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Noninvasive assessment of vascular dysfunction in the pedi-
atric population has taken advantage of the development of
high-resolution ultrasound techniques. The most frequently used
methods are the quantification of flow-mediated endothelium-
dependent dilation of the brachial artery and measurement of the
intima-media thickening of the carotid artery. Both reduced
flow-mediated dilation and increased intima-media thickness
have been proven to correlate with late cardiovascular events
and/or mortality in adults. As these noninvasive methods can
easily be applied in children, there have been recent investiga-
tions in high-risk pediatric patients harboring classical cardio-
vascular risk factors. Endothelial dysfunction and increased
thickness of the intima media are currently observed in children

with familial hypercholesterolemia, obesity, and type 1 diabetes
mellitus. The association of early vascular dysfunction with a
known risk factor is an important issue as these anomalies
precede the formation of atherosclerotic plaques. Therefore, they
may help in stratification of the risk for cardiovascular event and
to better tailor therapeutic interventions in at risk children.
Finally, these methods have been applied in specific pediatric
populations, such as children with end-stage renal disease,
chronic parenteral nutrition, HIV infection, and coarctation of the
aorta. In these conditions, endothelial dysfunction and vascular
remodeling are also present early in life and these data raise new
possibilities in the understanding of the pathogenesis of athero-
sclerosis in these populations. (Pediatr Res 58: 173–178, 2005)

Atherosclerosis begins in childhood as deposits of choles-
terol and its esters, referred to as fatty streaks, in the intima of
large muscular arteries. Evidence regarding the associations of
adult coronary artery disease risk factors with atherosclerosis
in young persons have been described (1). These observations
raise implications for the long-range prevention of coronary
artery disease, starting in the pediatric practice. Before the use
of high-resolution ultrasound techniques to assess vascular
function, anatomical and functional evidence for atherogenesis
could only be recognized by invasive investigations or on
postmortem examination (2). Today, these noninvasive meth-
ods are commonly used to assess endothelial function and to
detect early anatomical evidence of atherogenesis in adult and
pediatric populations. The most widely used test to evaluate
endothelial function measures the vasodilator response to in-
creased blood flow of the brachial artery (flow mediated vaso-
dilatation) (3). Adult studies have demonstrated that the endo-
thelial function of the peripheral circulation is closely related to

that of the coronary circulation. The remodeling of the large
arteries can be evaluated by the measure of the thickening of
the intima and media of the common carotid arteries, or of the
aorta (4). These approaches give an estimation of the local or
regional function of the examined arterial bed. However, a
more global evaluation of the physical properties of the arterial
system can be given by the measure of the pulse wave velocity
that derived from the complex interactions between the ven-
tricular performance, the physical properties of the arterial
system, and rheological characteristics of the blood (5). Addi-
tionally, analysis of the pulse wave form by tonometry of
applanation provides a noninvasive means to record local
arterial pressure and wave reflection (6).
This past decade, endothelial dysfunction has been demon-

strated noninvasively in children harboring various coronary
artery disease risk factors. Accordingly, increased thickening
of the intimal and medial layers has been observed in these
conditions. Ultrasound evaluation of vascular function has
opened new perspectives into pediatric vascular disease and
could provide a valuable supplement in the evaluation of high
risk pediatric patients within a clinical setting.
Here, we will give a brief summary of the noninvasive methods

to evaluate vascular function in children and review the recent
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data available to show the potential of these techniques for
assessing atherogenic risk in the pediatric population.

NONINVASIVE METHODS FOR THE EVALUATION
OF VASCULAR FUNCTION

Consistent testing conditions are needed to obtain accurate
results. The International Brachial Artery Reactivity Task
Force lists criteria that should be fulfilled for participation in
multicenter trials (7). These criteria could be applied to clinical
testing centers. In the pediatric practice, many puzzling factors
can be difficult to control, such as fasting, menstrual cycle in
adolescents, drug intake, and body mass differences in large
cohorts of patients. In spite of these limitations, the results
obtained in similar pediatric populations by different groups
are consistent. This suggests that ultrasound evaluation of
vascular function can be reliably assessed by these techniques,
provided that testing conditions are adequate. Briefly, the
different techniques described should be performed by a
trained ultrasound technician, with the child being recumbent
for 10 min in the supine position and room temperature kept
around 22°C. As the cooperation of the child is needed for
15–30 min, children younger than 6 y cannot be tested. Stan-
dard echo machines can be used with a 7–10 MHz probe. Off
line analysis of the images is performed with dedicated
software.

ENDOTHELIAL FUNCTION MEASUREMENT

The measurement of endothelium-dependent (flow medi-
ated) and -independent (nitroglycerine) vascular responses of
the brachial artery by high-resolution imaging are performed in
subjects laying supine in controlled and consistent testing
conditions. Briefly, after baseline brachial artery diameter and
blood flow have been recorded, a pneumatic cuff is inflated to
suprasystolic pressure on the forearm for 3–5 min. Cuff defla-
tion results in reactive hyperemia, causing increased flow
through the brachial artery and stimulating endothelium-
dependent, flow-mediated dilation. Arterial diameter measure-
ments are then repeated after a 10-min rest, and 3 and 4 min
after a single sublingual spray of nitroglycerin, which produces
an endothelium-independent dilation. Differences between
baseline and maximal response to hyperemia and to nitroglyc-
erine are then calculated.

ASSESSMENT OF ARTERIAL STIFFNESS

Three groups of noninvasive methods are used: 1) measuring
pulse wave velocity (PWV), 2) relating change in diameter (or
area) of an artery to distending pressure, and 3) assessing
arterial pressure waveforms.
Pulse wave velocity. The velocity of the arterial wave prop-

agation is an index of vascular stiffness and has emerged as an
important predictor of cardiovascular events. PWV is defined
by the Moens-Korteweg equation, PWV � �(Eh/2�R), where
E is Young’s modulus of the arterial wall, h is wall thickness,
R is arterial radius at the end of diastole, and � is blood density.
The arterial pulse wave is recorded at proximal artery, such as
the common carotid artery, as well as at more distal artery,

such as the femoral. The superficial location of these vessels
means that their pulse pressure waveforms are readily mea-
sured noninvasively, and, between these two sites, the pulse
wave has to travel through most of the aorta. The time delay
between the arrival of a predefined part of the pulse wave at
these two points is obtained by gating to the peak of the
R-wave of the ECG. The distance traveled by the pulse wave
is measured over the body surface and PWV is then calculated
as distance/time (m/s). Arterial pulse waves can be detected by
using pressure-sensitive transducers, Doppler ultrasound, or
application tonometry. As increases in distending pressure
increase PWV, it is crucial to take into account the level of
blood pressure in studies that use PWV as a marker of cardio-
vascular risk.
Relating change in vessel diameter to distending pressure.

The change in arterial diameter during the cardiac cycle eval-
uated by high-resolution ultrasound can be related to the
distending pressure, providing a series of direct measures of
stiffness (8,9). Calculation of parameters, such as compliance
and distensibility, requires that the incremental pressure of the
artery in question be known, for example, the carotid pulse
pressure. Applanation tonometry can be used to assess carotid
pulse pressure. Arterial compliance and distensibility evaluate
the function of the studied artery as a hollow structure. The
cross-sectional area of the arterial wall and, therefore, its
thickness, is accounted for the calculation of the Young’s
elastic modulus Einc. Einc is therefore a parameter indepen-
dent of the arterial geometry and may be considered a measure
of the intrinsic stiffness of the arterial wall material. An
alternative approach to characterize elastic properties of the
arterial wall independently of distending pressure is the calcu-
lation of the stiffness index � defined as the ratio of logarithm
(systolic/diastolic pressures) to (relative change in diameter).
Analysis of the arterial pulse wave form. Pulse wave form

can be acquired noninvasively using a high-fidelity, transcuta-
neous, single-unit, hand-held applanation tonometer with an
external coplanar micromanometer tip (Millar Instruments,
Houston, TX). Under optimal conditions for applanation (i.e.
when the flat tonometer end with coplanar sensor flattens the
wall of an artery at the operational part of the sensor), pressures
waves measured noninvasively are virtually identical to those
recorded with a high-fidelity intra-arterial transducer, and pro-
vides a noninvasive means for recording high-fidelity arterial
pressure (10). This technique can be easily applied in children.
The waveforms and transfer function are used to derive central
aortic pressure indices. From this ascending aortic wave form,
the aortic pulse pressure (PPAo), mean pressure, and the aug-
mentation index (AI) are determined. The AI is defined as the
increment in pressure after the first systolic shoulder to the
peak of the aortic pressure expressed as a percentage of aortic
pulse pressure (11). The first peak (P1) is caused by the left
ventricular ejection, whereas the second peak (P2) is a result of
wave reflection AI � (P2 � P1)/PPAo (12). PP depends on
arterial stiffness, stroke volume, and timing of reflected pres-
sure waves (13). Elevated AI, PWV, and PP are also associated
with left ventricular hypertrophy and increased intima-media
thickness of conduit arteries (14–16).
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There are now a number of studies demonstrating the inde-
pendent prognostic value of either endothelial dysfunction or
increased arterial stiffness. These two alterations of arterial
function properties usually coexist in patients at risk of cardio-
vascular events. Some studies in children have directly related
increased stiffness with impaired endothelial function, for ex-
ample, in low birth weight, familial hypercholesterolemia, and
severe obesity. This suggests that cardiovascular risk factors
may exert their detrimental effects on arterial stiffness through
endothelial dysfunction. This hypothesis is corroborated by the
observation of endothelial dysfunction without increase in
intima-media thickness in most of pediatric studies in young
children.

ARTERIAL DYSFUNCTION IN PEDIATRIC
CONDITIONS

The assessment of vascular function may be of interest in
different pediatric conditions. Children may have a cardiovas-
cular risk factor identical to those observed in the adult popu-
lation, such as hypercholesterolemia, diabetes, obesity, smok-
ing, or hypertension. But, the pediatric patients may also be
exposed to an atherogenic stimulus that will last longer than in
the adult population because it is either related to a congenital
anomaly such as coarctation of the aorta, or to side effects of a
chronic treatment such as in end-stage renal disease, parenteral
nutrition, or antiretroviral therapy in HIV infection. In these
two categories of children, early detection of alteration of the
vascular properties may help to adapt the long-term manage-
ment of the disease to delay or improve vascular injury.

EFFECTS OF GROWTH OF ARTERIAL
PROPERTIES

Pressure waves in children are quite unlike those seen in
adolescents and paradoxically are similar to those recorded in
older adults, as shown by the decrease of the amplification of
the pressure wave between the aorta and brachial artery. In
neonates, the aortic and radial pressure waves resemble those
recorded in elderly. These apparently paradoxical results can
be explained on the basis of difference in body length and of
the timing of wave reflection. Children appear similar to older
subjects because reflected waves return earlier to central arter-
ies and have their most pronounced effect on the systolic rather
than the diastolic part of the pressure pulse.
Invasive study of arterial compliance and stiffness of the

proximal aorta have been investigated in subjects from 6 mo to
20 y (17). Compliance increases with growth and correlates
with increase in arterial size. Arterial distensibility decreases
with age and is documented by an increase in wall stiffness of
the proximal aorta with age. This suggests that the increase in
arterial size that accompanies increased body size counterbal-
ances in young subjects the effects of age on intrinsic proper-
ties of arterial wall.
Recently, evidence has accumulated that cardiovascular dis-

ease is not only predicted by key risk factors but also by
antenatal events (18,19). Low birth weight has been related to
mortality from coronary disease and to the development of
hypertension and diabetes. Endothelial dysfunction in children,

adolescents, and young adults has been correlated with birth
weight (20). It appears within the first decade of life before the
acquisition of any risk factor burden. Aging and prenatal
influences could act synergistically on vascular function. The
association between birth weight and endothelial dysfunction
continues into the third decade of life and this suggests that low
birth weight may adversely influence vascular function and the
pathogenesis of early atherosclerosis in subjects with low risk
profile to a similar degree of more widely recognized acquired
risk influences, such as smoking (21,22). As endothelial func-
tion can be modified by appropriate interventions, these obser-
vations emphasize the need for early identification of at-risk
pediatric patients, because reduction of classic risk factors
introduced in adult life can only have a limited impact on
cardiovascular outcome in this population who had an intra-
uterine growth retardation.
Cuomo et al. (23) showed that arterial abnormalities in

individuals with a familial predisposition to coronary artery
disease occur early and can be easily detected in children.
Together with prenatal history, these findings support the
notion that preventive efforts aimed at reducing the burden of
atherosclerosis in the population should begin early in life.

CLASSIC RISK FACTORS AND VASCULAR
DYSFUNCTION

Endothelial dysfunction and increased arterial stiffness of
the carotid are present in children with heterozygous familial
hypercholesterolemia (24–28). This vascular dysfunction ap-
pears in children as young as 6 or 7 y of age. Intima-media
thickness is also increased in these children and areas of
plaque, defined as distinct protrusion into the vessel wall, are
present in 10% of the familial hypercholesterolemic children
but only in one of the controls (29). The relationship between
vascular dysfunction/remodeling and LDL cholesterol levels is
still unclear, as is an amplifying role of family history of early
cardiovascular events. Because raised LDL cholesterol levels
can be lowered effectively, early statin therapy has been used
with encouraging results to improve endothelial function in
children (30). These findings emphasize the relevance for early
statin therapy in children with familial hypercholesterolemia to
reverse the atherosclerotic process.
Endothelial dysfunction has been demonstrated in children

with other conditions such as combined hyperlipidemia and
type 1 diabetes mellitus. In this latter condition, increased
carotid artery intima-medial thickness was found to be corre-
lated with the duration of the diabetes (31–35). Pena et al. (36)
showed that folic acid improves endothelial function in chil-
dren and adolescents with type 1 diabetes mellitus.
Obesity has become a major public issue. Recent studies

provided evidence that severe childhood obesity is associated
with early endothelial dysfunction and increased stiffness of
elastic arteries. Alteration of mechanical properties of the
abdominal aorta has been described in obese children (37). A
strongly positive correlation between flow-mediated dilation
and plasma apolipoprotein A-1 concentration was found inde-
pendently of insulin resistance. The reversibility of such early
arterial damage in children with an intervention program of

175NONINVASIVE ARTERIAL FUNCTION ASSESSMENT



diet alone or diet with exercise training seems to be effective
strategies to improve obesity-related vascular abnormalities
(38,39).
These various studies in pediatric populations indicate that

endothelial dysfunction and carotid thickening found in con-
ditions predisposing to atherosclerosis may be present at a
young age (31–39). The fact that specific pediatric atherogenic
conditions and classic risk factors are common correlates of
both flow-mediated vasodilatation and carotid thickening sug-
gest that endothelial dysfunction is a facet of arterial wall
remodeling. A negative correlation between brachial artery
flow-mediated vasodilatation and carotid intima-medial thick-

ness has been shown in children and young adults (40). These
alterations of vascular function in at-risk children could be
useful markers of preclinical vascular disease and may help
evaluate the risk modification by therapeutic interventions.
Additionally, these methods could be a useful tool for risk
stratification in children at risk, thereby permitting identifica-
tion of children who would benefit most from intensified
therapy.

“NONCLASSIC” CARDIOVASCULAR RISK
FACTORS

End stage renal disease (ESRD) in adults is associated with
severe vascular dysfunction and remodeling. Only a few stud-
ies have documented the consequence of renal failure on
arterial function in children. The main finding of the impact of
end-stage renal insufficiency in children undergoing hemodi-
alysis on arterial function has shown that mechanical properties
of the common carotid artery was altered, characterized by a
decrease of compliance and distensibility with increased incre-
mental elastic modulus (41). In this latter study, the intima
media thickness and the wall stress were significantly higher in
the ESRD group. Common carotid cross-sectional compliance
and distensibility were significantly lower in the ESRD group.
The augmentation index was significantly increased in ESRD
children because of an early wave reflection on the carotid
pressure curve. Additionally, ESRD patients had an increased
carotid pulse pressure when compared with controls (40 � 9
mm Hg versus 34 � 5 mm Hg, p � 0.05) due to increased
pulse wave velocity. The local pulse pressure at the carotid site
correlated positively with the intima media thickness (r � 0.63,
p � 0.01). The flow-mediated dilatation and the glyceryl

Figure 1. Parallel longitudinal view of the common carotid artery showing
near and far wall. The intima-lumen (I-L) interface (red line) of the anterior
wall artery and both the lumen-intima (green line) and media-adventitia (red
line) interfaces on the distal portion are shown. The proximal and distal walls
are detected automatically by analyzing the mean gray-level profile of the
frame

Figure 2. Site A (proximal site) and site B (distal site) of the arterial segment analyzed. Both areas show raw wave form and ECG data that are captured. They
also show the location of the onset points (red points) used in calculating time differences (�TA and �TB) between the ECG and tonometer waveforms for each
site. The means of �TA and �TB are obtained. PWV (m/s) is calculated as the result of d/�T, where d is the distance between the two sites and �T is the mean
difference in time (�TA � �TB).
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trinitrate–mediated dilatation were significantly lower in
ESRD group (by 37.5% and 22%, respectively, p � 0.01).
Transplanted children also show endothelial dysfunction and
increased arterial stiffness (42). In these patients, the flow-
mediated dilation was less than in controls and was associated
with hypertension.
In children, total or complementary parenteral nutrition is a

well-established intervention in acute or chronic illnesses that
limit oral feeding, impair digestive function, and threaten
nutritional status. The repercussions of parenteral nutrition on
structure and function of arteries in children has not been
widely evaluated but our group recently showed an increase in
the arterial stiffness associated with an impairment of the
endothelium function in this condition (43). The exact mech-
anism through which parenteral nutrition might accelerate the
formation of atheromatous lesion is unclear.
Since highly active antiretroviral therapy was introduced,

life expectancy of human immunodeficiency virus (HIV)-
infected children has increased. The adverse effects of antiret-
roviral therapy, including dyslipidemias, lipodystrophy, insulin
resistance, and premature atherosclerosis, are cause of concern
for there use in chronic management of HIV infection (44,45).
This is of particular importance in children because HIV
infection has become a chronic disease in this population, with
a potential for two decades longer term survival than adults.
The relative contribution of antiretroviral therapy, chronic
inflammation due to the ongoing viral infection, classic car-
diovascular risk factors, and their interaction is very difficult to
identify in adults. The pediatric population may help to disen-
tangle the viral infection from antiretroviral therapy influences
on vascular injury during HIV infection in the absence of
classic cardiovascular risk factors. We recently showed that
HIV-infected children had a vascular dysfunction that may be
an early step in the development of atherosclerosis (46). Our
findings were surprising as we did not find any difference
between children receiving antiretroviral therapy and untreated
patients.
Persistent vascular dysfunction has been suspected to be an

important contributor to abnormal blood pressure regulation
and, thus, late cardiovascular morbidity and mortality after
successful coarctation repair (47–49). Modification of the up-

per limb vascular phenotype has been demonstrated in patients
operated upon in early infancy, suggesting that endothelial and
smooth muscle functional abnormalities could persist despite
early repair. Vascular stiffness may be linked to hypertension
through various potential mechanisms (49), but it remains
unclear whether these factors (age at repair, geometry of the
aortic arch) are causative (50). Coarctation of the aorta is a
pediatric condition in which intervention either on vascular
dysfunction itself or on causative mechanisms such as aortic
arch geometry could help to delay the onset of resting hyper-
tension and consequently to reduce late cardiovascular events.
(Figs. 1–3)

CONCLUSION

Ultrasound evaluation of vascular function in patients at risk
for atherosclerosis is applied in clinical practice. In pediatric
patients, the main limitation of these techniques is their obser-
vational character. But there is no reason why assessment of
vascular dysfunction in children could be of less benefit than in
adults. The significance of endothelial dysfunction and intima-
medial thickening and their long-term consequences remain
unknown. Endothelial dysfunction and alteration of the me-
chanical properties of the arterial wall are observed early in life
in children harboring classic cardiovascular risk factors or
conditions known to confer a risk of premature atherosclerosis
in adults. Longitudinal studies are needed to evaluate the
impact of interventions on vascular function. These methods
already provide a valuable adjunct for the stratification of the
prognosis as well as for the guidance of therapeutic interven-
tions in children with increased cardiovascular risk.
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