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Abstract

Atherosclerotic cardiovascular disease is a leading cause of mortality

worldwide. Structural and functional evidence of early vascular disease

is present in children and adolescents and can be assessed noninvasively.

This chapter details the noninvasive techniques commonly used to assess

arterial structure and function and their research and clinical application in

children and adolescents. The use of these techniques in describing the “at-

risk” individual and the potential for assessing early prevention strategies

are also discussed.
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Introduction

Cardiovascular and cerebrovascular diseases are

common and related diseases that affect the heart

and blood vessels. They have differing

presentations – including ischemic stroke,

angina, and myocardial infarction – but

a common pathogenesis. Together they are the

leading cause of morbidity and mortality in both

developed and developing nations.

Cardiovascular events occur almost uniquely

in adults, with approximately 95 % of first myo-

cardial infarctions occurring in those over

40 years of age [1]. Cardiovascular events often

occur suddenly, without prior symptoms or clin-

ical signs. This frequent lack of identifiable prior

symptoms belies the chronic nature of the dis-

eases of the blood vessels that account for the

majority of these events. These vascular diseases

can be categorized loosely as atherosclerosis and

arteriosclerosis, the former being characterized

by low level inflammation and lipid deposition
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in the arterial wall and the latter being defined as

a hardening of the arteries. Indeed, the structural

and functional antecedents of atherosclerosis and

arteriosclerosis may begin in the first decade of

life [2–4]. Logically, early detection is valuable

to identify high-risk subjects and to maximize

chances of disease reversibility by early preven-

tion strategies.

Atherosclerosis

Atherosclerosis is an inflammatory disease of

the blood vessels, involving the formation of

plaque-like lesions through a process of

adaptive thickening of the intima, foam cell for-

mation with subsequent appearance of lipid

pools, and fibrous thickening of the arterial

wall over the lesion. Of importance to the non-

invasive detection of atherosclerosis, the disease

process results in arterial wall thickening, cal-

cium deposition in or near arterial atheromatous

lesions, and dysregulation of the functional

properties of the vasculature. These occur at

varying stages of disease progression; however,

the earliest structural changes to the arterial wall

seem to be ubiquitous and can appear in the first

decade of life [3, 4]. The earliest structural

evidences consistent with the atherosclerotic

disease process are lipid deposits in the aortic

wall, present in all individuals, but the extent

and severity of which are influenced by putative

risk factors, especially hyperlipidemia [3]. By

late childhood, the influence of risk factors on

disease progression becomes more pronounced,

especially in “at-risk” parts of the vasculature,

resulting in widespread fatty streaks and the

development of aortic fibrofatty lesions in

some individuals (Fig. 31.1) [4]. More advanced

atheromatous and complex lesions follow, often

in early adult life, but these are rare in children

and adolescents. Despite structural evidence of

the atherosclerotic disease process being present

in some form in all individuals, the extent and

severity of the disease differs greatly among

adults.

There is now a large body of literature, how-

ever, indicating that the functional properties of

the arterial wall are important contributors to the

initiation, progression, and clinical risk of athero-

sclerosis. The endothelial layer is the most well-

characterized functionally active layer of the

arterial vasculature. The healthy endothelium

generally has an atheroprotective influence on

the vasculature; however, in the presence of risk

factors or other pro-atherosclerotic stimuli, it can

promote or favor the initiation and progression of

atherosclerosis [5].

Functional properties of the arterial adventitia

and periadventitial tissues may also contribute to

the progression of atherosclerosis. While less

well understood, there is evidence that the adven-

titia and periadventitia may be involved in cross

talk with the other arterial layers, including via

the release vasoactive substances [6], and as such

may be important mediators of vascular health

and disease.

Risk Factors for Cardiovascular
Disease: Relevance in Childhood

There are a number of risk factors that are con-

sidered to be established independent risk factors

for cardiovascular disease, including hyperten-

sion, hypercholesterolemia, diabetes, smoking

(active or passive), male gender, aging, and

a family history of premature cardiovascular dis-

ease. Many of these can be relevant in children

and adolescents. While these are considered risk

factors for cardiovascular disease as a whole, the

strength of risk associated with each factor differs

for each specific type of cardiovascular disease

and hence may also differ for each specific mea-

sure of arterial health. These associations may

also be population dependent.

More recently, obesity has emerged as a risk

factor of considerable interest, although whether

it is an independent risk factor remains conten-

tious, as much of the risk of atherosclerotic car-

diovascular disease associated with obesity is

mediated at least in part by other established
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coexisting risk factors, such as hypertension and

diabetes. There is a variety of other emerging risk

factors, including sleep apnea, periodontal dis-

ease, and sedentary lifestyle.

Noninvasive measures of arterial health reflect

only specific aspects of cardiovascular risk and

do not fully capture an individual’s risk of car-

diovascular events. As with specific risk factors,

the association of different measures of arterial

health with different cardiovascular disease end-

points differs [7]. Accordingly, while noninva-

sive measures of arterial health provide some

indication of the impact of risk factors and dis-

ease prevention strategies, they are inherently

a surrogate measure for cardiovascular events.

Nonetheless, they provide an excellent means

by which to assess vascular health in asymptom-

atic individuals, including children, and provide

insight into potential risk factors and prevention

strategies.

Early abnormalities can be structural

(e.g., arterial wall thickening) or functional

(e.g., impaired vascular reactivity). These aspects

are reviewed in the next section.

Men

Fatty Streaks Raised Lesions

Women

15–19 y n=372

20–24 y n=476

25–29 y n=503

30–34 y n=383

15–19 y n=123

20–24 y n=137

25–29 y n=165

30–34 y n=131
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Fig. 31.1 Prevalence of

fatty streaks and raised

lesions in the abdominal

aorta stratified by age and

sex [4]. Proximal portion at

left; distal, right; dorsal,
lower edge. Bottom, color
intensity scales for

prevalence of fatty streaks

and raised lesions

(Reprinted from McGill

et al. [4]., Lippincott

Williams & Wilkins)
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Noninvasive Assessment of Arterial
Structure

Carotid Intima–Media Thickness (IMT)

Carotid IMT is the most widely used noninvasive

test for the assessment of preclinical atheroscle-

rosis in adults. The test uses high-resolution

external ultrasound to obtain a longitudinal scan

of the carotid artery, near the bifurcation into the

internal and external carotid arteries. There are

a number of different scanning and measurement

protocols for the assessment of carotid IMT, spe-

cifically differing by site (common carotid,

carotid “bulb,” internal carotid, or

a combination) and the type of measurement

(mean, maximum, or the average of the maxi-

mum thickness from multiple sites).

There are numerous factors that enable the

assessment IMT of the carotid artery and the

relevance thereof. It is a large conduit artery

that is sufficiently superficial to allow for detailed

imaging using high-resolution ultrasound. The

carotid IMT is measured near a major bifurcation,

which allows for more marked intimal–medial

thickening than that from a straight non-

branching arterial segment.

In adults, increased carotid IMT is associated

with multiple cardiovascular risk factors, includ-

ing male gender, systolic blood pressure, type 2

diabetes, LDL cholesterol, cigarette smoking,

obesity, and the metabolic syndrome [8–11].

Risk factors present during childhood and ado-

lescence are also associated with increased

carotid IMT and progression of carotid IMT in

later adulthood [12, 13], independent of risk fac-

tors assessed during adulthood. Beyond being

reflective of risk factor levels alone, carotid

IMT is predictive of future cardiovascular events,

even after taking into account the effect of

established cardiovascular risk factors [7, 14].

These associations with incident cardiovascular

events are similar, irrespective of measurement

site or type of measurement [7], although a recent

study indicates that in adults this association may

be more pronounced for the single thickest mea-

sure derived from the internal carotid artery [14],

a site prone to plaque development, rather than

measuring the mean carotid IMT over a long

segment of the common carotid.

Carotid IMT is readily obtained in older

children and adolescents. In these groups carotid

IMT is associated with cardiovascular risk fac-

tors, including obesity, familial hypercholester-

olemia, low HDL cholesterol, type 1 diabetes,

and increased blood pressure [15–19], and can

be influenced by intervention strategies, most

notably with weight loss and exercise [20].

Carotid IMT tracks well through adult life [21],

but it is unknown whether or not it tracks well

specifically from childhood to adolescence to

adulthood.

Aortic IMT

While the carotid artery is the most common site

for IMT assessment in adults and children alike,

the earliest structural changes consistent with the

atherosclerotic process and the first arterial

lesions appear in the abdominal aorta [4]. Assess-

ment of aortic wall structure is possible in adults

using MRI; however, due to the depth of penetra-

tion required to scan the abdominal aorta in

adults, the use of high-frequency, high-resolution

ultrasound is potentially limited. In contrast, in

infants and children it is possible to assess the

IMT of the abdominal aorta [18, 22]. As with

carotid IMT, aortic IMT is derived from

a longitudinal ultrasound scan, typically obtained

using a high-resolution linear array transducer

(7–15 MHz). The abdominal aorta is routinely

scanned in a non-branching segment, frequently

localized near a specific landmark, such as the

aortic bifurcation [18].

Aortic IMTmay be a more sensitive marker of

subclinical atherosclerosis during childhood than

is carotid IMT, with respect to ascertaining the

effects of risk factors on arterial structure [18].

For example, aortic IMT is significantly

increased in newborns with impaired fetal growth

(Fig. 31.2) [22], an emerging cardiovascular risk

factor [23]. This observation provides potential

mechanistic insight into the link between fetal

growth and adult cardiovascular disease and
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suggests that measures of arterial structure may

be a useful means by which to assess the putative

benefits of early life interventions aimed at

improving vascular health, in those with intra-

uterine or other early life risk factors [23].

Adventitial Thickness

Beyond IMT, recently developed noninvasive

techniques allow for the assessment of arterial

adventitial structure. A major constraint in the

assessment of carotid adventitial structure is the

poor differentiation by ultrasound of the outer

interface of the adventitia. Emerging techniques

directly, or indirectly, overcome this constraint

through a variety of means.

Contrast-enhanced imaging allows for

a quantitative measure of the carotid artery vasa

vasorum, an important and major component of

the adventitia, as opposed to the adventitia per se.

The widespread application of this technique in

children is restricted, however, by the require-

ment for contrast-enhanced imaging.

Very high-resolution ultrasound, using a much

higher frequency transducer (25–55 MHz) than

that used for traditional vascular scans, clearly

delineates the outer edge of the adventitia [24].

The trade-off between frequency and depth of

penetration means that this technique is only

applicable in the most superficial, muscular arter-

ies, such as the brachial and radial, and not the

carotid artery or other central arteries, even in

a pediatric population [24].

Carotid extra-medial thickness uses high-

resolution longitudinal ultrasound of the

carotid–jugular complex approximately

1.5–2 cm proximal to the bifurcation, where the

jugular and carotid rest side by side [25], and

avoids the need to delineate the outer edge of

the artery by including the carotid wall from the

media–adventitia interface through the jugular

lumen–intima interface in the measure. For this

technique the trade-off is the incorporation into

the measure of the entire venous wall and any

interstitial tissue that lies between the two ves-

sels. Importantly though, these non-arterial com-

ponents do not appear to be altered by

cardiovascular risk factors [25], and while obvi-

ously being important contributors to the absolute

thickness, they appear to be only minor contrib-

utors to variance in thickness [26]. As the carotid

extra-medial thickness technique has only

recently been described, there is currently limited

evidence concerning associations with risk fac-

tors. A cross-sectional study indicated that

Fig. 31.2 Impaired fetal

growth (intrauterine growth

restriction; IUGR) and
aortic intima–media

thickness in newborns [22].

Horizontal lines, group
means (Reprinted from

Skilton et al. [22],

copyright (2005), with

permission from Elsevier)
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carotid extra-medial thickness may be more

closely related to modifiable risk factors than is

carotid IMT and that these associations are inde-

pendent of carotid IMT [25]. There are currently

no published reports of the use of this technique

in children. The similarity between this technique

and carotid IMT in terms of acquisition method-

ology indicates that the measurement of carotid

extra-medial thickness is most likely feasible in

children, and indeed it has recently been success-

fully assessed in children aged 8 years of age

(Skilton and Celermajer, unpublished results).

These techniques do not allow for the differ-

entiation between different tissue types and cell

populations within the adventitia, such as resi-

dent fibrocyte populations or progenitor cells,

with the exception of imaging of the vasa

vasorum.

Carotid and Aortic Wall Thickness by
Magnetic Resonance Imaging (MRI)

Carotid and aortic wall thickness can be assessed

noninvasively by MRI without the use of contrast

agents. The artery is routinely imaged in cross

section with MRI, in keeping with the slice

direction of the acquisition sequence, which is

in contrast to the ultrasound-based techniques

described above. This allows for a circumferen-

tial measure of thickness, which may capture

greater heterogeneity of arterial wall structure

including areas that are prone to lesion develop-

ment [27]. The arterial wall when imaged with

MRI appears as a single layer, so differentiation

between the intima, media, and adventitia is not

possible. Whether arterial wall thickness derived

by MRI includes all three layers or only the

intima and media is open to conjecture [26–28].

This may be dependent upon the spatial resolu-

tion, which is greater for larger 3T MRI, when

compared with 1.5T MRI. The spatial resolution

limitations of 1.5TMRI are also likely to limit the

accuracy ofMRI in children, as a means by which

to serially monitor arterial wall thickness or to

determine the associations of wall thickness

with risk factors. Despite this limitation, MRI

may provide a useful means by which to diagnose

and monitor diseases that involve aortic wall

thickening and vascular inflammation, such as

Takayasu’s arteritis [29].

Coronary Artery Calcium by Computed
Tomography (CT)

As noted earlier, calcium deposits form in

advanced atherosclerotic lesions. These are

detectable in the coronary arteries by CT. In

adults, the extent of coronary artery calcium is

associated with cardiovascular risk factors [30]

and is inversely associated with coronary

vasoreactivity; independent of such risk factors

[31], coronary calcium also appears to be predic-

tive of future cardiovascular events [32].

There are two underlying limitations for the

use of CT for detecting coronary artery calcium

in children and adolescents. The first is that CT

scanning involves some radiation exposure, so

coronary artery calcium CT is not recommended

for clinical use or clinical research in children.

Accordingly, there have only been a few studies

detailing the use of CT for coronary artery cal-

cium in children and adolescents, and in general

the application of the technique is restricted to

high-risk groups in which the perceived benefit

outweighs the known risks [33].

Published reports indicate that in asymptom-

atic adolescents and young adults, aged

14–29 years, the prevalence with any measurable

coronary artery calcium is 11 % for males and

6 % for females, although the latter was derived

from a single individual with detectable coronary

calcium (from 17 individuals assessed) [34].

While asymptomatic, the majority of patients

described in this chapter were referred because

of known cardiovascular risk factors or self-

referred, so the population prevalence of detect-

able coronary calcium in this age group is likely

to be lower. At the other end of the risk spectrum

are those with familial hypercholesterolemia,

a major risk factor for premature cardiovascular

events. In patients with familial hypercholester-

olemia, one third of individuals aged 11–23 years

have no detectable evidence of coronary calcium

[35]. “High” coronary calcium scores were found
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in 24 % of these patients, suggesting that CT for

coronary artery calcium may potentially allow

further risk discrimination for adolescents and

young adults with a high-risk profile. These stud-

ies underline the second limitation of CT for

detection of coronary artery calcium in children

and adolescents, that it measures a level of dis-

ease that is generally more advanced than that

seen in children and adolescents.

Arterial Function: Endothelial and
Smooth Muscle

Conduit Artery Flow-Mediated
Dilatation (FMD)

As noted earlier, the arterial endothelium is an

active cell layer that forms the interface with the

blood. Of importance, a healthy functional arte-

rial endothelium has a host of antiatherogenic

properties, many mediated by the release of nitric

oxide. Nitric oxide plays a key role in

maintaining vascular homeostasis, in addition to

other anti-atherosclerotic properties such as

reducing coagulation and leukocyte adhesion to

the endothelium [5]. Nitric oxide is difficult to

assess in the circulation; however, its dilatory

effects on the arterial vasculature in response to

various stimuli can be assessed in the coronary

arteries by invasive techniques and in the periph-

eral vasculature by noninvasive techniques.

The gold-standard research methodology for

the noninvasive determination of conduit artery

endothelial function is arterial FMD assessed by

high-resolution ultrasound. The technique evalu-

ates arterial endothelial function as the ability of

the artery to dilate in response to a hyperemic

stimulus, most commonly initiated by a period of

arterial occlusion. Protocols differ on whether

this occlusion is upstream or downstream from

the site of assessment, and this choice may alter

the proportion of the subsequent dilatation

resulting from endothelial release of nitric oxide

[36] and therefore endothelial function. Nonethe-

less, the technique itself has changed little since

its initial description [2]. In adults, the brachial or

radial arteries are most frequently imaged;

however, in children the femoral is also utilized

(see subsequent discussion below for further

details). Importantly, the FMD of peripheral con-

duit vessels correlates with coronary endothelial

function [37].

A high-resolution, longitudinal B-mode ultra-

sound of the artery is acquired while the partici-

pant lies at rest. An occlusion cuff situated either

proximal or distal to the site of assessment (see

below for further details) is then inflated to

suprasystolic pressure, typically 50 mm Hg

above systolic blood pressure. After approxi-

mately 5-min occlusion, the cuff is rapidly

deflated. The artery dilates in response to the

ensuing hyperemia, typically reaching peak dila-

tation at around 45–60 s post cuff release in

healthy young subjects; however, this may be

markedly delayed in subjects with poor vascular

health [38]. Protocols differ, however, and the

FMD is most commonly taken as the percentage

dilatation from the resting diameter at either

a particular point in time (e.g., 45–60 s) or the

peak dilatation within 3 min of cuff deflation, the

latter of which appears to better discriminate

between healthy and at-risk individuals [39]. Fur-

thermore, the peak dilatation has been demon-

strated to be largely due to endothelial release

of nitric oxide [40]. After the arterial diameter

has returned to baseline levels (approximately

10 min), endothelium-independent dilatation is

assessed to ensure the smooth muscle dilatory

capacity. This is typically tested using sublingual

glyceryl trinitrate.

In addition to the timing of FMDmeasurement

post-occlusion, there are a number of critical

elements in the protocol that can introduce vari-

ance to the FMD measure if not standardized,

including the duration of occlusion and the site

of the occlusion cuff. These seemingly slight

variations may have important implications

[36], including altering the proportion of the dila-

tation due to endothelial nitric oxide release;

however, they do not appear to alter the associa-

tion of FMD with cardiovascular events [41].

This technique was originally described in

a pediatric population and is thus readily appli-

cable in children. There are, however, some

minor changes to the protocol that are often
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introduced for use in children. These include the

assessment of a larger conduit artery, such as the

femoral, instead of the brachial artery as interro-

gated in adults. This is primarily a means by

which to limit the excessively high FMD

observed in arteries with small diameters [2] but

also for ease of data acquisition. Another com-

mon alteration to the protocol is the removal of

the endothelium-independent dilatation compo-

nent of the protocol, involving administration of

the smooth muscle vasodilator glyceryl trinitrate.

Arterial FMD has been demonstrated to be

inversely associated with individual cardiovascu-

lar risk factors, including systolic blood pressure,

male sex, smoking, age, and body mass index

[42, 43], and independently with the total burden

of cardiovascular risk, as determined by the num-

ber of risk factors [44]. The use of arterial FMD

as a surrogate has also aided in the description of

emerging risk factors, such as fetal growth,

allowing for greater refinement of the “at-risk”

individual, in addition to more complete mecha-

nistic insight [45, 46].

Beyond associations with risk factors, arterial

FMD is associated with carotid IMT in cross-

sectional examinations [47], and also with pro-

gression of carotid IMT [48], and is predictive of

cardiovascular events [41]; however, this has not

been the case in all studies. The majority of

studies showing this association with incident

cardiovascular events suggest that the association

is independent of established risk factors and is

similar in those with preexisting cardiovascular

disease and asymptomatic individuals [41].

In childhood, FMD is associated with risk

factors, and putative risk factors, including

hyperlipidemia (especially familial hypercholes-

terolemia; Fig. 31.3), low HDL cholesterol, type

1 diabetes, obesity, passive smoking, and

impaired fetal growth [2, 15, 19, 45, 49, 50].

FMD is a dynamic measure of arterial endothe-

lial function and is thus well suited as a means to

determine the efficacy on arterial health of puta-

tive prevention strategies and treatments.

A limitation, however, is that it may be transiently

impaired, for example, during a flu-like illness

[51]. Reversibility studies with arterial FMD

have included demonstrations of improvement in

endothelial function with oral L-arginine supple-

mentation in young adults with familial hypercho-

lesterolemia (Fig. 31.4) [52], weight loss and

exercise in obese children (Fig. 31.5) [20], and

“cessation” of passive smoking [53].

Small-Vessel Function

There are a number of techniques that allow for

the study of small-vessel function. The gold-

standard measure of resistance vessel endothelial

function is the forearm blood flow response to

acetylcholine infusions, assessed by venous-

occlusion strain-gauge plethysmography. This

technique is not routinely used in pediatric

20

% FMD

Controls

p < 0.0001

FH

15

10

5

0

−5

−10

Fig. 31.3 Children with familial hypercholesterolemia

(FH) have impaired endothelium-dependent dilatation,

as assessed by flow-mediated dilatation (FMD) [50].

Horizontal lines, group means; open circles, subjects

with heterozygous FH; solid circles, subjects with homo-

zygous FH (Reprinted from Sorensen et al. [50], with

permission from The American Society for Clinical

Investigation, Inc.)
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research due to the need for an arterial line; how-

ever, like arterial FMD, plethysmography can

also be used to quantify the vascular response to

a hyperemia.

Two distinct plethysmographs are commonly

used – strain-gauge plethysmography and fingertip

plethysmography. With the former, the measuring

device – a mercury in Silastic strain gauge – is

placed around the forearm at the point of greatest

circumference and is able to assess the pulsatile

changes in forearm circumference. Periodic upper

arm venous occlusion allows for the quantification

of forearm blood flow, either at rest or during post-

occlusion hyperemia.

The fingertip method has recently become pop-

ular, with devices such as the EndoPAT (Itamar

Medical Ltd, Israel), an FDA-approved device for

the noninvasive assessment of endothelial func-

tion, streamlining and simplifying the assessment

of arterial function and providing good reproduc-

ibility, including in adolescents [54].

With these two techniques, the site of mea-

surement is distal to the occlusion site, as it is

with the upper arm cuff position used in some

FMD protocols. Accordingly, the proportion of

the measure due to endothelial-derived nitric

oxide may be lower, with ischemic metabolites

potentially having a larger influence. This may be

more pronounced for strain-gauge plethysmogra-

phy around the forearm, as this measures a larger,

more muscular body of tissue, as opposed to the

fingertip-derived EndoPAT. Indeed, nitric oxide

is only a minor contributor to the hyperemic

response of the forearm [55], whereas the

EndoPAT-assessed response has been reported

to be �50 % due to endothelial nitric oxide

release [56]. Both methods correlate with more

established measures of endothelial function;

forearm plethysmography with acetylcholine-

induced dilatation of the same vascular bed

[57], and EndoPAT with both brachial FMD

from the same hyperemic stimulus [58], and cor-

onary microcirculatory function [59]. Similarly,

there is evidence that both techniques may pre-

dict cardiovascular events independent of

established risk factors [60, 61].

Both techniques are applicable in adolescents,

with the response to hyperemia measured by

EndoPAT being impaired in adolescents with

type 1 diabetes [62] and the forearm hyperemic

response being impaired in African American

adolescents [63].

P <0.0001
a b P = NS
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Fig. 31.4 Reversal of endothelial impairment with

oral L-arginine in hypercholesterolemic young

adults – a randomized placebo-controlled crossover trial

of 4-week L-arginine supplementation on flow-mediated

dilatation [52]. Results of P < 0.001 for comparison of

L-arginine with placebo. Bold lines represent groupmeans

and standard deviation (Reprinted from Clarkson et al.

[52], with permission from The American Society for

Clinical Investigation, Inc.)
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Arterial Stiffness

Pulse Wave Velocity (PWV)

PWV can be noninvasively assessed through the

comparison of the timing of pulse waves at two

peripheral arterial sites. The most common tech-

niques involve the use of (a) two tonometers

recording simultaneously or (b) a single tonome-

ter used to assess two sites sequentially, with

concurrent ECG reading. With both techniques,

the distance between the sites is required to cal-

culate the velocity. There are three different mea-

surement methods – total distance between sites,

subtracting the carotid to sternal notch distance

from the total distance, or subtracting the carotid

to sternal notch distance from the sternal notch to

femoral distance. These differing methods intro-

duce variance to the absolute PWV values

reported in the literature. This stresses the

importance of consistency of methods for

Fig. 31.5 Reversal of endothelial impairment with weight

loss and exercise in overweight children – a randomized

trial of dietary modification and supervised exercise versus

dietary modification alone [20]. Top panel shows improve-

ment in flow-mediated dilatation in both groups; however,

this improvement was greater in the diet and exercise group

(P ¼ 0.01). Group data are means and standard deviation.

Bottom panel shows the continued improvement in

flow-mediated dilatation in those who maintained exercise

training through 1 year, whereas the endothelial function in

those who “detrained” and reverting to dietary modification

alone returned toward baseline levels (P ¼ 0.035 for com-

parison at 1 year). Box, line, and error bars represent 2.5th,
25th, 50th (median), 75th, and 97.5th percentiles

(Reprinted from Woo et al. [20], Lippincott Williams &

Wilkins)
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cross-sectional studies or when undertaking

serial measures [64].

With the “two tonometer” technique, the PWV

(in m/s) is calculated as the distance between the

two sites divided by the difference in time

between the arrival of the pulse wave (as indi-

cated by the upstroke of the pulse waveform) at

the two sites of assessment.

With the “single tonometer” technique, each

pulse wave is assessed independently, and the

transit time from the heart to the site is derived

from a comparison with the ECG.

In adults, the two sites most frequently

assessed are the carotid artery and the femoral

artery, and the carotid–femoral PWV is consid-

ered the gold-standard noninvasive test of arterial

stiffness [64]. Importantly, using these two sites

provides a measure of PWV principally due to

aortic arterial stiffness.

Subject acceptability potentially limits the use

of the femoral artery site as a component of

a noninvasive research methodology in otherwise

healthy children. One alternative is to use other

more readily accessible distal sites, such as

carotid–radial PWV, carotid–dorsalis pedis

PWV, or brachial–ankle PWV. There is limited

evidence available to support the use of one site

over the other; however, carotid–dorsalis pedis

PWV and brachial–ankle PWV will at least par-

tially reflect central (aortic) stiffness. Further-

more, there are distinct structural differences

between muscular arteries, such as the brachial

Table 31.1 Noninvasive techniques for presymptomatic assessment of arterial structure and function in children or

young adults

Technique

Guidelines, consensus statements, or

method description Site

CVD

prediction

(when assessed

in adulthood)

Relevance – children/

adolescents

IMT Mannheim consensus [75], AHA

children/adolescents recommendations

[76], aortic IMT

methodology – children [18],

neonates [22]

Carotid +++ ++ (carotid)

Aorta

(abdominal)

? +++ (aorta)

MRI – wall

thickness

MRI wall thickness methodology [77] Carotid ? +

CT – coronary

calcium

AHA children/adolescents

recommendations [76]

Coronary

arteries

+ –

FMD International brachial artery reactivity

task force [78], AHA children/

adolescents recommendations [76]

Brachial/femoral +++ +++

Plethysmography Hyperemic forearm strain-gauge

plethysmography methodology [79],

EndoPAT methodology [80]

Forearm ++ +/++

Fingertip ++ +/++

Pulse wave

velocity

ESC consensus [64], AHA children/

adolescents recommendations [76]

Carotid–femoral +++ –

Brachial–ankle + ++

Carotid–dorsalis

pedis

? ?

Carotid–radial ? +

Regional arterial

stiffness

ESC consensus [64], AHA children/

adolescents recommendations [76]

Carotid – +

Aorta ? +

AHA American Heart Association, ESC European Society of Cardiology

CVD prediction based on assessment of arterial health measure in adulthood: ?, unknown; –, not predictive; +, evidence

for risk prediction, but may not be independent of established risk factors; ++, evidence for risk prediction, may be

independent of established risk factors; +++, multiple studies showing independent prediction of CVD

Relevance – children/adolescents: no evidence, ?; generally not appropriate in children, –; applicable in children but

with limitations, +; applicable in children with good evidence, ++; likely best measure in class in children, +++
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and radial arteries, and the central arteries, which

are predominantly elastic in nature, and as such

the PWV along these distinct segments may

differ.

In adults, aortic PWV is an independent pre-

dictor of cardiovascular events in both asymp-

tomatic and “at-risk” populations [65, 66]. For

children, the available evidence indicates that

age, sex, type 1 diabetes, blood pressure, and

obesity may be important childhood risk factors

for increased PWV [67–69].

Cross-Sectional Distensibility

Site-specific measures of arterial stiffness can be

assessed in the aorta, carotid, or brachial artery

using ultrasound or MRI. The ultrasound tech-

niques can be added to an IMT or FMD protocol

using standard equipment or undertaken using

dedicated echo-tracking equipment. Ideally,

a simultaneous pressure measurement is required

to allow calculation of stiffness indices, such as

distensibility and compliance, likely more mean-

ingful for cardiovascular risk than measuring the

change in diameter alone. Regional measures of

carotid stiffness may not be as relevant as aortic

stiffness derived by PWV, with regard to their

prediction of incident cardiovascular events [70],

possibly related to inherent differences in the

determinants of carotid and aortic stiffness [71].

In children and adolescents, carotid stiffness is

associated with LDL-cholesterol levels, obesity,

and insulin resistance [72, 73]. Aortic stiffness

can be assessed in newborns by ultrasound and is

increased in those born with impaired fetal

growth [74].

Conclusion

Atherosclerosis begins in childhood and is detect-

able using noninvasive techniques to assess struc-

tural and functional changes in the arterial

vasculature (Table 31.1). At this early stage,

such changes are potentially reversible. Accord-

ingly, noninvasive detection of atherosclerosis

provides important insights into the pathogenesis

and prevention of atherosclerosis. These tech-

niques are not currently recommended for clini-

cal use, however, and there remain important

gaps in the current knowledge, especially

concerning the relevance of these measures in

children, as surrogates for cardiovascular risk.

Specifically, do measures of arterial structure

and function assessed in childhood and adoles-

cence predict future cardiovascular events?

The long time period that separates childhood

from the typical age of onset of cardiovascular

events will make this difficult to determine, but

the latter may be inferred through a combination

of tracking from childhood to early adulthood and

studies that will soon report on whether or not

measures of arterial structure and function

assessed in early adulthood predict early cardio-

vascular events. While an important issue, the

lack of this evidence need not distract from the

consistency of association of these measures with

the extent and severity of atherosclerosis in child-

hood and adolescence and their relevance in

describing risk factors for, and designing preven-

tive strategies to slow the progression of, early

atherosclerosis. Further research will show

whether early identification and reversibility

studies can influence the natural history of car-

diovascular events secondary to atherosclerosis.
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