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Can arterial stiffness parameters be measured
in the sitting position?

Jens Nürnberger1, Rene Michalski2, Tobias R Türk2, Anabelle Opazo Saez1, Oliver Witzke2 and
Andreas Kribben2

Despite the introduction of arterial stiffness measurements in the European recommendation, pulse wave velocity (PWV) and

augmentation index (AI) are still not used routinely in clinical practice. It would be of advantage if such measurements were

done in the sitting position as is done for blood pressure. The aim of this study was to evaluate whether there is a difference in

stiffness parameters in sitting vs. supine position. Arterial stiffness was measured in 24 healthy volunteers and 20 patients with

cardiovascular disease using three different devices: SphygmoCor (Atcor Medical, Sydney, Australia), Arteriograph (TensioMed,

Budapest, Hungary) and Vascular Explorer (Enverdis, Jena, Germany). Three measurements were performed in supine position

followed by three measurements in sitting position. Methods were compared using correlation and Bland–Altman analysis. There

was a significant correlation between PWV in supine and sitting position (Arteriograph: Po0.0001, r¼0.93; Vascular Explorer;

Po0.0001, r¼0.87). There were significant correlations between AI sitting and AI supine using Arteriograph (Po0.0001,

r¼0.97), Vascular Explorer (Po0.0001, r¼0.98) and SphygmoCor (Po0.0001, r¼0.96). When analyzed by Bland–Altman,

PWV and AI measurements in supine vs. sitting showed good agreement. There was no significant difference in PWV obtained

with the three different devices (Arteriograph 7.5±1.6 m s�1, Vascular Explorer 7.3±0.9 m s�1, SphygmoCor 7.0±1.8 m s�1).

AI was significantly higher using the Arteriograph (17.6±15.0%) than Vascular Explorer and SphygmoCor (10.2±15.1% and

10.3±18.1%, respectively). The close agreement between sitting and supine measurements suggests that both PWV and AI can

be reliably measured in the sitting position.
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INTRODUCTION

The evaluation of arterial stiffness is presently used to investigate the
function of large arteries in epidemiological and clinical studies. In
2007, measurements of arterial stiffness were included into the recom-
mendation of the European Societies for Hypertension and Cardiology
for the management of patients with hypertension.1 Although pulse
wave velocity (PWV) is the classical non-invasive parameter and gold
standard of arterial stiffness, augmentation index (AI) quantifies the
effect of wave reflection on central blood pressure.2,3

Despite the availability of non-invasive devices such as SphygmoCor
and Complior, assessment of arterial stiffness has not become an
established procedure in daily clinical practice. One possible reason is
that the classical measurement of PWV requires access to the femoral
artery for tonometry in the supine position with concurrent exposure
of the inguinal area.4 This procedure is uncomfortable to the patient,
is impractical, and time consuming. It would be easier if measure-
ments of arterial stiffness could be performed in the sitting position, in
the same way that blood pressure is routinely measured in daily
clinical routine.1

New devices, including the Arteriograph and the Vascular Explorer,
have been developed to determine PWV, AI and central blood pressure
from oscillometrically recorded brachial pressure waves using an
upper arm cuff.5,6 Because arterial stiffness parameters are determined
from that single pressure pulse recording at the brachial artery, these
new devices eliminate the intrusive procedure of obtaining a femoral
pulse recording, and hence, offer the possibility of taking measure-
ments in the sitting position. Measurements in the sitting position
(ideally together with blood pressure measurements) could facilitate
the use of arterial stiffness parameters in clinical routine.
However, it is not known whether posture has an influence on

arterial stiffness parameters. The aim of this study was to evaluate the
role of posture on PWVand AI, and to assess whether arterial stiffness
measurements can be reliably measured in the supine position.

METHODS

Study population
A total of 24 healthy individuals and 20 patients with cardiovascular disease

were recruited (Table 1).
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Height and weight were measured, and body mass index was calculated as

weight to height squared. Laboratory measurements were measured with

commercially available kits in our central laboratory. The responsible ethical

committee has approved the experiments, and the study was performed in

accordance with the principles laid down in the Declaration of Helsinki.

Participants gave their informed consent before their inclusion in the study.

Hemodynamic measurements
Measurements were performed in a quiet, temperature-controlled room after a

resting period of 5min in a supine position according to the recommendations

for user procedures of clinical applications of arterial stiffness.7 First, three

measurements were taken in the supine position at 5min intervals for each of

three devices. Then subjects changed into the sitting position followed by three

measurements at 5min intervals. PWV, AI and central blood pressure were

measured using three commercially available devices: the SphygmoCor (AtCor

Medical), the Arteriograph (Tensiomed) and the Vascular Explorer (Enverdis).

The SphygmoCor device determines PWV from sequentially recorded

pressure waveforms of the carotid and femoral artery using electrocardiography

for synchronization of (carotid and femoral) pulse wave times. The foot-to-foot

method with the intersecting tangent algorithm was used to determine pulse

transit time (PTT). Pulse wave travel distance was determined by subtracting

carotid-suprasternal notch distance from suprasternal notch to femoral

distance.8 PWV (ms�1) was automatically calculated as ratio between the

distance traveled by the pulse wave and PTT. SphygmoCor was also used to

measure AI and central pressure employing pulse wave analysis. Pressure waves

were recorded from the radial artery by applanation tonometry and an

averaged waveform was generated, from which central hemodynamics were

automatically calculated as previously described.9

The Arteriograph and the Vascular Explorer calculate arterial stiffness

parameters from oscillometrically recorded pressure waves of the brachial

artery. Using inflatable upper arm cuffs with high fidelity sensors, pulsatile

volume changes (resulting from pulsatile fluctuations of the brachial artery) are

transduced into pressure curves. Pulse waves are recorded when the brachial

artery is completely occluded at a cuff pressure that is 35–40mmHg above

systolic blood pressure. Computer programs are used to further analyze the

recorded pulse waves.

PTT is determined from the decomposition of the generated aortic pressure

wave using the reflection method.10 This measurement is based on the fact that

the forward traveling pulse wave (generated by the ejection of the left ventricle)

is reflected in the periphery creating a second reflected wave. PTT is determined

from the difference in milliseconds between the forward and the beginning of

the reflected pressure wave, and aortic PWV is automatically calculated from

PTT and traveling distance between jugulum (sternal notch) and symphysis

pubica (according to the manufacturers recommendations). Central hemody-

namics including AI and central blood pressure were calculated from brachial

pressure curves in combination with automated transfer algorithms.

Statistical analysis
Values of stiffness and hemodynamic parameters were obtained from the mean

of the three measurements performed in the sitting and supine position. Paired,

two-sided Student’s t-test was used to analyze differences between supine and

sitting positions. Pearson’s correlation was used to assess the relationship

between parameters in sitting and supine position. Bland–Altman analysis

was included for comparison of parameters between positions (a difference plot

combined with calculation of the 2 s.d. limits of the differences between the

methods, the 95% limits of agreement). In addition, differences between

methods in measuring PWV and AI were assessed using paired, two-sided

Student’s t-tests, correlation and Bland–Altman analysis. Po0.05 was consid-

ered statistically significant. All values are shown as mean±s.d. Statistical

analysis was performed using GraphPad Prism 4.00 for MS Windows (Graph-

Pad Software, San Diego, CA, USA).

RESULTS

Table 1 shows the clinical characteristics of the study population.
Table 2 shows the mean values of classical hemodynamic and arterial
stiffness parameters in supine and sitting position. Peripheral diastolic
blood pressure, heart rate and central systolic blood pressure measured
with the Arteriograph device were significantly higher in the sitting
position. There was no difference in PWV or AI between sitting and
supine positions regardless of the device employed. Also, AI normal-
ized to heart rate was not statistically different between sitting and
supine positions.
Figure 1 shows the results of comparisons between sitting and

supine for PWV using the Arteriograph (Figures 1a and b) and the
Vascular Explorer (Figures 1c and d). (This analysis was not done
for measurements of the SphygmoCor as this device allows PWV
measurements only in the supine position). There was a significant
correlation between PWV in supine and sitting position using the
Arteriograph (Figure 1a, Po0.0001, r¼0.93), and using the Vascular
Explorer (Figure 1c, Po0.0001, r¼0.87). When analyzed by Bland–
Altman, the majority of the data points for PWV in supine vs. sitting
were found within the range of 2 s.d. and with an acceptable

Table 1 Characteristics of the study populations (mean±s.d.)

Parameter

Healthy volunteers

(n¼24)

Patients with

cardiovascular

disease (n¼20)

Age (years) 28±4 55±17

Gender (male/female) 16/8 11/9

Height (cm) 178±9.2 172±12

Weight (kg) 77±15 76±17

Body mass index (kgm�2) 24±4 25±4

History or presence of hypertension N¼16

Presence of coronary heart disease N¼4

Presence of renal disease N¼11

Table 2 Means and s.d. of hemodynamics in supine and sitting

positions

Parameter

Supine

position

Sitting

position P-value

Peripheral SBP (mm Hg) 132.1±15.2 132.7±15.5 0.4922

Peripheral diastolic blood pressure

(mm Hg)

76.6±10.3 78.2±10.9 0.0126

Heart rate (b.p.m.) 67.5±11.8 69.5±12.0 0.0024

PWV (ms�1) Arteriograph 7.5±1.6 7.7±1.8 0.0987

PWV (ms�1) Vascular Explorer 7.3±0.9 7.4±0.9 0.1908

PWV (ms�1) SphygmoCor 7.0±1.8 — —

Augmentation index (%) Arteriograph 17.6±15.0 18.7±15.3 0.0877

Augmentation index (%) Vascular

Explorer

10.2±15.1 11.6±16.4 0.2571

Augmentation index at 75 (%)

Vascular Explorer

9.7±15.5 10.1±16.3 0.4073

Augmentation index (%) SphygmoCor 10.3±18.1 11.8±16.0 0.0838

Augmentation index at 75 (%)

SphygmoCor

9.5±17.8 10.6±15.8 0.1921

Central SBP (mmHg) Arteriograph 115.3±21.8 121.3±23.0 o0.0001

Central SBP (mmHg) Vascular Explorer 116.9±19.6 119.3±21.1 0.0515

Central SBP (mmHg) SphygmoCor 111.6±17.6 111.3±17.5 0.2126

Augmentation (mm Hg) Vascular

Explorer

5.6±8.4 6.8±10.5 0.1210

Augmentation (mm Hg) SphygmoCor 4.9±8.2 5.4±7.6 0.0829

Abbreviations: Augmentation index at 75, augmentation index normalized for heart rate; b.p.m.,
beats per minute; PWV, pulse wave velocity; SBP, systolic blood pressure.
Means were compared by paired t-test.
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correspondence of mean values (Figures 1b and d). Although there
was no suggestion for a systematic bias, PWV values obtained by the
Arteriograph showed a higher variability above 8m s�1 compared
with values lower than 8m s�1.
The results of AI between supine and sitting position are shown in

Figure 2. There were significant correlations between AI sitting and AI
supine using the Arteriograph (Figure 2a, Po0.0001, r¼0.97), the
Vascular Explorer (Figure 2c, Po0.0001, r¼0.98) and the SphygmoCor
(Figure 2e, Po0.0001, r¼0.96). The majority of data points for AI
measured in both supine and sitting lied within the range of 2 s.d. when
analyzed by Bland–Altman (Figures 2b, d and f). There was a good
correspondence of mean values with an absence of a systematic bias.
We further analyzed differences among the three devices by com-

paring PWV and AI that were obtained in the supine position. Values
for PWV and AI are shown in Table 2.
There was no significant difference between PWV measures

obtained with the three different devices (Arteriograph vs. Sphygmo-
Cor, P¼0.096; Vascular Explorer vs. SphygmoCor, P¼0.504; Vascular
Explorer vs. Arteriograph, 0.253). Figure 3 shows PWV values
obtained with the three devices. There was a moderate, but significant
correlation between PWV Arteriograph and SphygmoCor (Figure 3a,
Po0.0001, r¼0.64). PWV obtained by the Vascular Explorer was also
correlated to PWVobtained using SphygmoCor (Figure 3b, P¼0.0002,
r¼0.57) and Arteriograph (Figure 3c, P¼0.0002, r¼0.55). Bland–
Altman analysis showed a large variability in data values with an
s.d. at 1.5m s�1 and with a systematic bias with overestimation of
PWV at lower PWV values, and underestimation at higher
PWV values by the Vascular Explorer. Analyzed by Bland–Altman,
the large majority of values were found within the range of 2 s.d.
(Figures 3b, d and f).

AI determined with the Arteriograph was significantly higher than
AI obtained with the SphygmoCor or the Vascular Explorer (Table 2,
Po0.0001 for both comparisons). There was no difference in the AI
between SphygmoCor and Vascular Explorer (P¼0.9698).
Figure 4 shows AI measured with the three devices. Significant

correlations were found between Arteriograph and SphygmoCor
(Figure 4a, Po0.0001, r¼0.90), Vascular Explorer and SphygmoCor
(Figure 4c, Po0.0001, r¼0.89), and Vascular Explorer and Arterio-
graph (Figure 4e, Po0.0001, r¼0.97).
There was an acceptable correspondence of mean values with

smallest s.d. for the comparison of the oscillometric devices (Arterio-
graph and Vascular Explorer). Bland–Altman analysis showed that the
large majority of data points were found within the range of 2 s.d.
Results suggest a systematic bias for AI, which appeared to be over-
estimated by the SphygmoCor device for values below 0% compared
with the Arteriograph and Vascular Explorer (Figures 4a–d).
Results were not different when groups were split into healthy

subjects and patients with cardiovascular disease (data not shown).

DISCUSSION

The aim of the study was to compare indices of arterial stiffness
(PWV) and wave reflection (AI) measured in supine position with
those measured in sitting position to explore whether posture influ-
ences arterial stiffness parameters. Stiffness measurements in the
sitting position would allow simultaneous measurements of blood
pressure and heart rate as they should be obtained in sitting position
according to the current guidelines.1 Even though we found that
measurements of PWVand AI were not significantly different between
supine and sitting position, posture influences hemodynamic regula-
tion. For instance, it has been shown that body position slightly affects
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Figure 1 Correlations between sitting and supine measurements of PWV obtained using the Arteriograph (a) and the Vascular Explorer (c). Bland–Altman

plots comparing sitting and supine measurements of PWV obtained by the Arteriograph (b) and the Vascular Explorer (d). AG, Arteriograph; PWV, pulse wave
velocity; VE, Vascular Explorer.
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peripheral diastolic blood pressure. Consistent with the reports in the
literature,11,12 in our study subjects mean diastolic blood pressure was
2–3mmHg lower than the corresponding sitting pressure.
Hemodynamically, the increase in diastolic blood pressure may lead

to an increase in PWV, which closely depends on diastolic blood
pressure, particularly in young individuals.13 Even though not signifi-
cant, PWV showed a trend in this direction as well as AI suggesting an
earlier return of the reflected wave. A potential increase in AI may have
been counteracted by the significantly increasing heart rate with the
change of body position, as heart rate changes inversely with AI.
However, even after normalizing AI for heart rate, there was no
significant difference between both positions. Together, our data are
consistent with the concept that orthostasis activates baroreflex response
leading to an increased wave reflection as outlined in the study by
Reesink et al.12 Together, body posture may have a small but not
negligible influence on wave reflection. Therefore, a consensus should
be reached in which position to measure wave reflection parameters.

We used three different devices to evaluate arterial function: the
SphygmoCor device is widely used to measure stiffness surrogates in
clinical and epidemiological studies,4 and it has recently been validated
against invasive measurements of PWV.8 In addition, we employed the
Arteriograph and the Vascular Explorer that determine PWV from
PTT, calculated from the decomposition of the aortic pressure wave.10

First studies showed a good agreement between parameters obtained
oscillometrically (Arteriograph) and those obtained by standard
techniques, including SphygmoCor and Complior.5,6

In the present study, we found that the wave reflection parameter AI
shows a good agreement between all methods, which has been
previously shown for SphygmoCor and Arteriograph,5 and is a
novel finding for the Vascular Explorer.
In contrast, the relationships between the three methods regarding

the stiffness marker PWV are poorer. Arteriograph and SphygmoCor
measurements of PWV were in line with previous studies showing a
moderate correlation with a large scatter with a s.d. of roughly
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Figure 2 Correlations between sitting and supine measurements of AI obtained by Arteriograph (a), Vascular Explorer (c) and SphygmoCor (e). Bland–Altman

plots comparing sitting and supine measurements of AI obtained by Arteriograph (b), Vascular Explorer (d) and SphygmoCor (f). Abbreviations: AG,

Arteriograph; AI, augmentation index; VE, Vascular Explorer; SC, SphygmoCor.
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±1.5m s�1 (Bland–Altman plots).5,6 Correlations of PWV obtained
by Vascular Explorer with SphygmoCor and Arteriograph also showed
correlations with similar s.d. (±1.5m s�1).
There is a suggestion of a systematic bias with overestimation of

PWV in the lower range (o8m s�1) and an underestimation of PWV
in the higher range (48m s�1) by the Vascular Explorer. These
findings are in line with a recent cross-sectional study suggesting
that different techniques to measure PWV may not be used inter-
changeably.14 Prospective long-term studies are required to answer the
question whether these new techniques provide robust markers of
cardiovascular morbidity and mortality.
There is increasing evidence suggesting that central aortic pressure

and indices (AI) are powerful and potentially more robust predictors
of risk than brachial pressure.15,16 Therefore, measurement of central
blood pressure is increasingly used in epidemiological studies. Another
important aspect of central blood pressure measurement is that
antihypertensive drugs have differential effects on central pressure
despite similar effects on brachial pressure. Evidence from a large

number of clinical studies has led to the consensus that central blood
pressure can be accurately calculated from peripheral pressure waves
by the use of transfer functions.17 In our study, we found that there
was no difference in AI between SphygmoCor and Vascular Explorer,
whereas measurements obtained with the Arteriograph were about 7%
higher. To date, the clinical significance of such difference remains
unclear. These results emphasize the need to address the issue raised
by Boutouyrie et al.18 regarding the minimal level of agreement
between techniques in order to use them interchangeably.
Measurements of arterial stiffness have recently been included into

the recommendation for the management of patients with hyperten-
sion.1 To date, stiffness measurements are still not widely used in
clinical practice. New devices including the Arteriograph and Vascular
Explorer offer several advantages for use in clinical routine. For
example, these new instruments only require access to the upper
arm, are operator-independent and allow fast data acquisition.
Although our data suggests that measurements in the sitting position
could facilitate the use of arterial stiffness parameters in clinical
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Figure 3 Comparisons of PWV values obtained with the three devices: Arteriograph (AG), Vascular Explorer (VE) and SphygmoCor (SC). There were significant

correlations between PWV AG and SC (a, Po0.0001, r¼0.64), PWV VE and SC (c, Po0.0002, r¼0.57), PWV VE and AG (e, Po0.0002, r¼0.55). Bland–

Altman analysis showed good agreement between the methods with the large majority of values in the range of 95% limits of agreement (b, d, f).
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routine, potential advantages of simplicity must be weighed against
some inaccuracy. For instance, PWV measurements (in particular
SphygmoCor vs. the oscillometric devices Arteriograph and Vascular
Explorer) could differ by as much as 3m s�1 given the observed
correlation between PWV measurements with a large scatter with s.d.
of at least 1.5m s�1. However, at present there is no clinical consensus
how much scatter is acceptable with respect to PWV measurements.
In conclusion, posture does not appear to significantly influence the

stiffness marker PWV. It may have a small but not significant influence
on the wave reflection parameter AI. Obtaining stiffness and wave
reflection parameters in the sitting position may facilitate their use in
clinical routine.
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Figure 4 Comparisons of augmentation index (AI) measured with the three devices: Arteriograph (AG), Vascular Explorer (VE) and SphygmoCor (SC).

Significant correlations were found between AG and SC (a, Po0.0001, r¼0.90), VE and SC (c, Po0.0001, r¼0.89), and VE and AG (e, Po0.0001,

r¼0.97). Bland–Altman analysis revealed a good agreement between the methods (b, d, f).
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