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Abstract

Background: Augmentation index, a marker of central wave reflection, is influenced by age, sex, height, blood
pressure, heart rate, and arterial stiffness. However, the detailed haemodynamic determinants of augmentation
index, and their relations, remain uncertain. We examined the association of augmentation index with vascular
resistance and other haemodynamic and non-haemodynamic factors.

Methods: Background information, laboratory values, and haemodynamics of 488 subjects (239 men, 249 women)
without antihypertensive medication were obtained. Indices of central wave reflection, systemic vascular resistance,
cardiac function, and pulse wave velocity were measured using continuous radial pulse wave analysis and
whole-body impedance cardiography.

Results: In a regression model including only haemodynamic variables, augmentation index in males and female
subjects, respectively, was associated with systemic vascular resistance (3 =0425, 3=0.336), pulse wave
velocity (3=0409, 3=0.400) (P<0.001 for all), stroke volume (3 =0.256, 3=0.278) (P=0.001 for both) and
heart rate (3=-0.150, B=-0.156) (P=0.049 and P=0.036). When age, height, weight, smoking habits, and
laboratory values were included in the regression model, the most significant explanatory variables for
augmentation index in males and females, respectively, were age (3=0.577, 3 =0.557) and systemic vascular
resistance (3=0.437, 3=0.295) (P<0.001 for all). In the final regression model, pulse wave velocity was not a
significant explanatory variable for augmentation index, probably due to the high correlation of this variable
with age (Spearman’s correlation 20.617).

Conclusion: Augmentation index is strongly associated with systemic vascular resistance in addition to arterial
stiffness.
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Keywords: Augmentation index, Arterial stiffness, Central wave reflection, Systemic vascular resistance

* Correspondence: matias.wilenius@fimnet fi

'School of Medicine, Department of Internal Medicine, University of
Tampere, Tampere FIN-33014, Finland

Full list of author information is available at the end of the article

- © 2016 The Author(s). Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
( B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12872-016-0303-6&domain=pdf
https://clinicaltrials.gov/ct2/show/NCT01742702
mailto:matias.wilenius@fimnet.fi
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Wilenius et al. BMC Cardiovascular Disorders (2016) 16:131

Background

Reflected pressure waves from the peripheral circulation,
originating from the arterial branches and resistance ar-
teries, augment central blood pressure (BP) at the aortic
root level [1]. Augmentation index (Alx), a widely used
marker of central wave reflection, is defined as a ratio
between augmentation pressure (contribution of the
reflected pressure wave to systolic pressure) and pulse
pressure. Ideally, Alx should be obtained at the central
level, i.e. at the site of the carotid artery or ascending
aorta [2]. Alx can be recorded non-invasively from the
carotid artery with an applanation tonometry device [3],
but is usually estimated from radial arterial tonometric
signal using a generalized transfer function [4]. Accord-
ing to some studies, an increase in Alx has predictive
value for future cardiovascular events and mortality
[5-7]. However, this was not seen in the Framingham
study, in which elevated pulse wave velocity (PWV),
an acknowledged marker of arterial stiffness [2], was
found to increase the risk of future cardiovascular
morbidity [8].

Despite intensive research in the field of central wave
reflection, the detailed determinants of Alx are still
under debate. Naturally, there is a strong correlation be-
tween Alx and BP. Alx has shown to be higher among
females when compared with males, and there is an in-
verse correlation between Alx and height [9, 10]. This
inverse correlation is considered to result from earlier
return of wave reflection in shorter subjects [10]. Age
has been repeatedly shown to be a strong determinant of
Alx [9, 11]. In addition, Alx has been reported to correlate
inversely with heart rate (HR), so that it falls on average
by 4 % for every 10 beats/min increase in HR [12].

Since central wave reflection is influenced by arterial
compliance, Alx is often referred to as a marker of arter-
ial stiffness [13—19]. However, according to expert con-
sensus documents, Alx is an indirect surrogate measure
of arterial stiffness that provides additional information
concerning central wave reflections [2, 20].

Systemic vascular resistance (SVR) is of foremost im-
portance in defining BP and haemodynamics, but this
variable is hardly ever determined in clinical practice
and seldom even in research settings [21]. Since the
reflected pressure waves from the peripheral circulation
significantly originate from the resistance arteries [1], it
seems likely that higher SVR would lead to a more
prominent wave reflection and higher Alx. Based on
experiments utilizing the vasodilator nitroglycerin, a
decrease in SVR has been considered to reduce Alx,
although SVR was not actually measured in the experi-
mental setting [22]. Actually, simultaneous evaluations of
SVR and Alx have rarely been performed [21, 23, 24], and
to our knowledge the association of Alx and SVR versus
PWYV has not been compared.
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Taken together, there are still several unanswered
questions regarding the determinants of Alx. In this
study, we compared the role of SVR versus PWV as
haemodynamic determinants of Alx by parallel measure-
ments of these variables in 488 subjects.

Methods

Study subjects

Subjects to this study on haemodynamics were recruited
from the University of Tampere, Tampere University
Hospital, occupational health care providers, and by the
use of two newspaper announcements (DYNAMIC-
study, clinical trial registration NCT01742702). Also,
people enrolling in a long-distance running program for
beginners at Varala Sports Institute were informed about
the study. The responding subjects from all of the above
sources were recruited. Both normotensive and hyper-
tensive individuals were allowed to participate. Before
acceptance to the present study, lifestyle habits, medical
history, and family history for cardiovascular disease
were documented. Exercise habits were recorded as the
number of self-reported =30 min exercise sessions per
week that caused shortness of breath or sweating. A
medical examination by a physician, and routine labora-
tory analyses of hypertension were performed [25]. By
the time of the present study, 688 subjects had partici-
pated in the recordings. Subjects with antihypertensive
medication, atrial fibrillation, or who had a history of
diabetes, coronary artery disease, stroke, valvular heart
disease or secondary hypertension were excluded from
the present study. Altogether 488 subjects were included
in this study.

Laboratory analyses

Blood samples were obtained after approximately 12 h
of fasting. A standard 12-lead electrocardiogram was re-
corded, and Cornell ECG voltage product was calculated.
Plasma sodium, potassium, calcium, glucose, creatinine,
cystatin-C, triglyceride, and total, high-density and low-
density lipoprotein (HDL and LDL, respectively) choles-
terol concentrations were determined by using Cobas
Integra 700/800 or Cobas6000, module ¢501 (Roche Diag-
nostics, Basel, Switzerland). Blood cell count was analysed
by ADVIA 120 or 2120 (Bayer Health Care, Tarrytown,
NY, USA). Since creatinine values were within normal
range, glomerular filtration rate was estimated using the
Rule formula [26].

Haemodynamic measurement protocol

Haemodynamics were recorded in a research laboratory
by trained nurses. Study subjects were instructed to
avoid caffeine containing products, smoking and heavy
meals for at least 4 h prior to the investigation, whereas
alcohol and heavy exercise were to be avoided for at
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least 24 h. Impedance cardiography electrodes were
placed on body surface, tonometric sensor for pulse
wave analysis on the radial pulsation to the left wrist,
and an oscillometric brachial cuff for BP calibration to
the right upper arm. The left arm (abducted to 90°) with
the tonometric sensor rested on the level of the heart in
an arm support [24]. The measurements were started
once a visually assessed positional equilibrium was
reached in the beat-to-beat measurement data. Haemo-
dynamic data was recorded continuously for 5 min with
the subjects in supine position.

Pulse wave analysis

Radial BP and pulse waveform were determined from
the radial pulsation by an automatic tonometric sensor
(Colin BP-508 T, Colin Medical Instruments Corp.,
USA), calibrated approximately every 2.5 min by contra-
lateral brachial systolic and diastolic BP measurements.
Before the actual haemodynamic recordings, BP was
measured manually 2 times by the use of an ordinary
sphygmomanometer to verify that the automated BP
readings are correct. Continuous aortic BP and wave re-
flections were derived from the radial tonometric signal
with the SphygmoCor® pulse wave monitoring system
(SphygmoCor PWMx, AtCor Medical, Australia) using
the previously validated generalized transfer function [4].
HR, aortic pulse pressure (aortic systolic pressure — aortic
diastolic pressure), aortic augmentation pressure and Alx
(aortic augmentation pressure/aortic pulse pressure x
100 %) were determined.

Whole-body impedance cardiography

A whole-body impedance cardiography device (CircMon®,
JR Medical Ltd, Tallinn, Estonia), which records the
changes in body electrical impedance during cardiac cy-
cles, was used to determine beat-to-beat HR, stroke vol-
ume, cardiac output, and aortic-popliteal PWV [27]. The
mechanism of function, electrode placement, and process-
ing of impedance cardiography data have been previously
described [21, 27-29]. Briefly, the impedance cardiog-
raphy method calculates PWV between the level of the
aortic root and the popliteal artery by the use of the
whole-body impedance signal and the signal measured
from the popliteal artery region [27, 28]. The PWV results
obtained using CircMon® show good repeatability [29],
and normal values for PWV in 799 individuals (age 25-76
years) have been previously published [30]. We have also
shown that the determination of stroke volume using im-
pedance cardiography versus 3-dimensional echocardiog-
raphy show good correlation [29]. SVR was calculated
from the tonometric radial BP signal and cardiac output
measured by the CircMon® device by subtracting average
normal central venous pressure (4 mmHg) from mean ar-
terial pressure and dividing it by cardiac output. Mean
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arterial pressure was calculated by using the formula:
[(systolic BP)/3 +2 x (diastolic BP)/3]. Cardiac output,
stroke volume and SVR were indexed to body surface area
(abbreviated as CI, SVI and SVRI, respectively).

Whole-body impedance cardiography versus applanation

tonometry in the measurement of PWV

The impedance cardiography method has been shown to
agree well with Doppler ultrasound when assessing
aortic-popliteal PWV [27]. However, the recording of
aortic-popliteal PWV using impedance cardiography has
not been previously compared with the gold standard
method, tonometric carotid-femoral measurement of
PWV. To examine the potential differences resulting
from recordings in different large arterial segments (i.e.
aortic-popliteal vs. carotid-femoral) on PWYV, a series of
recordings was performed to compare the measurements
of PWV using the impedance cardiography versus the
tonometric method in additional 80 volunteers. Cardiac
arrhythmias, diagnosis of heart failure, carotid artery
stenosis or valvular heart disease were used as exclusion
criteria in this sub-study. The beat-to-beat recording of
aortic-popliteal PWV using the CircMon® impedance
cardiography was carried out for one minute, and the
carotid-femoral PWV using the SphygmoCor® applana-
tion tonometry was measured at the end of the same mi-
nute of recording. A previously validated equation was
applied to adjust the PWV values obtained using imped-
ance cardiography [27, 29]. The measurements were
started once a visually assessed positional equilibrium
was reached in the beat-to-beat measurement data.

Statistical analyses

Mean values of the haemodynamic variables from the
3" to the 5™ minute of recording, when the signal was
most stable, were used in the analyses. To study the deter-
minants of Alx, linear regression analyses with backward
elimination were performed separately for males and
females because of the known difference in Alx between
sexes [9]. Potential variables for multiple linear regression
models were chosen after testing with univariate linear
regression. All variables with P<0.1 in either sex were in-
cluded in the multivariate regression models. Although
weight did not reach this criterion, it was included because
of potential interrelation with several other variables. In the
first regression model only haemodynamic variables (SVRI,
PWYV, HR, and SVI) were used as explanatory variables for
Alx (Table 3). In the second regression model SVR, PWYV,
stroke volume, HR, age, height, weight, smoking (in pack
years, i.e. number of packs containing 20 cigarettes smoked
per day multiplied by years of smoking), plasma low-density
lipoprotein (LDL) cholesterol, triglyceride, cystatin-C and
fasting glucose concentrations were used as explanatory var-
iables (Table 4). As the correlation between Alx and PWV



Wilenius et al. BMC Cardiovascular Disorders (2016) 16:131

Page 4 of 11

Table 1 Basic characteristics and laboratory values in males and females

Male SD Female D P-value
n=239 n=249
Age (years) 46 11 45 12 0.498
Smoking (pack years) 34 9 13 6 0.002
Never (128 males, 157 females) - -
Current (29 males, 26 females) 6.6 11.92 6.0 139 0.645
Previous (82 males, 65 females) 75 12.25 24 7.1 <0.001
Exercise habits (number of self-reported =30 min exercise sessions per week) 30 1.8 33 1.8 0.056
Height (cm) 180 6 166 6 <0.001
Weight (kg) 90 13 72 14 <0.001
Body mass index (kg/m?) 276 41 259 46 <0.001
Office systolic blood pressure (mmHg) 146 22 134 20 <0.001
Office diastolic blood pressure (mmHg) 92 11 85 12 <0.001
Cornell ECG voltage product (ms*mm) 1694 620 1609 482 0.093
Fasting plasma glucose (mmol/l) 56 0.6 53 0.5 <0.001
LDL cholesterol (mmol/l) 32 1.0 2.7 0.9 <0.001
HDL cholesterol 1.36 034 1.78 042 <0.001
Triglycerides (mmol/l) 1.50 133 1.06 063 <0.001
Cystatin-C (mg/l) 0.85 0.15 0.77 0.13 <0.001
eGFR (ml/min/1.73 m? 119 14 104 9 <0.001

Values presented as means and standard deviations (SD); LDL low density lipoprotein, HDL high density lipoprotein, eGFR, rule formula of estimated glomerular

filtration rate [28]

was not linear, the common logarithm of PWV was
used in the linear regression analyses. Coefficients (b)
and standardized coefficients (beta) of regression, and
Pearson’s correlations (r) were calculated. Spearman’s
correlation was calculated for the association between
Alx and PWYV due to non-linearity.

In the PWV comparison study, each study subject’s
beat-to-beat PWYV using whole-body impedance cardiog-
raphy during a one-minute period was recorded, and the

average PWV was calculated. This mean PWV value was
then compared with the PWV value measured using
applanation tonometry at the end of the same one-
minute period. Pearson’s correlation was calculated, and
the two methods were compared using the statistical
method of Bland and Altman [31].

Data were analysed using SPSS software version 17.0
(SPSS Inc., Chicago, Illinois, USA), presented as mean +
SD, and p-values <0.05 were considered significant.

Table 2 Haemodynamic variables measured in the laboratory in males and females

Male sD Female SD P-value

n=239 n=249
Systolic blood pressure (mmHg) 138 18 127 19 <0.001
Diastolic blood pressure (mmHg) 80 13 74 13 <0.001
Heart rate (1/min) 62 9 64 9 0.012
Augmentation index (%) 18.5 113 266 114 <0.001
Augmentation pressure (mmHg) 84 59 11.9 6.8 <0.001
Pulse wave velocity (m/s) 9.03 2.15 8.03 1.69 <0.001
Systematic vascular resistance (dyn*s/cm‘r’) 1289 283 1402 319 <0.001
Systematic vascular resistance index (dyn*s/cm5/m2) 2686 583 2507 602 0.001
Stroke volume (ml) 98.1 135 80.7 136 <0.001
Stroke volume index (ml/m?) 470 6.6 452 73 0.004
Cardiac index (1/min/min?) 292 0.50 2.89 0.50 0.543

Values presented as means and standard deviations (SD)
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Results

Subject characteristics and haemodynamics

The features of the study population (n =488; 239 men
and 249 women) are summarized in Table 1. The ten
most common self-reported medical conditions were:
dyslipidaemia (n = 101), asthma (n = 25), hypothyroidism
(n=17, all euthyroid), migraine (n =15), gout (n=14),
osteoarthritis (7 = 11), gastro-oesophageal reflux (n=9),
depression (n = 8), panic disorder (n = 5), and coeliac dis-
ease (n=4). The majority of the subjects (n =309/488)
were completely without medications (for specific study
subject medication details please see Additional file 1).
Altogether 88 subjects were using female hormones
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(oestrogen, progestin or combination) for contraception
or hormone replacement therapy (n =37 with per oral
tablets, 7 = 26 with levonorgestrel releasing intrauterine
device). Although 101 subjects reported a history of dysli-
pidaemia, only 11 were using lipid-lowering medication.

Since Alx is lower in males than females [9], the statis-
tics were performed and scatter plot images were depicted
separately for sexes. Apart from age, exercise habits and
Cornell ECG voltage product, there was a statistically sig-
nificant difference between males and females in every
variable (Table 1).

Both systolic and diastolic BP was higher in males than
females (Table 2). Alx and augmentation pressure were
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higher in females (p <0.001 for both), whereas PWV
(p<0.001) and SVRI (p=0.001) were higher in males.
Apart from CI, all haemodynamic variables showed

significant differences between the sexes (Table 2).

Correlations between Alx and other variables

The association between Alx and age was very clear
(Fig. 1a, b), and between Alx and height significant in

both sexes, but more pronounced in females (Fig. 1c, d).
The negative correlation between Alx and HR was

-
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modest but statistically significant (Fig. le, f). Alx
showed a strong association with SVRI in males, while
in females the association was somewhat less marked
(Fig. 2a, b). The association between Alx and the com-
mon logarithm of PWV was corresponding in both sexes
(Fig. 2¢, d). As expected, age showed a strong correlation
with PWV (Fig. 2e, f).

Alx and weight showed no statistically significant cor-
relation (Fig. 3a, b). SVI was not associated with Alx in
females, whereas in males a weak inverse association
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was observed (r=-0.136, p = 0.033) (Fig. 3¢, d). A Spear-
man’s correlation matrix for the haemodynamic variables
and age for both sexes is presented in the supplemental
material (Additional file 2).

Regression analyses on factors associated with Alx
In the first regression analyses using only haemodynamic
variables the results showed that, for both males and
females, SVRI (P<0.001 for both), PWV (P<0.001
for both), SVI (P=0.001 for both) and HR (P =0.049
for males and P=0.036 for females) were significant
explanatory variables for Alx. The contributions of
the beta values of the variables (SVRI, the common
logarithm of PWYV, HR and SVI) showed overlapping
confidence intervals in this model. The overall R* of the
model was 0.381 in males and 0.317 in females (Table 3).
In the second regression model (Table 4), we used
SVR and stroke volume instead of the indexed versions
of these variables, as height and weight were also in-
cluded in the model. SVR, the common logarithm of
PWYV, stroke volume, HR, age, height, weight, smoking
in pack years, plasma LDL cholesterol, triglyceride,
cystatin-C, and fasting glucose concentrations were used

as explanatory variables. In male subjects, age, SVR,
stroke volume and weight were significant explanatory
variables for Alx (R®=0.580). In female subjects, age,
SVR, height, stroke volume and smoking were the ex-
planatory variables for Alx (R®=0.621). Of note, PWV
was no more a significant explanatory variable for Alx in
this model, probably due to the high correlation of this
variable with age (Additional file 2).

As several haemodynamic variables showed correla-
tions with each other (Additional file 2), tests for col-
linearity were calculated in the regression models:
variance inflation factors (VIF) were assessed for SVR,
SVRI, and the common logarithm of PWYV, the vari-
ables of interest. In all of the models, the VIF values
ranged 1.5-2.8, which does not indicate a marked
collinearity problem.

Recording of PWV with impedance cardiography versus
applanation tonometry

The basic characteristics of the additional 80 subjects
participating in this separate sub-study are presented in
the Additional file 3. The five most common self-reported
medical conditions were hypertension (n =16), asthma
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Table 3 Linear regression analysis with backward elimination: haemodynamic variables as explanatory variables for augmentation index

Augmentation index b beta 95 % Confidence interval of beta P value
Lower Upper

Male subjects, R” =0.381, p < 0.001
Systemic vascular resistance index 0.008 0425 0.255 0.595 <0.001
Lg10 (pulse wave velocity) 47.384 0409 0.275 0.543 <0.001
Stroke volume index 0434 0.256 0.104 0407 0.001
Heart rate -0.179 -0.150 -0.299 0.000 <0.049

Female subjects, R = 0317, p < 0.001
Lg10 (pulse wave velocity) 55253 0400 0.275 0.541 <0.001
Systematic vascular resistance index 0.006 0336 0.157 0.515 <0.001
Stroke volume index 0434 0.278 0.114 0442 0.001
Heart rate -0.199 -0.156 -0.303 -0.010 0.036

Variables used: Systematic vascular resistance index, the common logarithm of PWV, heart rate, stroke volume index. Lg10, the common logarithm

(n = 10), gastro-oesophageal reflux (n = 3), hypothyroidism
(n=3) and osteoarthritis (n =2). Thirteen subjects were
on BP-lowering medication. The mean carotid-femoral
PWV measured using applanation tonometry was
7.63 m/s, whereas the mean aortic-popliteal PWV using
impedance cardiography was 7.64 m/s. The bias
(PWV(impedance cardiography) — PWV(applanation
tonometry)) and precision (SD of differences) between
these two methods were 0.02 and 1.06 m/s, respectively,
and the correlation between these two methods was very
good (Fig. 4a, b).

Discussion

In the present study comprising a relatively large popu-
lation (n=488), Alx was significantly associated with
peripheral vascular resistance in addition to PWV. As
stiffening of the arteries results in earlier wave reflection

and augmentation of central systolic pressure, Alx has
often been labelled as a direct marker of arterial stiffness
[13-19]. However, Alx is only an indirect measure of
arterial stiffness that provides information concerning
central wave reflections, whereas the determination of
carotid-femoral PWV remains the gold standard for the
evaluation of arterial stiffness [2, 20]. In order to deter-
mine the contribution of arterial stiffness to wave reflec-
tions, pulse wave analysis should be combined with the
measurement of large arterial PWV [2].

Since the reflected pressure waves to a significant pro-
portion originate from resistance arteries [1], SVR can
be expected to affect wave reflection and correlate with
the magnitude of Alx. The relative contributions of SVR
versus large arterial stiffness as determinants of Alx have
not been previously compared. In the present study,
SVRI was a significant haemodynamic determinant of

Table 4 Regression analysis for determinants of augmentation index

Augmentation index b beta 95 % Confidence interval of beta P value
Lower Upper

Male subjects, R* = 0.580, p < 0.001
Age 0.563 0.577 0460 0.671 <0.001
Systemic vascular resistance 0.018 0437 0.354 0.631 <0.001
Stroke volume 0.160 0.185 0.068 0314 0.003
Weight -0.129 -0.131 -0.270 -0.032 0.013

Female subjects, R = 0621, p < 0.001
Age 0557 0.557 0474 0.670 <0.001
Systemic vascular resistance 0011 0.295 0.180 0400 <0.001
Height -0490 -0.255 -0.355 -0.161 <0.001
Stroke volume 0.154 0.177 0.067 0302 0.002
Smoking 0209 0.088 0.019 0.203 0018

Linear regression analysis with backward elimination: haemodynamic variables, subject characteristics and laboratory values used as explanatory variables for
augmentation index. Variables used: Systemic vascular resistance, the common logarithm of pulse wave velocity, stroke volume, heart rate, age, height, weight,
smoking (in pack years); plasma LDL, triglyceride, cystatin-C and fasting glucose concentrations; LDL, low density lipoprotein



Wilenius et al. BMC Cardiovascular Disorders (2016) 16:131

PWV (applanation tonometry) (m/s)

4 6 8 10 12 14 16

PWV/(impedance cardiography) (m/s)
4

Q
' é 34
:_;‘ S o ° °
® £ 2 5 +2SD
E &
8 5 000 0,@ ¢
s 8 11 o © o0 °©
= = o 0° o
c 8 g o ° o
2380 00% Mean
© ° %& g 050
c 8 o ° ° °
%_ c 1 ° o% ° ® o, ©
a3 o ° °
£2 "
g £ 2 28D
a2 3 o

o

-4
T T T T T T T T T T T
4 5 6 7 8 9 10 11 12 13 14

[PWV(applanation tonometry) +
PWV/(impedance cardiography)] /2 (m/s)

Fig. 4 Comparison of two methods in the evaluation of large arterial
stiffness. Correlation between pulse wave velocity measured using
impedance cardiography and applanation tonometry, the lines depict
mean and 95 % confidence intervals of mean (a); and differences
between the two methods plotted against the average value of the
methods with limits of agreement (£25D) shown (b)

Alx, but due to overlapping confidence intervals the dis-
tinct order of the haemodynamic variables defining Alx
cannot be stated (Table 3). In a regression model includ-
ing haemodynamic and demographic data, SVR was the
most significant haemodynamic determinant of Alx in
males, whereas SVR and stroke volume were the signifi-
cant haemodynamic determinants in females (Table 4).
Like in previous studies [9-11], age and height were sig-
nificantly related to Alx in both sexes. Although weight
was a significant explanatory variable of Alx, this might
rather be related subject height than adiposity, as the re-
lationship was inverse, corresponding to the correlation
between Alx and height in males (Fig. 1c). Of note,
PWV was not a significant explanatory variable for Alx
in the model that included several explanatory variables
(Table 4). This can be attributed to the strong correlation
between age and PWYV (Fig. 2e, f). Recently, higher Alx
was independently associated with greater media:lumen
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ratio in small subcutaneous arteries of 67 hypertensive
subjects, while carotid-femoral PWV was not a significant
explanatory variable for Alx in multiple regression analysis
[32]. As remodelling of resistance arteries is an important
determinant of vascular resistance [33], these results
support the view of SVR as an important determinant
of central wave reflection.

In addition to SVRI and PWV, SVI was a significant
determinant of Alx in the regression analyses (Table 3).
This might be due to the higher blood volume entering the
aorta and the subsequent increase in the haemodynamic
load, since the pattern of ventricular ejection is known to
influence Alx [2]. Previous reports have also suggested that
Alx is not only a measure of reflected pressure waves, but
it also exhibits the properties of cardiac performance and
ventricular-vascular coupling [23, 34, 35]. Yet, we also
observed a weak inverse correlation between Alx and
SVI in males (Fig. 3c). This could possibly be explained by
the higher ejected blood volume increasing pressure at the
first inflection point of the aortic pressure wave without
affecting pressure at the second inflection point, the
mechanism of which could result in a reduction of the
augmented pressure.

Although the present results indicate that SVRI is sig-
nificantly associated with Alx, they show no causalities,
and a reverse connection could also be possible. In-
creased pulsatile pressure has been suggested to damage
the peripheral vasculature causing vascular remodelling
with a subsequent increase in arterial resistance [36].
We found a clear association between age and Alx (r=
0.646-0.67), and between age and PWV (r = 0.572-0.626),
but the association between Alx and PWV was less
marked (r=0.361-0.376). Thus, age-related changes in
Alx cannot be entirely explained by increased arterial
stiffness, at least when stiffness is evaluated by measure-
ment of PWV. The present haemodynamic measurements
were continuous and data capture lasted for 3 min, and
the statistical analyses of each variable in individual sub-
jects were based on the mean of approximately 180—190
cardiac cycles. Many previous studies utilizing pulse wave
analysis have obtained haemodynamic values with a pen-
like tonometric sensor from 10 consecutive heart beats
[14], which is a more operator dependent method. The
aortic-popliteal impedance cardiography measurement
of PWV has been previously validated against aortic-
popliteal PWV measurements using Doppler ultrasound
[27]. Our present recordings in 80 subjects showed no
bias, and a very good correlation was observed between
the tonometric (carotid-femoral) and the impedance
cardiography (aortic-popliteal) measurements of PWV
(Fig. 4), although these recordings are not focused on
identical sections of the arterial tree. Finally, Alx is
not an ideal measure of wave reflections [6, 7, 37],
and additional studies that use wave separation to
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explore wave reflections are needed to corroborate
the present findings in the future.

Conclusions

We found that Alx was significantly determined by both
SVRI and PWV. However, SVR was a more significant
determinant in a model, where demographic, metabolic
and haemodynamic factors were comprehensively con-
sidered. The present results add up to the data showing
that Alx is a marker of central wave reflections, the
magnitude of which is influenced by arterial stiffness.

Additional files

Additional file 1: Number of subjects with each type of medication.
(DOCX 14.4 KB)

Additional file 2: Spearman’s correlation matrix for the haemodynamic
variables and age. (DOCX 14.5 KB)

Additional file 3: Basic characteristics of 80 volunteers (45 females, 35
males) in the sub-study comparing pulse wave velocity measurements
using whole-body impedance cardiography versus arterial tonometry.
(DOCX 17.3 KB)

Abbreviations

Alx, augmentation index; BP, blood pressure; HDL, high-density lipoprotein;
HR, heart rate; LDL, low-density lipoprotein; PWV, pulse wave velocity; SVI,
stroke volume index; SVR, systemic vascular resistance; SVRI, systemic vascular
resistance index

Acknowledgements

The authors are deeply grateful to Reeta Kulmala, RN and Paula Erkkild, RN
for invaluable technical assistance. Financial support was received from
Competitive State Research Financing of the Expert Responsibility Area of
Tampere University Hospital, Finnish Foundation for Cardiovascular Research,
Sigrid Jusélius Foundation, Paavo Nurmi Foundation, Péivikki and Sakari
Sohlberg Foundation, Pirkanmaa Regional Fund of the Finnish Cultural
Foundation, and Tampere Tuberculosis Foundation.

Availability of data and materials

Our clinical database contains several indirect identifiers and the informed
consent obtained does not allow publication of individual patient data.
Therefore, we cannot share the data.

Authors’ contributions

MW, AMT, IP, JM designed and conducted the study. MW, AMT, IP, AJT
analysed and interpreted the data, and drafted the first version of the
manuscript. MW, AMT, AJT, AH, JK and IP performed experiments. JM, HH,
AMT, TK and MK provided critical intellectual input and contributed to
drafting revised versions of the manuscript. All authors read and approved
the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
All subjects gave written informed consent to participate.

Ethics approval and consent to participate
The study complied with the declaration of Helsinki and was approved by
the ethics committee of Tampere University Hospital (study code RO6086M).

Author details

'School of Medicine, Department of Internal Medicine, University of
Tampere, Tampere FIN-33014, Finland. School of Medicine, Department of
Pharmacological Sciences, University of Tampere, Tampere, Finland. *School

Page 10 of 11

of Health Sciences, University of Tampere, Tampere, Finland. *Department of
Clinical Physiology, Tampere University Hospital, Tampere, Finland.
°Department of Internal Medicine, Tampere University Hospital, Tampere,
Finland.

Received: 11 March 2016 Accepted: 30 May 2016
Published online: 07 June 2016

References

1.

Nichols WW, O'Rourke MF. McDonald's Blood Flow in Arteries: Theoretical,
Experimental and Clinical Principles. London: Arnold; 1998.

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson |, Struijker-Boudier H. Expert consensus
document on arterial stiffness: methodological issues and clinical applications.
Eur Heart J. 2006;27(21):2588-605.

Chen CH, Ting CT, Nussbacher A, Nevo E, Kass DA, Pak P, Wang SP, Chang
MS, Yin FC. Validation of carotid artery tonometry as a means of estimating
augmentation index of ascending aortic pressure. Hypertension. 1996,27(2):
168-75.

Chen CH, Nevo E, Fetics B, Pak PH, Yin FC, Maughan WL, Kass DA.
Estimation of central aortic pressure waveform by mathematical
transformation of radial tonometry pressure. Validation of generalized
transfer function. Circulation. 1997:95(7):1827-36.

Vlachopoulos C, Aznaouridis K, O'Rourke MF, Safar ME, Baou K, Stefanadis C.
Prediction of cardiovascular events and all-cause mortality with central
haemodynamics: a systematic review and meta-analysis. Eur Heart J. 2010;
31(15):1865-71.

Chirinos JA, Kips JG, Jacobs Jr DR, Brumback L, Duprez DA, Kronmal R,
Bluemke DA, Townsend RR, Vermeersch S, Segers P. Arterial wave reflections
and incident cardiovascular events and heart failure: MESA (Multiethnic
Study of Atherosclerosis). J Am Coll Cardiol. 2012;60(21):2170-7.

Wang KL, Cheng HM, Sung SH, Chuang SY, Li CH, Spurgeon HA, Ting CT,
Najjar SS, Lakatta EG, Yin FC, et al. Wave reflection and arterial stiffness in
the prediction of 15-year all-cause and cardiovascular mortalities: a
community-based study. Hypertension. 2010;55(3):799-805.

Mitchell GF, Hwang SJ, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, Vita
JA, Levy D, Benjamin EJ. Arterial stiffness and cardiovascular events: the
Framingham Heart Study. Circulation. 2010;121(4):505-11.

Hayward CS, Kelly RP. Gender-related differences in the central arterial
pressure waveform. J Am Coll Cardiol. 1997,30(7):1863-71.

London GM, Guerin AP, Pannier B, Marchais SJ, Stimpel M. Influence of sex
on arterial hemodynamics and blood pressure. Role of body height.
Hypertension. 1995;26(3):514-9.

McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson 1B, Cockcroft JR. Normal
vascular aging: differential effects on wave reflection and aortic pulse wave
velocity: the Anglo-Cardiff Collaborative Trial (ACCT). J Am Coll Cardiol.
2005;46(9):1753-60.

Wilkinson 1B, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The
influence of heart rate on augmentation index and central arterial pressure
in humans. J Physiol. 2000;525(Pt 1):263-70.

Angel K, Provan SA, Hammer HB, Mowinckel P, Kvien TK, Atar D. Changes in
arterial stiffness during continued infliximab treatment in patients with
inflammatory arthropathies. Fundam Clin Pharmacol. 2011,25(4):511-7.
Cherney DZ, Scholey JW, Jiang S, Har R, Lai V, Sochett EB, Reich HN. The
effect of direct renin inhibition alone and in combination with ACE
inhibition on endothelial function, arterial stiffness, and renal function in
type 1 diabetes. Diabetes Care. 2012;35(11):2324-30.

Kaur M, Lal C, Bhowmik D, Jaryal AK, Deepak KK, Agarwal SK. Reduction in
augmentation index after successful renal transplantation. Clin Exp Nephrol.
2013;17(1):134-9.

Patange AR, Valentini RP, Du W, Pettersen MD. Vitamin D deficiency and
arterial wall stiffness in children with chronic kidney disease. Pediatr Cardiol.
2012;33(1):122-8.

Rogowicz-Frontczak A, Araszkiewicz A, Pilacinski S, Zozulinska-Ziolkiewicz D,
Wykretowicz A, Wierusz-Wysocka B. Carotid intima-media thickness and
arterial stiffness in type 1 diabetic patients with and without
microangiopathy. Arch Med Sci. 2012;8(3):484-90.

Vyssoulis G, Karpanou E, Kyvelou SM, Vlachopoulos C, Tzamou V, Stefanadis
C. Prostate-specific antigen levels are associated with arterial stiffness in
essential hypertensive patients. J Sex Med. 2012;9(12):3205-10.


dx.doi.org/10.1186/s12872-016-0303-6
dx.doi.org/10.1186/s12872-016-0303-6
dx.doi.org/10.1186/s12872-016-0303-6

Wilenius et al. BMC Cardiovascular Disorders (2016) 16:131

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Kalaitzidis RG, Karasavvidou DP, Tatsioni A, Pappas K, Katatsis G, Liontos A,
Elisaf MS. Albuminuria as a marker of arterial stiffness in chronic kidney
disease patients. World J Nephrol. 2015;4(3):406-14.

Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, Cockcroft JR,
Heffernan KS, Lakatta EG, McEniery CM, Mitchell GF . Recommendations for
Improving and Standardizing Vascular Research on Arterial Stiffness: A
Scientific Statement From the American Heart Association. Hypertension.
2015,66(3):698-722.

Tahvanainen A, Koskela J, Tikkakoski A, Lahtela J, Leskinen M, Kdhonen M,
Nieminen T, K66bi T, Mustonen J, Porsti I. Analysis of cardiovascular
responses to passive head-up tilt using continuous pulse wave analysis
and impedance cardiography. Scand J Clin Lab Invest. 2009,69(1):128-37.
Kelly RP, Millasseau SC, Ritter JM, Chowienczyk PJ. Vasoactive drugs
influence aortic augmentation index independently of pulse-wave velocity
in healthy men. Hypertension. 2001,37(6):1429-33.

Sharman JE, Davies JE, Jenkins C, Marwick TH. Augmentation index, left
ventricular contractility, and wave reflection. Hypertension. 2009;54(5):1099-105.
Tahvanainen A, Koskela J, Leskinen M, llveskoski E, Nordhausen K, Kéhénen
M, Kéobi T, Mustonen J, Porsti |. Reduced systemic vascular resistance in
healthy volunteers with presyncopal symptoms during a nitrate-stimulated
tilt-table test. Br J Clin Pharmacol. 2011;71(1):41-51.

Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M,
Christiaens T, Cifkova R, De Backer G, Dominiczak A, et al. 2013 ESH/ESC
Guidelines for the management of arterial hypertension: the Task Force for
the management of arterial hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology (ESC).

J Hypertens. 2013;31(7):1281-357.

Rule AD, Larson TS, Bergstralh EJ, Slezak JM, Jacobsen SJ, Cosio FG. Using
serum creatinine to estimate glomerular filtration rate: accuracy in good
health and in chronic kidney disease. Ann Intern Med. 2004;141(12):929-37.
Koobi T, Kdhonen M, livainen T, Turjanmaa V. Simultaneous non-invasive
assessment of arterial stiffness and haemodynamics - a validation study.
Clin Physiol Funct Imaging. 2003;23(1):31-6.

Koobi T, Kaukinen S, Turjanmaa VM, Uusitalo AJ. Whole-body impedance
cardiography in the measurement of cardiac output. Crit Care Med. 1997;
25(5):779-85.

Koskela JK, Tahvanainen A, Haring A, Tikkakoski AJ, llveskoski E, Viitala J,
Leskinen MH, Lehtimaki T, Kahonen MA, Koobi T, et al. Association of resting
heart rate with cardiovascular function: a cross-sectional study in 522
Finnish subjects. BMC Cardiovasc Disord. 2013;13:102.

Koivistoinen T, Koobi T, Jula A, Hutri-Kahonen N, Raitakari OT, Majahalme S,
Kukkonen-Harjula K, Lehtimaki T, Reunanen A, Viikari J, et al. Pulse wave
velocity reference values in healthy adults aged 26-75 years. Clin Physiol
Funct Imaging. 2007;27(3):191-6.

Bland JM, Altman DG. Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet. 1986;1(8476):307-10.
Muiesan ML, Salvetti M, Rizzoni D, Paini A, Agabiti-Rosei C, Aggiusti C,
Bertacchini F, Stassaldi D, Gavazzi A, Porteri E, et al. Pulsatile hemodynamics
and microcirculation: evidence for a close relationship in hypertensive
patients. Hypertension. 2013;61(1):130-6.

Agabiti-Rosei E, Heagerty AM, Rizzoni D. Effects of antihypertensive
treatment on small artery remodelling. J Hypertens. 2009,27(6):1107-14.
Munir S, Jiang B, Guilcher A, Brett S, Redwood S, Marber M, Chowienczyk P.
Exercise reduces arterial pressure augmentation through vasodilation of
muscular arteries in humans. Am J Physiol Heart Circ Physiol. 2008;
294(4):H1645-50.

Heffernan KS, Patvardhan EA, Hession M, Ruan J, Karas RH, Kuvin JT.
Elevated augmentation index derived from peripheral arterial tonometry is
associated with abnormal ventricular-vascular coupling. Clin Physiol Funct
Imaging. 2010;30(5):313-7.

Mitchell GF, Vita JA, Larson MG, Parise H, Keyes MJ, Warner E, Vasan RS, Levy
D, Benjamin EJ. Cross-sectional relations of peripheral microvascular
function, cardiovascular disease risk factors, and aortic stiffness: the
Framingham Heart Study. Circulation. 2005;112(24):3722-8.

Weber T, Wassertheurer S, Rammer M, Haiden A, Hametner B, Eber B. Wave
reflections, assessed with a novel method for pulse wave separation, are
associated with end-organ damage and clinical outcomes. Hypertension.
2012,60(2):534-41.

Page 11 of 11

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central




	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Study subjects
	Laboratory analyses
	Haemodynamic measurement protocol
	Pulse wave analysis
	Whole-body impedance cardiography
	Whole-body impedance cardiography versus applanation tonometry in the measurement of PWV
	Statistical analyses

	Results
	Subject characteristics and haemodynamics
	Correlations between AIx and other variables
	Regression analyses on factors associated with AIx
	Recording of PWV with impedance cardiography versus applanation tonometry

	Discussion
	Conclusions
	Additional files
	show [Abbre]
	Acknowledgements
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

