent national data indicate, for the first time in 16 years, that the

anticipated lifespan in the U.S. has declined, primarily because the mortality
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Figure 1. Schematic sequence of the progression of atherosclerosis during the pediatric
years. Atherosclerosis begins during gestation, continues throughout childhood and ado-
lescence, when finally it becomes clinically manifest in adulthood.
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Figure 2. Presence of intimal lipid accumulations in a fetal aorta stained with oil red O.
High magnification of a fatty streak containing substantial amounts of lipid (magnifica-
tion: 2250x). Adapted from Napoli et al. [7].

from atherosclerotic cardiovascular disease (ASCVD) has increased in the
younger age groups [10]. To put the magnitude of this health challenge in nu-
merical perspective, approximately 600,000 individuals in the U.S. die each year
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Figure 3. Percentages of individuals at different age groups with identifiable atheroscle-
rotic plaques. By early adolescence, two thirds of the population have atherosclerotic
plaques. With increasing age, early lesions (I & II) are replaced by more advanced lesions
[fatty streaks (III) progress to potentially hazardous fibroatheromatous plaques (IV & V)].
Adapted from Stary [8].

from atherosclerotic cardiovascular disease (ASCVD).

One encouraging fact is that atherosclerosis is predictable from readily meas-
ured risk factors, providing physicians with addressable parameters. Risk factors
persist unless they are modified, thereby leading to a significant reduction in
ASCVD events in the adult patient population [11]. Even in the setting of in-
creased risk from atherosclerotic mediated inherited genes, aggressive reduction
of environmental risk factors will reduce future risks for atherosclerosis by 50%
[12]

The Bogalusa Heart Study was a long-term epidemiological study of cardi-
ovascular risk factors in children from birth to 26 years of age [13]. This biracial
population (64% white, 36% black) consisted of all children and young adults
living in Bogalusa, Louisiana (population 22,000). Cross-sectional surveys were
done every 2 to 3 years to monitor cardiovascular risk factors and other demo-
graphic and anthropometric data. In children, adolescence and young adults, the
average LDLc was significantly above the 50 to 70 mg/dl expected at birth (Table 1)
[14]. The table demonstrates the tendency for LDLc to increase with age and
HDLc to decrease. Adverse lipid profiles tend to track consistently over time
from childhood to adulthood, particularly for LDLc [15]. This long-term cumu-
lative burden of LDLc from childhood to adulthood is associated with carotid
artery intima-media thickness and increased risk for cardiovascular events [16].

This cumulative relationship among risk factors, atherosclerosis, and age, has
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Table 1. Effect of age, race, and gender on serum lipoproteins.

White males Black males White females  Black females
(n=1153) (n =585) (n=1262) (n=623)

VLDL-C (mg/dl)

5 - 10 years 67 5+4 77 6+38

11 - 18 years 11+10 87 11+8 9+7

19 - 26 years 18 £15 9+7 14 £12 10+7
LDL-C (mg/dl)

5 - 10 years 88 +23 87 +21 94 + 23 92 +21

11 - 18 years 88 + 25 91 +24 92 +25 94 + 24

19 - 26 years 116 + 31 99 +29 112 + 34 108 + 31
HDL-C (mg/dl)

5 - 10 years 68 +17 74 +18 64 +18 74 £ 15

11 - 18 years 57 +20 68 + 20 59 +20 68 +21

19 - 26 years 44 + 21 61 +20 51+20 59 +25

Serum levels (mean * SD) of lipoprotein cholesterol fractions in children, adolescents, and young adults:
from the Bogalusa Heart Study. Adapted from Srinivasan ef al. [14].

also been examined in autopsy studies from individuals (ages 2 through 39 years)
who died from various causes, primarily trauma [17] [18]. This study demon-
strated that the extent of fatty streaks increases with age [17]. In addition, sub-
jects with 0, 1, 2, 3, 4 risk factors had, respectively, 1.3%, 2.5%, 7.9%, and 11.0%
fatty streaks in the coronary arteries (p < 0.01 for trend). The authors of this
study conclude that, “As the number of cardiovascular risk factors increase, so
does the severity of asymptomatic coronary and aortic atherosclerosis in young
people”. These landmark studies further support the need for aggressive inter-
vention in the adolescence period.

Since LDLc is the critical component in the formation of atherosclerotic pla-
ques, an appropriate question to ask is “what is the optimal LDLc concentration
that should be the goal of treatment to prevent atherosclerosis without causing
adverse effects?” Expert opinions differ markedly on this subject. The prominent
cardiologist, Dr. Eugene Braunwald stated in response to learning that the Eu-
ropean Society of Cardiology had adopted <70 mg/dl for very-high-risk adults as
the goal stated “the goal should be less than 50 mg/dl - anything above 50 mg/dl
is toxic” [19]. Another prominent cardiologist, Dr. James O’Keefe, wrote an ar-
ticle entitled “Optimal Low Density Lipoprotein Cholesterol is 50 to 70 mg/dl”
[20].

In contrast, the American Academy of Pediatrics’ Guidelines indicate that an
LDLc of 110 mg/dl or below is acceptable [21]. In diabetic patients, the Ameri-
can Diabetes Association, which considers diabetes as a “coronary heart disease
equivalent”, recommends an LDLc concentration <100 mg/dl in diabetic child-

ren [22]. Recognizing that there are no randomized controlled trials of sufficient
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size nor duration in the pediatric population to answer the question stated above,
there are ten lines of evidence supporting an LDLc of 110 mg/dl or less as the
minimally acceptable LDLc concentration in the adolescent population.

The first line of evidence is the fact that individuals are born with an LDLc
between 50 and 70 mg/dl (20]. Thus, this concentration should be considered
“normal”, at least for this young age group. The second line of evidence is based
on the observation that every cell in the body has the ability to synthesize suffi-
cient cholesterol to meet its cellular needs [23]. Cellular uptake of circulating
cholesterol from LDLc is not required. This concern was originally raised when
statin therapy dramatically lowered LDLc concentrations. However, several stu-
dies demonstrated that significant reduction in LDLc by statins does not inhibit
the adrenal’s production of cortisol or the testicular production of testosterone,
at least in adults [24]. Third, multiple statin studies utilizing either atorvastatin
or rosuvastatin in high dosages have observed many adult volunteers whose
plasma LDLc levels were reduced below 70 mg/dl. These studies demonstrated
that these individuals had fewer cardiovascular events than similar volunteers
whose LDLc was not reduced below 70 mg/dl [25]. Even volunteers on statins
with LDLc concentrations below 40 mg/dl had better outcomes with no increase
in adverse effects [26]. Fourth, the recent availability of PCSK9 inhibitors (pro-
protein convertase subtilisin-kexin type 9) have resulted in a third of the volun-
teers in these clinical trials obtaining LDLc levels below 50 mg/dl. In a me-
ta-analysis of these ten trials, individuals with these low LDLc levels have fewer
cardiovascular events without additional adverse events [27]. Fifth, the Tarahu-
mara Indians of Mexico are a tribe favoring a very low cholesterol containing di-
et and enhanced exercise. Their LDLc cholesterol approximates 70 mg/dl unless
challenged with a Westernized diet [28]. Their incidence of cardiovascular dis-
ease is correspondently low. Sixth, studies of individuals whose genetic makeup
include genes which result in unusually low levels of LDLc have reduced cardi-
ovascular disease [29]. Seventh, a meta-analysis of many statin trials have con-
cluded that there is a direct relationship between LDLc reduction and the reduc-
tion of cardiovascular disease [25]. For each mmol reduction in LDLc concen-
tration (~39 mg/dl), there is a corresponding ~20% reduction in cardiovascular
events. Of particular importance is the fact that this relationship is continuous
over the entire range of observed LDLc and does not diminish as the LDLc is
progressively reduced. Eighth, there are individuals born with defective or ab-
sent PCSK9 protein. The absence of this protein decreases the degradation of the
LDL hepatic receptor resulting in decreased circulating LDLc levels. One of the
described individuals was a 23-year-old healthy, fertile college graduate with a
circulating LDLc concentration of 14 mg/dl [30]. She has experienced no adverse
reactions from her very low LDLc concentration. Ninth, aggressive LDLc lower-
ing treatment of children with homozygous familial hypercholesterolemia has
been successful in reducing their rate of cardiovascular disease [31]. If left un-

treated, death from a cardiovascular event often occurs before the age of 20 years.
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Tenth, the most common concentration of LDLc in 131,000 patients presenting
to the emergency room with a cardiovascular event is 90 mg/dl, above the LDLc
level of 65 to 70 mg/dl at which reversal occurs [2] [32]. Because extensive safety
data are not available for low LDLc concentrations in the pediatric population, a
conservative approach to LDLc lowering would be a concentration of 110 mg/dl

or below in this age group [21] [33].

3. Pathophysiology

Since LDL derived cholesterol may result in the development of fatty streaks and
the ultimate formation of atherosclerotic plaques, its beneficial purpose in hu-
man physiology is often not evident. During early fetal development, the fetal
adrenal gland greatly hypertrophies in order to produce large quantities of de-
hydroepiandrosterone sulfate (a steroid which serves as a precursor for placental
estrogen secretion) [34]. Large quantities of estrogens are necessary to maintain
a normal pregnancy. At approximately three months, the fetal gland requires
cholesterol to manufacture dehydroepiandrosterone sulfate. Studies in fetal
adrenal glands have demonstrated that about half of the cholesterol is obtained
from circulating LDL cholesterol and half from denovo synthesis by the fetal
adrenal gland [35]. Toward late pregnancy, the fetal adrenal gland involutes and
becomes greatly reduced in size and function when the placenta is large enough
to produce sufficient estrogen without adrenal support. During this time, the
fetal circulating LDLc concentration also declines so that at birth the concentra-
tion is between 50 and 70 mg/dl [20].

Atherosclerosis requires two pathophysiological events that often occur si-
multaneously in the arterial system (Figure 1). The first is an excess of circulat-
ing cholesterol such that its deposition in the arteries exceeds its subsequent ar-
terial removal by the activity of high-density lipoprotein (HDLc) [36]. Choles-
terol is primarily distributed by circulating low-density lipoprotein and its pre-
cursors (~90%) (LDLc), with additional contributions from very low-density li-
poprotein (VLDLc) remnants. The latter are present in elevated concentrations
in patients with hypertriglyceridemia [37]. Cholesterol containing lipoprotein
particles diffuse through the arterial endothelium, infiltrate the subendothelium,
become oxidized, and are taken up by macrophage surface receptors [38]. The
second requirement for the development of atherosclerosis is an excess of ma-
crophages in the arterial wall tissue that engulf the oxidized LDLc and then coa-
lesce into a “fatty streak”. This occurs when the endothelium is “inflamed” as a
result of numerous pathological states such as obesity, hyperglycemia, insulin
resistance, and hypertension [39] [40]. The injured endothelium secretes adhe-
sion macromolecules that further attract additional circulating monocytes (ma-
crophage precursors) to adhere to the endothelium. Macrophages that are in-
volved in fatty streak formation also secrete inflammatory cytokines, thereby in-
itiating a cascade of events that lead to arterial smooth muscle cell migration

around a fatty streak, development of a fibrous cap internally covering a
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developing plaque, and the formation of thrombotic substances in the plaque it-
self (along with cholesterol). In this microenvironment of plaque formation,
there is also attraction of other inflammatory white cells, and secretion of metal-
loproteinase enzymes that dissolve the fibrous tissue cap. Eventually, a fibrous
cap may weaken and rupture, causing its thrombotic contents to enter the intra-
vascular space, attracting platelets and other clotting factors. An occluding blood
clot is usually the end result, causing a myocardial infarction (or stroke) with
dire consequences to the affected individual.

The liver removes most of the circulating LDLc particles, but when LDLc is
present in excessive amounts, it circulates in elevated concentrations and diffus-
es into various tissues including systemic arteries, leading to its oxidation, inter-
nalization in macrophages, and subsequent participation in fatty streaks and
plaque formation [38]. The continuous development and removal of atheroscle-
rosis is a balance between the deposition of cholesterol into atherosclerotic pla-
ques (from LDLc and other atherosclerotic particles) and their removal by high
density lipoprotein particles (HDLc). However, there is a poor correlation be-
tween the concentration of HDLc in the circulation and its ability to remove
cholesterol from the cell [41]. Oxidation of HDL reduces its ability to remove
cholesterol from macrophage derived foam cells [42]. This may also be the rea-
son that raising HDLc concentration by pharmaceutical agents has not yet
shown to be of benefit in reducing cardiovascular events [43]. Thus, reducing
LDLc concentration is the most effective direct approach to reducing the forma-
tion of atherosclerotic plaques. This has been documented in many studies uti-

lizing different methods to lower LDLc concentration [44].

4. Clinical Presentation

Because atherosclerosis is usually a silent disease in childhood, the physician
must make an extra effort to identify individuals in whom it will be a significant
risk. Patients with a positive family history of early cardiovascular events or the
presence of atherosclerotic risk factors should be particularly suspect [45]. Given
that all adolescents are at risk, physicians and health care providers of young pa-
tients must assess all conventional risk factors, such as smoking, hypertension,
obesity, diabetes, and hyperlipidemia. Obesity stands out as a particularly ha-
zardous risk. In a nation-wide population based study, Twig at al report that
body-mass index (BMI) in 2.3 million adolescents (ages 17 and 18 years) corre-
lated with development of cardiovascular disease [46]. A BMI in the 50" to 70"
percentile (within the accepted normal range), during adolescents was associated
with increased cardiovascular events and all-cause mortality during 40 years of
follow-up. Risk of death from coronary artery disease, stroke, sudden death, and
total cardiovascular causes were elevated with BMI as low as 22.5 Kg/m®. Risks
for total cardiovascular events including death are further increased among ex-
tremely obese individuals. This finding represents a medical challenge, as nor-

mal BMI is usually considered between 18.5 and 25 Kg/m* (lower in Oriental
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individuals).

5. Assessment and Diagnosis

In the pediatric population, the clinical exam may be unremarkable, even in the
patient with significant atherosclerosis. Obese patients may have acanthosis ni-
gracans as a physical sign of insulin resistance. Hypertension may be present.
Eruptive xanthomas are an important sign of severe hypertriglyceridemia. Ten-
don xanthomas and xanthelasmas indicate significant hypercholesterolemia and
may suggest the diagnosis of familial homozygous or heterozygous hypercholes-
terolemia.

Baseline laboratory tests, including a lipid profile, will provide total cholester-
ol, non HDL cholesterol, HDL, triglycerides, and LDL, and should be routinely
done in early adolescence. This approach is in agreement with the National
Heart, Lung, and Blood institute and the American Academy of Pediatrics
guidelines for cardiovascular risk reduction in children and adolescents which
recommends universal screening for blood cholesterol levels at ages 9 to 11 years
and 17 to 21 years of age [47] [48]. Lipoprotein (a) measurement can be done in
select individuals to assess a genetic predisposition to atherosclerosis [49] [50].
High sensitivity C-reactive protein (hsCRP) is a sensitive test for systemic in-
flammation. A hemoglobin A1C is a good indication of glucose tolerance, pre-
diabetes, or diabetes. A fasting glucose and insulin level will permit assessment
of hyperglycemia and insulin resistance. The above tests and approaches often
lack the necessary sensitivity and specificity to detect subclinical disease or the
early stages of atherosclerotic disease in pre-adolescence and adolescence. Al-
though quantification of risk factors provide a good indication of future ASCVD,
non-invasive imaging should be made available early, as it provides additional
verification of the presence of progressive plaque development. Carotid intima
medial thickness is now widely available, non-invasive, and correlates signifi-
cantly with coronary atherosclerosis [51] [52]. When utilized from childhood
through middle age, it is directly related to the presence and magnitude of car-
diovascular risk factors [16]. This positive relationship is maintained throughout
life and has been shown to be present even in the elderly population [53]. An al-
ternative non-invasive imaging technique which images abnormal coronary ar-
teries directly is coronary artery calcium scanning but it does involve a small
dose of radiation [5] [54]. This dose is equivalent to living in Denver for three

months. Other noninvasive approaches have also been described [55] [56].

6. Treatment

A major effort should be focused on maintaining normal body weight with exer-
cise and healthy diets (Figure 4). Patients and families should be encouraged to
take advantage of a variety of local programs in their communities and their
schools to assist with their goal. Involvement of parents and entire families are

essential with promotion of a Mediterranean type of diet encouraged [57].
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Diagnosis and Treatment Plan for Adolescent LDLc Goal of <110 mg/dl
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Figure 4. Proposed diagnosis and treatment plan for adolescents to reverse atherosclero-
sis and prevent clinical cardiovascular events in adults.

If lifestyle changes do not result in an LDLc of <110 mg/dl, then we recom-
mend that medical therapy should be considered in the early adolescent years.
Statins have been prescribed to children with homozygous familial hypercholes-
terolemia for more than 10 years without serious adverse effects, resulting in a
significant decline in cardiovascular disease [58] [59]. The two currently availa-
ble most potent generic statins are atorvastatin and rosuvastatin. We recom-
mend using 10 mg/day of rosuvastatin, which is more potent than atorvastatin at
low dosages. Since the side effects of statins are dependent on their plasma con-
centration, utilizing only the lowest dose will avoid major adverse events [60].

Drugs that increase the LDLc hepatic receptor to lower circulating LDLc (in-
cluding statins) may increase glucose intolerance. If the individual is prediabetic,
these medications may move the fasting glucose into the diabetic range [61].
However, this small change may be avoided with improvements in lifestyle. If
the LDLc goal of <110 mg/dl is not achieved, adding ezetimibe at 10 mg/day is a
reasonable addition. This medication has been used in children for over 3 %
years without adverse effects [62]. Ezetimibe blocks 50% of the cholesterol that is
absorbed by the gut by specifically inhibiting the intestinal cholesterol receptor
but does not interfere with the absorption of other fats, proteins, or carbohy-
drates [63]. It is very effective is lowering LDLc (20% to 28%) and is additive to
the concurrent use of statins.

Monitoring of risk factors should be part of routine clinic visits. For glucose
intolerance (prediabetes), achieving normal weight is essential. If the A1C ex-
ceeds 6.0%, metformin is a logical choice, as data from adults indicate that athe-
rosclerosis is accelerated in the prediabetic state [64]. Patients with diabetes are
particularly at high risk for cardiovascular disease [65]. Triglycerides should be
less than 150 mg/dl and LDLc less than 110 mg/dl if atherosclerosis is to be re-
versed [66].
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Patients and their families should be given the rationale for the use of medica-
tions (if necessary) and repeated tests, as triglycerides and LDLc are the two
most important lipids that are amenable to lifestyle changes. Individuals should
be made consistently aware that obesity, alcohol use, and diabetes can exacerbate
hypertriglyceridemia. As BMI increases, different lipid fractions often lead to ir-
reversible and detrimental changes of the arterial endothelium [67]. LDLc levels,
which directly promulgate atherosclerotic plaque formation, are amenable to

treatment with reduced saturated and trans fat in the diet [57].

7. Prognosis

If untreated, atherosclerosis will lead to excessive mortality in ~40% of the US
population. Since age (e, duration of risk factor exposure) is the primary risk
factor for ASCVD in adults, implementing atherosclerosis disease prevention in
adolescence will likely result in significant reduction of cardiovascular events
with aging. In this review we argue that addressing cardiovascular risk factors in
the adolescent years may result in an atherosclerosis free heart by adulthood. For
example, genetic polymorphisms that result in lower lifetime levels of LDLc
demonstrate that prolonged exposure to lower LDLc levels early in life is asso-
ciated with a substantially greater reduction in the risk of ASCVD then lowering
LDLc later in life [68]. In fact, if pediatricians can make this LDLc of <110 goal a
reality in their patients in conjunction with a reduction of other cardiovascular

risk factors, premature atherosclerosis in many adults may become a rarity.

8. Conclusion

Atherosclerosis is a pediatric/adult disease beginning during gestation. It
progresses throughout childhood and adolescence. Its clinical manifestations
primarily occur during the adult years. While current prevention, treatment and
management have primarily focused on adult patients, this approach has had
minimal effect on reducing the prevalence of cardiovascular disease. Involve-
ment of the pediatrician in the prevention of cardiovascular disease can have a
major beneficial effect on eradicating this disease. This result has previously
been demonstrated in children with familial homozygous hypercholesterolemia.
Identification of the adolescent at risk can be made with appropriate family his-
tory, physical exam, and non-invasive testing. ASCVD risk factors need to be
addressed and the LDLc concentration needs to be <110 mg/dl. If diabetes is
present, then the LDLc goal should be <100 mg/dl [22]. Screening and interven-
tion during early adolescence represents a rational and promising approach for

pediatricians to address this public health crisis [69].
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