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Abstract
Background—Brachial artery distensibility (BrachD) was measured in healthy children to identify
associations with atherosclerotic risk factors.

Methods—969 black and white subjects 13-22 years were classified as lean (L) or overweight (O)
and hyperinsulinemic (H-I) or normoinsulinemic (N-I). BP and BrachD were obtained with a
DynaPulse Pathway instrument. ANOVA was performed looking for group mean differences.
Correlations between BrachD and risk variables were examined. Determinates of BrachD were
determined by backward elimination regression stratified by BMI-Insulin group.

Results—Decreased BrachD correlated with male gender, O, higher BP, HR, fasting glucose and
log of fasting insulin after adjusting for pulse pressure (PP). BrachD was greatest in L/N-I with
progressive decreases seen in L/H-I, O/N-I, and O/H-I subjects. Regression modeling found PP and
HR were major determinates of BrachD. Glucose was significant for subjects with N-I regardless of
adiposity. Excluding BP, glucose remained important in N-I subjects. Gender was significant for all.
HR retained significance only in O subjects regardless of insulin level.

Conclusions—In healthy adolescents, hyperinsulinemia and obesity adversely affect brachial
artery function with overweight contributing to a greater degree. In normoinsulinemic subjects,
fasting glucose was inversely related to BrachD. Metabolic factors may play a role in vascular
function in youth.
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Introduction
Atherosclerotic vascular disease (AVD) is the major cause of mortality in the United States
(http://www.cdc.gov/nccdphp/burdenbook2004).[1] Autopsy studies have demonstrated that
AVD can begin in adolescence.[2,3] Recent reports have focused on risk factor profiles
associated with the development of AVD in adolescents and young adults.[2,4] However, few
studies have directly measured vascular function. Such studies would add substantially to our
understanding of the development and progression of AVD especially in this young population
in whom clinical manifestations of AVD are rare.

Brachial artery distensibility (BrachD), a reproducible,[5] validated non-invasive measure of
arterial function,[6,7] has been linked to the development and progression of AVD in adults.
Stiffer brachial vessels are found in subjects with increased coronary artery calcium[8] and
those with established congestive heart failure.[9] Decreased brachial artery distensibility is
also found in adults with type 2 diabetes,[10] and is associated with CV risk factors such as
obesity,[11] and hypertension.[5,12,13] In children and adolescents, studies have related
decreased brachial flow mediated dilation, a measure of endothelial function, to
hypercholesterolemia,[14] obesity[15,16] and diabetes.[17] However, there have been very
few studies relating risk factors for AVD to arterial stiffness in youth, and only one study using
brachial artery distensibility as the primary endpoint. In this recent study, Whincup and
coworkers demonstrated an inverse relationship between brachial distensibility and BP,
adiposity, and fasting insulin in adolescents.[18] This important study suggests that
conventional AVD risk factors are important in the first steps of vascular disease. However,
there were several limitations to this study including the method of subject selection, lack of
ethnic diversity, smaller sample size and less standardized data collection technique may limit
the generalizability of these results. Therefore, we measured BrachD in a large population of
healthy bi-racial adolescents and young adults to define the distribution of BrachD and identify
associations between levels of BrachD and known risk factors for the development of AVD
including overweight, increased blood pressure, elevated fasting plasma glucose, and
hyperinsulinemia. Confirming and extending the observations of previous investigators may
prove that arterial distensibility is a powerful marker of early CV compromise relating to
obesity and the metabolic disturbances it induces.

Methods
Study Population

The study population consisted of 969 subjects aged 13-22 years (mean age = 17.8 years) who
were part of the ongoing Princeton School District (PSD) study, a longitudinal, population
based study of the natural history of obesity, insulin resistance and diabetes in a large urban-
suburban school district in Cincinnati.[19] To enter PSD, subjects had to be in the 5th through
12th grades in 2001, have no known chronic disease, and be receiving no medication known
to affect carbohydrate metabolism. The 969 subjects included in these analyses were a sample
of the cohort that was examined in 2004. The age of the sample was older than the entire cohort
(42% were 17 years or younger in the sample versus 82% in the entire cohort, p< 0.0001) since
only high school students were examined during this time frame. There was no significant
difference in race with 48% of the sample Caucasian versus 50% of the cohort. No gender
differences were present either as the sample was 55% female while girls comprised 49% of
the cohort. Ninety Five percent of the subjects had completed puberty at the time of the study.
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The current analyses include data that were collected approximately 4 years after the baseline
examination. Pregnant females were excluded from the study. All subjects had fasting plasma
glucose < 100 mg/dl (5.5 mmol/L).

The protocol was reviewed and approved by the Institutional Review Board at Cincinnati
Children’s Hospital. Written informed consent was obtained from the participant if the subject
was > 18 years of age or from the parent or guardian if the participant was < 18 years of age.
Written assent was obtained from all participants > 11 years of age but < 18 years of age

Anthropometrics
After written informed consent was obtained, two measures of height were obtained with a
portable stadiometer (RoadRod model; Quick Medical, North Bend, WA or Accustat,
Genentech) by trained personnel. Weight was also measured twice and averaged using a digital
scale (770; SECA, Hanover, MD). BMI was calculated as kilograms per meter squared and
BMI percentiles and z-scores were determined using the Centers for Disease Control and
Prevention updated growth charts (http://www.cdc.gov/growthcharts). Subjects were
classified as being lean (L) if they were less than the 85th percentile of BMI by age and gender
and overweight (O) if they were equal to or above the 85th percentile thereby including at risk
of overweight and overweight children.

Laboratory
Venipuncture was performed after a minimum 10 hour fast. Plasma glucose was measured
using a Hitachi model 704 glucose analyzer with intra-assay and inter-assay coefficients of
variation (CV) of 1.2% and 1.6% respectively.[20] Plasma insulin was measured by
radioimmunoassay using an anti-insulin serum raised in guinea pegs, 125I labeled insulin
(Linco, St. Louis, MO) and a double antibody method to separate bound from free tracer. This
assay has a sensitivity of 2 pmol and intra- and inter-assay CVs of 5% and 8%.[20]
Hyperinsulinemia (H-I) was designated as a fasting insulin level that was >90th percentile for
lean subjects in the study population. Subjects with insulin levels ≤ 90th percentile for lean
subjects were classified as normal insulinemic (N-I).

Blood Pressure (BP) and Brachial Artery Distensibility (BrachD)
After 5 minutes of rest, trained personnel obtained three measures using a DynaPulse Pathway
instrument (PulseMetric, Inc, San Diego, CA). Subject demographics were entered into a
personal computer interfaced to the DynaPulse Pathway instrument. A BP cuff appropriate for
the subject’s upper arm size was applied.[21] Three automatic BP recordings of systolic,
diastolic, mean arterial BP, heart rate (HR) and brachial artery pressure curves were obtained.
The curves were uploaded to the on-line automated system for calculation of BrachD via the
technique of pulse wave form analysis.[5] The DynaPulse Pathway instrument derives brachial
artery distensibility using the technique of pulse dynamic analysis of arterial pressure signals
obtained from a standard cuff sphygmomanometer.[6] The pressure waveform is calibrated
and incorporated into a physical model of the cardiovascular system, assuming a straight tube
brachial artery and T-tube aortic system. Validation studies of this method have been previously
published.[6,7] Correlation between compliance measurements obtained during cardiac
catheterization and brachial artery compliance derived with the noninvasive method was high
(r = 0.83). Clinical reproducibility studies demonstrated intraclass correlation coefficient for
arterial compliance of 0.72 and other analyses indicated that most of the variability in
measurement was due to inter-individual variation.[5] Although body size is used to estimate
baseline brachial artery diameter for calculation of compliance, distensibility is compliance
normalized for baseline brachial artery diameter. Therefore, body size is in both the numerator
and the denominator of the distensibility equation. Hence, a vascular measure that is
independent of body size and baseline brachial artery diameter results.[5]
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Statistical analyses
All analyses were performed with Statistical Analyses Software (SAS, version 9.1.3).[22]
Average values for demographic, anthropometric, laboratory and hemodynamic variables were
obtained for the entire group, by gender and by BMI-insulin group. ANOVA was performed
to look for differences by BMI-insulin group with Bonferroni correction for multiple
comparisons as appropriate. Pearson correlation coefficients were obtained between BrachD
and continuous variables. BMI and insulin values were log transformed since they were not
normally distributed. Correlations for categorical variables were assessed with Spearman
correlation coefficients. Partial correlation analysis was employed to examine the correlation
between BrachD and variables of interest after controlling for pulse pressure (PP). Controlling
for PP is important in the evaluation of vascular function since the distending pressure of a
vessel, namely the PP, may influence the absolute magnitude of the measurement.[5] Multiple
regression modeling using backward elimination was then performed to determine significant
contributions to BrachD. These were repeated with PP as a covariate. Due to significance of
the BMI by Insulin group term, the regression was then repeated stratified by BMI by Insulin
group. Since PP is such a strong determinant of distensibility, a final model was constructed
excluding the BP variables to examine the importance of other determinants of BrachD.

Results
Table 1 lists average demographic, anthropometric, laboratory and hemodynamic variables
stratified by BMI and fasting insulin. Mean values for age and height were similar in the L and
O, N-I and H-I groups. By definition, L subjects weighed less than O and H-I subjects had
higher insulin concentrations than N-I. The L group had lower SBP, DBP and PP. Subjects
with H-I had higher HR and fasting plasma glucose concentrations. BrachD was normally
distributed with an average of 6.73 ± 1.26mmHg-1, but average BrachD was lower in
overweight subjects (6.01 ± 1.04 vs. 7.08 ± 1.21, p<0.0001). As seen previously, females had
greater distensibility than males (7.01 ± 1.29 vs. 6.37 ± 1.12, p<0.0001)[5], and Caucasians
had greater distensibility than non-Caucasians (6.80 ± 1.24 vs. 6.64 ± 1.28, p=0.0215). There
was no difference in BrachD by age. Correlation analyses (Table 2) also showed decreased
BrachD in males, non-Caucasians and subjects with larger body size, and higher BP, PP, fasting
plasma glucose and log of fasting insulin (p<0.0001). After adjusting for PP, significant
correlations remained between BrachD and gender, adiposity, BP, HR and metabolic variables
(glucose and log of fasting insulin) (all p<0.05).

Multiple regression modeling revealed that PP, HR, gender, glucose, BMI and a BMI x Insulin
interaction term were significant determinates of BrachD, and explained 59% of the variance
in BrachD. This modeling was then repeated with stratification by the four BMI x Insulin
groups. Table 3 demonstrates that PP and HR were major determinates for all groups with age
remaining in the model for only the O/H-I group. Glucose was significant for subjects with a
normal insulin level regardless of adiposity (both L and O). In the model excluding BP
variables, glucose remained important in subjects with normal insulin levels but gender was
now significant for all. HR retained significance only in overweight subjects whether normal-
or hyper-insulinemic.

BrachD was also examined within BMI by insulin groups using ANOVA (Table 1 and Figures
1 and 2). BrachD was highest in L/N-I group, with a progressive decrease seen in L/H-I, O/N-
I, and O/H-I regardless of gender (Table 1 & Figures 1 and 2). There were significant
differences in BrachD between the L and O groups (p<0.05) but no difference within BMI
group by insulin status for the entire study population or for females when stratified by gender.
For males, significant difference was found between L/N-I and all O subjects (p<0.05).
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Discussion
The current study demonstrates lower levels of BrachD in subjects who are male, overweight,
have a higher BP, HR and increased fasting glucose or insulin concentrations even after
controlling for PP. Analysis by BMI-Insulin group revealed that BrachD was lower in obese
subjects. A trend was seen for decrease in BrachD with the addition of hyper-insulinemia to
either BMI category. The magnitude of decrease in BrachD with adiposity was greater than
the difference between normal and high insulin levels within the same BMI category. These
data suggest that overweight may have a greater effect on vascular function than
hyperinsulinemia and that the combination of excess adiposity and hyperinsulinemia will
produce the greatest decline. In addition, regression models with PP as a covariate
demonstrated that gender was also an important determinate of BrachD with fasting glucose
retaining significance for subjects with a normal insulin level. HR was important for the
overweight group. Thus, this cross-sectional study demonstrates that gender, obesity, BP,
glucose level and hyperinsulinemia may provide individual contributions towards lower levels
of vascular function in healthy adolescents and young adults.

Recently, Whincup et al reported a strong, graded, inverse relationship between brachial
distensibility and DBP, adiposity, and fasting insulin in adolescents in the United Kingdom.
[18] Similar to the present study, an inverse relationship between BrachD and DBP was found
in both genders. In contrast to the present study, Whincup did not find a relationship between
BrachD and adiposity or fasting insulin when the group was stratified by gender. In addition,
no relationship was seen between BrachD and SBP or fasting plasma glucose. There are a
number of differences between the present study and Whincup’s report aside from the different
methods employed, that may account for these discrepancies. We present data from a broader
sampling of a healthy population versus contrasts between cohorts at low or high risk for adult
CV disease. Our higher number of participants (969 vs. 383) offers greater power and use of
only morning studies to control for circadian variation also support the validity of our
observations while adding to the previously published results [18].

Many investigations in adults have documented differences in vascular stiffness by gender.
Male gender was found to be an independent determinant of pulse wave velocity, a measure
of central arterial compliance[23] and Young’s elastic pressure modulus, a measure of carotid
stiffness.[24] Studies of the muscular brachial artery in adults whether using the wall-tracker
method[25] or own technique,[5] also demonstrate reduced distensibility of this artery in men.
Estrogen may play a role in these gender differences since hormone replacement therapy in
post-menopausal women improves arterial stiffness (reduced pulse wave velocity)
independently of change in BP.[26] Furthermore, in the limited data relating gender to arterial
stiffness in pediatric subjects, girls were found to have greater distensibility of large arteries
than boys but only after puberty had occurred.[27] Our data extend these observations on
gender differences in brachial artery properties by providing the largest number of
measurements in adolescents to date. Furthermore, our method accounts for baseline brachial
diameter in the calculation of distensibility thus decreasing the likelihood that the decline in
BrachD seen in males is due to gender difference in arterial size.

Large studies in adults demonstrate increased carotid and aortic stiffness related to obesity
even after adjustment for mean arterial pressure.[11] Although few data are available in
children, adiposity has been related to decreased brachial distensibility [18,28] and lower
carotid compliance in small studies of adolescents.[15] Our findings on a larger population of
youth confirm the adverse effects of obesity while emphasizing the greater effect of overweight
as compared to hyperinsulinemia on the vascular properties of the brachial artery in the young.
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The relationship between blood pressure and vascular stiffness is complex. Although decreased
arterial compliance is associated with hypertension,[29] whether the increased stiffness is the
cause or the effect of the arterial pressure elevation is debated.[30] Data supporting the role of
arterial stiffness in the pathophysiology of hypertension include the observation that
normotensive adults at genetic risk for hypertension have reduced brachial artery distensibility
when measured via the same technique as employed in the current study.[31] Furthermore,
decreased arterial compliance at baseline was associated with increased SBP later in adulthood
in a study that employed radial artery tonometry.[32] Few data are available in children
concerning the effect of blood pressure on vascular function. Brachio-radial pulse wave
velocity was independently correlated with mean arterial pressure healthy children[33] while
carotid artery elasticity was reduced in children with hypertension.[34] Our data provide
additional observations demonstrating that reduction in brachial artery distensibility, a vascular
territory less well studied in children, is associated with higher blood pressure levels at a young
age independent of baseline PP and may indicate an increased risk for future development of
clinical hypertension.

Insulin is known to affect autonomic tone.[35] Therefore, it is not surprising that higher HR
was found in our hyperinsulinemic group. However, an earlier study in adults using the same
measurement device as used in the current study did not find HR to be a significant determinate
of BrachD in multivariate modeling.[5] Although studies using other techniques have
demonstrated a relationship between HR and arterial stiffness in central and leg arteries,[36],
no relationship was found between sympathetic tone measured with heart rate variability and
brachial distensibility in hypertensive adults[37] or subjects with type 1 diabetes.[38] One
investigator suggested that sympathetic tone only impacted the brachial artery in the distal
muscular rather than proximal elastic portion.[39] Another explanation for this discrepancy
may involve the wider distribution of normal HR values found in children. It is possible the
effect of insulin on the more narrow range of adult HR is insufficient to change BrachD as our
results suggest that insulin-mediated sympathetic stimulation of HR as found in obesity may
indeed affect brachial artery stiffness in younger individuals.

Adults with glucose-intolerance demonstrate increased arterial stiffness with abnormalities in
vascular function predicting adverse CV outcomes.[40] Even “high normal” levels of fasting
glucose are independently related to carotid stiffness[41] and brachial distensibility.[5]
Furthermore, decreased aortic compliance has been found in non-diabetic adults with a family
history of diabetes.[42] Children with type 1 diabetes also demonstrate increased aortic
augmentation index, a measure of large artery stiffness.[43] However, the relationship between
glucose levels and distensibility of the brachial artery in healthy youth and those with Type 2
diabetes or hyperinsulinemia has not been studied systematically. Similar to our findings,
Whincup’s study of adolescents[18] found decreased brachial distensibility with increasing
insulin resistance, but no relationship with fasting glucose. However, our analyses went on to
stratify subjects by insulin status. With this approach, we found our normo-insulinemic subjects
had reduced brachial distensibility associated with higher fasting glucose levels even though
they remained within the normal range. This suggests that glucose metabolism exerts a greater
influence on distensibility in non-hyperinsulinemic, healthy youth.

In conclusion, gender, BMI, BP, HR, fasting plasma glucose concentration, and
hyperinsulinemia have individual adverse effects on brachial artery distensibility in healthy
adolescents and young adults. Defining the individual contributions and mechanisms by which
each of these factors contributes to vascular dysfunction is required in order to develop targeted,
effective strategies to prevent, reverse, or limit the development and progression of
cardiovascular disease.
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Figure 1.
Brachial Artery Distensibility (mean with SD bars) by BMI and Insulin groups. N = 969.
Significant (P<0.05) group differences indicated by arrow bars. L = Lean; O = Overweight;
N-I = Normo-Insulinemic; H-I = Hyper-Insulinemic.
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Figure 2.
Brachial Artery Distensibility (mean with SD bars) by BMI and Insulin groups stratified by
gender. N = 969. Significant (P<0.05) group differences indicated by arrow bars. L = Lean; O
= Overweight; N-I = Normo-Insulinemic; H-I = Hyper-Insulinemic.
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Table 2
Correlation Coefficients between BrachD and variables of interest with Partial Correlation coefficients after
adjusting for the covariate of PP.

Variable Pearson Point Bi-Serial
(Spearman)

Partial Correlation
Coefficient after adjusting

for PP

Age 0.01 -0.003
Gender -0.26* 0.16*

Ethnicity -0.07* -0.05
Height -0.25* 0.06
Weight -0.50* -0.33*

Log BMI -0.48* -0.39*
K1 -0.56* -0.09*
K4 -0.06 -0.09*
PP -0.71* N/A
HR -0.03 -0.26*

Glucose -0.19* -0.12*
Log Insulin -0.26* -0.28*

*
P<0.05
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Table 3
Results for Backward Elimination Regression Model for dependent variable BrachD.

Group Variables Remaining
(full model)

r2* Variables Remaining
(BP variables excluded)

r2*

Lean / NL-I† PP, HR, Glucose 0.52 Gender, Glucose 0.12
Lean / H-I‡ PP, HR 0.65 Gender 0.12

Overweight / NL-I PP, HR, Glucose 0.51 Gender, HR, Glucose 0.15
Overweight / H-I PP, Age, HR 0.45 Gender, HR 0.06

*
All testing performed at alpha level = 0.10.

†
N-I = Normo-Insulinemic

‡
H-I = Hyper-Insulinemic

J Am Soc Hypertens. Author manuscript; available in PMC 2008 April 22.


