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Low total antioxidative capacity levels are associated with augmentation 
index but not pulse-wave velocity

Abstract It is well known the relationship between oxida-
tive stress and vascular function. However, association 
between total antioxidative capacity and arterial stiffness 
was not studied in patients with hypertension (HT). This 
study investigated whether total antioxidative capacity is 
associated with arterial stiffness and wave refl ections. We 
studied 46 (age 48.5 ± 10.6 years) never treated patients 
with HT and age-matched control group of 40 (age 47 ± 8.6 
years) normotensive individuals. Total antioxidative capac-
ity level was determined in all subjects. We evaluated arte-
rial stiffness and wave refl ections of the study population, 
using applanation tonometry (SphygmoCor). Carotid–
femoral pulse-wave velocity (PWV) was measured as index 
of aortic stiffness. The heart rate-corrected augmentation 
index (AIx@75) was estimated as a composite marker of 
wave refl ections and arterial stiffness. Carotid–femoral 
PWV (10.5 ± 2.2 vs 8.7 ± 1.6, m/s, P = 0.0001) and AIx@75 
(22.7 ± 9.5 vs 15 ± 11, %, P = 0.001) were signifi cantly higher 
in patients with HT compared with age-matched control 
subjects. Total antioxidative capacity level (274 ± 70 vs 321 
± 56 μmol/l, P = 0.001) was signifi cantly lower in hyper-
tensive patients than controls. In the whole population, 
total antioxidative capacity level negatively correlated with 
AIx@75 (r = −0.24, P = 0.02) in univariable analysis, but not 
with carotid–femoral PWV (r = −0.08, P = 0.43). Also, we 
found that total antioxidative capacity level (β = −0.21, P = 
0.03) was an independent determinant of AIx@75 in multi-
variable analysis. Our results suggest that the decrease in 
the ability of antioxidant defenses contributes signifi cantly 
to increased wave refl ections.

Key words Hypertension · Total antioxidative capacity · 
Pulse-wave velocity · Wave refl ections

Introduction

Arterial stiffness is an important mechanical property, since 
it is a potential risk factor for increased cardiovascular 
events in patients with hypertension (HT) and healthy indi-
viduals.1–4 Arterial stiffness and wave refl ections are increas-
ingly used in the clinical assessment of patients with HT.5 
The stiffening of the arteries may be both a cause and a 
consequence of HT, in which different pathophysiological 
processes take place. That is, arterial stiffness itself is a 
complex phenomenon consisting of several distinct pro-
cesses which include structural elements within the arterial 
wall, vascular smooth muscle tone, chronic low-grade 
infl ammation, and impaired endothelial function.6 Carotid–
femoral pulse wave velocity (PWV) and the aortic augmen-
tation index (AIx) are the main methods for assessing 
arterial stiffness.5

Hypertension is considered as a state of oxidative stress 
that can contribute to the development of target organ 
damage.7,8 Previous studies have shown that subjects with 
essential HT have decreased antioxidant capacity and 
increased levels of reactive oxygen species.9–11 Under some 
conditions, increases in oxidants and decreases in antioxi-
dants cannot be prevented, and oxidative/antioxidative 
balance shifts toward the oxidative stress.12,13 The measure-
ment of the total antioxidative capacity (TAC) refl ects the 
ability of antioxidant defenses of plasma.14 An inverse asso-
ciation has been found between antioxidant capacity levels 
and thoracic aortic intima-media thickness and atheroscle-
rosis.15 It has been suggest that oxidative stress leads to 
increased aortic stiffness.16 However, it is not known whether 
TAC is related to arterial stiffness and wave refl ections. In 
this study, we investigated whether TAC is an independent 
variable for the carotid–femoral PWV and AIx in pa-
tients with untreated essential HT and in normotensive 
individuals.
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Patients and methods

Subjects

In this study, 46 consecutive newly diagnosed hypertensive 
individuals (age 48.5 ± 10 years) were enrolled. Forty age- 
and sex-matched normal subjects (age 47 ± 8.6 years) were 
also studied. The diagnosis of HT was established according 
to the Joint National Committee (JNC) seventh report.17 
Two-dimensional echocardiographic examinations were 
performed on each subject. Subjects with HT had not previ-
ously taken any antihypertensive therapy. Patients with 
hemolytic, hepatic, renal, infectious and infl ammatory dis-
eases, diabetes mellitus, heart failure, valvular heart disease, 
history of coronary artery disease or acute coronary syn-
dromes, pregnancy, and hypertrophic cardiomyopathy were 
excluded from the study. Written informed consent was 
obtained from each subject, and the institutional ethics 
committee approved the study protocol.

Measurement of total antioxidative capacity

A venous blood sample was drawn from each subject into 
tubes containing ethylenediamine tetra-acetic acid. Imme-
diately after sampling, plasma was separated by centrifuga-
tion at 4000×g for 10 min and frozen at −80°C. Total 
antioxidative capacity was measured using an ImAnOx-
assay (Immundiagnostik, Bensheim, Germany). This pho-
tometric test refl ects the sum of all antioxidant components 
by measuring hydrogen peroxide (H2O2) degradation by the 
plasma antioxidants. Briefl y, the determination of the TAC 
is performed by the reaction of antioxidants in the sample 
with a defi ned amount of exogenously provided H2O2. The 
antioxidants in the sample eliminate a certain amount of the 
provided H2O2 and the residual H2O2 is determined colori-
metrically by an enzymatic reaction, which involves the 
conversion of tetramethylbenzidine into a colored product. 
After addition of a stop solution, the samples are measured 
at 450 nm in a microtiter plate reader. The measurement of 
the plasma antioxidant capacity was carried out in duplicate 
for each sample. Total antioxidative capacity activity was 
expressed as μmol/l. A value less than 280 μmol/l is consid-
ered low antioxidant capacity, while a value of 320 μmol/l 
or higher is considered as high antioxidant capacity accord-
ing to the provider.

Blood pressure measurement

Brachial artery blood pressure was measured with a mercury 
sphygmomanometer in an offi ce setting; the fi rst and fi fth 
phases of Korotkoff sounds were used for systolic and dia-
stolic blood pressure. Appropriate cuff sizes were chosen 
for each subject’s arm circumference. In each subject, bra-
chial artery blood pressure was measured in at least three 
separate days after 15 min of comfortably sitting and the 
average of the measurements was recorded. According to 

guidelines from the JNC 7 report, HT was defi ned as a sys-
tolic BP of ≥140 mmHg or diastolic BP of ≥90 mmHg.17

Measurement of pulse-wave velocity

Carotid–femoral-PWV was determined with the foot-to-
foot method using the SphygmoCor system (AtCor Medical, 
Sydney, Australia).5 Consecutive registrations of the carotid 
and femoral artery pulse waves are electrocardiogram gated 
and thus, the time shift between the appearance of wave at 
the fi rst and the second sites can be calculated. The distance 
between the two sites was measured on the body surface; 
to determine carotid–femoral PWV in meters/second (m/s). 
The average of measurements over a period of 8 s (9–10 
cardiac cycles) was calculated after the exclusion of extreme 
values.

Pressure waveform analysis

Assessment of wave refl ection characteristics was per-
formed noninvasively using the SphygmoCor system. Radial 
artery pressure waveforms were recorded at the wrist, using 
applanation tonometry with a high-fi delity micromanome-
ter (Millar Instruments, Houston, TX, USA). After 20 
sequential waveforms had been acquired and averaged, a 
validated generalized mathematical transfer function was 
used to synthesize the corresponding central aortic pressure 
waveform.18 AIx and augmentation pressure (AP) were 
derived from this with the technique of pressure waveform 
analysis.5 The merging point of the incident and the refl ected 
wave (the infl ection point) was identifi ed on the generated 
aortic pressure waveform. Augmentation pressure was the 
maximum systolic pressure minus pressure at the infl ection 
point. The AIx was defi ned as the AP divided by pulse pres-
sure and expressed as a percentage. Larger values of AIx 
indicate increased wave refl ection from the periphery or 
earlier return of the refl ected wave as a result of increased 
pulse wave velocity (attributable to increased arterial stiff-
ness). AIx is dependent upon the elastic properties of the 
entire arterial tree (elastic and muscular arteries). In addi-
tion, because AIx is infl uenced by heart rate, an index nor-
malized for heart rate of 75 beats/min (AIx@75) was used 
in accordance with Wilkinson et al.19

Only high-quality recordings, defi ned as an in-device 
quality index of >80% (derived from an algorithm including 
average pulse height, pulse height variation, diastolic varia-
tion, and the maximum rate of rise of the peripheral wave-
form) and acceptable curves on visual inspection, were 
included in the analysis. All measurements were performed 
by the same person (O.G.) with the patient in the supine 
position in a quiet temperature-controlled room after a 
brief rest period of at least 5 min.

Statistical analyses

Continuous data are expressed as the mean ± SD. Compari-
son between two groups was performed using the unpaired 
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t-test or nonparametric means test (Mann–Whitney U-test) 
for continuous variables, and using the Fisher exact test for 
categorical variables. Correlations between variables were 
evaluated by calculation of the Pearson correlation coeffi -
cient. Multiple linear regression analysis was used to iden-
tify signifi cant determinants of arterial stiffness parameters 
(AIx@75, Carotid–femoral PWV). For multiple regression, 
factors showing a value P < 0.1 in univariate analysis were 
selected. A P value of less than 0.05 was considered statisti-
cally signifi cant. Statistical analyses were performed using 
SPSS software (Version 10.0, SPSS, Chicago, IL, USA).

Results

Patient characteristics

Baseline clinical and demographic characteristics of the 
study population are shown in Table 1. There were no sig-
nifi cant differences in age, sex, smoking, heart rate, body 
mass index, fasting glucose, serum creatinine, and lipid pro-
fi les between the groups. As expected, systolic and diastolic 
blood pressure were higher in patients with HT than in 
normotensive participants. Total antioxidative capacity 
(274 ± 70 vs 321 ± 56, μmol/l, P = 0.001) levels were signifi -
cantly lower in patients with HT than control (Table 1). In 
the whole study population, the plasma TAC level inversely 
correlated with brachial systolic pressure (r = −0.3, P = 
0.004) and brachial diastolic pressure (r = −0.37, P = 
0.0001).

Pulse wave analysis and velocity

The indices of arterial stiffness and wave refl ections of the 
study population are presented in Table 2. Central aortic 
systolic, diastolic, and pulse pressure were signifi cantly 

higher in patients with HT than in control subjects (Table 
2). AP, AIx@75, and carotid–femoral PWV were signifi -
cantly higher in patients with HT than in control subjects 
(Table 2).

Determinants of arterial stiffness parameters

In bivariate correlation analysis, a signifi cant correlation 
was found between AIx@75 and age, TAC (Fig. 1), brachial 
systolic BP, brachial diastolic BP, brachial mean pressure, 
and brachial pulse pressure (Table 3). Carotid–femoral-
PWV was signifi cantly associated with age, glucose, heart 
rate, brachial systolic BP, brachial diastolic BP, brachial 
mean pressure, and brachial pulse pressure (Table 3).

Multiple regression analyses were performed for identi-
fying factors that determine the arterial stiffness indices. 
For AIx@75, signifi cant determinants were TAC (β = −0.21, 
P = 0.03), age (β = 0.22, P = 0.02), and brachial mean pres-
sure (β = 0.45, P = 0.0001). Brachial systolic BP (P = 0.17), 
brachial diastolic BP (P = 0.14), and brachial pulse pressure 
(P = 0.7) were not associated with AIx@75 in multiple 
regression analyses. Signifi cant determinants of carotid–
femoral PWV were brachial mean pressure (β = 0.2, P = 

Table 1. Clinical and biochemical characteristics of the study groups

Control (n = 40) Hypertension 
(n = 46)

P

Age (years) 47 ± 8.6 48.5 ± 10.6 0.45
Male (%) 72 54 0.07
BMI (kg/m2) 29.1 ± 4.1 29.9 ± 4.7 0.43
Smoking (%) 25 28 0.46
Systolic BP (mmHg) 119 ± 10 160 ± 16 0.0001
Diastolic BP (mmHg) 77 ± 8 94 ± 10 0.0001
Brachial MP (mmHg) 92 ± 9 116 ± 11 0.0001
Brachial PP (mmHg) 42 ± 6 65 ± 15 0.0001
Heart rate (beats/mın) 68 ± 9 71 ± 12 0.18
Total cholesterol (mg/dl) 197 ± 37 211 ± 38 0.08
Triglyceride (mg/dl) 176 ± 92 188 ± 147 0.67
LDL cholesterol (mg/dl) 128 ± 31 147 ± 78 0.13
HDL cholesterol (mg/dl) 47 ± 15 54 ± 17 0.08
Glucose (mg/dl) 95.3 ± 28 93.4 ± 15 0.7
Creatinine (mg/dl) 0.87 ± 0.1 0.85 ± 0.2 0.67
TAC (μmol/l) 321 ± 56 274 ± 70 0.001

BMI, body mass index; BP, blood pressure; MP, mean pressure; PP, 
pulse pressure; LDL, low-density lipoprotein; HDL, high-density lipo-
protein; TAC, total antioxidative capacity

Table 2. Pulse wave analysis and velocity in the study groups

Normotensive 
(n = 40)

Hypertension 
(n = 46)

P

Central aortic pressure
 Systolic (mmHg) 108 ± 11 141 ± 17 0.0001
 Diastolic (mmHg) 78 ± 8 93 ± 10 0.0001
 Pulse pressure (mmHg) 30 ± 6 48 ± 14 0.0001
AP (mmHg) 6 ± 4.3 12.5 ± 7.8 0.0001
AIx@75 (%) 15 ± 11 22.7 ± 9.5 0.001
CF-PWV (m/s) 8.7 ± 1.6 10.5 ± 2.2 0.0001

AP, augmentation pressure; AIx@75, heart rate-corrected augmenta-
tion index; CF-PWV, carotid–femoral pulse-wave velocity

Fig. 1. Univariable associations of heart rate-corrected augmentation 
index (AIx@75, %) and total antioxidative capacity (TAC, μmol/l) in 
the whole population
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0.03), age (β = 0.21, P = 0.02) and heart rate (β = 0.24, P = 
0.006). Glucose (P = 0.12), brachial systolic BP (P = 0.4), 
brachial diastolic BP (P = 0.5), and brachial pulse pressure 
(P = 0.13) were not associated with carotid–femoral-PWV 
in multiple regression analyses.

Discussion

In the present study, we investigated the relationship 
between TAC and arterial stiffness in patients with newly 
diagnosed HT. We found that TAC level was an indepen-
dent determinant of AIx@75 as a composite marker of wave 
refl ections and arterial stiffness. In contrast, TAC level 
was not associated with carotid–femoral-PWV as indices of 
elastic-type, aortic stiffness.

Previous studies have demonstrated decreased levels of 
TAC in patients with HT.9,10 Our results confi rm previous 
observations showing a negative association between TAC 
and blood pressure.20 Compared with normotensive indi-
viduals, carotid–femoral PWV and AIx@75 were higher in 
our hypertensive subjects, indicating a deterioration in arte-
rial stiffness and wave refl ections. In this study TAC and 
brachial mean pressure were signifi cantly associated with 
AIx@75. However, TAC was not related to carotid–femoral 
PWV. AIx@75 is primarily determined by the magnitude 
and timing of refl ected pressure waves which depends on 
the tone of the resistance arteries.21 Carotid–femoral PWV 
is a measure of elastic-type large artery stiffness which 
depends on the structural remodeling of large elastic arter-
ies.5 It is probable that decreased antioxidative capacity 
may impact on the peripheral arteries more than the aorta. 
Also, previous studies showed that aortic stiffness and wave 
refl ection indices do not always change in parallel.22,23

Previous studies have found a relationship between oxi-
dative stress and arterial stiffness. Tsuji et al. found that 
plasma malondialdehyde level negatively correlated with 
arterial elasticity in rats.24 This study suggested that oxida-
tive stress was important as a mechanism of impaired wall 
distensibility. Noma et al. demonstrated that the concen-
tration of serum malondialdehyde-modifi ed low-density 
lipoprotein, an index of oxidative stress, was signifi cantly 
correlated with aortic stiffness.16 It has been suggested that 
vascular smooth muscle cells might be regulated by oxida-
tive stress.25 A previous study showed that change of smooth 
muscle cell contractile components may alter arterial stiff-
ness.6 Some experimental studies suggested the importance 
of pressure changes on the arterial wall in the development 
of lipoprotein oxidation.26,27 It is likely that the increase in 
mechanical forces on the arterial wall may increase infl ux 
of low-density lipoprotein and cause oxidative stress. There 
is increasing evidence that reactive oxygen species such as 
superoxide, hydrogen peroxide, and hydroxyl radicals may 
play a role in the development of organ damage associated 
with hypertension.7,8 Antioxidant mechanisms are impor-
tant in protecting the molecules, cells, or tissues against the 
threat of oxidative damage. A decreased TAC level may 
contribute to impaired arterial function.

Previous studies suggest that the impairment of oxidant/
antioxidant balance is associated with the reduction of 
plasma nitric oxide availability.28,29 Importantly, reduced 
endothelial nitric oxide availability not only impairs endo-
thelium-dependent vasodilation, but also leads to vascular 
smooth muscle cell hypertrophy.30 Thus, the decrease nitric 
oxide availability may be responsible for the increase in 
peripheral resistance and wave refl ections.

The overall balance between the pro-oxidant forces and 
antioxidant defenses would be important information to 
have on the antioxidant capacity of organisms. Total anti-
oxidative capacity, defi ned as the ability of serum to quench 
free radical production, consists of multicompartmental 
protection against molecular damage of the cell structure. 
Decreased antioxidant activity has been shown to be asso-
ciated with cardiovascular risk factors.31,32 Also, TAC is 
closely associated with cardiovascular disease.33,34 Demir-
bag et al. showed that TAC is an independent determinant 
of thoracic aortic intima-media thickness and thoracic 
aortic atherosclerosis.15 These fi ndings support that a low 
level of TAC may play a role in alteration of vascular 
function.

The present study has some limitations. The small 
number of patients is a potential limitation. Furthermore, 
arterial stiffness itself is a result of structural and functional 
changes of large arteries, which include structural elements 
within the arterial wall and vascular smooth muscle tone. 
In our study, markers of several processes were not evalu-
ated. The relationship between oxidative/antioxidative 
balance and arterial stiffness should be confi rmed with new 
larger scale studies.

In conclusion, the level of TAC is independently associ-
ated with wave refl ections. This fi nding suggests that the 
decrease in the ability of antioxidant defense contributes 
signifi cantly to the development of arterial damage.

Table 3. Correlations between arterial stiffness parameters and other 
variables

Variables AIx@75 Carotid–femoral 
PWV

r P r P

Age 0.37 0.0001 0.36 0.001
BMI 0.03 0.7 −0.11 0.3
Glucose 0.09 0.4 0.25 0.01
Creatinine −0.11 0.28 0.15 0.15
Total cholesterol 0.2 0.06 0.12 0.25
Triglyceride −0.05 0.6 −0.14 0.18
LDL cholesterol 0.13 0.22 0.07 0.47
HDL cholesterol −0.03 0.74 0.17 0.1
TAC −0.24 0.02 −0.08 0.43
Heart rate 0.16 0.12 0.24 0.02
Brachial SBP 0.42 0.0001 0.49 0.0001
Brachial DBP 0.36 0.001 0.28 0.008
Brachial MP 0.51 0.0001 0.46 0.0001
Brachial PP 0.36 0.06 0.52 0.0001

AIx@75, heart rate-corrected augmentation index; PWV, pulse-wave 
velocity; BMI, body mass index; LDL, low-density lipoprotein; HDL, 
high-density lipoprotein; TAC, total antioxidative capacity; SBP, sys-
tolic blood pressure; DBP, diastolic blood pressure; MP, mean pres-
sure; PP, pulse pressure
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