
ORIGINAL ARTICLE

Oscillometric assessment of arterial stiffness
in everyday clinical practice

Alexander Reshetnik, Christopher Gohlisch, Markus Tölle, Walter Zidek and Markus Van Der Giet

Measurement of carotid-femoral pulse wave velocity (cfPWV) is considered the gold standard for assessing arterial stiffness.

Although widely used in clinical and observational studies, the detection of cfPWV has not yet been applied in everyday clinical

practice due to technical and procedural difficulties. We, therefore, evaluated the applicability of oscillometric cfPWV

assessment for everyday clinical practice. Eighty-nine patients were prospectively included in the study. Oscillometric

calculations of cfPWV were performed with Tel-O-GRAPH and tonometric calculations with Sphygmocor. The accuracy,

reproducibility, reliability and robustness of Tel-O-GRAPH calculations in different clinical situations were evalu??ated. The mean

study population age was 48.8±19.1 years. More than half (59.6%) of the patients were male, and 15.1% were smokers. The

mean difference of PWV between devices was 0.49±1.26 m s−1 (Po0.0001), and the Pearson correlation index was 0.86

(Po0.0001). The coefficient of variation and intraclass correlation coefficients between three single measured PWV values with

the Tel-O-GRAPH and Sphygmocor were 2.38±6.13% vs. 6.3±4.33% (Po0.05) and 0.99; 0.99; and 0.99 vs. 0.78; 0.84;
and 0.71, respectively. For Tel-O-GRAPH, there was no statistically significant difference between PWV in seated vs. supine
positions or by experienced or inexperienced users. High reproducibility and reliability of the calculated single PWV values with

Tel-O-GRAPH and considerable performance accuracy compared with Sphygmocor were observed. The reported evidence

suggests that oscillometry might evolve as a favored method for the assessment of the PWV in everyday clinical practice and in

clinical studies due to its ease of use, accuracy and robustness.
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INTRODUCTION

For more than a century assessment of arterial stiffness (AS) has been
a matter of scientific interest. AS reflects the elastic properties of the
arterial wall, which influence the manner in which the pulse pressure
and blood flow move to and return from the periphery, as well as
changes of the arterial wall with each heartbeat. Thus, AS knowledge
sheds light on the current status of the arteries and the cardiovascular
system. Initially, the assessment of AS could only be performed
invasively. Factors such as age, gender, blood pressure, heart rate,
diabetes mellitus, chronic kidney disease and particular medicaments
significantly influence AS.1–3 Emerging technologies enable the non-
invasive evaluation of AS and have led to the incorporation of this
hemodynamic feature in a variety of devices. Many studies have been
performed to study AS in different populations. Currently, a reason-
able amount of evidence supports the additional predictive value of AS
for cardiovascular morbidity and mortality beyond standard cardio-
vascular risk factors.4–6 The 2013 European Guidelines for the
management of arterial hypertension mentioned AS as a relevant
independent risk parameter for the development of cardiovascular
events.7 It is now recommended to determine AS by the non-invasive

measurement of carotid-femoral pulse wave velocity (cfPWV), which
can be performed with several technologies such as tonometry,
ultrasonography, MRI-based techniques or cuff-based oscillometry.8

Of the first three technologies, tonometry, in particular, has been
extensively used.9–11 However, all of the above-mentioned technolo-
gies require sophisticated equipment, trained personnel, repeated
measurements, additional time and predefined positions of the patient,
limiting their use in clinical studies. In contrast, oscillometry-based
devices are able to calculate the cfPWV during normal brachial blood
pressure measurement and could, thus, be suitable for use in everyday
clinical practice. However, to our knowledge, there is currently no
study addressing the feasibility of the measurement of oscillometric
cfPWV in everyday clinical practice. Hence, in this study, we
investigated this topic using a new device, the Tel-O-GRAPH(TG)
(I.E.M., Stolberg, Germany).

METHODS

Study population
All participants were prospectively included in the study from the outpatient
unit of the Department of Nephrology, Charité University, Berlin, Germany.
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The local ethics committee approved the protocol, and written informed

consent was obtained from all subjects. The absence of sinus rhythm, the

presence of multiple extrasystoles causing significant arrhythmia, significant

arterial stenosis, pregnancy, an impalpable arterial pulse at the site of

measurement and age o18 years were the exclusion criteria. For each subject,

age, sex, height, weight and body mass index were recorded. Brachial blood

pressure and heart rate were recorded with TG, which was validated according

to the British Society of Hypertension protocol and showed excellent

measurement accuracy for brachial blood pressure.12

Recordings with the study and reference devices
The validation measurements were performed in a warm and quiet room

(21–24 °C) on study subjects in a relaxed supine position after 15 min of rest.

For measurement with Sphygmocor (SC) (AtCor Medical, West Ryde, NSW,

Australia), the left carotid and femoral pulses were palpated and marked

appropriately. Using applanation tonometry with SC by experienced users,

pulse waveforms were recorded sequentially for the left common carotid and

left femoral artery. The time delay was calculated using the transit time between

the two arterial sites in relation to the R-wave of the ECG. The ascending part

of the pressure waveform was used as a reference point using the intersecting

tangent algorithm. A single recording was deemed acceptable if the s.d. of

the PWV was ⩽ 0.5 m s− 1. The distance was calculated by subtracting the

suprasternal notch to carotid site distance from the suprasternal notch to the

femoral site distance.
The TG device used in the study was kindly provided by the firm I.E.M. The

oscillometric measurements were performed with TG on the left upper arm.

The circumference of the arm was measured, and an appropriate cuff was

chosen from two available cuff sizes (24–34 cm and 32–42 cm). After obtaining

the brachial blood pressure, the cuff was again inflated to maintain diastolic

pressure level for 10 s for the assessment of the pulse waveform.13 The

computed PWV values were recorded. The mathematic method for computing

PWV implemented in TG is the algorithm used in the ARCSolver.14 Using a

high-fidelity pressure sensor, the brachial pressure waveform can be recorded

with the oscillometric approach. Using generalized transfer functions (Fourier

analysis and de-compensation into wave harmonics), the aortic pressure

waveform can be then modulated. The central flow curve can be calculated

by an adopted, multi-dimensional Windkessel model. The time-lag between the

pressure and flow curves is generally referred to as ‘characteristic impedance

(Zc)’, in which the flow curve follows the pressure curve. Zc, together with

input variables, including brachial systolic and diastolic blood pressure and age,

allows the TG to estimate aortic PWV.15

The validation procedure and the assessment of cfPWV variation
In the first part of the study, we validated the oscillometric cfPWV calculation

obtained by TG against that obtained by SC. Eighty-nine subjects were

included. For every patient, three valid recordings of the cfPWV with TG

and SC were included in the analysis. The validation procedure was performed

according to the ARTERY Society guidelines for the validation of non-invasive

hemodynamic measurement devices.16 For the evaluation of the cfPWV

calculation robustness with TG and SC, variation and intraclass correlation

coefficients (ICC) for single cfPWV values obtained with TG and SC were

determined.

TG performance in supine and seated positions
In the second part of the study, we evaluated the reliability of the calculated

cfPWV values obtained in the supine and seated positions. Fifteen patients were

included. The measurement procedure was started in the supine position after

15 min of rest. The subject was then asked to sit up, and recordings were

performed in the seated position. The cfPWV values were included in the

analysis only if the mean arterial pressure (MAP) between the single recordings

in supine and seated positions was stable, whereby MAP was accepted as stable

within a wide range of variation (o15 mm Hg). For each patient, three valid

recordings were included in the analysis.

TG performance by experienced and non-experienced users
In the third part of the study, we analyzed the influence of experience with TG

on the reliability of the calculated cfPWV values. Twenty-four patients were

included. During a routine ambulatory visit, the patients were asked to perform

TG recordings without a preliminary explanation of the operating procedure

(that is, the patients were non-experienced users). Afterwards, an experienced

user performed a recording. The cfPWV values were included in the analysis

only if the MAP between single recordings from experienced and non-

experienced users was stable, and MAP was accepted as stable within a wide

range of variation (o15 mm Hg). All patients were familiar with the general

procedures for the brachial blood pressure measurement with automatic

oscillometric devices. For each patient, one valid recording obtained from a

non-experienced user and one corresponding recording obtained from an

experienced user were included in the analysis.

Statistical analyses
The mean and s.d. were calculated for each continuous variable. The

comparison between the standard method and test method was performed

using the Bland–Altman approach. P-values o0.05 were considered statistically

significant. Analyses were performed using GraphPad Prism 5 (GraphPad

Software, La Jolla, CA, USA) and SPSS Statistics 21.0 (IBM, New York City,

NY, USA).

RESULTS

The validation procedure and assessment of cfPWV variation
Overall, 89 patients were prospectively included in this part of the
study. The mean age was 48.8± 19.1 years. Following the require-
ments of the ARTERY Society, 25 of the patients were younger than 30
years, 32 of the patients were between 30 and 60 years old and 32 of
the patients were older than 60 years.16 The mean body mass index
was 24.7± 4.7 kg m−2, and the mean PWV was 7.8± 2.3 m s− 1

obtained with TG and 7.3± 1.65 m s− 1 obtained with SC. A wide
range of PWV with a minimum of 4.6 and a maximum of 11.6 m s− 1

was captured in the study. More than half (59.6%) of the patients were
male, and 15.1% were smokers. The baseline characteristics for the
study sample are summarized in Table 1.

Table 1 Basic population characteristics (n=89)

Age (years) 48.8 (19.1)

Height (cm) 172.3 (10.0)

Weight (kg) 74.4 (15.2)

BMI (kg m−2) 24.7 (4.7)

Male (%) 59.6

PWV TG (m s−1) 7.8 (2.3)

PWV SC (m s−1) 7.3 (1.7)

Smoker (%) 15.1

Hypertension (%) 44.9

Treated with
ACEI/ATB (%) 32.6

Calcium antagonists (%) 23.4

Beta-blockers (%) 8.9

Thiazides (%) 16.8

Aldosterone antagonism (%) 3.4

Other (%) 8.9

Diabetes mellitus (%) 14.6

Treated with
Diet (%) 4.5

Oral antidiabetics (%) 7.9

Insulin (%) 2.6

Abbreviations: ACEI, angiotensin-converting-enzyme inhibitor; ATB, angiotensin II-receptor
blocker; BMI, body mass index; PWV, pulse wave velocity; SC, Sphygmocor; TG, Tel-O-GRAPH.
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The mean difference in PWV between the test and reference devices
was 0.49± 1.26 m s− 1 (Po0.0001). The Pearson correlation index was
r= 0.86 (Po0.0001) (Figure 1).
The mean difference between the first, second and third measure-

ment with the TG compared with the mean PWV obtained with the
SC was 0.58± 1.25, 0.41± 1.56 and 0.47± 1.22 m s− 1, respectively.
There was no significant distinction in mean PWV differences between
the TG and SC, when the mean of three values measured with TG or
the first, second or third single value was assessed (Figure 2). The
coefficient of variation between a single cfPWV value was significantly
lower with TG than with SC (2.38± 6.13% vs. 6.3± 4.33% (Po0.05),
respectively). ICC between the single values were higher with TG than
with SC. The s.d. of the mean PWV differences between the single
values were lower with TG than with SC. Table 2 presents an overview
of these reproducibility and variation parameters.

TG performance in supine and seated positions
Overall, 15 patients were included in this part of the study. The mean
age was 49.8± 16.0 years, and 33.3% were male. The mean body mass
index was 24.5± 4.0 kg m−2. The mean difference of the PWV values
measured in supine and seated positions with TG was 0± 0.27 m s− 1.
The Pearson correlation index was r= 0.99 (Po0.0001) (Figure 3).

TG performance by experienced and non-experienced users
Overall, 24 patients were included in this part of the study. The mean
age was 50.3± 15.2 years, and 40% were male. The mean body mass
index was 24.7± 3.9 kg m−2. The mean difference in the PWV values
in non-experienced and experienced users measured using TG

was 0± 0.20 m s− 1. The Pearson correlation index was r= 0.96
(Po0.0001) (Figure 4).

DISCUSSION

In this study, we evaluated the performance of an oscillometry-based
assessment technique using TG for the calculation of PWV with a
particular interest in the possible utilization of this technology in
everyday clinical practice. In the first part of the study, we compared
the accuracy of cfPWV measurements made with TG and SC, which
uses tonometry for the determination of cfPWV and has been used in
clinical trials to provide independent prognostic values.16–18 We
detected a small but statistically significant difference of 0.49 m s− 1

between TG and SC, suggesting that TG mildly overestimates the
calculated PWV compared with SC. According to the accuracy
requirements established by the ARTERY Society,16 TG demonstrated
excellent accuracy for the mean difference (o0.5 m s− 1) and accep-
table accuracy for the s.d. (⩽ 1.5 m s− 1). Several other commercial
devices are available for the non-invasive assessment of PWV using
ultrasound, MRI and tonometry.19–22 Among the devices using
oscillometry, similar to TG, are the Vicorder (Skidmore Medical,
Bristol, UK), Arteriograph (Tensiomed, Budapest, Hungary), Vasotens
(OOO Petr Telegin, Nizhny Novgorod, Russia) and Mobil-O-Graph
(I.E.M.).15,23–25 With the exception of the Mobil-O-Graph, which
shares the same mathematical algorithm as the TG, all devices
necessitate additional measurement of the travel distance between
two sites (usually the sternal notch and symphysis), which has been
previously recognized as a major source of inaccuracy in the
determination of the PWV.26 More details about the measurement
techniques of the available oscillometric devices are provided in the
Supplementary Information (Supplementary Table 1).
Currently, non-invasive cfPWV assessments are easy to perform,

but their widespread use in everyday clinical practice is limited due to
the complex analysis procedure, which requires repeated measure-
ments to establish adequate reliability of the obtained cfPWV values.
This fact makes the determination of clinically relevant data difficult.
We, thus, analyzed the degree of variation of the singly measured
cfPWV values with TG to assess the reliability of this oscillometric
measurement. With a low coefficient of variation, a low s.d. of the
mean difference and high ICC, all obtained variation assessment
parameters indicated the high reliability and robustness of the
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Figure 1 Correlation graph and Bland–Altman plot for pulse wave velocity
(PWV) between Tel-O-GRAPH and Sphygmocor. r, Pearson correlation
coefficient.
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measured intra-individual values. Compared with TG, SC showed
higher variation indices of the single measured intra-individual PWV
in our study population, indicating inferior robustness (Table 2). High
cfPWV measurement reliability was also highlighted by the fact that
comparable accuracy for TG could be shown independent of whether
a single PWV value or an average of three values was used in a
comparison with an average of the PWV values obtained by SC
(Figure 2). Our results suggest that due to the low between-value
variation, a single measurement of cfPWV with TG is adequate for the
calculation of a reliable and clinically relevant cfPWV value. This is of
special interest for everyday clinical practice.
Few previous studies have addressed the reliability and reproduci-

bility of the cfPWV measurements obtained non-invasively during a
single visit. A very high ICC can be achieved using ultrasonography in
the assessment of cfPWV.19,27 In the most recent study, Meyer et al.28

reported a s.d. of 1.13 m s− 1 for the mean difference between two
single PWV measurements during one visit obtained by the VP 1000.

Papaioannou et al.29 also found high ICC between single cfPWV
values obtained with the Complior (Alam Medical, France), though
the coefficient of variation was higher than that achieved with TG in
our study. One study reported a lower s.d. for the mean difference
(0.81 m s− 1) for SC compared with that obtained with SC in our
study. In contrast, the same study reported a higher coefficient of
variation (9%) compared with that obtained for SC in our study. The
reliability and repeatability of the Vicorder have been simultaneously
assessed, and the s.d. of the mean difference between two measured
cfPWV values of 2.29 m s− 1 is unsatisfactory.30 To our knowledge,
this is the only study to assess the reproducibility and reliability of the
oscillometric-based measurement of cfPWV.
To establish a method suitable for routine measurement in everyday

clinical practice, it is optimal to be able to reveal reliable results in
various clinical circumstances. An important clinical circumstance is
the body position required during the measurement. Usually, cfPWV
measurement procedures require the patient to be in a supine
position.16 In the second part of the study, we compared cfPWV
values obtained with TG in supine and seated positions and found
reliable results independent of the patient’s body position.
Finally, we sought to determine whether any experience with TG is

required to obtain valid and reliable data. Thus, in the third part of the
study, we compared the cfPWV values obtained when the measure-
ment procedure was performed by our patients (non-experienced
users) with the values obtained for an experienced user. We could not
detect any significant difference between the cfPWV values based on
user experience.
To our knowledge, our study was the first to address the

performance of the oscillometric cfPWV measurement in different
clinical situations such as the patient’s body position or levels of user
experience.
The present study has some limitations. First, this study lacks a

comparison to the invasive measurement of PWV, which was not
performed because of the obvious risks of the invasive procedure in
our low-risk outpatient study population. One of the independent
variables included in the formula for calculation of the PWV with TG
is brachial blood pressure. Thus, inaccuracies in the blood pressure
measurement could cause inaccuracies in PWV assessment with TG.
Though the requirements of the ARTERY Society were fulfilled,
further studies are needed to confirm the generalizability of the
reported results, especially, because some factors could differentially
influence cfPWV values calculated by TG and values obtained
conventionally. As already described, we observed incremental changes
in the cfPWV values obtained with TG or SC with increased age
(Supplementary Table 2).
In conclusion, our study extends the evidence supporting the

feasibility of an oscillometry-based approach for the non-invasive
assessment of cfPWV. A unique finding was the observation of very
high reproducibility and low variation between single measurements

Table 2 Mean differences, s.d. and intraclass coefficients of correlation between single values obtained with TG and SC

Mean difference± s.d. Intraclass coefficient correlation (95% CI)

First–second value TG −0.07±0.34 0.99 (0.98; 0.99)

First–third value TG −0.11±0.28 0.99 (0.99; 0.99)

Second–third value TG −0.04±0.38 0.99 (0.98; 0.99)

Fist–second value SC −0.03±1.10 0.78 (0.66; 0.86)

First–third value SC 0.04±1.06 0.84 (0.72; 0.91)

Second–third value SC 0.16±1.21 0.71 (0.52; 0.84)

Abbreviations: CI, confidence interval; SC, Sphygmocor; TG, Tel-O-GRAPH.
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of cfPWV values with TG in comparison with the previously reported,
although limited, data obtained using tonometric and another
oscillometric devices. These results lead to the conclusion that one
measurement is sufficient for obtaining a reliable cfPWV value with
TG. In addition, the measurements remained robust independent of
the patient‘s body position or experience.
Overall, it can be concluded that oscillometry might evolve to

become the favored method for the assessment of cfPWV in everyday
clinical practice and in clinical studies due to its ease of performance
with concurrent reliability and accuracy. One of the essential
prerequisites for new measurements seem to be the removal of the
travel distance measurement from the PWV calculation, as is
realized in TG.
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