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Abstract— There is increasing interest in non-invasive esti-
mation of central aortic waveform parameters in the clinical
setting. However, controversy has arisen around radial tonomet-
ric based systems due to the requirement of a trained operator
or lack of ease of use, especially in the clinical environment.
A recently developed device utilizes a novel algorithm for
brachial cuff based assessment of aortic pressure values and
waveform (SphygmoCor XCEL, AtCor Medical). The cuff was
inflated to 10 mmHg below an individual’s diastolic blood
pressure and the brachial volume displacement waveform
recorded. The aortic waveform was derived using proprietary
digital signal processing and transfer function applied to the
recorded waveform. The aortic waveform was also estimated
using a validated technique (radial tonometry based assessment,
SphygmoCor, AtCor Medical). Measurements were taken in
triplicate with each device in 30 people (17 female) aged 22
to 79 years of age. An average for each device for each
individual was calculated, and the results from the two devices
were compared using regression and Bland-Altman analysis. A
high correlation was found between the devices for measures
of aortic systolic (R2=0.99) and diastolic (R2=0.98) pressure.
Augmentation index and subendocardial viability ratio both
had a between device R2 value of 0.82. The difference between
devices for measured aortic systolic pressure was 0.5±1.8
mmHg, and for augmentation index, 1.8±7.0%. The brachial
cuff based approach, with an individualized sub-diastolic cuff
pressure, provides an operator independent method of assessing
not only systolic pressure, but also aortic waveform features,
comparable to existing validated tonometric-based methods.

I. INTRODUCTION

As an increasing number of population studies show the

importance of central aortic parameters of blood pressure

as potential additive predictors of cardiovascular risk and

events [1], [2], [3], there is a parallel impetus for use of

such parameters in the clinical setting and as clinical markers

of cardiovascular disease [4], [5]. A number of devices that

estimate the aortic pressure waveform by non-invasive means

use a tonometric based approach, whereby the radial artery

is applanated, and a transfer function applied to estimate the

aortic waveform [6], [7], [8] or use the carotid waveform

calibrated to mean and diastolic brachial blood pressure

values as a surrogate measure of aortic pulse pressure [8],

[9].Whilst both have proven to be reliable techniques, useful

in the research setting, the clinical environment poses differ-

ent restrictions. Namely, a blood pressure device routinely

used in the clinical setting should be user independent, easy
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to use with minimal operator training whilst maintaining

accuracy. Tonometric applanation of the radial artery does

require some training, and has, arguably, some degree of

operator dependence.

New devices are being developed and entering the market

using various features of the waveform derived from a

brachial cuff to estimate the central aortic waveform. One

such device is the SphygmoCor XCEL, which records the

volume displacement waveform from the brachial cuff, with

the cuff inflated to 10 mmHg below diastolic blood pressure.

This signal is processed and a transfer function applied to

estimate the aortic waveform.

This study examines the SphygmoCor XCEL device, com-

paring against the SphygmoCor tonometer based device, of-

ten quoted as the “gold standard” for non-invasive estimation

on the aortic pressure waveform.

II. METHODS

30 subjects (13 female) aged 22 to 79 years of age

were recruited. The Macquarie University Human Ethics

Committee approved recruitment and procedures and all

subjects gave informed consent.

Each subject attended the clinic at The Australian School

of Advanced Medicine, where they were seated for 10

minutes before brachial blood pressure was measured, in the

seated position, using a standard blood pressure measuring

device (Microlife BP A100 Plus).

The SphygmoCor XCEL device was fitted, with a brachial

cuff positioned in the standard position used for oscillometric

measurement of blood pressure. The cuff was inflated to

10 mmHg below the individual’s diastolic blood pressure

for optimum recording of the brachial volume displacement

waveform. This threshold for inflation pressure was obtained

by taking into account the possible variation in diastolic

pressure during the measurement period such that an optimal

volume pulse can be obtained free of distortion due to the

inflation pressure being above arterial diastolic pressure. The

waveform was calibrated to systolic and diastolic values

obtained by oscillometric measurement of brachial blood

pressure. Proprietary digital signal processing and transfer

function, programmed into the device, were applied to the

calibrated brachial waveform to estimate the aortic pressure

waveform.

The XCEL device was compared to the SphygmoCor

tonometric device. A radial pulse was recorded using the

tonometer, applanated on the wrist above the radial artery and

ulna. The recorded waveform was calibrated using brachial

oscillometric blood pressure measurement of systolic and
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diastolic pressure, and a validated transfer function utilized to

estimate the central, aortic pressure [7], [6]. Aortic pressure

was estimated three times with each device in each individ-

ual. A dual operator study design was adopted, with the two

devices being used alternatively by the two operators on each

study subject.

Parameters characterizing the estimated aortic pressure

waveform that were extracted for analysis were: systolic

pressure, diastolic pressure, augmentation index (AIx), and

subendocardial viability ratio (SEVR). The AIx is the ratio of

the augmented pressure component of the pressure waveform

to the pulse pressure (1). The augmented pressure component

is defined by the limits of the inflection point in the pressure

waveform (Pi) and the systolic peak (Ps). The SEVR is

the ratio of the diastolic area of the pressure waveform to

the systolic area of the waveform (2). The transition point

between systole and diastole is defined by the incisura. As

the AIx and SEVR require detection of fiducial points on

the pressure waveform, a reliable estimation of the aortic

waveform is required to accurately estimate AIx and SEVR.

AIx(%) = 100(Ps − Pi)/pulse pressure (1)

SEV R = diastolic area/systolic area (2)

An average of each parameter for each device for each

individual was calculated. These were then grouped and the

results from the two devices compared using linear regression

and Bland-Altman analysis [10], including paired Student’s

t-test between device results. All analysis was conducted in

R [11].

III. RESULTS

Grouped demographics of the recruited subjects are pre-

sented in Table I. Subjects were recruited such that adults

from a wide range of ages were studied: 10 subjects below

the age of 30 (6 female); 12 subjects between the ages of

30 and 60 (5 female); and 8 subjects above the age of 60 (2

female).

An example brachial volume displacement waveform,

radial tonometric waveform, and respective derived central

aortic waveforms is provided in Fig. 1. The fitting of the

brachial cuff of the XCEL device was made according to

standard fitting of an oscillometric device, and from that

point forward, measurement was user independent.

Regression of the aortic diastolic values from the two

devices yielded an R2 value of 0.98 (p=0.93), and for aortic

systolic values, 0.99 (p=0.15, Table II). There was a slight

bias toward lower systolic values in the cuff-based device at

higher systolic pressures (Fig. 2B, F), though the magnitude

of this was small, no more than 4 mmHg, and on average

read 0.5 mmHg higher across the whole group (Table III).

A greater bias was seen in AIx measurements (Fig. 2C),

though the difference between devices was 1.8±7.0% in

absolute terms. The SEVR had little bias (Fig. 2D), but a

small, significant difference between devices (Table III).

TABLE I

SUBJECT DEMOGRAPHICS

parameter mean±standard

deviation (range)

Age (years) 43±19 (22 to 79)
Sex (male/female) 17/13
Height (m) 1.72±0.09 (1.56 to 1.94)
Weight (kg) 70±12 (44 to 92)

Body mass index (kg/m2) 23±4 (17 to 33)
Heart rate (bpm) 68±9 (50 to 90)
Brachial pressures

Systolic pressure (mmHg) 119±16 (95 to 151)
Diastolic pressure (mmHg) 75±9 (65 to 106)

Aortic pressures
Systolic pressure (tonometer) (mmHg) 106±16 (84 to 146)
Diastolic pressure (tonometer) (mmHg) 76±9 (66 to 107)
Systolic pressure (XCEL) (mmHg) 106±15 (84 to 143)
Diastolic pressure (XCEL) (mmHg) 76±9 (66 to 106)

tonometer=SphygmoCor tonometer device, XCEL=SphygmoCor XCEL
(cuff-based) device.
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Fig. 1. An example of the waveforms acquired from the cuff based and
tonometric devices. (A) Waveform acquired with a brachial cuff inflated
to 60 mmHg, calibrated to oscillometric measured brachial blood pressure
systolic and diastolic values (106/72 mmHg). (B) Waveform acquired with a
tonometer applanating the radial artery, calibrated to oscillometric measured
brachial blood pressure systolic and diastolic values (106/72 mmHg). The
bottom panels display the derived aortic waveform from (C) the cuff based
device and (D) the tonometer based device. Recordings are from a 37 year
old male subject.

TABLE II

LINEAR RELATIONSHIP BETWEEN DEVICES

Linear regression between devices R2 p

ASPc = 0.94×ASPt + 7.1 0.99 <0.001
ADPc = 0.98×ADPt + 1.6 0.99 <0.001
AIxc = 0.62×AIxt + 5.9 0.82 <0.001
SEV Rc = 0.89× SEV Rt + 0.091 0.82 <0.001

ASP=aortic systolic pressure, ADP=aortic diastolic pressure, AIx=aortic
augmentation index, SEVR=subendocardial viability ratio, c=cuff based
device, t=tonometric device.
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Fig. 2. The relationship between the cuff based and tonometric device for estimated aortic (A) systolic pressure, (B) diastolic pressure, (C) augmentation
index (AIx), and (D) subendocardial viability ratio (SEVR) and their corresponding difference between devices (E-H). The linear regression for A-D are
given in Table II. In the lower panels (E-H), the dashed lines encapsulate the area within two times the standard deviation of the mean of the difference.
The mean and standard deviation of the differences are provided in Table III.

TABLE III

DIFFERENCE BETWEEN DEVICES

parameter difference p

aortic systolic pressure 0.5 ± 1.8 mmHg 0.15
aortic diastolic pressure -0.01 ± 0.5 mmHg 0.93
aortic AIx 1.8 ± 7.0 % 0.15
SEVR -0.10 ± 0.12 <0.001

IV. DISCUSSION

The brachial cuff volume displacement waveform was

easily obtained with conventional placement of the cuff in the

standard, upper arm position. The waveform was stable if the

subject stayed relatively still (Fig. 1), though the waveform

was prone to movement artefact if subjects moved their body

or arm considerably.

In device design, a variety of cuff pressures were trialled,

including sub-diastolic, mean pressure, and supra-systolic

values. Supra-diastolic values of cuff pressure either elimi-

nated the diastolic component of the waveform or introduced

additional artefact due to partially or fully obliterating the

artery being interrogated. Therefore, a sub-diastolic value

of cuff pressure was chosen as this permitted capturing of

features during the entire pulse. A value of 10 mmHg was

chosen to permit small, short term changes in diastolic pres-

sure whilst still having a cuff pressure below that diastolic

value.

Estimated systolic and diastolic values of central aortic

pressure using the cuff based device did not differ greatly

from those estimated using the tonometer based method.

There was a small trend toward underestimation of aortic

systolic pressures by the cuff based device (Fig. 2B, F),

though this underestimation did not exceed 4 mmHg in the

subjects sampled.

The cuff based device showed a slight underestimation

of SEVR compared to values derived with the tonometer

based device. AIx estimated with the cuff based device was

centred about the mean given by the tonometer based device.

However, there was a trend toward overestimation of low AIx

values, and underestimation of high AIx values. That is, a

flattening of the spread across the subjects sampled. This may

be of some concern in population studies using the device,

especially when comparing measurements to existing data

collected with devices such as the SphygmoCor tonometer

based device. This result may also be considered in the

discussion around the general accuracy of estimation of

central aortic AIx [12], [13], regardless of the non-invasive

technique used.

There were no discernible differences between the pulses

acquired in males and females using the cuff based device,

though the sample size in this study is underpowered for

any thorough analysis and further work would be required

to investigate this.

In this study, a comparison was drawn between two non-

invasive devices for estimation of aortic pressure. No effort

has been made to validate these against an invasive measure

of the aortic pressure waveform. By comparing one non-

invasive device against another, this study does not rule out

a similar bias in measurement of both devices compared to

an invasive measure of aortic pressure. The validation of the
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cuff based device relies on the previous studies confirming

the accuracy of the tonometer based device, compared to

invasive measures [6], [7], [14].

The study involves only 30 subjects across a wide range of

ages and blood pressures, with an equal distribution between

males and females. This was a large enough sample to detect

some differences between the two devices. However, a larger

sample size may provide further information on the accuracy

of the cuff based device, especially with respect to analysis

of waveform parameters such as AIx and SEVR.

This study compares the SphygmoCor XCEL device with

the SphygmoCor tonometer based device. In a similar man-

ner, validation studies have been carried out on other cuff

based devices for central aortic parameter estimation, such

as techniques using nominal set [15], oscillometric [16]

and supra-systolic cuff pressure [17] cuff pressure for pulse

detection. As cuff based devices have come to market,

they traditionally have estimated only aortic systolic and

diastolic values, though there is a trend toward incorporation

of other indices related to waveform geometry, such as

AIx. The current study investigates not only aortic systolic

and diastolic values in the SphygmoCor XCEL device, but

also parameters of waveform shape, specifically, AIx and

SEVR. These parameters are dependent on the estimation

and detection of fiducial points on the aortic waveform, and

therefore reliable estimation of the waveform shape, not just

the peak and trough, is required. The additional information

provided from aortic waveform features has additive clinical

significance. AIx, for example, is a known risk factor for

cardiovascular disease and events in the young compared

to the elderly [18], and SEVR can provide an index of

myocardial perfusion [19].

V. CONCLUSION

The volume displacement waveform from the brachial

cuff, inflated to 10 mmHg below the individual’s diastolic

pressure, can be used to estimate the central, aortic pressure

waveform in so far as features such as the systolic and dias-

tolic peaks, augmentation index, and subendocardial viability

ratio. The estimation of aortic peak values and waveform

features from the brachial cuff waveform is comparable to

existing tonometric-based methods.
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