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Arterial Stiffness and Pulse-Pressure Amplification in 
Overweight/Obese African- American Adolescents: Relation 
With Higher Systolic and Pulse Pressure
Gary L. Pierce1, Haidong Zhu2, Katherine Darracott2, Itoro Edet2, Jigar Bhagatwala2, Ying Huang2  
and Yanbin Dong2

Background
Obesity is associated with a higher systolic blood pressure (BP) and 
pulse pressure (PP) in African-American youths, increasing their risk for 
developing hypertension. However, it is unknown whether arterial stiff-
ness and wave reflection are associated with a higher systolic BP and PP 
or with smaller PP amplification in overweight/obese (OW/OB) African-
American adolescents.

Methods
We measured carotid–femoral pulse wave velocity (CF-PWV), carotid–
radial PWV (CR-PWV), the augmentation index (AIx) adjusted to a heart 
rate of 75 bpm (AI75), the augmentation pressure (AugP), PP amplifi-
cation, and body composition in 227 healthy African-American adoles-
cents (age, 16.9 ± 0.2 years; 54% male).

Results
Adolescents who were OW/OB (n = 86, body mass index (BMI) ≥ 85th 
percentile) demonstrated 5%–6%, 13%–16%, and 2.5% higher aortic 
and brachial systolic BP, brachial and aortic PP, and mean arterial pres-
sure (MAP), respectively (all P < 0.05), than adolescents of normal-weight 

(NW, n = 141, BMI < 85th percentile). The OW/OB adolescents had a 7% 
higher CF-PWV, 5% lower CR-PWV, and 3.5% lower PP amplification 
than the NW group (all P < 0.05), but no differences in AI75 or AugP. In 
the entire cohort after adjustment for age, sex, heart rate, height, and 
MAP, CF-PWV was positively correlated, and CR-PWV and PP amplifica-
tion were negatively correlated, with total and abdominal/hip adiposity. 
Additionally, CF-PWV, AI75, and AugP were positively correlated with 
MAP and negatively correlated with PP amplification. CR-PWV, AI75, and 
AugP were negatively correlated with brachial and aortic PP.

Conclusions
Higher aortic stiffness is associated with smaller PP amplification with 
increasing adiposity in African-American adolescents. Whether a reduc-
tion in PP amplification predicts increased CVD risk in obese African-
American adolescents requires further study.

Keywords: augmentation index; wave reflection; aortic stiffness; 
pulse wave velocity; pediatric hypertension; obesity; blood pressure; 
hypertension.
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Childhood obesity has increased dramatically in recent years 
in the US, with approximately one third of children and ado-
lescents being overweight and approximately 17% being 
obese.1 The rates of overweight and obesity are even higher 
among ethnic minorities, including African-Americans, 
in whom these rates approach 40% and 24%, respectively.1 
Paralleling this has been an increase in the rates of obesity-
related prehypertension and hypertension in adolescents 
and young adults.2,3 Importantly, adolescents and young 
adults with prehypertension exhibit preclinical evidence of 
cardiovascular target-organ damage, such as increased left 
ventricular (LV) mass and carotid intimal–medial thicken-
ing.4,5 Given this, it is important to identify the early genesis 
of elevated BP in young persons to prevent the progression 
of increased BP to overt pre-hypertension and hypertension.

The BP phenotype typically observed in overweight/obese 
(OW/OB) adolescents is that of a higher systolic BP and PP, 
with smaller or no differences in diastolic BP than in their 
age- and sex-matched peers of normal weight (NW).6–8 
Interestingly, this BP phenotype in obese children and ado-
lescents resembles that of older adults with “isolated systolic 
hypertension” (ISH). In adults, ISH is attributed in large part 
to age-related stiffening of the large elastic arteries9 and the 
subsequent increase of the magnitude and early arrival of the 
reflected pressure wave at the ascending aorta.10–12 Indeed, 
carotid femoral pulse wave velocity (CF-PWV), the “gold 
standard” measurement of aortic stiffness, is higher in older 
adults with ISH and is associated with a larger and earlier 
wave reflection manifested as a higher augmentation index 
(AIx).9,13,14 Similarly, several recent studies confirm that 
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OW/OB adolescents and young adults also demonstrate a 
higher CF-PWV than their age-matched NW peers,15,16 and 
that CF-PWV correlates positively with measures of adipos-
ity. Moreover, elevated CF-PWV is the strongest determinant 
of a higher LV mass index in adolescents and young adults, 
independent of traditional risk factors for cardiovascular dis-
ease (CVD),17 suggesting a role for aortic stiffness in modu-
lating LV thickening independent of BP. However, the precise 
hemodynamic mechanisms by which aortic stiffening con-
tributes to premature LV remodeling in youth is unknown.

AIx, a composite measure of the amplitude and timing of 
pulse wave reflection at the ascending aorta which contributes 
to an augmented LV afterload, increases with advancing age 
and hypertension in adults. In contrast, AIx has been reported 
to be either elevated18 or reduced19 in obese adults. Similarly, 
although AIx is typically negative in children and adolescents, 
data are mixed on whether it is higher15 or unchanged20,21 with 
increased adiposity. Therefore, the contribution (if any) of 
AIx to increased systolic BP and PP in OW/OB adolescents is 
unclear. In contrast to CF-PWV and AIx, CR-PWV, an index 
of peripheral upper-limb artery stiffness, does not increase 
with aging in adults15,21 and may actually decrease with obesity 
or metabolic syndrome.18,22 Interestingly, we recently reported 
that CR-PWV was lower in obese African-American but not 
in obese white young persons in comparison with their NW 
peers,23 suggesting potential racial differences in the effects of 
obesity on upper-limb arterial stiffness.15 In addition, in chil-
dren and adolescents there is typically a large amplification of 
the pulse pressure from the central to peripheral arteries (i.e., 
PP amplification). This widening of central-to-peripheral PP 
decreases with aging24 and obesity in adults,25 and has recently 
gained appreciation as a potential novel hemodynamic marker 
of CVD risk in adults.24,26 It is therefore conceivable that in 
the setting of increased aortic stiffness and decreased periph-
eral artery stiffness with obesity in children and adolescents, 
PP amplification would be reduced in OW/OB adolescents. 
However, it is currently unknown whether PP amplification 
is smaller in OW/OB compared with NW African-American 
adolescents and whether it is associated with aortic stiffness 
and measures of adiposity.

We therefore conducted the current study to test the pri-
mary hypothesis that CF-PWV, but not CR-PWV and AIx, 
is higher in OW/OB compared with NW African-American 
adolescents and is positively associated with obesity-related 
increases in brachial and aortic systolic BP and PP. We fur-
ther hypothesized that PP amplification would be lower in 
OW/OB adolescents, partly because of concomitantly higher 
aortic stiffness and lower peripheral artery stiffness.

Methods

Study subjects 

A total of 227 healthy African-American adolescents (age, 
15–19 years) were recruited from the community by advertis-
ing in local schools with permission of the principals at each 
school in Augusta, GA. All of the subjects were healthy on the 
basis of a parent’s (for subjects < 18 years of age) or the sub-
ject’s (for subjects ≥ 18–19 years of age) report of the subject’s 
health history and freedom from any diseases being treated 

by a physician or use of medications for cardiovascular, pul-
monary, or metabolic disease. Parents of subjects < 18 years 
of age provided written informed consent for these subjects’ 
participation in the study, and subjects <18 read and signed 
a child assent document. Subjects > 18 years of age provided 
written informed consent. All procedures used in the study 
were in accordance with the ethical standards of the Helsinki 
Declaration, and all procedures and informed-consent docu-
ments were approved by the Human Assurance Committee of 
Georgia Health Sciences University. For the procedures used 
in determining anthropometrics, body composition, and BP, 
and those used in the measurement of pulse wave analysis 
and PWV see the section entitled “On-Line Supplementary 
Information” following the “References” section of this paper.

Statistical analysis

Differences in all variables in NW (body mass index, BMI 
< 85th percentile; mean BMI percentile, 50 ± 2) and OW/OB 
(BMI ≥85th percentile; mean BMI percentile 94 ± 1) adoles-
cents were determined with two-tailed independent “t”-tests. 
Partial correlation analyses of variables for BP and arterial stiff-
ness with those for anthropometrics and body composition 
were adjusted for age, sex, heart rate, height, and mean arterial 
pressure (MAP). Partial correlation analyses of brachial and 
aortic BP components with CF-PWV, CR-PWV, AIx adjusted 
to a heart rate of 75 bpm (AI75), and unadjusted augmenta-
tion pressure (AugP) were adjusted for age, sex, heart rate, and 
height. An alpha level of P < 0.05 was required for statistical sig-
nificance. All data are reported as mean ± standard error (SE).

Results

Subject characteristics and blood pressure components in 
normal-weight and overweight/obese adolescents  

OW/OB adolescents did not differ in age from NW sub-
jects, but as expected had a higher weight, body-fat percent-
age and greater waist and hip circumference (all P  <  0.01; 
Table  1). OW/OB adolescents also had a higher brachial 
systolic BP (+  5.6%), aortic systolic BP (+  5%), brachial 
PP (+13%), and aortic PP (+16%) (all P < 0.01) than their 
NW peers (Table 1). The MAP of the OW/OB adolescents 
was slightly higher (+  2.5%) than that of the NW group 
(P  =  0.047), but brachial and aortic diastolic BP were not 
different in the two groups (P > 0.05).

Arterial stiffness, wave reflection, and PP amplification in 
NW and OW/OB adolescents. 

CF-PWV was 7% higher in OW/OB than in NW adoles-
cents (P < 0.01) (Figure 1a), but AI75 and AugP were no dif-
ferent (P > 0.05) between the two groups (Figure 1b, d). Post 
hoc power calculations for AI75 and Aug BP, assuming an 
alpha of 0.05 and with a two-tailed test, showed a 99% and 
90% power, respectively, to detect any differences in AI75 
and AugP in the OW/OB and NW groups. The CR-PWV was 
5% lower in the OW/OB subjects than in the NW subjects 
(P < 0.05; Figure 1d), indicating less upper-limb artery stiff-
ness with higher adiposity. Additionally, PP amplification 
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Figure 1.  Carotid-femoral pulse wave velocity (PWV) (a), carotid- radial PWV (b), aortic augmentation index normalized to heart rate of 75 bpm (c), 
and augmentation pressure (d) in overweight/obese (n=141) vs. normal-weight (n=86) African-American adolescents. Data are mean ± standard error. 
**P < 0.01 vs. normal-weight. *P < 0.05 vs. normal-weight.

Table 1.  Subject characteristics

 

Normal weight Overweight/Obese

P value(n = 141) (n = 86)

Age, years 16.8 ± 0.1 16.9 ± 0.1 0.28

Male/female, % 55/45 51/49 ---

Weight, kg 61 ± 1 84 ± 2b <0.01

Height, m 1.70 ± 0.01 1.68 ± 0.01 0.06

Body mass index, kg/m2 21 ± 0.2 30 ± 0.5b <0.01

Total body fat, % 18 ± 1 30 ± 1b <0.01

Waist circumference, cm 72 ± 1 86 ± 2b <0.01

Hip circumference, cm 95 ± 1 106 ± 2b <0.01

Brachial systolic BP, mm Hg 125 ± 2 132 ± 2b <0.01

Brachial diastolic BP, mm Hg 63 ± 1 62 ± 1 0.74

Brachial pulse pressure, mm Hg  62 ± 2 70 ± 2b <0.01

Brachial mean arterial pressure, mm Hg  81 ± 1 83 ± 1 0.05

Aortic systolic BP, mm Hg 101 ± 1 106 ± 1b <0.01

Aortic diastolic BP, mm Hg 64 ± 1 64 ± 1 0.87

Aortic pulse pressure, mm Hg 37 ± 1 43 ± 1b <0.01

Heart rate, bpm 66 ± 1 68 ± 1.3 0.23

Pulse pressure amplification 1.7 ± 0.01 1.6 ± 0.02a 0.04

Data are mean ± SE.
aP < 0.05; bP < 0.01 vs. normal-weight.
Abbreviations: BP, blood pressure; PP, pulse pressure.
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was significantly lower (P = 0.04) in the OW/OB compared 
with the NW subjects (Table 1).

Partial correlates of body composition and anthropometric 
measures with blood pressure components, arterial 
stiffness, wave reflection, and pulse-pressure amplification

MAP was positively correlated with BMI (r = 0.14, P < 0.01), 
waist circumference (r = 0.19, P < 0.05), and hip circumfer-
ence (r = 0.24, P < 0.01), but not with total body fat (P > 0.05). 
After adjustment for age, sex, height, heart rate and MAP, 
CF-PWV remained positively correlated with BMI, waist 
circumference, and hip circumference (all P < 0.01), but not 
with percent total body fat (Table 2). In contrast, CR-PWV 
was negatively correlated with BMI (P < 0.05) but not with 
any other body composition component. Neither AI75 nor 
AugP were related to any body-composition or anthropo-
metric measures (all P > 0.05), suggesting that there was no 
association between increased adiposity and wave reflection 
in this cohort. Interestingly, PP amplification was inversely 

associated with BMI, total body fat, and waist and hip cir-
cumference (all P < 0.05), showing that smaller amplification 
was associated with increasing adiposity in these adolescents. 
Additionally, after the same adjustments as named above, 
brachial systolic BP and PP were related to BMI, total body 
fat, and waist circumference (all P <0.05; Table 2). These data 
suggest that select components of brachial and aortic pulsatile 
BP are associated with higher total and abdominal adiposity 
in African-American adolescents even after controlling for 
MAP and other confounders.

Partial correlates of blood pressure components with 
arterial stiffness, augmentation index, and pulse pressure 
amplification

After adjustment for age, sex, height, and heart rate, 
CF-PWV was positively related to MAP and inversely 
related to PP amplification (P < 0.05), but not to any other 
BP components (Table 3). Interestingly, AI75 and AugP were 
positively correlated with diastolic BP and MAP (P < 0.05) 

Table 2.  Partial correlations between anthropometrics and body composition with pulse wave velocity, augmentation index, augmentation 
pressure, and blood pressure components after adjustment for age, sex, height, heart rate, and mean blood pressure

Body Mass Index (kg/m2) Total Body Fat (%) Waist Circumference (cm) Hip Circumference (cm)

Carotid-femoral PWV, m/s 0.26b 0.12 0.24b 0.21b

Carotid-radial PWV, m/s –0.16a –0.13 –0.11 –0.10

cAugmentation index@HR75, % 0.01 0.07 0.06 0.11

Augmentation pressure, mm Hg –0.01 0.03 0.05 0.10

Pulse pressure amplification –0.16a –0.18a –0.15a –0.19a

Brachial systolic BP, mm Hg 0.17a 0.13 0.11 0.06

Brachial pulse pressure, mm Hg 0.18b 0.13 0.12 0.07

Brachial diastolic BP, mm Hg –0.20b –0.16a –0.12 –0.10

Aortic systolic BP, mm Hg 0.23b 0.18b 0.17b 0.14a

Aortic pulse pressure, mm Hg 0.23b 0.18b 0.16a 0.13

Values are partial r coefficients.
aP < 0.05; bP < 0.01.
Abbreviations: PWV, pulse wave velocity; BP, blood pressure; augmentation index@HR75, augmentation index adjusted to a heart rate of 

75 bpm for each subject.
cNote: because augmentation index@HR75bpm is already corrected for heart rate, heart rate was not entered as a covariate in the partial 

regression for this variable only.

Table 3.  Partial correlations between brachial and central blood pressure components with carotid-femoral pulse-wave velocity, 
augmentation index, augmentation pressure, and carotid-radial pulse-wave velocity after adjustment for age, sex, height, and heart rate

Brachial  

systolic BP Brachial PP

Brachial 

diastolic BP

Central  

systolic BP Central PP

Mean arterial 

pressure

PP  

amplification

Carotid-femoral PWV  0.07  0.02 0.13  0.14 0.06 0.17a  –0.16a

Augmentation index@HR75c –0.28b  –0.35a  0.24b  –0.04  –0.22b  0.22b  –0.56b

Augmentation pressure  –0.38b  –0.43b  0.21b  –0.14a  –0.27b 0.16a  –0.64b

Carotid-radial PWV  –0.13  –0.19b  0.20b –0.09  –0.20b 0.06 0.06

Values are partial r coefficients.
Abbreviations: PWV, pulse wave velocity; PP, pulse pressure; BP, blood pressure; augmentation index@HR75, augmentation index adjusted 

to a heart rate of 75 bpm for each subject.aP < 0.05; bP < 0.01.
cNote: because augmentation index@HR75 is already corrected for heart rate, heart rate was not entered as a covariate in the partial regres-

sion for this variable only.
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and negatively correlated with brachial and aortic systolic BP 
and PP (Table 3). These data suggest that smaller (not larger) 
pressure-wave reflection was associated with the higher sys-
tolic BP and PP in our cohort (all P < 0.01).

Both AI75 and AugP were also negatively correlated with 
PP amplification, indicating that larger wave reflection was 
related to smaller amplification of the aortic-brachial pulse 
pressure. Moreover, CR-PWV was positively correlated with 
diastolic BP but was negatively correlated with brachial and 
aortic PP (all P < 0.01), suggesting the possibility that lower 
(not higher) peripheral upper-limb artery stiffness is associ-
ated with augmented aortic and peripheral PP in African-
American adolescents (Table 3).

Discussion

The primary finding in the current study is that African-
American adolescents who are OW/OB demonstrate higher 
aortic stiffness (CF-PWV), in the absence of any differences 
in pressure wave reflection (AI75 or Aug BP) compared with 
their age-matched NW peers. Although the observed higher 
brachial and aortic systolic BPs in the OW/OB adolescents 
were expected, the magnitude of the elevation in systolic 
BP and PP as compared with MAP, and lack of increase in 
diastolic BP, underscores the novel observation that higher 
pulsatile pressure, rather than MAP, is the major hemody-
namic abnormality associated with obesity in adolescents. 
Interestingly, CF-PWV was positively associated with MAP 
but not with brachial or central systolic BP or PP. This sug-
gests the possibility that the increase in CF-PWV is not 
related to the higher systolic BP and PP observed in our OW/
OB cohort. However, we are unable to determine whether 
higher CF-PWV is the cause of or a consequence of elevated 
MAP. Nevertheless, CF-PWV was positively correlated with 
most measures of total and abdominal adiposity (Table  2) 
even after adjustment for MAP, confirming that the associa-
tion between higher CF-PWV and greater adiposity is not 
simply mediated by the augmented distending pressure.

The second novel finding in our study was that AI75 and 
AugP did not differ between OW/OB and NW adolescents, 
and that both were inversely associated with brachial and 
central systolic BP and PP. Although it was not surprising 
that AI75 and AugP are negative in healthy adolescents,20 the 
inverse relation with BP implies that the higher systolic BP 
and PP in the central and peripheral arteries are paradoxi-
cally associated with reduced wave reflection rather than 
with augmented wave reflection. This finding is not just a 
result of the use of PP in the mathematical calculation of 
AI75, because these findings were similar for AugP.

Third, in accord with the findings in our previous study23 
and some studies of adults,18,22 CR-PWV was lower in OW/
OB adolescents compared with their lean peers, and was 
negatively associated with brachial and central systolic BP. 
Additionally, we report for the first time that PP amplifica-
tion, an index of the magnitude of amplification of the PP 
from the aorta to the brachial arteries, was lower in the OW/
OB compared with the NW African-American adolescents in 
our study (Table 1). Consistent with this finding was the neg-
ative relation of PP amplification to BMI, total body fat, and 
hip circumference (Table 2) after adjustment for confounders, 

confirming the findings in a recent study of adults that 
smaller PP amplification was associated with higher adipos-
ity.25 Furthermore, PP amplification was inversely correlated 
with CF-PWV, suggesting the possibility that increased aortic 
stiffness contributes in part to the reduced amplification of 
PP with increasing adiposity in teenagers.

Overweight/obesity, carotid-femoral pulse-wave velocity 
and augmentation index/pressure 

Previous studies have found higher aortic stiffness and 
systolic BP in OW/OB young persons,15,20 but data are mixed 
on whether AI75 is altered in obese youth. Urbina et  al.15 
reported a higher CF-PWV and AI75 in OW/OB adolescents 
and young adults but no difference in AI75 between NW 
and obese adolescents and young adults in another study.20 
Interestingly, in the latter study, Urbina et al. reported that 
AI75, but not CF-PWV, was higher only in obese adoles-
cents/young adults with a higher homeostasis model assess-
ment of insulin resistance (HOMA) score, indicating that the 
presence of insulin resistance in obese young persons may 
adversely modulate wave reflection. However, the HOMA 
score did not remain as a significant predictor in multi-
variate models with age, sex, BMI, and BP. The differences 
between our study and Urbina and colleagues’ study may be 
explained by the wider age range (10–24 years) of subjects in 
their study than in our cohort (age 14–19 years), differences 
in racial/ethnic makeup, and their inclusion of subjects with 
hypertension and antihypertensive medications.

In accord with our findings, Lurbe et al.21 reported that a 
higher Alx was not associated with obesity in a comparative 
study with children, but that rather a low birth weight was 
the best predictor of a higher AIx in the children their study. 
Our study extends these findings to African-American ado-
lescents and demonstrates that despite higher aortic stiff-
ness and BP, AI75 is not increased with higher adiposity and 
is not associated with any measure of body fatness. Taken 
together, our data suggest that AI75 probably does not con-
tribute positively to the obesity-related increases in systolic 
pressure and PP observed in African-American adolescents 
in our study, and indicate that other central hemodynamic 
mechanisms are likely involved.

Overweight/obesity and carotid-radial pulse wave velocity

The finding in our study that CR-PWV was lower in the 
OW/OB subjects and inversely related to adiposity was sur-
prising but not without precedent. Urbina et al.15 reported 
no difference in CR-PWV but a lower brachial artery disten-
sibility in obese than in NW adolescents/young adults. We 
previously reported a lower CR-PWV in a cohort of obese 
as compared with NW African-American adolescents/
young adults despite the lack of any differences in the two 
groups’ 24-hour systolic BP.23 Interestingly, that same study 
found no difference in CR-PWV in a white, age-matched 
obese cohort, suggesting that a racial difference may exist 
in peripheral upper-limb artery stiffness with obesity in 
adolescents/young adults. Furthermore, our data showed 
that CR-PWV was also inversely related to brachial and aor-
tic PP, suggesting that upper-limb artery stiffness does not 
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positively contribute to augmented systolic BP and PP in 
OW/OB African-American adolescents.

Overweight/obesity and pulse pressure amplification

Our study is the first to report that OW/OB adoles-
cents demonstrate a small but significant reduction in PP 
amplification as compared with their NW peers, and that 
PP amplification was negatively associated with adipos-
ity. In addition, PP amplification was negatively related to 
CF-PWV in our cohort, indicating the possibility that aortic 
stiffness contributes in part to the reduced amplification of 
PP with increased adiposity in African-American teenagers. 
Given that upper-limb artery stiffness was lower in OW/OB 
youth in the setting of higher aortic stiffness, it is conceiv-
able that an exaggerated reduction in impedance mismatch-
ing between the elastic aorta and the upper-limb muscular 
arteries explains this observation. These findings have sig-
nificant clinical implications because PP amplification was 
recently identified as a novel hemodynamic biomarker 
of CVD risk in adults.24 Therefore, future studies need to 
determine whether a reduction in PP amplification is an 
important early predictor of increased CVD risk in obese 
African-American adolescents.

Our results should be interpreted in the context of several 
limitations. First, the estimated aortic BP and related hemo-
dynamics (AI75, AugP, and PP amplification) were obtained 
from an aortic pressure waveform derived from a radial pres-
sure waveform using a  transfer function that has not been 
validated in children. However, most of the subjects were peri- 
or postpubertal, and transfer function-derived aortic BP and 
AIx have been reported previously in this age group15,17,20,21 
making the transfer function likely to be as accurate, but with 
the same limitations as in adults.28 Second, our results were 
obtained from African-American adolescents and may there-
fore not be generalized to other ethnic minorities or Caucasian 
teenagers. Lastly, our data are cross-sectional and are limited 
to associations, therefore the causal relation between variables 
cannot be determined from our study.

In summary, aortic stiffness is greater and PP ampli-
fication is smaller in OW/OB African-American adoles-
cents compared with a group of NW adolescents, and both 
are associated with select measures of increased total and 
abdominal adiposity. In contrast, wave-reflection does not 
differ between the two group and peripheral artery stiffness 
is lower with increasing adiposity in African-American ado-
lescents. Moreover, increased wave reflection and decreased 
peripheral artery stiffness are associated with lower (not 
higher) systolic BP or PP. Future investigations are required 
to determine whether a small reduction in PP amplification is 
a novel indicator of increased CVD risk in African-American 
adolescents who are overweight or obese, and whether addi-
tional central pulsatile hemodynamic characteristics contrib-
ute to the increase in systolic BP and PP in this group.
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