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AHA Scientific Statement

Noninvasive Assessment of Subclinical Atherosclerosis in
Children and Adolescents

Recommendations for Standard Assessment for Clinical Research

A Scientific Statement From the American Heart Association

Elaine M. Urbina, MD, FAHA, Chair; Richard V. Williams, MD; Bruce S. Alpert, MD, FAHA;
Ronnie T. Collins, MD; Stephen R. Daniels, MD, PhD, FAHA; Laura Hayman, PhD, RN, FAHA;

Marc Jacobson, MD, FAHA; Larry Mahoney, MD, FAHA; Michele Mietus-Snyder, MD;
Albert Rocchini, MD, FAHA; Julia Steinberger, MD, MS; Brian McCrindle, MD, MPH, FAHA;

on behalf of the American Heart Association Atherosclerosis, Hypertension, and Obesity in Youth
Committee of the Council on Cardiovascular Disease in the Young

Abstract—Deterioration in endothelial function and arterial stiffness are early events in the development of cardiovascular

diseases. In adults, noninvasive measures of atherosclerosis have become established as valid and reliable tools for refining

cardiovascular risk to target individuals who need early intervention. With limited pediatric data, the use of these techniques

in children and adolescents largely has been reserved for research purposes. Therefore, this scientific statement was written

to (1) review the current literature on the noninvasive assessment of atherosclerosis in children and adolescents, (2) make

recommendations for the standardization of these tools for research, and (3) stimulate further research with a goal of

developing valid and reliable techniques with normative data for noninvasive clinical evaluation of atherosclerosis in pediatric

patients. Precise and reliable noninvasive tests for atherosclerosis in youth will improve our ability to estimate future risk for

heart attack and stroke. Currently, large longitudinal studies of cardiovascular risk factors in youth, such as the Bogalusa and

Muscatine studies, lack sufficient adult subjects experiencing hard outcomes, such as heart attack and stroke, to produce

meaningful risk scores like those developed from Framingham data. (Hypertension. 2009;54:919-950.)

Key Words: AHA Scientific Statements � pediatrics � elasticity imaging technique � brachial artery � risk factors

� vasculature � carotid arteries

Cardiovascular disease is the leading cause of death in

Western societies.1,2 Evidence indicates that atheroscle-

rosis begins in childhood with the accumulation of lipid in the

intima of arteries to form fatty streaks.3 Nearly all children

have at least some degree of aortic fatty streaks by 3 years of

age,4 and these fatty streaks increase after 8 years of age,5

with atherosclerotic plaques present in the coronary arteries

during adolescence.6 This atherosclerotic process results in

changes in the structure and function of the arterial tree.7

Cardiovascular diseases are associated with a number of

risk factors, such as diabetes mellitus, hypertension, dyslip-

idemia, and obesity, and the prevalence of these risk factors

has been increasing among children and adolescents8–10 in

relation to the worldwide epidemic of obesity.11,12 In post-

mortem studies, intimal surface involvement with atheroscle-

rotic lesions in the descending thoracic aorta, the abdominal

aorta, and the right coronary artery was positively associated

with risk factors that included abnormal lipid and lipoprotein

The American Heart Association makes every effort to avoid any actual or potential conflicts of interest that may arise as a result of an outside
relationship or a personal, professional, or business interest of a member of the writing panel. Specifically, all members of the writing group are required
to complete and submit a Disclosure Questionnaire showing all such relationships that might be perceived as real or potential conflicts of interest.

This statement was approved by the American Heart Association Science Advisory and Coordinating Committee on July 3, 2009. A copy of the
statement is available at http://www.americanheart.org/presenter.jhtml?identifier�3003999 by selecting either the “topic list” link or the “chronological
list” link (No. KJ-0729). To purchase additional reprints, call 843-216-2533 or e-mail kelle.ramsay@wolterskluwer.com.

The American Heart Association requests that this document be cited as follows: Urbina EM, Williams RV, Alpert BS, Collins RT, Daniels SR,
Hayman L, Jacobson M, Mahoney L, Mietus-Snyder M, Rocchini A, Steinberger J, McCrindle B; on behalf of the American Heart Association
Atherosclerosis, Hypertension, and Obesity in Youth Committee of the Council on Cardiovascular Disease in the Young. Noninvasive assessment of
subclinical atherosclerosis in children and adolescents: recommendations for standard assessment for clinical research: a scientific statement from the
American Heart Association. Hypertension. 2009;54:919–950.

Expert peer review of AHA Scientific Statements is conducted at the AHA National Center. For more on AHA statements and guidelines development,
visit http://www.americanheart.org/presenter.jhtml?identifier�3023366.

Permissions: Multiple copies, modification, alteration, enhancement, and/or distribution of this document are not permitted without the express
permission of the American Heart Association. Instructions for obtaining permission are located at http://www.americanheart.org/presenter.jhtml?
identifier�4431. A link to the “Permission Request Form” appears on the right side of the page.

© 2009 American Heart Association, Inc.

Hypertension is available at http://hyper.ahajournals.org DOI: 10.1161/HYPERTENSIONAHA.109.192639

919  by on November 18, 2009 hyper.ahajournals.orgDownloaded from 

http://hyper.ahajournals.org


profiles, smoking, glucose intolerance, and obesity.13–16

Given that clusters of risk factors in childhood predict the

presence of risk factors in adults,17 an increase in the

incidence of cardiovascular disease is likely to occur as

current adolescents enter adulthood. Current primary preven-

tion guidelines identify high-risk youth solely by cardiovas-

cular risk factor cut points derived from epidemiological data,

such as the Bogalusa13 and Muscatine18 studies, that lack

sufficient adult subjects experiencing hard outcomes, such as

heart attack and stroke, to produce meaningful risk scores like

those developed from Framingham data.19 Development of

validated tools for noninvasive measurement of early athero-

sclerotic disease has the potential to change the paradigm for

evaluation and treatment of elevated cardiovascular risk in

youth by focusing on target-organ damage.

Arterial Structure: Carotid Intimal-

Medial Thickness
Since the early 1990s, assessment of carotid intimal and medial

thickness (cIMT) with high-resolution B-mode ultrasonography

has emerged as one of the more powerful tools for the evaluation

of subclinical atherosclerosis. Newer ultrasound systems with

high-frequency transducers allow easy identification of the

lumen-intima interface and intima-adventitia interface and thus

easy and reliable measurement of cIMT. Far-wall cIMT accu-

rately represents the intima-media thickness compared with

direct histological examination.20

Relationship to Cardiovascular Risk in Adults
In adults, increased cIMT is associated with coronary artery

disease and is predictive of future cardiovascular events,

including stroke and myocardial infarction.21–26 Several car-

diovascular risk factors have been associated with cIMT,

including age, male sex, diabetes mellitus, total cholesterol,

and smoking.27–29 cIMT has proved sufficiently robust and

reproducible in the evaluation of changes over time to serve

as an end point in clinical trials assessing the impact of

antihypertensive and lipid-lowering medications on cardio-

vascular risk.30–35 In the Prospective Randomized Evaluation

of the Vascular Effects of Norvasc Trial (PREVENT) in

patients with coronary artery disease, a decrease in cIMT was

demonstrated in the patients who received amlodipine,

whereas patients who received placebo had an increase in

cIMT over the study period.31 In the European Lacidipine

Study on Atherosclerosis (ELSA), less of an increase in

cIMT, the primary end point of the trial, was seen in

hypertensive patients who were given lacidipine than in those

given atenolol.35 In the Effect of Aggressive versus Conven-

tional Lipid Lowering on Atherosclerosis Progression

(ASAP) trial, patients randomized to aggressive therapy

demonstrated a significant decrease in cIMT over the study

period, whereas those who received conventional therapy

showed an increase.33 In the Kuopio Atherosclerosis Preven-

tion Study, the rate of progression of atherosclerosis, as

assessed with cIMT, was decreased in the group that received

pravastatin compared with those receiving placebo.32 Finally,

in the Asymptomatic Carotid Artery Progression Study

(ACAPS), treatment with lovastatin was shown to decrease

cIMT, as well as cardiovascular events, compared with

placebo.30 A more extensive review of randomized controlled

trials evaluating the effect of an intervention on change in

cIMT can be found in the review by Bots et al.36 On the basis

of these and other studies, assessment of cIMT in adults is

widely accepted as a valid and reliable measure of athero-

sclerotic burden and may be considered for risk assessment in

experienced laboratories.37,38

Data in Children and Adolescents
To evaluate early, subclinical disease, assessment of cIMT

also has been used extensively in children and young adults

with known risk factors for cardiovascular disease. Increased

cIMT relative to normal children has been demonstrated in

pediatric patients with familial hypercholesterolemia (FH),39–43

hypertension,44,45 obesity,46,47 type 1 diabetes mellitus,40,48

and the metabolic syndrome49 (Table 1). Longitudinal studies

have demonstrated that increased cIMT in young adults is

associated with the presence of cardiovascular risk factors in

childhood,55–58 including a positive parental history of pre-

mature coronary artery disease.59,60 Assessment of cIMT has

also been used to evaluate cardiovascular risk in populations

of children with other chronic medical conditions, including

end-stage renal disease,61 systemic lupus erythematosus,62

HIV infection,51 and Kawasaki disease,52 and in patients who

have undergone repair of aortic coarctation.63

Although cIMT varies with age, sex, and race in adults,64,65

the studies investigating these relationships in children and

adolescents have not demonstrated significant sex differences

in cIMT.66–68 In a series of 160 normal subjects between 10

and 18 years old, Sass and colleagues66 did not find a

significant correlation between age and cIMT. In a younger

population of normal children 5 to 14 years of age, Ishizu et

al67 demonstrated a weak but statistically significant correla-

tion between age and cIMT. In perhaps the largest cohort of

normal children and adolescents reported, Jourdan et al68

found a weak positive correlation between age and cIMT

(r�0.15), with a somewhat stronger correlation between

cIMT and both height and body mass index (BMI). Published

Table 1. Conditions Associated With Increased cIMT

Condition Reference

Familial hypercholesterolemia Aggoun et al,39 Järvisalo et al,40

Koeijvoets et al,41 Tonstad et al,42

Wiegman et al43

Hypertension Lande et al,44 Sorof et al45

Obesity Meyer et al,46 Woo et al47

Diabetes mellitus Järvisalo et al,50 Singh et al48

Metabolic syndrome Iannuzzi et al49

Human immunodeficiency virus Charakida et al51

Kawasaki disease Noto et al52

Interventions

Statin therapy Koeijvoets et al,41 Wiegman et al53

Diet and exercise Woo et al54
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normal values for cIMT are shown in Table 2, and normal

values for age are summarized in Table 3. It is not known,

however, whether some of the changes in cIMT that occur

with age represent normal vascular adaptation or a patholog-

ical change. Bots et al69 compared end-diastolic lumen to

cIMT to study the relationship between shear stress and

transmural pressure. They found that at lower degrees of

cIMT, thickening reflected adaptation that led to a balance

between pressure and flow, but beyond a certain level, cIMT

did indicate true atherosclerotic change.

Although analysis of cIMT has been used extensively in

cross-sectional studies in children, few clinical trials have

used cIMT as an end point. Assessment of cIMT was used as

a surrogate end point for atherosclerotic burden in random-

ized clinical trials assessing statin therapy in children with

FH.41,53 In a trial reported by Wiegman et al,53 children were

randomly assigned to receive either pravastatin or placebo,

and the change in mean cIMT after 2 years of therapy was

the primary end point. These investigators found a de-

crease in mean cIMT after 2 years of pravastatin therapy,

whereas treatment with placebo was associated with an

increase. In addition, a significant difference in the change

from baseline between the 2 groups was seen. Koeijvoets

et al41 assessed the relationship between low-density li-

poprotein (LDL) receptor genotype and cIMT response to

pravastatin therapy. Although children with null alleles

had a greater baseline cIMT than those with receptor-

defective mutations, both groups demonstrated a similar

change in cIMT in response to statin therapy, consistent

with the non–receptor-dependent, antiinflammatory mech-

anisms of this class of drugs.70

A linear positive relationship has been demonstrated be-

tween obesity in childhood and cIMT in young adults.71,72

Individuals who experienced the largest increase in BMI

during childhood and adolescence and who remained over-

weight the longest had the greatest cIMT. In a study inves-

tigating the impact of diet and exercise on noninvasive

markers of atherosclerosis in obese children, Woo and col-

leagues54 were able to demonstrate a significant decrease in

cIMT within 1 year of intervention. The findings of these

studies demonstrate the utility of cIMT assessment in inter-

ventional clinical trials involving children and adolescents

and underscore the importance of efforts to change modifi-

able cardiovascular risk factors early in life.

In addition to cIMT, a few pediatric studies have measured

intima-media thickness in the aorta (aIMT). This technique

has proved useful even in neonates and young children. With

abdominal ultrasound, increased aIMT has been associated

with low birth weight,73 intrauterine growth restriction,74

maternal smoking,75 and FH.40 One case–control study found

seropositivity to Chlamydia pneumoniae was significantly

associated with aIMT but not cIMT in children 7 to 11 years

of age.76 In these children, aIMT but not cIMT was associated

with the number of exposures to antimicrobial therapy that

was effective against C pneumoniae, as well as elevated

C-reactive protein, after adjustment for cardiovascular risk

factors.77 This would suggest that repeated infections may

have the potential to accelerate atherosclerosis and that

Table 2. cIMT in Normal Children and Adolescents

Mean Age, y No. of Subjects Sex Side Segment Wall Mean cIMT, mm Reference

11�2 30 M, F R, L CC FW 0.42�0.04 Järvisalo et al50

11.1�3.0 27 M, F R CC FW 0.5�0.03 Aggoun et al39

11�1 28 M, F R, L CC FW 0.42�0.04 Järvisalo et al40

14.2�2.3 20 M R CC FW 0.48�0.06 Tonstad et al42

13.9�2.4 10 F R CC FW 0.42�0.05 Tonstad et al42

14.7�2.1 20 M, F R, L CC NW, FW 0.39�0.05 Meyer et al46

15.7�2.7 35 M, F R, L CC FW 0.32�0.08 Woo et al47

13.5�4.0 33 M, F R CC FW 0.38�0.06 Mitsnefes et al61

16.3�4.7 20 M, F R CC FW 0.48�0.08 Noto et al52

11�2 60 M, F R, L CC FW 0.44�0.05 Ishizu et al67

M indicates male; F, female; R, right; L, left; CC, common carotid artery; FW, far wall; and NW, near wall.

Table 3. Normal cIMT by Age Group

Age Range, y

No. of

Subjects Sex Side Segment Wall

Mean

cIMT, mm

Sass et al66 Unstated*

10–12 23 M R, L CC 0.49�0.04

10–12 23 F R, L CC 0.48�0.03

13–14 13 M R, L CC 0.50�0.03

13–14 24 F R, L CC 0.49�0.03

15–16 20 M R, L CC 0.49�0.03

15–16 23 F R, L CC 0.49�0.03

17–18 17 M R, L CC 0.50�0.04

17–18 17 F R, L CC 0.48�0.03

Jourdan et al68 Far wall

10.0–13.9 41 M R, L CC 0.38�0.04

10.0–13.9 61 F R, L CC 0.38�0.03

14.0–16.9 51 M R, L CC 0.40�0.04

14.0–16.9 34 F R, L CC 0.39�0.05

17.0–20.0 28 M R, L CC 0.39�0.03

17.0–20.0 32 F R, L CC 0.40�0.03

*Not specified.
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antibiotic drugs do not prevent this. In the Muscatine off-

spring study,78 the relationships between cardiovascular risk

factors and both aIMT and cIMT were compared. Although

cardiovascular risk factors were associated with aIMT and

cIMT in a similar pattern, it appears that the strength of

associations may be greater for aIMT than for cIMT in those

�18 years of age, which suggests that measurement of aIMT

may allow detection of the atherosclerotic process at an

earlier age than cIMT.78

Despite the clear value of this tool in the assessment of

cardiovascular risk in high-risk children and adolescents,53 its

application has been restricted by a number of factors,

including limited access to trained vascular technicians and

appropriate ultrasound equipment, as well as variable proto-

cols for data acquisition and analysis. No standard recom-

mendations exist, and the different methods used for research

purposes limit the ability to make comparisons and general-

izations of reported findings.

Methods of Assessment
The individual layers of the carotid artery wall can be

distinguished by 2-dimensional (2D) ultrasound in several

locations, given the relatively superficial location and limited

movement of the vessel. Published studies evaluating cIMT

in both children and adults have variably used a number of

differing methods of analysis, including measurement of

common carotid artery, carotid bulb, internal carotid artery,

or an index using multiple sites; near-wall versus far-wall

assessment; and differences in timing of measurements dur-

ing the cardiac cycle. A measure of the combined thickness of

the intima and media, or intima-media complex, is the end

point applied across all imaging protocols. Carotid artery

plaques, an anatomic characteristic frequently encountered in

older adults and indicative of advanced atherosclerotic dis-

ease, are uncommon in children and adolescents and will not

be addressed in this statement.

Imaging of the carotid arteries is performed in the cardio-

vascular ultrasound laboratory with the patient resting com-

fortably in the supine position. The patient’s neck is slightly

extended, with the head turned 45° toward the side opposite

that being examined. A high-frequency (7- to 12-MHz)

linear-array transducer is typically used to image the carotid

artery. Care should be taken to have the vessel as perpendic-

ular as possible to the plane of sound to ensure optimal

imaging of the vessel wall. The carotid artery is then imaged

in its long axis with multiple scanning angles (anterior,

lateral, and posterior), and the carotid bifurcation is identi-

fied. Generally, images are recorded in the plane where the

maximal cIMT can be visualized; however, longitudinal

study designs may require measurement at a specific ana-

tomic landmark or the use of an externally applied measuring

angle device36 to ensure that follow-up studies are taken at the

same angle (Figure 1). Magnification of the vessel wall

allows easy identification of the intimal-medial complex,

defined by the border between the echolucent vessel lumen

and the echogenic intima and the border between the echolu-

cent media and echogenic adventitia (Figure 2). Magnified

digital images of the distal 10 mm of the common carotid

artery, carotid bulb, and proximal 10 mm of the internal

Figure 1. Meyer’s arc device used to record
angle of insonation used in obtaining carotid
intima-media thickness measurements in longi-
tudinal studies.
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carotid artery are typically acquired for analysis. The

carotid segments are generally defined in reference to the

flow divider (bifurcation), with 10 mm above the flow

divider defined as the internal carotid. The superior extent

of the carotid bifurcation begins at the flow divider. The

inferior aspect is the beginning of the dilatation associated

with the bifurcation. The length of the carotid bifurcation

does vary among subjects, so sonographers should be

consistent with sites of measurement. The common carotid

is defined as 10 mm below the bulb. Doppler ultrasound is

a useful tool for distinguishing the internal and external

carotid arteries, the former having a more pulsatile flow

pattern and the latter exhibiting continuous diastolic flow

between systolic pulses.

Finally, consideration should be given to the acquisition of

data on carotid stiffness. This is accomplished by obtaining

B-mode–guided M-mode images of the common carotid

artery.79 Maximal and minimal lumen diameters can be

measured. These are used with a noninvasively measured

blood pressure to calculate various stiffness parameters, such

as Pearson’s and Young’s elastic modulus, arterial compli-

ance, circumferential arterial strain, and the beta stiffness

index.38,80–85 Sonographers should be instructed to use the

lightest pressure possible in obtaining the image so as not to

obscure the natural pulsations of the vessel.

Several different protocols for measurement of cIMT have

been used to assess cardiovascular risk in adult populations.

The rigorous protocol used in ACAPS30,38 has been used

frequently in studies of cardiovascular risk in adults.55 The

scanning protocol in ACAPS included imaging of both the

right and left carotid arteries, with identification of the near

wall (closest to the skin surface) and the far wall (farthest

from the skin surface) of 3 arterial segments: the proximal

8 mm of the internal carotid artery, the carotid bifurcation

beginning at the tip of the flow divider (site of the division of

flow between the external carotid artery and internal carotid

artery) and extending 8 mm proximally, and the common

carotid artery 8 to 16 mm proximal to the flow divider (Figure

3). The mean value of the 12 maximal cIMT measurements is

then used as the primary outcome measure for the ACAPS

technique. A similar imaging and analysis protocol was used

in the Oral Infections and Vascular Disease Epidemiology

Study (INVEST) to assess cardiovascular risk.86 ACAPS

investigators have also demonstrated highly reliable cIMT

assessment and low temporal bias when using this proto-

col.87,88 They stressed the importance of uniform training and

performance monitoring throughout the study period to main-

tain high-quality, reproducible cIMT measurements.

The protocol used in the Atherosclerosis Risk In Commu-

nities (ARIC) study has also been cited in other adult

studies.89 It is similar to the ACAPS protocol; however, only

the far-wall measurements from 6 sites (distal common

carotid, carotid bifurcation, and proximal internal carotid

bilaterally) are used for analysis. The ARIC investigators

reported the distribution of cIMT in a large adult population

45 to 64 years of age, stratified by race and sex.64 The

percentage of patients in whom each carotid artery segment

could be assessed was also reported by subgroup (ie, black

males, black females, white males, and white females). The

common carotid artery segment was adequately imaged in

89% to 92% of patients, the carotid bifurcation in 68% to

82%, and the internal carotid in 37% to 63%. Imaging of the

internal carotid artery was particularly limited in women, and

it was adequately imaged in only 37% of white women and

41% of black women.64 In a report by Crouse and col-

leagues,90 more than 99% of common carotid artery sites and

94% of carotid bulb sites could be evaluated adequately;

however, 78% of internal carotid artery sites could be

evaluated. These investigators reported that evaluations of the

near walls of the right and left internal carotid arteries were

the least successful.

Figure 3. Schematic of the sites used to assess carotid intimal-
medial thickness (reprinted with permission from Howard et al64).

Figure 2. Image taken from the distal common carotid artery
demonstrating the intimal-medial complex (between arrows).
The intimal-medial thickness is measured from the border
between the echolucent vessel lumen and the echogenic intima
(white arrow) and the border between the echolucent media and
echogenic adventitia (black arrow).
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The ELSA trial also used an ultrasound protocol that

assessed the mean maximal cIMT for 12 arterial wall seg-

ments: near and far walls of distal common carotid artery,

carotid bifurcation, and proximal internal carotid artery on

both the right and left sides.91 However, the primary

efficacy end point for this trial was the mean of the

maximum cIMT from the far wall of both the distal

common carotid artery and the carotid bifurcation on the

right and left sides (mean of 4 sites).35 These investigators

demonstrated excellent reproducibility for the analysis of mean

maximum cIMT for the distal common carotid artery and carotid

bifurcation far walls bilaterally, the mean maximum cIMT for all

12 sites, and the overall maximum cIMT.92 The ELSA results

underscore the importance of cross-sectional quality control

(duplicate scanning by a single sonographer or 2 different

sonographers, as well as duplicate interpretation by a single

reader or 2 different readers) and longitudinal quality control

(rereading selected studies annually) to achieve optimally reli-

able study measurements.93

Although landmark adult studies have used a combination

of near-wall and far-wall measurements to assess cIMT, the

majority of pediatric studies have focused on assessment of

the more readily visualized far wall of the carotid artery. In an

in vitro study performed by Montauban van Swijndregt and

colleagues,94 the correlations between extravascular and in-

travascular ultrasound analysis and histology of near– and

far–vascular wall measurements were assessed. Excellent

correlation was demonstrated between extravascular far-wall

measurements and both intravascular ultrasound analysis and

histological analysis, with correlation coefficients of 0.91 and

0.87, respectively. Correlation was poor, however, between

extravascular near-wall versus intravascular and histological

measurements, yielding correlation coefficients of 0.49 and

0.37, respectively. These investigators concluded that the

inherent limitation and error in the extravascular assessment

of trailing edges of echogenic borders of the vessel near wall,

as opposed to the leading edges of echogenic structures set off

by an echolucent vessel lumen, explained the observed

differences. Their findings suggest that assessment of the

vessel far wall with the leading edge of the lumen-intimal

interface and the medial-adventitial interface more accurately

reflects the actual thickness of the intimal-medial complex. In

addition, in an analysis by Espeland et al,95 the relationships

between cIMT and risk factors were stronger for far-wall

measurements than for near-wall measurements. These find-

ings suggest that assessment that is focused on the carotid

artery far wall may be warranted.

Differences in the relationship between specific carotid

artery sites and cardiovascular risk have also been demon-

strated. Stronger correlations between risk factors and cIMT

measured at the carotid bifurcation and internal carotid artery

segments compared with the common carotid artery segments

have been demonstrated.95 Some studies have demonstrated

the value of common carotid artery measurements in predict-

ing coronary events22 and in identifying high-risk patients,25

whereas others have demonstrated that although the aggre-

gate mean of 12 carotid artery sites is probably the most

informative in terms of describing overall atherosclerotic

burden, the addition of internal cIMT assessment to analysis

of the common carotid artery and carotid bulb yields little

additional predictive power.90 These findings emphasize the

need for the inclusion of analysis of multiple carotid artery

segments in a comprehensive evaluation of cIMT.

A number of studies involving the assessment of cIMT do

not specifically outline the point in the cardiac cycle at which

measurements are performed; rather, the image frames are

selected on the basis of areas where the intimal-medial

complex is best visualized and appears the thickest. In studies

that do specify the timing of measurement, end diastole is

typically used.25,39,40,42,57,60 Evidence exists that cIMT does

vary by �5% between maximal and minimal lumen diameter,

with the cIMT being slightly thicker, as would be expected,

when the lumen diameter is at its minimum (end diastole).96,97

These findings suggest that standardized cIMT measurements

should be made at the same point in the cardiac cycle and, for

ease of measurement, should be made at end diastole, when

the cIMT is at its thickest.

As outlined above, most pediatric studies have focused

on assessment of the carotid artery far wall in assessing

cIMT, particularly the far wall of the common carotid

artery segment; however, the specific sites and number of

sites included for analysis vary significantly from study to

study. Averages of measurements of the far wall of the

distal 10 mm of the common carotid artery, on both the

right and left sides, have been used for cIMT evaluation in a

number of cross-sectional studies in pediatric patients with

FH,39,42,68 hypertension,44 diabetes mellitus,40,48 and chronic

renal disease.61 Some cross-sectional studies have used averages

of both near- and far-wall measurements of the common carotid

artery, again on both the right and left sides, for analysis,49 and

others have incorporated measurements from multiple carotid

artery segments.46

In the few clinical trials in children that have used cIMT

as an end point, the 2 studies that assessed the response to

statin therapy in pediatric patients with FH used multiple

carotid artery sites to assess cIMT,41,53 whereas Woo and

colleagues54 used assessment of the far wall of both the

right and left common carotid arteries for their evaluation

of the impact of diet and exercise in obese children.

Similar protocols were used in the 2 trials that assessed the

impact of statin therapy on cIMT. For these trials, the mean

far-wall cIMT from 6 sites (the distal common carotid, carotid

bulb, and internal carotid on both the right and left sides) was

used as the end point.

Variability and Limitations

Image Acquisition
The use of cIMT as a noninvasive tool to detect athero-

sclerosis, predict its sequelae, and detect its progression

and regression has been restricted largely to multicenter

clinical research trials, but the minimization of variation or

error in cIMT measurement is critical for both research and

clinical applications. A comprehensive review of the reproduc-

ibility of cIMT measurements concluded that consensus on the

methodology, analysis, and interpretation of cIMT was urgently

needed.98 With the caveat that this need has yet to be met,
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several well-supported standards, with minimal variability, can

be used to guide practitioners and researchers in the use of cIMT.

As outlined above, the measurement variability of near-

wall cIMT assessment exceeds that of the far wall, but it has

also been reported that a combination of near- and far-wall

measures can enhance precision without loss of validity.30

Ultrasound scanning of the same vessel sites at multiple angles

can give a more accurate impression of the 3-dimensional

anatomy,99 a rationale that was incorporated into the ACAPS

protocol, which includes 6 sites (common carotid artery, carotid

bulb, and internal carotid artery on both the near and far walls)

each taken at 4 angles on both the right and left sides.38 The

mean maximum cIMT of 12 measurement sites (each yielding a

“plaque score” or composite from 4 angles of visualization) is

more strongly associated with coronary disease than cIMT from

any 1 individual site, including the most frequently imaged

common carotid artery.90 When cIMT assessment focuses on a

smaller number of sites, interobserver variability can be dimin-

ished by the inclusion of ultrasound images from both sides in a

final mean cIMT calculation.100

Optimal implementation of a multisite protocol or a more

limited assessment of carotid segments is dependent on

access to skilled sonographers and implementation of ongo-

ing quality control. Because this is not always practical, the

single anatomic site (the common carotid artery, carotid bulb,

or internal carotid artery) at a single angle of interrogation

that would yield the most reliable and reproducible cIMT

measurements on repeat examinations by 2 sonographers on

separate visits 1 week apart has been evaluated.101 Only the

far wall was evaluated as part of this analysis. The reproduc-

ibility of measurements between visits was best for the

common carotid artery far wall, with a mean difference of

0.02 versus 0.08 mm for the bulb or internal carotid artery.

Investigators attributed this to the relatively linear and super-

ficial location of the common carotid artery, which lends

itself to perpendicular interrogation by the transducer in the

longitudinal plane, a procedural requirement for optimal

cIMT visualization that is challenged by the curvature of the

carotid bulb and the variable takeoff angles and depth of the

internal carotid artery. Others, using identical ultrasound

equipment (Acuson 128 and 7- to 7.5-mHz linear transduc-

ers), have also found the least interobserver variability in

cIMT measures of the far wall of the common carotid artery

(0.08 mm) but considered the greater differences for the

common carotid near wall (0.10 mm) and far wall (0.15 mm)

of the bulb to be acceptable.102 Corresponding intraobserver

differences were 0.06, 0.10, and 0.15 mm, respectively.

Approximately 70% to 80% of the measurement variability

was due to differences among sonographers, which under-

scores the importance of an excellent imaging technique.

Although this measurement variability was considered to be

generally small, it was noted that error increased proportion-

ally with increasing cIMT, an observation that has been

corroborated by others and attributed to the irregular charac-

ter of advanced atherosclerotic lesions in arterial walls. This

suggests that the usefulness of cIMT imaging may be greatest

in young and middle-aged individuals.

Image Analysis
Methods of data analysis have varied considerably between

cIMT studies. Manual assessment by the sonographer using

calipers online increasingly has been replaced by either

manual or automated offline analysis of digitally stored

images. Because the variability between different sonogra-

phers is generally larger than the variability between different

readers,38 the separation of data acquisition and analysis

improves study reproducibility. Results from offline manual

and automated measurements of the same cIMT studies have

been compared by several investigators and have consistently

shown less interobserver variability with the use of automated

analysis software programs.99,103–105 Furthermore, when dig-

itally archived images were analyzed retrospectively in a

blinded fashion by 4 independent observers, 2 adhering to a

manual protocol and 2 using automated computer software,

the overall mean cIMT values were significantly higher by

manual assessment.104 Computerized edge-detection sequen-

tial multiframe image processing is highly reproducible and

affords the investigator an opportunity to track and average

serial frames of cIMT measurements. A 5-frame averaging of

cIMT reduced the variability of the measurement by 27%

relative to single-frame measurement.96 The extent to which

automated edge detection reduces measurement variability

still depends, of course, on the contribution of sonographers

and the quality of the images obtained. It has been noted that

if ultrasound images have indistinct borders, the automated

system may have to be overridden manually, thereby elimi-

nating the principal advantage of automated edge detection.36

In conclusion, ultrasound is a reliable and reproducible

method for determining intima-media thickness, especially in

young and middle-aged individuals, and can be followed

longitudinally for atherosclerotic vessel wall changes. Mea-

surements from the common carotid artery are the most

reproducible but not necessarily the most reliable for detec-

tion of early disease. Ideally, several segments of the carotid

artery should be assessed at multiple angles. Accurate data

collection methodology and precise measurement are essen-

tial and can be maximized through the use of trained

personnel. The need for accepted research and clinical cIMT

protocols has become acute, especially because the technique

has been recommended by the American Heart Association as

a useful tool for risk stratification in adults with unclear or

intermediate risk of cardiovascular disease. The increased prev-

alence of the cardiovascular risk factors of obesity, hypertension,

dyslipidemia, and diabetes in children accentuates a parallel

need for standardization of accepted pediatric protocols.

Recommendations for Standard Assessment of cIMT

1. Equipment:
a. 2D, color, and spectral Doppler imaging.
b. High-frequency linear-array transducer (7 to 12 MHz).
c. Electrocardiograph (ECG).
d. Digital or super VHS recording.

2. Image acquisition:
a. Patient should be resting comfortably in the supine

position.
b. Patient’s head should be turned 45° toward the side

opposite the side being examined.
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c. Patient’s carotid artery should be as perpendicular to
the plane of sound as possible.

d. Sonographer should record magnified images of the
common carotid artery, carotid bulb, and internal
carotid artery (as defined above).

e. Sonographer should obtain images from lateral and
anterior-oblique angles.

f. For carotid stiffness, sonographer should use B-mode
image to place M-mode cursor across the common
carotid artery 1 cm proximal to the bulb. Sonographer
also should obtain noninvasive blood pressure.

3. Image analysis:
a. Measure far-wall cIMT from 3 segments (distal com-

mon carotid, carotid bulb, and proximal internal ca-
rotid) at end diastole (R wave on ECG).

b. Calculate mean of maximal cIMT measurements from
the 3 segments outlined above on both the right and left
sides from 2 scanning angles (mean of 12 maximal
measurements).

c. Maximal and minimal lumen diameters from the right
and left common carotid from M-mode echocardiogra-
phy are used in calculation of carotid stiffness.

Gaps in Current Knowledge
cIMT is one of the most widely used noninvasive measures of

subclinical atherosclerosis in pediatric research; however,

before cIMT can be applied in the clinical setting, many

questions must be answered, including the following:

1. What are normal cIMT values by age, race/ethnicity, and

sex?

● How does one account for the effect of differences in

body size and growth on cIMT?

● At what age are changes in cIMT with growth or

disease of large enough magnitude to be measurable?

2. At what age or body or arterial size does cIMT become

sufficiently reproducible to be considered reliable, and

does reproducibility vary by age, race/ethnicity, sex, or

underlying disease state?

3. How do cIMT measures relate to anatomic atherosclerosis

and other measures of arterial structure and function?

4. Are cIMT measures cost-effective in identifying high-risk

youth?

● Does cost-effectiveness vary by site measured (common

carotid artery alone, or must all segments be imaged)?

Arterial Structure: Coronary Calcification
Another method for evaluation of arterial structure is mea-

surement of coronary artery calcification (CAC) with

electron-beam computed tomography (CT) or spiral or helical

CT imaging (enumerated below). Calcium uptake occurs

during the development of atherosclerosis, with calcification

ending in the deposition of insoluble calcium apatite crystals

within the fibrous plaque by a mechanism similar to that

found in active bone formation and remodeling.106 The

presence of calcified lesions, detected in vivo, accurately

predicts the presence of atherosclerotic plaque, and coronary

calcified lesions occur almost exclusively when coronary

atherosclerosis is present.107 Microcrystalline calcium in the

lipid core has been detected in the coronary arteries in

individuals as young as 23 years of age.15

Relationship to Cardiovascular Risk in Adults
Electron-beam CT has a high level of sensitivity in detecting

and defining the location and extent of CAC, which predicts

obstructive coronary artery disease, and has prognostic value

for future coronary events.108,109 In a study of young adults in

the age group 29 to 37 years, 31% of men and 10% of women

demonstrated evidence of CAC.18 Similar prevalence rates

(21% in men and 11% in women) were noted in a study of

subjects 30 to 39 years of age.110 People with diabetes are at

increased risk, with 2- to 3-fold increased odds of having a

positive electron-beam CT scan compared with control sub-

jects.111 Most studies investigating CAC have documented a

greater prevalence with increasing age and a greater prevalence

in males versus females in every age group.18,108,110,112–118

Recently, studies have examined the relationship of known

risk factors with CAC. In a study of 675 men and 190 women

22 to 85 years of age, Wong et al115 examined the association

between the presence and extent of CAC and self-reported

coronary risk factor data. They demonstrated a significantly

greater prevalence of CAC in both men and women with a

self-reported history of hypertension and hypercholesterol-

emia, as well as in men with a history of diabetes, previous

smoking, infrequent exercise, and obesity. A significant

relationship of levels of coronary risk factors measured

during childhood and young adult life with the presence of

CAC was noted.18 In a recent study,119 the Framingham risk

equation underestimated subclinical atherosclerosis risk in

asymptomatic women. According to the Framingham risk

equation, the majority (84%) of women with significant CAC

�75th percentile were classified as low risk, and 45% of

low-risk women with �2 coronary heart disease risk factors

and a family history of premature coronary heart disease had

significant CAC. These authors concluded that determination

of CAC may provide incremental value to the Framingham

risk equation in identifying women who will benefit from

targeted preventive measures.

Data in Children and Adolescents
Experience with these technologies in pediatric patients is

limited. Gidding et al120 demonstrated the usefulness of

electron-beam CT in adolescents and young adults with

heterozygous FH. Significant coronary calcium was identi-

fied in 7 of 29 subjects with FH. In addition, these investi-

gators demonstrated that overweight increased the likelihood

of calcium being present in individuals already at high risk.

Similarly, Frey et al121 demonstrated the utility of ultrafast

CT in the noninvasive evaluation of coronary artery aneu-

rysms in patients with Kawasaki disease. In a prospective

cohort pilot study, patients with Kawasaki disease with

residual coronary abnormalities showed CT evidence of

CAC, and the authors suggested that the presence of CAC

may be predictive of sudden death.122 The degree of coronary

artery dilation after Kawasaki disease appears to correlate

with the risk of future calcification.123 Young adults receiving

maintenance dialysis, especially when dialysis was initiated

during the childhood years, develop CAC,124 and a recent

study documented CAC in 2 pediatric patients receiving
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dialysis.125 Similarly, pediatric kidney transplantation pa-

tients126 and subjects with type 1 diabetes mellitus diagnosed

in youth127 may also be at increased risk for coronary

calcification before they reach middle age. Finally, pediatric

heart transplant recipients appear to be at risk for early CAC,

likely related to posttransplantation coronary arteriopathy.128

The radiation exposure associated with these technologies

limits their utility in most pediatric patients.

Methods of Assessment
The criteria used for electron-beam CT determination of

coronary calcium (CAC) were established by Agatston et

al129 (Figure 4). These threshold criteria are firmly estab-

lished and are in wide use around the world. A focus of CAC

is considered to exist if there are �3 contiguous pixels

(area�1.03 mm2) of �130 Hounsfield units in density. The

Agatston score is calculated by multiplying the area (in

millimeters squared) of each lesion by a weighted CT

attenuation score that is dependent on the maximal CT

attenuation (in Hounsfield units) within the lesion.129 The

volume score is calculated for each calcified lesion by

multiplying the voxel volume (in cubic millimeters) calcu-

lated with isotropic interpolation130 by the number of voxels

�130 Hounsfield units in the lesion. With the attenuation

conversion, the number of voxels �130 Hounsfield units may

be increased or decreased. Moselewski et al131 determined the

relationship between CT attenuation (based on phantom

measurements) and calcium concentration based on a single

set of phantom measurements made at the level of the left

main coronary artery. Because of the high cost and relatively

limited availability of electron-beam CT, spiral or helical CT

imaging began playing an increasingly important role in

screening for CAC. Recent advances in helical CT imaging

with the development of multirow detector CT have shown

great improvement in temporal resolution.

Variability and Reproducibility
The reproducibility of the interpolated volume score has been

shown to be consistently superior to that of the traditional

Agatston score, with an overall reduction in error of 39.5%.130

Recommendations for Standard Assessment of CAC
CT technology does not provide evaluation of the lumen of

the coronary arteries except with contrast, although it does

provide excellent morphological evaluation of the coronary

arteries in individuals at high risk for atherosclerosis. In

adults, high-risk status is defined with validated cardiovascu-

Figure 4. The far right panel lists the individual lesions by vessel location, plaque volume, calcium score, and mean density (in
Hounsfield units). The adjacent images illustrate several of the views that can be displayed on the workstation. From standard trans-
verse and sagittal views (left upper and lower panels, respectively), a composite footprint image (center upper panel) is reconstructed
and displayed. CT densities exceeding the threshold are color coded in yellow for easier identification. The lower right image shows
marked CAC in the distribution of right, anterior descending, and circumflex coronary arteries. LAD indicates left anterior descending
coronary artery; CIRC, circumflex artery; and RCA, right coronary artery.
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lar risk factor scores such as the Framingham risk score132 or

Reynolds risk score.133 Unfortunately, data with sufficient

longitudinal follow-up relating cardiovascular risk factors

measured in youth to hard cardiovascular outcomes in adults

are not available. Therefore, no such cardiovascular risk score

exists for use in the pediatric population. However, autopsy

data from the Pathobiological Determinants of Atherosclero-

sis in Youth study have been used to develop a score based on

traditional cardiovascular risk factors that predicts extent of

atherosclerosis in adolescents and young adults.134,135 For this

reason, the American Heart Association suggests more ag-

gressive risk factor reduction in patients with high-risk

conditions that predispose to coronary artery disease at ages

�30 years, such as homozygous FH, type 1 diabetes mellitus,

chronic kidney disease, and Kawasaki disease with aneurysm,

as well as after heart transplantation.136 Because of the risk of

radiation exposure from CAC measurements, this technique

should be limited to very high-risk children and adolescents

participating in research studies and clinical trials.

Gaps in Current Knowledge

1. What is the best method for measuring arterial calcifica-

tion in youth?

● Can calcification imaging techniques be applied to the

aorta, where autopsy studies show early development of

atherosclerosis in youth?

2. Do measures of arterial calcification correlate with other

measures of arterial structure and function?

3. Are measures of arterial calcification reproducible in youth?

4. What is the threshold for identifying an abnormality in

calcification in specific arteries by age, race/ethnicity, and

sex?

5. In which pediatric conditions will the prevalence of CAC be

high enough to provide cost-effectiveness to its

measurement?

Arterial Stiffness
The arterial properties that have been well studied as markers

of structural change are arterial compliance, distensibility,

and stiffness. Although both compliance and distensibility

can be used as measures of stiffness, they individually

represent different facets of arterial structure and function.

Distensibility is a measure of the elastic properties of an

artery, whereas compliance is a measure of the local vessel

capacity to respond to changes in blood volume.137 Arterial

stiffness is the reciprocal of distensibility.

Arterial stiffness is a dynamic property that is dependent

on vascular structure and function and arterial pressure. These

factors function independently and in concert to effect

changes in arterial stiffness. Arterial pressure is a major

determinant of arterial stiffness, and elevated arterial pressure

increases arterial stiffness.138 Increases in arterial pressure

arise from elevated heart rate, higher stroke volume, elevated

vascular resistance, and early wave reflections.139,140 Given

this dynamic interaction, the necessity for standardization in

measurement procedures becomes obvious.

Although facets of vascular structure and function have

been addressed elsewhere in this statement, it is important to

discuss the structure of the arterial wall. Collagen and elastin,

as well as smooth muscle, are the major components of the

arterial wall. The central arteries have a relatively high

elasticity as a result of the high elastin-to-collagen ratio and

decreased influence of smooth muscle tone. Elasticity de-

creases toward the peripheral vessels as the ratio of elastin to

collagen in the wall declines. Furthermore, the effect of

smooth muscle bulk and tone becomes increasingly important

to the elasticity of the vessel.141,142

Three groups of noninvasive methods typically are used in

the assessment of arterial stiffness: (1) analysis of the arterial

pressure waveforms; (2) calculation of the change in diameter

(or area) of an artery with respect to the distending pressure; and

(3) measurement of pulse-wave velocity (PWV), which appears

to be emerging as the “gold standard” in studies of adults. Here,

we discuss the individual methods and, where applicable, sum-

marize the somewhat limited published pediatric experience.

Relationship to Cardiovascular Risk in Adults
Arterial stiffness has become increasingly important in the

pathogenesis of cardiovascular disease. Increasing stiffness is

an antecedent factor in elevated systolic blood pressure and

pulse pressure. Elevated systolic blood pressure and pulse

pressure play integral roles in cardiovascular outcomes such

as left ventricular hypertrophy, ventricular failure, and the

atherosclerotic process. Furthermore, systolic hypertension is

a major risk factor for coronary heart disease,143,144 stroke,145

and cardiovascular146 and total147 mortality. Therefore, it is

not surprising that measures of arterial stiffness also predict

future cardiovascular risk in adults.148

Abnormalities (decreases) in arterial distensibility mea-

sured with ultrasound are known to be present in adult

populations with hypertension,149,150 diabetes mellitus,151 or

dyslipidemia39,150 and are more prevalent with clustering of

cardiovascular risk factors.152 In adults, reduced distensibility

predicts future hypertension153 and adverse cardiovascular

outcomes.148,154,155 Physical training has been shown to im-

prove arterial distensibility.156 Brachial artery distensibility

measured with a non–ultrasound-based technique (described

below) is also highly correlated with cardiovascular risk

factors157 and declines with development of metabolic syn-

drome in adults.158

PWV increases with increasing arterial stiffness and vas-

cular damage.159,160 In adults, aortic PWV is strongly associ-

ated with the presence and extent of atherosclerosis148 and is

increased in the presence of various cardiovascular risk

factors, including diabetes,161 hypertension,162 end-stage re-

nal disease,163 hyperlipidemia,164 increasing age,165 and sed-

entary lifestyle.166 PWV is an important, perhaps even the

strongest, independent predictor of cardiovascular events.148

Data in Children and Adolescents
Regardless of the technique used to measure arterial stiffness,

few data are available on pediatric use. Augmentation index,

a parameter derived from systolic pulse contour analysis, was

found to be elevated (increased stiffness) in children with

conditions that predispose to cardiovascular disease, such as

type 1 diabetes mellitus167 and type 2 diabetes mellitus,168

compared with normal control subjects. Arterial distensibility
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measured with ultrasound is impaired in the settings of

positive family history of myocardial infarction,38 elevated

total and LDL cholesterol,169 obesity,170,171 elevated leptin

levels,172 increased blood pressure,173,174 obesity-related hy-

perinsulinemia,175 and type 1 diabetes mellitus176 (Table 4).

Pediatric data related to the nonultrasound method for assess-

ment of arterial distensibility (described below) are now avail-

able. A decline in brachial distensibility is seen with the

development of obesity, with further deterioration in adolescents

with both obesity and hyperinsulinemia.175 This suggests that the

technique may be helpful in identifying early cardiovascular

change in youth before development of the full metabolic

syndrome or progression to type 2 diabetes mellitus.

A limited number of studies have evaluated PWV in children,

but they each have reported relatively few subjects. The bulk of

the available PWV research in pediatric subjects includes those

with diseases such as type 1 diabetes mellitus,177,178 neurofibro-

matosis,179,180 primary snoring,181 Kawasaki disease,182 polyar-

teritis nodosa,183 and coarctation of the aorta after surgical

repair.184–186 Most of these studies have control groups of

varying mean ages (5 months to 22 years), with patient numbers

ranging from 28 to 155 subjects. Furthermore, a few published

population studies165,187,188 have included a small number of

pediatric subjects (Table 5). In these studies, PWV was in-

creased in the studied disease states and, as has been shown in

other studies,187 increased with age.

A recent study192 using brachial-ankle PWV (baPWV, de-

scribed below) evaluated 205 normotensive, healthy American

adolescents with the intent of establishing mean PWV values for

further comparison studies. Sex and racial differences in baPWV

were present, with males having values greater than females

(P�0.003) and black subjects having values greater than white

Table 4. Effect of Disease States on Arterial Distensibility

Disease No. of Subjects Method Finding Reference

Dyslipidemia 361 Ultrasound Decreased with increasing cholesterol* Leeson et al169

Obesity 294 Ultrasound Decreased with increased fat mass† Singhal et al172

Hypertension 471 Ultrasound Decreased with increased adiposity and DBP‡ Whincup et al173

Type 1 diabetes mellitus 33 Ultrasound Decreased in diabetes† and correlates well with HbA1C* Parikh et al176

Obesity and insulin resistance 969 Oscillometric Decreased with obesity and insulin resistance* Urbina et al175

DBP indicates diastolic blood pressure; HbA1C, hemoglobin A1C.

*P�0.05.

†P�0.01.

‡P�0.001.

Table 5. Published Normal Pediatric PWV Values

Age, y No. of Subjects Method PWV, m/s Reference

9.5�2.87 30 Photoplethysmography* 9�2.0 Kwok et al181

6 to 18 155 Photoplethysmography† Unstated Cheung et al183

11 30 Pressure transducers 6.5�1.2 Tedesco et al180

9.1�2.6 36 Photoplethysmography‡ 5.9�1.4 Cheung et al182

11 to 20 30 Photoplethysmography,§ photoplethysmography¶ 6.5�1.2 Eliakim et al189

5.5�0.6

8.4�3.4 28 Doppler ultrasound Unstated Stella et al177

5 to 20 21 Microphonic transducer 7.2 Woolam et al178

12.9�0.2 110 Applanation tonometry 4.1 to 8.2 Ahimastos et al190

0.2 to 20 125 Doppler ultrasound 4.4 to 7.9 Avolio et al187

3 to 20 108 Doppler ultrasound 6.2 to 10.2 Avolio et al165

0 to 19 38 Uncertain 4.9�1.2 Okada et al188

0.3 to 12 11 Pressure transducers 9.1�2.5 Hsieh et al191

15.8�2.4; 15.9�2.5 99 M; 106 F Oscillometric cuffs 10.9�1.4; 10.4�1.3 Collins et al192

14.8�2.5; 14.5�2.6 500 M; 470 F Oscillometric cuffs 9.97�1.3; 9.47�1.2 Niboshi et al193

14.5�1.2; 14.8�1.5 178 M; 84 F Oscillometric cuffs 10.3�0.9; 9.6�1.7 Im et al194

6 to 23 133 Applanation tonometry 5.02�0.89 Kis et al195

Plus/minus values are mean�SD.

*Brachial artery.

†Carotid-femoral artery.

‡Brachial-radial artery.

§Femoral-dorsalis pedis artery.

¶R wave gated to dorsalis pedis.
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subjects (P�0.05). These findings are consistent with those

reported by Li et al in a similar population of young adults.196

The mean age and baPWV for the adolescent study population

were 15.9 years and 10.7 m/s, respectively.192

In a large cohort of 970 healthy Japanese children, Niboshi

et al193 recently demonstrated similar findings in baPWV. Sex

and age differences in baPWV were significant. The study

further established normal percentile values for baPWV in

Japanese males and females between the ages of 9 and 17

years. These mean values were statistically significantly

lower than in our US cohort. More recently, Im et al194

corroborated the finding of sex differences in a group of 262

healthy Korean adolescents. In that study, correlations with

blood pressure and BMI also were demonstrated. Although a

correlation with blood pressure was demonstrated in the

American cohort192 and that of Niboshi et al,193 neither study

demonstrated significant correlations with BMI.

Methods of Assessment

Arterial Pulse Waveform Analysis
Analysis of the pulse waveform can be accomplished via

evaluation of either systolic or diastolic pulse contour or of

the digital volume pulse. Both systolic and diastolic pulse

contour analysis use applanation tonometry of a given periph-

eral arterial segment.

Systolic pulse contour analysis uses a transfer function to

derive central aortic waveforms from measurements obtained

at a peripheral artery, such as the radial artery.197 This transfer

function is generalized instead of individualizing the transfer

function for particular subject characteristics, such as sex

(Figure 5). Although some data demonstrate that systolic

pulse contour analysis measurements are nearly identical to

those acquired with a high-fidelity intra-arterial transducer,198

other data have shown poorer correlations.199–201 To the best

of our knowledge, this technique has not been validated in

pediatric subjects, who generally have compliant vessels.

Diastolic pulse contour analysis uses a modified Windkes-

sel model to derive information on proximal and distal

arteries by analyzing the diastolic portion of the pressure

pulse contour.202 The diastolic waveform in diastolic pulse

contour analysis consists of 2 components, typically referred

to as C1 and C2. C1 represents large-artery compliance,

whereas C2 provides a measure of the compliance of the

small arteries.202 This technique has been subject to multiple

criticisms because of a lack of consistent correlation with

invasively measured values.203–205 Furthermore, uncertainty

exists as to what the C2 component actually represents.200

These questions raise doubt as to the reliability of this

technique for evaluation of arterial stiffness.

Figure 5. Pulse waveform analysis obtained from radial artery tonometer demonstrating measured radial artery tracings (left) and calcu-
lated central aortic tracings (right). The adolescent with type 2 diabetes mellitus has an increased augmentation index, adjusted to a
heart rate of 75 beats per minute (AIx-75) with wave reflection occurring early in systole (bottom right) compared with the healthy sub-
ject whose reflected wave arrived in diastole (top right).
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The pulse contour measured photoplethysmographically at

the pulp of a digit closely resembles that measured at the

radial artery206 and can be used to derive an estimate of

arterial stiffness. Nevertheless, this methodology has not been

validated in either adult or pediatric populations as a means of

arterial stiffness measurement, nor has its exact relationship

to the central arterial waveform been established.

Arterial Diameter Change and Distensibility
Measurement of the change in arterial diameter as it relates to

distending pressure provides a reciprocal of arterial stiffness,

defined as arterial distensibility. As stated, arterial distensi-

bility is a measure of the elastic properties of an artery.

Distensibility is defined as the fractional change in arterial

cross-sectional area per unit change in (local) pulse pres-

sure—that is, it describes the amount of diameter expansion

expressed as a percentage of the initial diameter of the artery

in relation to the force that causes the expansion (transmural

pressure).137 This change in diameter can be measured by

B-mode–guided M-mode79 or A-mode radiofrequency track-

ing207 of a regional arterial segment such as the carotid,

brachial, radial, or femoral artery (Figure 6); however, a

nonultrasound method for measuring brachial artery disten-

sibility is also available.208

The nonultrasound method for evaluating brachial artery

distensibility derives brachial artery distensibility by use of

waveform analysis of the arterial pressure signals obtained

from a standard cuff sphygmomanometer. The pressure

waveform is calibrated and incorporated into a physical

model of the cardiovascular system, which assumes a

straight-tube brachial artery and T-tube aortic system. Bra-

chial artery compliance is derived from waveform parame-

ters, as published previously.208 Baseline brachial artery

diameter (Do) is estimated with an empirically derived model

based on sex, height, weight, and mean arterial blood pressure

and validated with B-mode ultrasound (n�1250, R�0.63,

P�0.05). Brachial artery distensibility is then calculated as

compliance normalized to baseline diameter. In adults, vali-

dation of this method to derive arterial compliance demon-

strated excellent correlation between compliance measure-

ments obtained during cardiac catheterization and those

derived with the noninvasive method (r�0.83).208

The advantages of this noninvasive device include ease

of use (a nonsonographer can perform the measurement),

lack of observer bias (no manual readings are performed),

and ability to perform measurements in the field (the device is

portable). Because the blood pressure cuff exerts an even

pressure along a large portion of the upper arm, concerns that

direct pressure over the brachial artery might induce reflex

changes in vessel tone are minimized. Furthermore, blood

pressure is measured simultaneously at the same site where

distensibility is calculated.

Figure 6. Ultrasound evaluation of resting arterial distensibility with radiofrequency (RF) echo tracking. A segment of the artery wall is
selected on the B-mode image. The RF signal tracks the anterior and posterior wall to measure the distance from the transducer to
calculate lumen diameter throughout the cardiac cycle. Reprinted from Segers et al,207 with permission from the Journal of Hypertension.
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Pulse Wave Velocity

First described by Bramwell and Hill,209 the use of PWV as

an index of cardiovascular health has increased tremendously,

and it is recognized as likely the best clinical measure of

stiffness over an arterial segment.210 PWV, as a measure of

arterial stiffness, is based on the principle that the pressure

pulse, generated by ventricular ejection, is propagated along the

arterial tree at a speed determined by the geometric and elastic

properties of the arterial wall.211 PWV is defined by the

Moens-Korteweg equation as PWV��(Eh/2�R), where E is

Young’s modulus of the arterial wall, h is wall thickness, � is

blood density, and R is arterial radius at the end of diastole.

Several methods of measuring PWV have been described,

including the use of pressure transducers,212 Doppler ultra-

sound,213 applanation tonometry214 (Figure 7), magnetic res-

onance imaging,215 and oscillometric pressure cuffs.216 The

arterial pulse wave is measured at both a proximal and a distal

artery, such as the common carotid and femoral arteries,

respectively. These relatively superficial arteries readily al-

low for noninvasive measurements of arterial waveforms.

The pulse waveform is recorded at each site, and the time

delay between the arrival of a predefined point on the

waveform (typically the “foot”) at the 2 sites is obtained by

gating to the peak of the R wave on the ECG. Measurement

of distances on the body surface, a practice somewhat

dependent on body habitus, allows an estimate of the distance

traveled. PWV is then calculated as distance/time (m/s).

Recently, a technique has been described, validated, and

reproduced that uses oscillometric pressure cuffs to evaluate

PWV via measurements at the brachia and ankles

(baPWV).216,217 To determine the PWV with baPWV, oscil-

lometric cuffs are placed at the brachia and ankles to measure

changes in arterial pressure. An ECG is used to gate ventric-

ular ejection at the aortic root. The lengths of the arterial

segments from the aortic root to the brachium and from the

aortic root to the posterior tibial artery at the ankle are derived

on the basis of the patient’s height. The time from the gated

ventricular ejection until pressure pulse arrival at the oscillo-

metric cuff is measured. The distance traveled is then divided

by the time required to give the PWV over the segment, be it

across the aortic root–to-brachium or the aortic root-to–

posterior tibial artery segment. Simultaneous measurement at

both the brachium and the ankle results in the determination

of PWV across 2 arterial segments. The differences between

the aortic root–to–posterior tibial artery and aortic root–to-

Figure 7. PWV obtained from tonometry at the carotid and femoral arteries. The time from the peak of the R wave on the ECG to the
foot of the pressure curves is used to calculate the difference in time of arrival of the pressure wave. The arterial distance is measured
manually and entered into the device, and PWV is calculated.
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brachium distances and times can be used to derive a third

arterial segment over which the baPWV can be calculated.

Therefore, a single measurement obtained by using cuffs at the

brachium and ankle can result in 3 PWV measures. This method

is known to produce higher values for PWV because it measures

both central and peripheral arterial segments; however, baPWV

has been shown to correlate well with and can be used to

estimate carotid-femoral PWV (cfPWV) by the equation:

cfPWV�0.833�baPWV�2.333,

where baPWV is measured in meters per second.218 Yu and

colleagues219 have recently shown that baPWV correlates

better with left ventricular mass, diastolic function, and other

indices of arterial function than carotid-femoral PWV. These

results were suggested to be due to baPWV reflecting arterial

stiffness from a greater percentage of the arterial tree.

Variability and Limitations
Validation studies of arterial stiffness measures have not been

reproduced in children and adolescents. Reproducibility stud-

ies in children are also lacking. In adults, pulse-wave analysis

was found to be highly reproducible.220 The nonultrasound

method for measurement of brachial artery distensibility also

demonstrated excellent correlation between repeat blind du-

plicate recordings (intraclass correlation coefficient 0.72).157

Each technique for measurement of arterial stiffness suf-

fers from unique limitations to its use. Simonetti et al,221 in a

group of 79 healthy children, has shown that accuracy of

arterial stiffness measured by photoplethysmographic analy-

sis of the finger pulse may be limited in subjects with

increased vascular tone, because they observed poor correla-

tion to the standard carotid to femoral artery PWV.

The use of ultrasound techniques for assessment of

changes in arterial diameter has limitations. Given that

changes in arterial diameter in some studies are measured in

hundredths of a millimeter,169,172,173 correct placement of the

ultrasound transducer over the peripheral artery is mandatory

to ensure accurate measurements. Highly trained personnel

are necessary to perform the studies in a rigorously consistent

manner. The greatest limitation in the use of this methodol-

ogy is likely the direct, local effect of the distending pressure

on the change in arterial diameter. Pulse pressure changes

cannot be measured at a site that is the same as or near the site

of measurement of the arterial diameter changes. In addition,

measurement of local pulse pressure by tonometry is limited,

because even modest pressure applied to the artery by the

tonometer alters the pressure waveform.156 The effect of

modest variations in pulse pressure on the change in disten-

sibility of a discrete arterial segment cannot be predicted. The

utilization of a pulse pressure measured at an alternative site,

therefore, makes the interpretation of this technique

questionable.

Another inherent limitation of measurement of arterial

stiffness by tracking changes in arterial diameters is the

paucity of data examining the effects of changes in arterial

size with growth and changes in arterial properties with

pubertal maturation on distensibility. In adults, sex differ-

ences in arterial compliance with aging have been ob-

served.222 Similar sex differences in arterial stiffness were

found in prepubertal children. These differences were not

present after maturation had occurred.190 Further study is

needed to determine the significance of these findings.

Although the measurement of PWV has become the

leading modality, if not the gold standard, for the measure-

ment of arterial stiffness in adult groups, some issues limit the

use of PWV as a tool for cardiovascular assessment in

pediatric populations. The most significant issue is that no

study has demonstrated the validity of any of the available

assessment modalities specifically in pediatric groups. The

available validation studies have been performed in adults.

Although this casts some doubt on measures performed in

pediatric groups, it should be recognized that true validation

studies in pediatric populations would be impossible. Al-

though there is no true gold standard for local or regional in

vivo measurement of arterial stiffness, to validate the nonin-

vasive measurements of PWV, simultaneous intra-arterial

measurements with catheters and pressure manometers are

required. These procedures have been performed in healthy,

consenting adults to allow validation of some methodologies;

however, it would be unethical to subject healthy children to

such invasive testing for the sole purpose of a validation

study. Thus, it appears quite unlikely that such validation

studies will ever be performed.

A significant issue that limits PWV interpretation in

children is the lack of data in normal subjects. A few studies

have attempted to provide normal ranges for populations that

include children,165,187,188 but they have been hampered by the

small numbers of pediatric subjects. A recent publication

included PWV data on a control group of 133 children,

adolescents, and young adults,195 but further confirmatory

data comparing various populations are needed. Although the

recent work by investigators using baPWV to evaluate

arterial stiffness in pediatric subjects has greatly increased the

available data in normal adolescents, a need remains for

further research in such groups before true normative values

can be produced. Further investigation of racial differences is

needed, because it has been shown that significant differences

in arterial stiffness exist between presumably healthy Amer-

ican and Japanese adolescents.223–225 Furthermore, the avail-

able pediatric data have been collected by use of various

methodologies that have not been shown to be equivalent.

Therefore, the establishment of cut points for normal PWV in

youth is fraught with difficulty.

As discussed, there are advantages and limitations to the

use of noninvasive methods for the evaluation of arterial

stiffness in pediatric patients. The noninvasive nature of the

various arterial stiffness measurements makes their use in

pediatric patients ideal. Although no study has specifically

validated the various modalities in pediatric populations,

there is no reason that these modalities should be any less

valid or reproducible in children than they are in adults.

Given the low likelihood of true validation studies being

performed in pediatric patients, it is prudent to understand

that precision is more important than accuracy (validity)

when attempting to reveal differences between groups of

patients or between arterial territories.226
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In summary, increasing experience in pediatric patients

suggests that the evaluation of arterial stiffness parameters in

youth is not only reproducible and valid but also important.

Although no true gold standard for local or regional in vivo

measurement of arterial stiffness has been established, PWV

has become the most widely studied, reproducible, accepted,

and utilized method. With the limited available data in

pediatric populations, more studies, including those of a

longitudinal design, are required.

Recommendations for Standard Assessment of

Arterial Stiffness

1. Patient preparation:
a. Patients should refrain from the ingestion of vasoactive

medications for a period of 12 hours before the study.
b. Patients should refrain from using caffeine-containing

products or smoking227 for a period of 4 hours before
the study.

2. Measurement:
a. To allow patients to reach a basal resting state, patients

should rest in the supine position in a quiet room for
�10 minutes before measurement.

b. Depending on the arterial stiffness method used, it may
be appropriate to use blood pressure to control for
baseline distending pressure when performing mathe-
matical modeling.

c. Patients should not speak during the measurements to
prevent the possible influence of speaking on arterial
tone.

d. When patients are to have multiple, longitudinal mea-
surements, each individual patient should be measured
at the same time of day to control for the diurnal
variation of arterial stiffness.228

e. When there is an opportunity for interobserver varia-
tion, such as may occur with the placement of ultra-
sound probes, measurements should be conducted by
the same observer.

f. Irrespective of the modality used, �2 consecutive
measurements should be performed.

3. Available modalities:
a. 2D and Doppler ultrasound.
b. Magnetic resonance imaging.
c. ECG-gated oscillometric cuff technology.
d. Pressure tonometers.

Gaps in Current Knowledge
1. Which is the best method for assessment?

● What do the tests measure (large- or medium-artery
stiffness, wave reflections)?

● What is the pathophysiology underlying the
methodology?

● How do the measures relate to each other?
● Which measures correlate most strongly with cardio-

vascular risk factors and anatomic atherosclerosis?
● Which is the most reproducible measure, and does

reproducibility differ on the basis of age, sex, underly-
ing disease state, or other factors?

2. What is the range of normal values for each measurement?
● Do they differ by age, race/ethnicity, and sex?
● Do they differ by body/arterial size and with normal

growth?
3. Which method is the most cost-effective in predicting

future cardiovascular disease?

Endothelial Function
Arterial function implies an optimal balance between vaso-

dilating and vasoconstricting substances produced by or

acting on endothelial cells.229 A variety of methods have been

developed to evaluate arterial function, with the ultrasound-

based measurement of brachial reactivity emerging as the

most well-established technique used in adults. Flow-

mediated dilation (FMD) assessed with this technique mea-

sures the nitric oxide–mediated vasodilation produced by

increased flow after a period of ischemia. Non–endothelium-

dependent (NED) dilation measures the arterial changes

induced by administration of a sublingual dose of nitroglyc-

erin, which reflects predominantly the smooth muscle

response.

Relationship to Cardiovascular Risk in Adults
Patients with coronary artery disease and abnormalities in

both FMD and NED dilation have the highest rate of adverse

cardiovascular events,230 and the abnormalities predict car-

diovascular morbidity independently of traditional cardiovas-

cular risk factors230 and the Framingham risk score.19 Not

only does FMD predict adverse cardiovascular outcomes, but

impaired FMD in asymptomatic individuals also correlates

with cardiovascular risk factor levels such as low high-

density lipoprotein cholesterol levels,231 hypertension,231 el-

evated atherogenic LDL subfractions,232 insulin resis-

tance,23,24 type 2 diabetes mellitus,233 tobacco exposure,24,25

sedentary behavior,24 and inflammation.234

Interventions to reduce cardiovascular risk in adults dem-

onstrate a parallel improvement in FMD. Treatment of

obstructive sleep apnea with nasal continuous positive airway

pressure is highly effective in reversing impaired endothelial

function,235 although the improvement is dependent on con-

tinued use.236 Aerobic exercise,237 but not resistance train-

ing,238 increases FMD in adults, but again, continued com-

pliance with the intervention is needed to sustain the

benefit.237 Dietary change combined with exercise appears to

result in a multiplicative response,239 and the improvement in

FMD appears to be independent of improvement in glucose

tolerance.239 Investigators believe that attenuation of insulin

resistance rather than change in carbohydrate tolerance is

more important in effecting improvement in endothelial

function. Diet interventions without exercise have provided

less consistent improvements in FMD. Omega-3 fatty acids

have alternately shown acute improvement in brachial

FMD240 or no change with chronic administration.241 How-

ever, a “Mediterranean-type” diet rich in oleic acids improved

FMD in both patients with both type 2 diabetes mellitus242

and those with ischemic heart disease.243 Antioxidants such

as vitamin C244 and the natural antioxidant flavanoids found

in wine,245 grape juice,246 and dark chocolate247 restore

endothelial function via a reduction in oxidation and inflam-

mation. This improvement in FMD can also be accomplished

by administration of a selective cyclooxygenase-2 inhibitor in

adults with severe coronary artery disease.248 Homocysteine

metabolism is also closely linked to systemic oxidation and

inflammation.249 Adults with hyperhomocystinemia showed

increased FMD after 8 weeks of folate administration, and
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this improvement was accompanied by a concomitant rise in

serum folate levels and a reduction in total plasma homocys-

teine levels.250

Drug therapies such as the administration of statins to

lower cholesterol are efficacious in improving FMD in a

variety of underlying states, including heterozygous FH251,252

and type 1 diabetes mellitus,253 as well as in smokers.254

Some data suggest a direct correlation between cholesterol

levels and vasoreactivity.255 Others have not found an asso-

ciation in multivariate analyses, which suggests that the

non–lipid-lowering, “pleiotropic” effects of statins account

for the improvement in brachial FMD.254 In a placebo-

controlled trial with metformin in subjects with the metabolic

syndrome, improvement in brachial FMD occurred with

reduction in insulin resistance.256 In postmenopausal women,

supplementation with estrogen improved brachial FMD in

both diabetic and nondiabetic females.233 Data relating to

antihypertensive therapy and brachial artery function are less

clear. In 1 study of hypertensive adults, baseline brachial

FMD was reduced compared with control subjects; however,

neither nifedipine nor captopril treatment improved endothe-

lial function.257 In subjects with coronary artery disease, only

mild impairment in brachial FMD was seen at baseline, and

only administration of quinapril (and no other agent, includ-

ing other angiotensin-converting enzyme inhibitors, angioten-

sin receptor blockers, and calcium channel blockers), resulted

in improvement in FMD in a crossover study design.258 No

vascular benefit was found with drug-induced weight loss

combined with exercise in one study,259 whereas another did

see increased FMD with the use of the drug orlistat alone.260

NED dilation is less strongly related to cardiovascular risk

factors, with independent associations found only with age,

baseline diameter,231 and BMI.261 NED dilation is not im-

paired in patients with FH, essential hypertension,262 or

inflammatory periodontal disease,234 which suggests that

endothelium-dependent mechanisms may be more important

in assessing cardiovascular risk than the biological processes

that affect smooth muscle in the arterial wall. NED vasodi-

lation does not appear to be affected by hydroxy-

methylglutaryl-coenzyme A reductase inhibitor therapy254 or

treatment with antihypertensive agents.257,258 Measurement of

NED dilation, however, may add additional information in

certain situations. In subjects with type 1 diabetes mellitus

and microalbuminuria, a manifestation of more severe micro-

vascular dysfunction,263 both FMD and NED dilation are

compromised. In middle-aged adults, Jensen-Urstad et al261

found that NED dilation, but not FMD, correlated with

multirisk score in women. Furthermore, although FMD did

relate to increased left ventricular mass, the relationship was

not independent of NED dilation. This suggests that the

overall reduction in vasodilatory capacity may be more

important than endothelial function in the origin of cardiac

hypertrophy.264

Data in Children and Adolescents
FMD and NED dilation measurements in children have been

studied less extensively, although the literature is growing as

more researchers adapt these techniques for use in the

pediatric age group (Table 6).47,50,248,263,265–287 Abnormalities

in endothelial function have been noted in children affected

with a variety of conditions. Even in the absence of elevated

cardiovascular risk factors, children infected with the human

immunodeficiency virus demonstrated decreased FMD.276

Whether an association exists between abnormalities in FMD

and treatment with protease inhibitors51,276 is controversial.

Children with homozygous homocystinuria, even those as

young as 4 years of age, demonstrate abnormal FMD.288

Kawasaki disease is another condition in which decreased

brachial FMD has been observed.277 In fact, some investiga-

tors hypothesize that any condition that produces systemic

inflammation, as manifested by elevated high-sensitivity

C-reactive protein, may produce endothelial dysfunction.270

Another disorder that appears to promote vascular dysfunc-

tion in children is chronic renal failure, both before278 and

after279 renal transplantation. Importantly, changes in FMD in

chronic kidney disease could not be explained by classic

cardiovascular risk factors such as hyperlipidemia.278 Diabe-

tes is another chronic medical condition known to impair

vascular function in children. Decreases in both FMD50 and

NED dilation266 have been observed in children with type 1

diabetes mellitus. However, 1 study found these changes only

in subjects with a concomitant elevation in lipid levels,50

whereas another demonstrated them only with concurrent

infection-related inflammation,265 which suggests that tradi-

tional cardiovascular risk factors played a role. On the other

hand, glycemic control, as measured by hemoglobin A1c, has

not been proved to relate to these abnormalities in children.289

It is clear that endothelial dysfunction is an early index of

target-organ damage incurred with many different chronic

diseases of childhood.

As more normative data in asymptomatic children become

available, noninvasive measurement of vascular function has

the potential to become an important addition to traditional

cardiovascular risk factor assessment in them. Adolescents

with a positive family history of cardiovascular events have

lower FMD than do control subjects, with further reduction

seen in children with FH.290 These abnormalities are not

restricted to the more severe FH cases but are also found in

children with familial combined hyperlipidemia.267 It is not

clear, however, whether these changes can be related directly

to LDL cholesterol levels. Although Aggoun et al171 found a

negative correlation between FMD and LDL cholesterol,

other investigators have found only lipoprotein(a) to be a

significant correlate.268 Reduced FMD has also been corre-

lated with blood pressure levels in prepubertal children and

with insulin resistance in obese children.291

As in adults, unhealthy lifestyle habits also have been

associated with endothelial dysfunction. Asymptomatic over-

weight children demonstrated reduced FMD compared with

control subjects matched for blood pressure, cholesterol, and

glucose levels.47 Furthermore, the magnitude of endothelial

dysfunction correlated with BMI.47 In a study of severely

obese children (average BMI z score �2 standard deviations

above normal), both FMD and NED dilation were impaired

relative to control values.171 In these obese children, FMD

showed a negative correlation with fasting insulin and apoli-

poprotein A-I, but in multivariate models, only apolipopro-
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tein A-I had an independent influence.171 Exercise and diet

may also affect endothelial function in youth. Habitual

physical activity was correlated with higher FMD in healthy

children.275 Better baseline folate status, as measured by red

blood cell folate levels, was associated with higher FMD in

children with type 1 diabetes mellitus.273 Environmental

influences have also been evaluated. A recent large study of

402 healthy children 11 years of age demonstrated reduced

brachial FMD in subjects with a higher serum cotinine

concentration.292 This study provides further evidence of the

dangers of second-hand smoke.

Low birth weight, a manifestation of an adverse prenatal

environment, has also been associated with reduced FMD.

There appeared to be a graded positive effect of increasing

birth weight on endothelial function in a cohort of adults 20

to 28 years of age280 and in young children 9 to 11 years of

age.281 Early postnatal factors may also affect vascular

function, because greater weight gain in the first 2 weeks of

life was associated with lower FMD during adolescence,

independent of birth weight.271 These data suggest that fetal

“programming” may have an adverse effect on vascular

function later in life.293

As in adults, intervention studies in children provide

evidence for the importance of arterial function measure-

ments in assessing the success of risk factor reduction. This

becomes especially important in pediatric subjects, for whom

the hard end points of cardiovascular morbidity and mortality

are lacking. Docosahexaenoic acid, one of the main active

ingredients in fish oil, resulted in an increase in FMD after 6

weeks of therapy. Unfortunately, the improvement was lost

after a 6-week washout period.282 However, administration of

the plant sterols sitosterol and campesterol did not improve

FMD in children with FH despite improvement in LDL

cholesterol levels,283 and supplementation with the nitric

oxide substrate L-arginine did not improve FMD in children

with chronic renal disease.285 It is possible that differences in

technique (use of A-mode294 versus B-mode imaging), prob-

lems with reproducibility, or differences in the intervention

used and disease state being studied may account for these

disparate results.

Antioxidant administration has also been investigated as

a therapy for vascular dysfunction. In children with Ka-

wasaki disease, acute intravenous vitamin C injection

significantly improved brachial FMD nearly to the level

seen in control subjects.277 Vitamins C and E also restored

endothelial function in children with dyslipidemia.286

However, the mechanism responsible for the improvement

is unclear, because there was no change in biomarkers for

oxidative stress or inflammation.286 Oral folate supplementa-

tion in children with chronic renal disease, however, did

Table 6. Conditions Associated With Reduced Brachial FMD

Condition Childhood Reference NED Reference

Disease or condition

Diabetes mellitus Järvisalo et al,50 Aburawi et al265 Lee et al,*233 Donaghue et al266

Dyslipidemia De Jongh et al,252 Mietus-Snyder and Malloy,267

Aggoun et al,39 Sorensen et al,268 Tounian et al171

Atkov et al,*262 Aggoun et al,*39 Järvisalo et al269

Family history of CVD or risk factors Gaeta et al59

Inflammation Järvisalo et al,270 Aburawi et al265 Amar et al*234

Age Jensen-Urstad and Johansson261

Adiposity or adipocytokines Woo et al,47 Tounian et al,171 Singhal et al271 Jensen-Urstad and Johansson,261

Fernández-Real et al272

Target-organ damage (LVH, increased

cIMT, microalbuminuria)

Olsen et al,264 Papaioannou et al263

Folate or homocysteine Wiltshire et al273 Chambers et al*274

Sedentary behavior or increased physical activity Abbott et al275

HIV infection Bonnet et al,276 Charakida et al51 Bonnet et al276

Kawasaki syndrome Deng et al277

Chronic renal disease Kari et al,278 Lilien et al279 Kari et al*278

Low birth weight Leeson et al,280 Leeson et al281 Leeson et al280

Interventions

Statins De Jongh et al252 Beckman et al254

Antihypertensive agents Ghiadoni et al,*257 Anderson et al*258

Healthy diet (omega-3 fatty acid,

Mediterranean diet, plant

sterol, L-arginine, folate)

Engler et al,282 de Jongh et al,*283

Bennett-Richards et al,*284 Bennett-Richards et al285

Bennett-Richards et al*284,285

Antioxidants (vitamin C, Cox-2 inhibitor) Deng et al,277 Mietus-Snyder and Malloy,267

Engler et al286

Deng et al,*277 Williams et al,*244 Chenevard et al*248

Exercise Kelly et al287

CVD indicates cardiovascular disease; LVH, left ventricular hypertrophy; and Cox-2, cyclooxygenase-2.

*Nonsignificant associations are indicated with an asterisk.
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result in an increase in red cell folate levels, a reduction in

total homocysteine level, and significant improvement in

brachial FMD.284

Lifestyle modifications have also proved efficacious in

modifying vascular function. In obese children, a bicycle

training program that led to an increase in peak oxygen

uptake (V̇O2) was accompanied by a significantly increased

area under the curve for the FMD of the pediatric patients.287

The combination of dietary change and exercise produced the

greatest vascular improvement in a study of 9- to 12-year-old

obese children.54 It is not clear, however, which component is

more important. Some pediatric studies have suggested that

the benefit of exercise for improvement of endothelial func-

tion is independent of weight change,295 whereas others have

shown the exercise-related increase in FMD was associated

with decreased central adiposity.54,296

Changes in FMD with drug administration have not been

routinely studied in children. One trial did find improved

endothelial function with the administration of statins in

children with FH.252

As in adults, the utility of NED dilation measures is

controversial. Although some studies have shown no differ-

ence in NED dilation between control subjects and children

with FH,171 human immunodeficiency virus,276 or renal dis-

ease278 or after vitamin C administration in Kawasaki dis-

ease,277 others have found oxidized LDL to be independently

associated with a decreased NED response in healthy children

and those with diabetes and FH.269

Methods of Assessment
The ability to demonstrate significant differences in vascular

function among groups of individuals is dependent on accu-

rate measurements. Both precision (reliable measurements do

not vary from each other greatly) and validity (the average of

multiple measurements approximates the true and accurate

value) are important. Measurement of brachial FMD and

NED dilation is technically challenging and involves a

significant learning curve for both image acquisition and

analysis.297 Therefore, meticulous attention to technique, with

frequent reassessment of quality control, is essential in

vascular assessment studies. Much controversy exists as to

the best method for imaging the brachial artery for reactivity

studies. Multiple sets of guidelines have been published in

respected peer-reviewed journals, and each proposes a slight

variation in methodology.229,297,298 Regardless of the choice

of protocol, the proper equipment must be available. The

minimal imaging modalities needed include 2D, color, and

spectral Doppler packages. Specialized vascular software can

make reading studies more efficient, although it is not

mandatory. High image resolution is crucial and is best

achieved with multifrequency linear-array transducers (usu-

ally 7 to 12 MHz).297 All images must be gated to a

simultaneously obtained ECG recording, because brachial

diameter varies significantly during the cardiac cycle.299

Digital acquisition is preferred, with super VHS video rec-

ommended as the next best alternative.229

Image acquisition is performed with the subject in the

supine position. The baseline brachial artery 2D image is

obtained in the longitudinal axis. The International Brachial

Reactivity Task Force has recommended that imaging may be

performed above or below the antecubital fossa297 (Figure 8),

whereas the European Society of Hypertension suggests that

imaging be done only below the antecubital fossa.229 The site

of imaging is influenced by placement of the blood pressure

cuff. Although upper-arm cuff placement generally results in

greater flow-mediated change,300 the imaging is more chal-

lenging, because the artery tends to collapse and shift in the

soft tissues.301,302 Therefore, lower-arm placement is gener-

ally recommended. The interface between the lumen and

vessel wall must be clearly defined for both the anterior and

posterior walls. Anatomic landmarks are used to help main-

tain the position of the transducer, or a stereotactic probe-

holding device may be used. Although most published

normative data were obtained from B-mode imaging, both

M-mode and A-mode (wall tracking) have been used to

measure the wall continuously throughout the cardiac

cycle.303–305

First, a resting image is obtained and a pulse Doppler

velocity signal recorded. The artery is then occluded by

inflating the blood pressure cuff to �50 mm Hg above the

subject’s resting systolic blood pressure. The cuff is left

inflated for a standard length of time (usually 4.5 minutes),229

then rapidly deflated, either manually or with a specialized

automatic pneumatic tourniquet device. Images are then

recorded immediately after deflation and, at minimum, at

intervals of 60, 90, and 120 seconds, or continuously, for up

to 5 minutes after deflation.229 The site of cuff placement may

also affect time to peak dilation, with an average 22-second

delay for peak dilation with cuff placement on the upper

arm.306 A midartery Doppler signal is also obtained no more

than 15 seconds after deflation to measure maximal hyper-

emic velocity.297 Reactive hyperemia is calculated as the

percentage flow change compared with baseline. Flow-

mediated dilation measured at end diastole299 is the percent-

age increase in lumen diameter with hyperemia compared

Figure 8. Photograph demonstrating the positioning of the
patient and blood pressure cuff for evaluation of brachial reac-
tivity, with the blood pressure cuff positioned below the antecu-
bital fossa.
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with baseline. NED vasodilation may be measured after a

10-minute rest period after reactive hyperemia studies. A

second baseline scan is obtained, and then an exogenous

nitric oxide donor, such as a nitroglycerine spray or tablet, is

administered. Controversy exists about the optimal dose to be

used, with recommendations ranging from as high as 400

�g297 to as low as 25 �g.229

Variability and Limitations
Many external and patient-related factors can influence FMD

results. First, all studies should be performed in the fasting

state, because high-fat foods are known to induce acute

endothelial dysfunction.307 Second, subjects should have

refrained from ingesting vasoactive substances such as to-

bacco, vitamin C, and caffeine for 8 to 12 hours before the

examination.297 Medications known to affect the vasculature,

including decongestants, aspirin, antihypertensive agents, and

oral contraceptives, should be withheld for �4 half-lives, if

possible.297 Because hormones may affect vascular function,

females should be questioned as to the phase of their

menstrual cycle.308,309 Finally, environmental stimuli should

be standardized, with subjects refraining from exercise for 8

to 12 hours, and all procedures should be performed in a

quiet, temperature-controlled room. Time of day for testing

should be standardized, because circadian variation in FMD

may exist.310,311 Arterial size also influences FMD results.

Brachial arteries smaller than 2.5 mm in diameter are difficult

to measure.297 Smaller arteries are associated with a greater

percent FMD,312 and therefore, baseline size may be consid-

ered as a covariate in data analyses. Some researchers

hypothesize that the increase in shear stress caused by flow

through a smaller vessel results in greater nitric oxide release,

thereby accounting for this observation.313

Careful attention to detail is essential in reading brachial

FMD studies. A clear “double-line” sign (Figure 9) should be

visible at the site measured. The absence of this feature may

indicate that the sonographer is not imaging precisely per-

pendicular to the vessel wall.298 Similarly, cross-sectional

images are believed to be less reliable and are not recom-

mended. Measurements should be performed at the same time

during the cardiac cycle. The R wave on the ECG is a useful

tool to identify end diastole.297 Variability is greatest when

measurements are taken point-to-point in a single frame and

least when multiple measurements along the vessel are

averaged.297 As mentioned previously, maximal flow and

diameter will be missed if not measured at the appropriate

interval after cuff deflation. Adult guidelines suggest that this

occurs �60 seconds after the end of occlusion314; however,

studies in children suggest that the time to peak dilatory

response varies considerably, thus complicating data collec-

tion even further.315

Studies of replicate readings of brachial FMD measure-

ments in 253 normal adults found the correlation coefficient

between 2 observers was 0.88 (95% confidence interval 0.82

to 0.94). Bland-Altman analyses demonstrated no significant

systematic differences between the measurements (mean

difference of �0.30%); however; the limits of agreement

were wide (�4.48% to 3.87%) compared with the average

FMD value (11.98%).316 Furthermore, subjects were not

reimaged; therefore, no assessment of biological or rescan-

ning variability could be made. In one published guideline for

FMD, repeated measures were deemed acceptable when

mean differences were no more than 2% to 3% (for an

average FMD of 10%).297,317

The difficulty in obtaining precise measurements makes

the definition of “normal” values problematic. Published

estimates of “normal” brachial FMD from large studies of

adults range from 8.23�4.51%223 to 11.98�0.6%316 (Table

7).281,315,316,318,319 As expected, even fewer data are available

in healthy children. Järvisalo et al315 studied 105 healthy

children and found that peak FMD was 7.7�4.0%. Leeson et

al169 published a slightly larger population-based study of 361

normal children; however, the wall-tracking (A-mode)

method used may not be comparable to the more commonly

used B-mode technique. Until better normative data are

available, it may be prudent to design case–control studies

when brachial FMD is used to measure endothelial function.

Reproducibility studies should also be conducted periodically

during pediatric research trials that use this technique. Power

calculations that use the variance calculated from data ob-

Figure 9. This image demonstrates the typical
image of the brachial artery obtained at base-
line. The double-layered appearance of the
vessel wall can be appreciated and the vessel
lumen easily measured.
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tained from an investigator’s own laboratory would also

prove helpful in providing accurate estimates of the sample

size needed to demonstrate significant differences between

groups of subjects.297

Nonultrasound methods for assessment of endothelial

function have also been developed in an attempt to overcome

the difficulties of obtaining reliable results with traditional

imaging. Strain-gauge plethysmography is an older method

that is rarely used in pediatric studies because of the need for

invasive catheters and drug infusion.224 However, in adults, it

has been useful in demonstrating endothelial dysfunction in

patients who smoke or have high cholesterol149 or obstructive

sleep apnea.225

One commercially available device uses peripheral arterial

tonometry to measure blood flow in the fingertips at baseline

and after an ischemic stimulus. Thimble-like cups are placed

on the finger of each hand to collect beat-to-beat plethysmo-

graphic recording of the finger arterial pulse-wave amplitude.

Pulsatile volume signals are recorded as optical density

changes from the finger’s palmar surface within the applied

pressure field. The volume changes that accompany the pulse

waves are analyzed before and after induced ischemia to

determine endothelial function. The reactive hyperemia index

generated by this device is highly correlated to ultrasound-

based FMD,320 and it has been shown to be reproducible

when analyzed by the technique of Bland and Altman.321 The

reactive hyperemia index is reduced in patients with coronary

artery disease, with a linear decline seen with clustering of

cardiovascular risk factors.320 Recent data from the Framing-

ham Heart Study demonstrate an independent relationship

between the peripheral arterial tonometry ratio (the natural

logarithm of the ratio of postdeflation to baseline pulse

amplitude in the hyperemic finger divided by the same ratio

in the contralateral finger) and male sex, BMI, total-to–high-

density lipoprotein cholesterol ratio, type 2 diabetes mellitus,

smoking, and lipid-lowering therapy.322 Few data are avail-

able in children, although with the use of this technique,

abnormalities have been found in children with congenital

central hypoventilation syndrome,323 obstructive sleep ap-

nea,324 and type 1 diabetes mellitus.325,326 Although this

device shows promise and appears to be relatively operator

independent, with good reproducibility in children,325 a single

finger cuff size may limit its usefulness in smaller children.

Doppler laser flowmetry is another technique that may be

applicable to smaller children. Doppler laser probes can

measure changes in blood flow in the microcirculation in

response to a variety of stimuli.327 Although microdialysis

catheters have been used in adults, noninvasive iontophoresis

of drugs or heat or ischemic stimuli can also be applied. Data

are lacking on the use of this technique in children, but adult

studies show a linear decline in stimulus-induced flow with

increasing Framingham risk score.328 In children, the tech-

nique has been used to demonstrate improvement in obstruc-

tive sleep apnea, a risk factor for hypertension, with removal

of tonsils and adenoids.329 Abnormalities have also been

found with children and adolescents with type 1 diabetes

mellitus.330,331 However, more pediatric data are needed

before the use of any of these nonultrasound techniques can

be recommended for evaluation of endothelial function in

children.

Recommendations for Standard Assessment of Brachial

Artery Reactivity

1. Patient preparation. For 8 to 12 hours before the study, the

subject should refrain from:

a. Eating.

b. Ingesting vasoactive substances (drugs and foods).

c. Exercising.

2. Environment:

a. Effort should be made to standardize the temperature in

the examination room.

b. Effort should be made to standardize the time of day

the examinations are performed.

c. Menstrual cycle of females should be noted.

3. Equipment. Ultrasound equipment should include:

a. 2D, color, and spectral Doppler imaging.

b. High-frequency linear-array transducer (7 to 12 MHz).

c. ECG.

d. Digital or super VHS recording.

e. Automatically deflating pneumatic blood pressure cuff

(preferred).

f. Stereotactic probe-holding device (may be helpful).

4. Image acquisition for FMD:

a. Patient should rest supine with arm extended in a

comfortable position.

b. Sonographer should place blood pressure cuff below

the antecubital fossa; an arm board may be used.

c. Sonographer should obtain optimal resting 2D longitu-

dinal image of the brachial artery �2 to 15 cm above

the antecubital fossa. Doppler signal should be rec-

orded. The transducer should be perpendicular to the

vessel wall.

d. Sonographer should inflate cuff to 50 mm Hg above

patient’s resting systolic blood pressure (maximum

300 mm Hg) for 4.5 minutes.

e. Sonographer should deflate the cuff rapidly.

f. Sonographer should record 2D and Doppler images

immediately after deflation and at 60, 90, and 120

Table 7. Normal Values Reported for Brachial FMD

Age Range, y No. of Subjects Technique Cuff Position Brachial FMD, Mean % Change�SD Reference

14–98 4040 B-mode, automatic Forearm 3.58�0.10 Herrington et al318

9–11 333 A-mode, automatic Forearm 4.73�4.38 Leeson et al281

38–48 19 B-mode, manual Forearm 6.9�1.5 Coretti et al319

9–16 105 B-mode, manual Forearm 7.7�4.0 Järvisalo et al315

38–48 19 B-mode, manual Upper arm 11.3�5.4 Accini et al316

29–50 253 B-mode, manual Forearm 11.98�0.6 Coretti et al319
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seconds after deflation. Recording may continue for as

long as 5 minutes after deflation.

5. NED vasodilation:

a. Data in children do not demonstrate sufficient associ-

ation between NED vasodilation and cardiovascular

risk factors. Furthermore, there are small risks associ-

ated with nitroglycerin administration. Therefore, this

type of brachial artery reactivity testing is not recom-

mended at this time unless a compelling indication is

present.

b. If NED vasodilation studies are performed, a resting

period of 15 minutes is recommended after FMD

measurements.

c. A second baseline 2D image and Doppler signal should

be recorded.

d. Nitroglycerin should be administered (dose given to

adults is usually 400 �g, although doses as low as 25

�g have been used).

e. Images should be recorded 3 minutes after the dose.

6. Analysis of images:

a. Careful attention to image quality is essential.

b. Select images with a clear “double-line” sign.

c. Read images from the same time during the cardiac

cycle (R wave on ECG at end diastole is preferred).

d. Identify the intima-lumen interfaces (preferred), al-

though media-adventitial interfaces can be used pro-

vided the method used is applied consistently.

e. Measure the diameter by tracing the wall (preferred), or

use an average of several point-to-point measurements.

f. Measure the Doppler flow velocity at baseline and at

each point after deflation.

g. Calculations:

i. %FMD�(LDp�LDb)/LDb�100, where LDp�lumen

diameter after inflation and LDb�lumen diameter at

baseline.

ii. Reactive hyperemia�(Vp�Vb)/Vb�100, where

Vp�Doppler velocity after inflation and Vb�Doppler

velocity baseline.

7. Training for sonographers and readers:

a. Intensive training according to rigid written protocols

is required.

b. Formal calculation of reproducibility is needed for

certification of all sonographers and readers.

c. Retraining with written protocols should occur period-

ically, with recertification required for any observers

who have had a significant time lapse since performing

duties (scanning or reading).

8. Quality controls:

a. Periodic assessment of variability for both rescanning

and rereading should be performed, with calculation of:

i. Intraobserver and interobserver variability.

ii. Temporal comparisons, for laboratory drift.

iii. Comparisons between laboratories, for multicenter

trials.

b. Coefficients of variability, intraclass correlation coef-

ficients, and Bland-Altman plots may be useful in

assessing variability.

c. Acceptable variability is not well established, although

published reports would suggest that correlations

greater than 0.8316 or a mean difference between

measurements of no more than 2% to 3% would be

acceptable.297,317

Gaps in Current Knowledge
Many data need to be collected before assessment of arterial

function can be integrated into a comprehensive primary

prevention program aimed at reducing future cardiovascular

events in children and adolescents. The major gaps in our

current knowledge base include the following:

1. Which is the best method for assessment?

● What do the tests measure (function in a medium muscu-

lar artery, peripheral bed, skin microvasculature)?

● What is the pathophysiology underlying the

methodology?

● How do the measures relate to each other?

● Which measures correlate most strongly with cardio-

vascular risk factors and anatomic atherosclerosis?

● Which is the most reproducible measure, and does

reproducibility differ on the basis of age, sex, underly-

ing disease state, or other factors?

2. What is the range of normal values for each measurement?

● Do they differ by age, race/ethnicity, and sex?

● Do they differ by body/arterial size and with normal

growth?

3. Which method is the most cost-effective in predicting

future cardiovascular disease?

Summary
Risk factors associated with the development of cardiovas-

cular disease, including diabetes mellitus, hypertension, dys-

lipidemias, and obesity, are becoming increasingly prevalent

in children and adolescents. Therefore, noninvasive methods

of assessing atherosclerotic risk in youth need to be devel-

oped and standardized. In this statement, we have summa-

rized current knowledge of noninvasive vascular assessment

in children and adolescents and outlined recommendations

for standard assessment in the pediatric population for clini-

cal research purposes.

Additional data are needed before these methods can be

adopted in clinical evaluation. The pressing needs for re-

search in this area include the following: (1) collection of

more normative data across age, race, and sex for all devices;

(2) longitudinal studies to determine age- and puberty-related

changes in the measures in a low-risk population for com-

parison; (3) correlations to better-established pediatric inter-

mediate target-organ end points (left ventricular hypertrophy,

microalbuminuria); and (4) additional interventional studies

to demonstrate improvement in vascular function with treat-

ment of cardiovascular risk factors.

The ability to use noninvasive methods to accurately

measure vascular damage related to atherosclerotic processes

in youth will substantially improve our ability to risk-stratify

individuals by traditional assessment, especially in this youth-

ful population in which hard cardiovascular end points are

unlikely to occur. Improved risk profiling will allow targeting

of the highest-risk youth for the most aggressive interventions

to prevent myocardial infarction and stroke. A paradigm shift

in our thinking about cardiovascular diseases needs to occur.

The emphasis should be on prevention both from a population

basis and by better identification of high-risk individuals

decades before clinical cardiovascular disease occurs.
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Torkko N, Järvisalo MJ, Uhari M, Jokinen E, Rönnemaa T, Akerblom
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149. López-Beltrán EA, Blackshear PL, Finkelstein SM, Cohn JN. Non-

invasive studies of peripheral vascular compliance using a non-

occluding photoplethysmographic method. Med Biol Eng Comput. 1998;

36:748–753.

150. Giannattasio C, Mangoni AA, Failla M, Stella ML, Carugo S, Bombelli

M, Sega R, Mancia G. Combined effects of hypertension and hypercho-

lesterolemia on radial artery function. Hypertension. 1997;29:583–586.

151. Hopkins KD, Lehmann ED, Jones RL, Turay RC, Gosling RG. A family

history of NIDDM is associated with decreased aortic distensibility in

normal healthy young adult subjects. Diabetes Care. 1996;19:501–503.

152. Urbina EM, Srinivasan SR, Kieltyka RL, Tang R, Bond MG, Chen W,

Berenson GS. Correlates of carotid artery stiffness in young adults: the

Bogalusa Heart Study. Atherosclerosis. 2004;176:157–164.

153. Liao D, Arnett DK, Tyroler HA, Riley WA, Chambless LE, Szklo M,

Heiss G. Arterial stiffness and the development of hypertension: the

ARIC study. Hypertension. 1999;34:201–206.

154. Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G, Gosling

RG. Aortic pulse-wave velocity and its relationship to mortality in

diabetes and glucose intolerance: an integrated index of vascular

function? Circulation. 2002;106:2085–2090.

155. Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L,

Ducimetiere P, Benetos A. Aortic stiffness is an independent predictor

of all-cause and cardiovascular mortality in hypertensive patients.

Hypertension. 2001;37:1236–1241.

156. Giannattasio C, Failla M, Grappiolo A, Calchera I, Grieco N, Carugo S,

Bigoni M, Randelli P, Peretti G, Mancia G. Effects of physical training

of the dominant arm on ipsilateral radial artery distensibility and

structure. J Hypertens. 2001;19:71–77.

157. Urbina EM, Brinton TJ, Elkasabany A, Berenson GS. Brachial artery

distensibility and relation to cardiovascular risk factors in healthy young

adults (the Bogalusa Heart Study). Am J Cardiol. 2002;89:946–951.

158. Urbina EM, Kieltkya L, Tsai J, Srinivasan SR, Berenson GS. Impact of

multiple cardiovascular risk factors on brachial artery distensibility in

young adults: the Bogalusa Heart Study. Am J Hypertens. 2005;18:

767–771.

159. Cohn JN. Vascular wall function as a risk marker for cardiovascular

disease. J Hypertens Suppl. 1999;17:S41–S44.

160. van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian J,

Reneman RS, Hoeks AP, van der Kuip DA, Hofman A, Witteman JC.

Association between arterial stiffness and atherosclerosis: the Rotterdam

Study. Stroke. 2001;32:454–460.

161. Lehmann ED, Gosling RG, Sönksen PH. Arterial wall compliance in

diabetes. Diabet Med. 1992;9:114–119.

162. Nichols WW, O’Rourke MF, eds. McDonald’s Blood Flow in Arteries:

Theoretical, Experimental and Clinical Principles. 3rd ed. London,

United Kingdom: Edward Arnold; 1990.

163. London GM, Marchais SJ, Safar ME, Genest AF, Guerin AP, Metivier

F, Chedid K, London AM. Aortic and large artery compliance in

end-stage renal failure. Kidney Int. 1990;37:137–142.

164. Lehmann ED, Watts GF, Gosling RG. Aortic distensibility and hyper-

cholesterolaemia. Lancet. 1992;340:1171–1172.

165. Avolio AP, Chen SG, Wang RP, Zhang CL, Li MF, O’Rourke MF.

Effects of aging on changing arterial compliance and left ventricular

load in a northern Chinese urban community. Circulation. 1983;68:

50–58.

166. Vaitkevicius PV, Fleg JL, Engel JH, O’Connor FC, Wright JG, Lakatta

LE, Yin FC, Lakatta EG. Effects of age and aerobic capacity on arterial

stiffness in healthy adults. Circulation. 1993;88:1456–1462.

167. Haller MJ, Samyn M, Nichols WW, Brusko T, Wasserfall C, Schwartz

RF, Atkinson M, Shuster JJ, Pierce GL, Silverstein JH. Radial artery

tonometry demonstrates arterial stiffness in children with type 1

diabetes. Diabetes Care. 2004;27:2911–2917.

168. Brooks BA, Molyneaux LM, Yue DK. Augmentation of central arterial

pressure in type 2 diabetes. Diabet Med. 2001;18:374–380.

169. Leeson CP, Whincup PH, Cook DG, Mullen MJ, Donald AE, Seymour

CA, Deanfield JE. Cholesterol and arterial distensibility in the first

decade of life: a population-based study. Circulation. 2000;101:

1533–1538.

170. Iannuzzi A, Licenziati MR, Acampora C, Salvatore V, Auriemma L,

Romano ML, Panico S, Rubba P, Trevisan M. Increased carotid

intima-media thickness and stiffness in obese children. Diabetes Care.

2004;27:2506–2508.

171. Aggoun Y, Bonnet D, Sidi D, Girardet JP, Brucker E, Polak M, Safar

ME, Levy BI. Arterial mechanical changes in children with familial

hypercholesterolemia. Arterioscler Thromb Vasc Biol. 2000;20:

2070–2075.

172. Singhal A, Farooqi IS, Cole TJ, O’Rahilly S, Fewtrell M, Kattenhorn M,

Lucas A, Deanfield J. Influence of leptin on arterial distensibility: a

novel link between obesity and cardiovascular disease? Circulation.

2002;106:1919–1924.

173. Whincup PH, Gilg JA, Donald AE, Katterhorn M, Oliver C, Cook DG,

Deanfield JE. Arterial distensibility in adolescents: the influence of

adiposity, the metabolic syndrome, and classic risk factors. Circulation.

2005;112:1789–1797.

174. Litwin M, Trelewicz J, Wawer Z, Antoniewicz J, Wierzbicka A, Rajszys

P, Grenda R. Intima-media thickness and arterial elasticity in hyper-

tensive children: controlled study. Pediatr Nephrol. 2004;19:767–774.

175. Urbina EM, Bean JA, Daniels SR, D’Alessio D, Dolan LM. Overweight

and hyperinsulinemia provide individual contributions to compromises

in brachial artery distensibility in healthy adolescents and young adults:

brachial distensibility in children. J Am Soc Hypertens. 2007;1:

200–207.

176. Parikh A, Sochett EB, McCrindle BW, Dipchand A, Daneman A,

Daneman D. Carotid artery distensibility and cardiac function in ado-

lescents with type 1 diabetes. J Pediatr. 2000;137:465–469.

177. Stella A, Gessaroli M, Cifiello BI, Salardi S, Reggiani A, Cacciari E,

D’Addato M. Elastic modulus in young diabetic patients (ultrasound

measurements of pulse wave velocity). Angiology. 1984;35:729–734.

178. Woolam GL, Schnur PL, Vallbona C, Hoff HE. The pulse wave velocity

as an early indicator of atherosclerosis in diabetic subjects. Circulation.

1962;25:533–539.

179. Tedesco MA, Di Salvo G, Ratti G, Natale F, Calabrese E, Grassia C,

Iacono A, Lama G. Arterial distensibility and ambulatory blood pressure

monitoring in young patients with neurofibromatosis type 1. Am J

Hypertens. 2001;14(part 1):559–566.

180. Tedesco MA, Ratti G, Di Salvo G, Martiniello AR, Limongelli G,

Grieco M, Calabrese E, Grassia C, Iacono A, Lama G. Noninvasive

evaluation of arterial abnormalities in young patients with neurofibro-

matosis type 1. Angiology. 2000;51:733–741.

181. Kwok KL, Ng DK, Cheung YF. BP and arterial distensibility in children

with primary snoring. Chest. 2003;123:1561–1566.

182. Cheung YF, Yung TC, Tam SC, Ho MH, Chau AK. Novel and tradi-

tional cardiovascular risk factors in children after Kawasaki disease:

implications for premature atherosclerosis. J Am Coll Cardiol. 2004;43:

120–124.

183. Cheung YF, Brogan PA, Pilla CB, Dillon MJ, Redington AN. Arterial

distensibility in children and teenagers: normal evolution and the effect

of childhood vasculitis. Arch Dis Child. 2002;87:348–351.

184. de Divitiis M, Pilla C, Kattenhorn M, Donald A, Zadinello M, Wallace

S, Redington A, Deanfield J. Ambulatory blood pressure, left ventricular

mass, and conduit artery function late after successful repair of coarc-

tation of the aorta. J Am Coll Cardiol. 2003;41:2259–2265.

185. Roegel JC, Heinrich E, De Jong W, Stephan D, Charpentier A,

Eisenmann B, Imbs JL. Vascular and neuroendocrine components in

altered blood pressure regulation after surgical repair of coarctation of

the aorta. J Hum Hypertens. 1998;12:517–525.

946 Hypertension November 2009

 by on November 18, 2009 hyper.ahajournals.orgDownloaded from 

http://hyper.ahajournals.org


186. Ou P, Celermajer DS, Raisky O, Jolivet O, Buyens F, Herment A, Sidi

D, Bonnet D, Mousseaux E. Angular (Gothic) aortic arch leads to

enhanced systolic wave reflection, central aortic stiffness, and increased

left ventricular mass late after aortic coarctation repair: evaluation with

magnetic resonance flow mapping. J Thorac Cardiovasc Surg. 2008;

135:62–68.

187. Avolio AP, Deng FQ, Li WQ, Luo YF, Huang ZD, Xing LF, O’Rourke

MF. Effects of aging on arterial distensibility in populations with high

and low prevalence of hypertension: comparison between urban and

rural communities in China. Circulation. 1985;71:202–210.

188. Okada M, Yakata M. Normal ranges of pulse wave velocity and the

changes with age [in Japanese]. Rinsho Byori. 1989;37:215–218.

189. Eliakim M, Sapoznikov D, Weinman J. Pulse wave velocity in healthy

subjects and in patients with various disease states. Am Heart J. 1971;

82:448–457.

190. Ahimastos AA, Formosa M, Dart AM, Kingwell BA. Gender dif-

ferences in large artery stiffness pre- and post puberty. J Clin Endocrinol

Metab. 2003;88:5375–5380.

191. Hsieh KS, Chen PL, Fu SE. A simple, noninvasive method to investigate

vascular characteristics in children. Angiology. 1996;47:361–367.

192. Collins RT, Somes GW, Alpert BS. Differences in arterial compliance

among normotensive adolescent groups: Collins arterial compliance in

adolescents. Pediatr Cardiol. 2008;29:929–934.

193. Niboshi A, Hamaoka K, Sakata K, Inoue F. Characteristics of

brachial-ankle pulse wave velocity in Japanese children. Eur J Pediatr.

2006;165:625–629.

194. Im JA, Lee JW, Shim JY, Lee HR, Lee DC. Association between

brachial-ankle pulse wave velocity and cardiovascular risk factors in

healthy adolescents. J Pediatr. 2007;150:247–251.
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315. Järvisalo MJ, Rönnemaa T, Volanen I, Kaitosaari T, Kallio K, Hartiala

JJ, Irjala K, Viikari JS, Simell O, Raitakari OT. Brachial artery dilatation

responses in healthy children and adolescents. Am J Physiol Heart Circ

Physiol. 2002;282:H87–H92.

316. Accini JL, Sotomayor A, Trujillo F, Barrera JG, Bautista L, López-
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