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24-h ambulatory recording of aortic pulse wave
velocity and central systolic augmentation: a feasibility
study

Leonella Luzardo1,2, Inés Lujambio1,2, Mariana Sottolano1,2, Alicia da Rosa1,2, Lutgarde Thijs3, Oscar Noboa1,
Jan A Staessen3,4 and José Boggia1,2

We assessed the feasibility of ambulatory pulse wave analysis by comparing this approach with an established tonometric

technique. We investigated 35 volunteers (45.6 years; 51.0% women) exclusively at rest (R study) and 83 volunteers (49.9

years; 61.4% women) at rest and during daytime (1000–2000 h) ambulatory monitoring (RþA study). We recorded central

systolic (cSP), diastolic (cDP) and pulse (cPP) pressures, augmentation index (cAI) and pulse wave velocity (PWV) by brachial

oscillometry (Mobil-O-Graph 24h PWA Monitor) and radial tonometry (SphygmoCor). We applied the Bland and Altman’s

statistics. In the R study, tonometric and oscillometric estimates of cSP (105.6 vs. 106.9 mm Hg), cDP (74.6 vs. 74.7 mm Hg),

cPP (31.0 vs. 32.1 mm Hg), cAI (21.1 vs. 20.6%) and PWV (7.3 vs. 7.0 m s�1) were similar (PX0.11). In the RþA study,

tonometric vs. oscillometric assessment yielded similar values for cSP (115.4 vs. 113.9 mm Hg; P¼0.19) and cAI (26.5 vs.

25.3%; P¼0.54), but lower cDP (77.8 vs. 81.9 mm Hg; Po0.0001), so that cPP was higher (37.6 vs. 32.1 mm Hg;

Po0.0001). PWV (7.9 vs. 7.4 m s�1) was higher (P¼0.0002) on tonometric assessment. The differences between tonometric

and oscillometric estimates increased (Pp0.004) with cSP (r¼0.37), cAI (r¼0.39) and PWV (r¼0.39), but not (PX0.17)

with cDP (r¼0.15) or cPP (r¼0.13). Irrespective of measurement conditions, brachial oscillometry compared with an

established tonometric method provided similar estimates for cSP and systolic augmentation, but slightly underestimated PWV.

Pending further validation, ambulatory assessment of central hemodynamic variables is feasible.
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INTRODUCTION

Arterial stiffness predicts cardiovascular complications over and
beyond traditional risk factors not only in patients with hypertension,
diabetes mellitus or previous cardiovascular disease, but in subjects
randomly recruited from populations as well.1 Experts consider aortic
pulse wave velocity (PWV) as the gold standard in the assessment of
arterial stiffness.2 Pulse wave analysis is an alternative approach to
quantify arterial stiffness. The arterial pressure wave consists of a
forward component generated by the heart and reflected waves
returning to the heart from peripheral sites. As the arteries become
stiffer with advancing age, the reflected waves return faster, reach the
proximal aorta during systole and cause augmentation of late systolic
blood pressure (SBP). ÓRourke and colleagues3 developed a simple
and reproducible tonometric method to assess various indices of
arterial stiffness. A validated algorithm permits transformation of
peripheral arterial to central aortic waveforms.3–5 Analysis of the
shape and timing of these waveforms provides information on central
pulse pressure (cPP) and augmentation.

The Mobil-O-Graph 24h PWA Monitor (I.E.M. GmbH, Stolberg,
Germany) is a validated monitor for 24-h blood pressure monitoring.6,7

It includes the ARCSolver application,8 which allows pulse wave
analysis of the central blood pressure and measuring of aortic PWV.
We conducted a study in Uruguayan volunteers to compare central
hemodynamic measurements obtained by the Mobil-O-Graph at rest
and under ambulatory conditions with those obtained by
the SphygmoCor (AtCor Medical, West Ryde, New South Wales,
Australia) at rest.

METHODS

Recruitment of volunteers
We recruited volunteers among staff and outpatients at the Manuel Quintela

University Hospital, Montevideo, Uruguay, from 1 November 2010 to 11

March 2011. We announced the study by e-mails, flyers, posters and word of

mouth. To be eligible, volunteers had to be in sinus rhythm without extra-

systoles, able bodied without debilitating cardiovascular or non-cardiovascular

disease and had to provide informed written consent. Stage-1 hypertension,
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stable type-2 diabetes mellitus, treatment with antihypertensive drugs or oral

antidiabetic agents and obesity did not lead to exclusion. The Ethics

Committee of the University Hospital approved the study.

Clinical measurements
To ensure a steady-state condition, we did the hemodynamic measurements in

a quiet examination room at the Hypertension Unit. Subjects were asked to

refrain from smoking, heavy exercise, drinking alcohol, caffeine-containing

beverages or maté (llex paraguariensis) for at least 2 h before the examination.

Peripheral blood pressure was the average of three consecutive readings,

obtained at the upper arm after the volunteers had rested for at least 5 min in

the sitting position using a validated OMRON 705IT oscillometric sphygmo-

manometer (Omron Healthcare, Kyoto, Japan). For all blood pressure

measurements, we used large cuffs if arm circumference was X31 cm and

standard cuffs otherwise. Hypertension was a brachial blood pressure of at least

140 mm Hg systolic or 90 mm Hg diastolic or the use of antihypertensive

drugs. We measured body weight by means of an OMRON HBF-500INT scale

with the subjects wearing light indoor clothing without shoes. Height was

measured to the nearest 0.5 cm with the subjects stretching against a wall. Body

mass index was weight in kilogram divided by the square of height in meters.

We administered a standardized questionnaire to obtain information on each

subject’s medical history, smoking and drinking habits and use of medications.

Tonometric measurements at the radial artery
After the participants had rested 15 min in the supine position, we recorded

during an 8-s period the radial waveform at the right radial artery. We used a

high-fidelity SPC-301 micromanometer (Millar Instruments, Houston, TX)

interfaced with a computer running SphygmoCor software, version 8.2 (AtCor

Medical, West Ryde, New South Wales, Australia). We discarded recordings

when the systolic or diastolic variability of consecutive waveforms exceeded

5%, the pulse height variation exceeded 5% or the amplitude of the pulse wave

signal was o80 mV. We calibrated the pulse wave by measuring the brachial

blood pressure immediately before the SphygmoCor readings.

From the radial signal, the SphygmoCor software calculates the aortic pulse

wave by means of a validated and population-based generalized transfer

function.3–5 The peripheral (radial) augmentation index (AI) was defined as

the ratio of the second to the first peak of the pressure wave expressed in

percent. The central (aortic) AI was the difference between the second and first

systolic peaks given as a percentage of the aortic pulse pressure. Peripheral and

central pulse pressures were the differences of SBP minus diastolic blood

pressure (DBP) derived from the brachial blood pressure and from the aortic

pulse wave, respectively. Aortic PWV was measured by sequential ECG-gated

recordings of the arterial pressure waveform at the carotid and femoral arteries.

Distances from the suprasternal notch to the carotid sampling site (distance A)

and from the suprasternal notch to the femoral sampling site (distance B) were

measured. Pulse wave travel distance was calculated as distance B minus

distance A. Pulse transit time was the average of 10 consecutive beats. PWV

was the distance in meters divided by the transit time in seconds.

Oscillometric measurements at the brachial artery
We programmed oscillometric Mobil-O-Graph 24h PWA Monitor monitors

(I.E.M. GmbH, Stolberg, Germany),6,7 fitted with the same cuff size as for the

office blood pressure measurements, to obtain readings with an interval of

20 min from 0700 h until 2300 h and every 30 min from 2300 h until 0700 h. If

the ambulatory recordings were longer than 1 day, only the first 24 h were

analyzed. Intra-individual means of the ambulatory measurements were

weighted by the time interval between successive readings.9 The runs test

with an one-sided probability of 5% was used to differentiate a diurnal rhythm

from random variability in the hemodynamic measurements within

individuals.10 All the recordings took place during working days.

The ARCSOlver algorithm, as implemented in Mobil-O-Graph 24h PWA

Monitor, reconstructs the central pulse wave by applying a transfer function.8

The recordings are carried out at the diastolic pressure level for approximately

10 s, using a conventional blood pressure cuff for adults available in two sizes

(24–34 cm and 32–42 cm) and a high-fidelity pressure sensor (MPX5050,

Freescale, Tempe, AZ, USA). The transfer function implemented in the

ARCSolver software of the Mobil-O-Graph 24h PWA Monitor includes an

algorithm for checking quality of the signal. The quality is graded from 1 to 4.

Results of excellent or good quality are labeled 1 and 2 and include,

respectively, 480 or 50% of the cardiac cycles during signal acquisition.

Grade 3 results are estimated from o50% of the recorded cycles and are

considered to be of poor quality. Grade 4 indicates missing results because of

insufficient signal quality. We analyzed central hemodynamic measurements

only if graded 1 or 2. The central aortic pressure waveform is decomposed into

forward and reflected waves using an uncalibrated triangular aortic flow

waveform. PWV is estimated from the time difference between the derived

forward and reflected waves after signal processing based on waveform

constraint criteria. The model used is linear with a continuous parameter

space for arterial resistance, peripheral resistance and arterial compliance. The

ARCSolver software computes aortic PWV from the reconstructed central

pulse wave, characteristic impedance11 and age,8 based on the concept that the

ejection work of the left ventricle is subject to an optimization principle,8,12

and assuming a 3-element Windkessel model.11

Studies exclusively at rest in the laboratory—R study
In studies at rest recumbent, we compared in an air-conditioned laboratory the

new method (Mobil-O-Graph) with an established technique (SphygmoCor)

to assess central blood pressure and aortic PWV, while minimizing the

influence of body position, physical activity, temperature, and the type of

monitor to calibrate the central wave form (Figure 1). We examined 35

volunteers after they had rested for 15 min in the supine position. We obtained

measurements of the brachial blood pressure and the central hemodynamic

variables at baseline and after 15, 30 and 45 min by means of the Mobil-O-

Graph with an appropriately sized cuff applied to the left arm of the

participants. The four readings so obtained were averaged for analysis. We

also measured the central hemodynamic variables by means of the Sphygmo-

Cor device between the first and second and between the third and fourth

Mobil-O-Graph reading. We calibrated the SphygmoCor using the brachial

blood pressure as reported by the Mobil-O-Graph at baseline and at 30 min. To

exclude interference of the cuff inflation with the SphygmoCor measurements,

we recorded the tonometric signal over the radial artery at the recommended

right arm.13 For analysis, we averaged the two SphygmoCor measurements.

Studies at rest in the office and under ambulatory conditions—
Study RþA
We enrolled 83 volunteers in a second study, in which we compared the central

hemodynamic variables as measured by the Mobil-O-Graph under ‘real life’
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Figure 1 Description of the two protocols. (a) R refers to studies exclusively

in the office at rest of 35 participants. (b) RþA refers to the studies at the

office at rest and in ambulatory conditions of 83 participants. Tonometry

(TM) was done at the radial artery by means of the SphygmoCor and

oscillometry (OM) at the brachial by means of the Mobil-O-Graph. The

SphygmoCor was calibrated by the brachial blood pressure obtained by the

Mobil-O-Graph in the study R and by the OMRON 705IT in the study RþA.
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ambulatory conditions with those obtained by the SphygmoCor at rest in the

laboratory (Figure 1). The SphygmoCor measurements were done at the right

radial artery after the participants had rested 15 min in the recumbent position

and were calibrated against the brachial blood pressure as measured by the

OMROM 705IT at the same arm.13 After the SphygmoCor measurements, the

Mobil-O-Graph recordings were initiated and ran over at least 24 h. When the

participants came back the next day to return the Mobil-O-Graph monitors,

the SphygmoCor measurements were repeated. For comparison of the

techniques, we averaged the SphygmoCor measurements obtained at the

initiation and termination of the ambulatory recordings and we used the

daytime ambulatory measurements. Daytime spanned the interval from 1000

to 2000 h and therefore excluded the morning and evening periods of the

diurnal profile, during which blood pressure changes rapidly in most subjects.

Statistical methods
For database management and statistical analysis, we used SAS software,

version 9.1.3 (SAS Institute, Cary, NC). For comparison of means and

proportions, we applied the Student’s t-test for paired observations and the

w2 statistic, respectively. We assessed the agreement between paired measure-

ments by the Bland and Altman’s method.14 Reproducibility was twice the

standard deviation of the pairwise differences between duplicate

measurements, expressed as a percentage of the average of first and repeat

measurements in all participants.14 Using single regression, we also assessed the

departure of the slope of repeated on first measurements from the line of

identity (slope¼ 1).

RESULTS

Characteristics of participants
The 35 participants enrolled in the R study included 18 women
(51.0%; Table 1). Their age averaged (±s.d.) 45.6±16.4 years (range
23–78 years). SBP and DBP in the 35 volunteers, as measured at the
office, averaged 119.8±18.1 and 70.2±12.0 mm Hg, and heart rate
65.0±9.8 beats per minute.

Of the 83 volunteers participating in the RþA study, 51 (61.4%)
were female (Table 1). Their age averaged (±s.d.) 49.9±13.1 years
(range 20–80 years). Blood pressure on office measurement averaged
126.5±15.6 mm Hg systolic and 76.8±10.6 mm Hg diastolic and
119.3±12.1 and 77.2±9.0 mm Hg on 24-h ambulatory monitoring.
The corresponding heart rates were 68.8±10.4 and 75.1±8.7 beats
per minute, respectively. Of the 83 volunteers, 46 (55.4%) were
hypertensive, 5 (6.0%) had diabetes, 17 (20.5%) were current
smokers, and 45 (54.2%) reported drinking alcohol once a week or
more frequently. Of the hypertensive patients, 34 (73.9%) were on
antihypertensive drug treatment with diuretics (n¼ 10), b-blockers
(n¼ 6), calcium channel blockers (n¼ 6), inhibitors of the renin
system (n¼ 28) or other drugs (n¼ 1). Table 1 provides the
characteristics of the participants by study and sex. Women enrolled
in the RþA study, compared with men, were slightly older, had lower
SBP and DBP on office and 24-h ambulatory measurement and less
frequently reported regular alcohol intake.

The median number of blood pressure readings per participant
during 24-h ambulatory monitoring was 50 (interquartile range
41–56). The median number of good-quality central hemodynamic
readings per participant was 37 (interquartile range 26–43). Figure 2
shows the diurnal profiles of the central hemodynamic measurements
in the 83 participants enrolled in the RþA study. We observed a
significant difference between daytime and nighttime values in 63
participants (75.9%) for SBP and DBP, in 20 participants (24.1%) for
pulse pressure, in 32 participants (38.5%) for the crude AI, in 41
participants (49.4%) for the AI standardized to 75 beats per minute
and in 47 participants (56.6%) for PWV.

Studies exclusively at rest in the laboratory—R Study
In the 35 volunteers, the tonometrically measured central blood
pressure averaged 105.6±17.1 mm Hg systolic and 74.6±10.8 mm Hg
diastolic. The AI, crude and standardised to a heart rate of 75 beats
per minute, was 21.1±13.0% and 15.1±13.4%. PWV was
7.3±1.9 m s�1. The corresponding values for the central hemody-
namic variables as derived by oscillometry at rest by the Mobil-O-
Graph were 106.9±16.6 mm Hg, 74.7±11.3 mm Hg, 20.6±11.1%,
14.0±12.5% and 7.0±2.2 m s�1. Table 2 lists the central hemody-
namic variables by study, sex and technique of measurement.

The same observer did the first and repeat SphygmoCor recordings
in the 35 participants. The intra-observer intra-session reproducibility
ranged from 8.2 to 7.0% for the central blood pressures and were 59%

Table 1 Baseline characteristics of participants by study and sex

Studies exclusively in the

laboratory at rest (R)

Studies at the office and in

ambulatory conditions (RþA)

Characteristics Women Men Women Men

Number 18 17 51 32

Anthropometrics

Age, years 45.7±16.1 45.5±17.3 52.2±12.3 45.8±13.6*

Height, cm 157.2±5.2 171.4±9.1z 157.0±5.9 171.8±6.1z

Weight, kg 61.0±8.0 74.7±11.6z 70.4±13.8 88.4±17.9z

Body mass index,

kgm�2

24.8±3.9 25.4±3.3 28.5±5.0 30.0±5.6

Risk factors

Current smoking,

n (%)

4 (22.2) 6 (35.3) 12 (23.5) 5 (15.6)

Alcohol intake,

n (%)

5 (27.8) 9 (52.9) 21 (41.2) 24 (75.0)w

Hypertension,

n (%)

5 (27.8) 1 (6.0) 32 (62.7) 14 (43.7)

Treated hyperten

sion, n (%)

0 (0) 1 (6.0) 24 (47.1) 10 (31.2)

Diabetes, n (%) 2 (11.1) 1 (6.0) 3 (5.8) 2 (6.2)

Office measurement

Systolic pressure,

mmHg

114.5±20.2 125.4±14.0 122.4±15.8 132.9±13.1w

Diastolic pres-

sure, mmHg

68.3±11.2 72.1±12.8 74.7±10.1 80.4±10.1*

Pulse pressure,

mmHg

46.2±10.3 53.2±8.4* 47.7±9.6 51.7±9.6*

Heart rate, bpm 66.87±10.4 62.78±8.54* 68.6±10.2 69.0±10.8

24-Hambulatory recordings

Systolic pressure,

mmHg

y y 116.7±12.4 123.4±10.3w

Diastolic pres-

sure, mmHg

y y 74.7±8.9 81.3±7.7w

Pulse pressure,

mmHg

y y 42.0±7.8 42.1±5.7

Heart rate, bpm y y 74.7±8.4 75.6±9.4

Values are mean±s.d. or number of subjects (%). An ellipsis indicates information that was
not collected. Hypertension was an office blood pressure of at least 140 mmHg systolic or
90mmHg diastolic or use of antihypertensive drugs. Significance of the sex difference
*Po0.05, wPo0.01 and zPo0.001.
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and 16.4% for the crude AI and PWV, respectively. Expressed as a
percentage of maximal variation (four times the standard deviation of
the average of the repeat measurements), these values ranged
23.8–21.1% for the central blood pressures and were 29.4 and
17.1% for the AI and PWV, respectively. Expressing the reproduci-
bility as a percentage of maximal variation allows comparing the
reproducibility across measurements, higher values indicates lower
concordance.

The Bland and Altman analysis of the R study appears in Table 3.
The tonometric and oscillometric estimates of cSP (105.6 vs.
106.9 mm Hg), diastolic pressure (74.6 vs. 74.7 mm Hg) and pulse
pressure (31.0 vs. 32.1 mm Hg) were similar (PX0.12). The crude AI
(21.1 vs. 20.6%; P¼ 0.65), the AI standardised to a heart rate of 75
beats per minute (15.1 vs. 14.0%; P¼ 0.57) and PWV (7.3 vs. 7.0;
P¼ 0.11) were also similar. The Bland and Altman plots are given
in Supplementary Figure S1 available online. The P-values for
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Figure 2 (a) Central systolic, (b) diastolic and (c) pulse pressures, the (d) crude and (e) standardised augmentation indices and for (f) aortic pulse wave

velocity of 83 volunteers enrolled in the study RþA. Plotted values are 2 hourly mean with 95% confidence interval. P-values are for the comparison of the

daytime (1000–2000 h) and nighttime (0000–0600h) means.

Table 2 Central hemodynamic variables by study, sex and technique of measurement

Studies exclusively in the laboratory at rest (R) Studies at the office and in ambulatory conditions (RþA)

Women Men Women Men

Number of subjects 18 17 51 32

TM at the radial artery

Systolic pressure, mmHg 102.9±18.0 108.5±16.2 113.5±15.8 118.5±11.6

Diastolic pressure, mmHg 72.6±9.8 76.6±11.7 75.8±10.1 81.1±9.7*

Pulse pressure, mmHg 30.2±9.4 31.9±8.8 37.7±8.2 37.3±6.0

Augmentation index, % 23.0±11.5 19.0±14.5 30.9±10.3 21.1±10.2w

Augmentation index at 75 bpm, % 17.1±12.6 13.0±14.2 26.7±9.5 15.8±10.8z

Aortic pulse wave velocity, m s�1 7.0±1.8 8.3±3.5 7.8±1.9 8.2±2.3

OM at the brachial artery

Systolic pressure, mmHg 104.4±17.8 109.5±15.5 111.5±11.3 117.8±9.3*

Diastolic pressure, mmHg 72.8±10.7 76.8±12.0 78.9±8.9 86.2±8.0w

Pulse pressure, mmHg 31.6±8.4 32.7±6.5 32.4±7.5 31.6±.4.9

Augmentation index, % 23.4±11.2 17.6±10.5 28.9±6.2 19.7±4.7z

Augmentation index at 75 bpm, % 18.3±11.3 9.4±12.4* 30.2±6.3 21.4±5.9z

Aortic pulse wave velocity, m s�1 6.9±1.9 7.4±2.7 7.5±1.5 7.1±1.5

TM and OM refer to measurements obtained by the tonometric SphygmoCor technique at the radial artery or by the oscillometric Mobil-O-Graph monitor (1000–2000hours) at the brachial artery,
respectively. Values are mean±s.d. The number of measurements averaged per subjects were 2 for TM and 4 for OM in the R study and 2 for TM and X10 for OM in the RþA study (Figure 1).
Significance of the sex difference: *Po0.05, wPo0.01 and zPo0.001.
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between-method differences in women compared with men were all
nonsignificant (PX0.14).

Studies at rest in the office and under ambulatory conditions—
Study RþA
The daytime (1000–2000 hours) ambulatory recordings included 2132
single blood pressure readings with good-quality estimates of the
central hemodynamic variables in 1293 (60.6%). Of the latter 1293
readings, 569 (44.0%) were labeled by the Mobil-O-Graph as ‘very
good’ and 724 (56.0%) as ‘good’. All volunteers completed a full 24-h
ambulatory recording and did not report major discomfort owing to
the second 10-s inflation of the cuff to diastolic pressure, which is
required to measure the central hemodynamic variables.

In the 83 volunteers, the tonometrically measured central blood
pressure averaged 115.4±14.5 mm Hg systolic and 77.8±10.2 mm Hg
diastolic. The augmentation indices of crude and standardised to a
heart rate of 75 beats per minute were 26.5±12.6 and 22.2±11.5%,
respectively. PWV was 7.9±2.1 m s�1. The corresponding values for
the central hemodynamic variables as derived by oscillometry during
daytime oscillometric monitoring were 113.9±10.9 mm Hg,
81.9±9.2 mm Hg, 25.3±7.2%, 26.8±7.5% and 7.4±1.6 cm s�1.

The same observer did the first and repeat SphygmoCor recordings
in 79 participants. The intra-observer inter-session reproducibility
ranged from 14.1 to 11.7% for the central blood pressures and were
60.7 and 24.2% for the AI and PWV, respectively. Expressed as a

percentage of maximal variation (four times the standard deviation of
the average of the repeat measurements), these values ranged
28.1–22.6% for the central blood pressures and were 29.0 and
22.3% for the AI and PWV, respectively.

The Bland and Altman analysis of the RþA study appears in
Table 4. Tonometric compared with oscillometric estimates of central
hemodynamic variables provided similar estimates for cSP (115.4 vs.
113.9 mm Hg; P¼ 0.19), but cDP was lower on tonometric assess-
ment (77.8 vs. 81.9 mm Hg; Po0.0001), so that cPP was higher (37.6
vs. 32.1 mm Hg; Po0.0001). Furthermore, the crude AI (26.5 vs.
25.3%; P¼ 0.54) was similar irrespective of the measurement
technique, but the AI standardized to a heart rate of 75 beats per
minute (22.2 vs. 26.8%; Po0.0001) was lower on tonometric than
oscillometric assessment, whereas the opposite was true for PWV (7.9
vs. 7.4 m s�1; P¼ 0.0002).

The differences between the tonometric and oscillometric estimates
of the central hemodynamic variables (Figure 3) increased with the
level of the measurement under the study for cSP (r¼ 0.37;
P¼ 0.0004), AI (r¼ 0.39; P¼ 0.0002) and PWV (r¼ 0.39;
P¼ 0.0003), but not for cDP (r¼ 0.15; P¼ 0.17) and pulse pressure
(r¼ 0.13; P¼ 0.25). Supplementary Figure S2 shows the scatter plots
of the oscillometric vs. the tonometric measurements. The correlation
coefficients ranged from 0.45 to 0.77. The regression lines all
significantly deviated from the line of identity (Po0.0001). The
oscillometric measurements tended to be higher than the tonometric

Table 3 Central hemodynamic variables measured by tonometry or oscillometry at rest in 35 participants

Mean±s.d. Absolute difference Relative difference

Variable TM OM Mean±s.d. 95% CI Mean±s.d. 95% CI P

Systolic BP, mmHg 105.6±17.1 106.9±16.6 –1.2±3.1 –2.3 to 0.2 –1.2±3.0 –2.3 to 0.2 0.22

Diastolic BP, mm Hg 74.6±10.8 74.7±11.3 –0.1±2.4 –1.0 to 0.7 –0.1±3.0 –1.1 to 0.9 0.72

Pulse pressure, mm Hg 31.0±9.0 32.1±7.4 –1.1±4.1 –2.5 to 0.3 –4.7±13.2 –9.2 to– 0.2 0.12

AI, % 21.1±13.0 20.6±11.1 0.5±9.5 �2.8 to 3.8 –7.6±58.0 �27.6 to 12.3 0.65

AI at 75bpm, % 15.1±13.4 14.0±12.5 1.1±11.5 �2.8 to 5.0 71.8±166.4 –36.7 to 220.3 0.57

PWV, m s�1 7.3±1.9 7.0±2.2 0.3±1.1 �0.1 to 0.7 5.4±15.1 0.1 to 10.7 0.11

Abbreviations: AI, augmentation index; BP, blood pressure; CI, confidence interval.
TM (average of two readings) and OM (average of four readings) refer to measurements obtained by the tonometric SphygmoCor technique at the radial artery or by the oscillometric Mobil-O-Graph
monitor at the brachial artery, respectively. PWV is the carotid–femoral pulse wave velocity measured by TM (average of two readings) or aortic pulse wave velocity estimated by OM (average of four
readings).
Relative difference was computed from paired readings as (TM–OM)/[(TMþOM)/2]�100.
P-values are for the differences between TM and OM.

Table 4 Central hemodynamic variables measured by tonometry at rest and by oscillometry during daytime ambulatory monitoring in 83

participants

Mean±s.d. Absolute difference Relative difference

Variable TM OM Mean±s.d. 95% CI Mean±s.d. 95% CI P

Systolic BP, mmHg 115.4±14.5 113.9±10.9 1.4±10.0 –0.7 to 3.7 0.9±8.9 –1.0 to 2.9 0.19

Diastolic BP, mm Hg 77.8±10.2 81.9±9.2 –4.0±7.3 –5.6 to –2.4 –5.3±9.2 –7.3 to –3.2 o0.0001

Pulse pressure, mm Hg 37.6±7.4 32.1±6.6 5.5±7.4 3.9 to 7.1 15.6±21.3 10.9 to 20.0 o0.0001

AI, % 26.5±12.6 25.3±7.2 0.7±9.3 –1.5 to 2.8 –13.2±65.5 –28.2 to 1.7 0.54

AI at 75bpm, % 22.2±11.5 26.8±7.5 –4.6±9.4 –6.6 to –2.5 –14.0±142.9 –45.6 to 17.6 o0.0001

PWV, m s�1 7.9±2.1 7.4±1.6 0.6±1.3 0.3 to 0.9 6.5±15.1 3.2 to 10.0 0.0002

Abbreviations: AI, augmentation index; BP, blood pressure; CI, confidence interval.
TM (average of two readings) and OM (average of daytime ambulatory readings) refer to measurements obtained by the tonometric SphygmoCor technique at the radial artery or by the oscillometric
Mobil-O-Graph monitor at the brachial artery, respectively. PWV is the carotid–femoral pulse wave velocity measured by TM (average of two readings) or aortic pulse wave velocity estimated by OM
(average of daytime ambulatory readings).
Relative difference was computed from paired readings as (TM–OM)/[(TMþOM)/2]�100.
P-values are for the differences between TM and OM.
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estimates at low values of the SphygmoCor measurements with the
opposite trend at high values.

Figure 4 shows that the oscillometric estimates of the AI tended to
be higher at younger ages, with the opposite at older ages (r¼ 0.47;
Po0.0001). Tonometric minus oscillometric estimates for PWV were
not correlated with age (r¼ 0.066; P¼ 0.55).

To minimize the influence of time of day, we compared tonometric
estimates with the first two and last two oscillometric measurements
obtained at the initiation and completion of the 24-h ambulatory
recordings. The Bland and Altman analysis appears in Supplementary
Table S1 online. The results confirmed those reported in Table 4.

DISCUSSION

Arterial stiffness is an established risk factor predictive of cardiovas-
cular complications over and beyond traditional risk factors. Systolic

augmentation and pulse pressure in the central arteries and aortic
PWV reflect stiffness of the arterial tree. A common characteristic of
these indices is that they can only be measured with the subjects
resting in the supine position and that they require observer training.
The ARCSolver application,8 embedded in the validated Mobil-O-
Graph 24h PWA Monitor blood pressure monitor,6,7 represents an
attempt to record indices of arterial stiffness under ambulatory
conditions without the necessity of training observers. In the
current study, we compared the central hemodynamic
measurements obtained by the Mobil-O-Graph at rest and under
ambulatory conditions with those obtained by the SphygmoCor at
rest. The key finding of our study was that, irrespective of mea-
surement conditions, brachial oscillometry by the Mobil-O-Graph,
compared with the established radial tonometric method, provided
comparable estimates of cSP and systolic augmentation uncorrected
for heart rate. Central PWV was slightly lower on oscillometric than
tonometric assessment.

The arterial pressure waveform is a composite of the forward
pressure wave created by the ventricular contraction and a reflected
wave.15 In stiff arteries, PWV rises and reflected waves return earlier
to the central arteries and augment the systolic pressure of the
forward wave.15 The AI quantifies this phenomenon. The aortic
pressure waveform can be estimated from the radial waveform by
means of a transfer function or it can be approximated from the
common carotid waveform. We chose to use radial tonometry,
because the radial artery is well supported by bony tissue, making
optimal applanation easier to achieve. Moreover, the transfer function
implemented in the SphygmoCor software has been extensively
validated in invasive studies.3–5 The age-related changes in
peripheral and central blood pressures in large population
studies,16,17 as recorded by the SphygmoCor, ran a course as
predicted by the physiological principles underlying systolic
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(squares) The horizontal axis is the mean of the tonometric (TM) and oscillometric (OM) estimates within the individual subjects. TM (average of two

readings) and OM (average of daytime ambulatory readings) refer to the measurements obtained by the tonometric SphygmoCor technique at the radial

artery or by the oscillometric Mobil-O-Graph monitor at the brachial artery, respectively. The SphygmoCor measurements were calibrated by the brachial

blood pressure obtained by means of the OMRON 705IT. r and P-values indicate the correlation coefficient and its significance, respectively.
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augmentation15 and constitute a large body of evidence validating this
approach over and beyond the available invasive studies.3–5 Reference
values for the central hemodynamic variables as obtained by the
SphygmoCor are available for Asians,18 Blacks of native African
origin,19 and Europeans. 20 The SphygmoCor approach has been
widely applied in randomized clinical trials with intermediate and
hard outcomes.21 These arguments support the use of tonometry by
the SphygmoCor approach as a reference method in the present study.

The ARCSolver algorithm, as implemented in Mobil-O-Graph 24h
PWA Monitor, reconstructs the central pulse wave by applying a
transfer function8 and computes the central systolic AI and aortic PWV.
Although the Mobil-O-Graph 24h Monitor has been properly validated
for blood pressure measurement according to commonly accepted and
standardised protocols,6,7 only two small studies, one based on
impedance cardiography,12 and another on thermodilution,12

provided a preliminary validation of the estimates of cardiac output,
which is only a secondary variable generated by the ARCSolver software.

Weber et al.22 compared cSP, calculated with a transfer-function
like method (ARCSolver algorithm), using waveforms recorded with a
regular oscillometric cuff suitable for ambulatory measurements, with
simultaneous high-fidelity invasive recordings, and with noninvasive
estimations using a validated device (SphygmoCor), operating with
radial tonometry and a generalized transfer function. For the invasive
study, Weber recruited 30 patients undergoing elective coronary
angiography for suspected coronary artery disease. For the
noninvasive comparison, he recruited 111 inpatients as well as
healthy volunteers. Exclusion criteria for both studies were unstable
clinical conditions, arrhythmias that would disturb the regular
rhythm required during the pulse recordings and significant
valvular heart disease. Medicated patients were kept on drug
treatment. Both studies revealed good agreement between the
oscillometric cuff-based cSP and the comparator. In the invasive
study, mean difference between oscillometric cuff/ARCSolver-based
and invasive cSPs was 3.0 mm Hg (s.d. 6.0 mm Hg) with invasive
calibration of the brachial waveforms and –3.0 mm Hg (s.d.:
9.5 mm Hg) with noninvasive calibration. Results were similar when
the reference method (radial tonometry/transfer function) was
compared with invasive measurements. In the noninvasive study,
composed of 111 patients, the mean difference between oscillometric
cuff/ARCSolver-derived and radial tonometry/transfer function-
derived cSPs was –0.5 mm Hg (s.d. 4.7 mm Hg).

Under all measurement conditions, brachial oscillometry compared
with the established radial tonometric method provided similar
estimates of cSP. In the studies at rest under controlled laboratory
conditions, cDP and pulse pressure were similar on both measure-
ment techniques, whereas under ambulatory conditions cDP was
higher and pulse pressure was lower on oscillometric compared with
tonometric assessment. Several factors might explain the differences.
First, the SphygmoCor device was calibrated by the brachial blood
pressure readings obtained by different devices: the Mobil-O-Graph in
the studies exclusively at rest and the OMRON 705IT in the studies at
rest and under ambulatory conditions. Second, physical activity and
psycho-emotional stress influenced the ambulatory values. Third, the
blood pressure responses that follow postural change from the supine
to the standing position are since long established.23 Upon standing,
blood begins to pool in the venous system. This causes a decrease in
venous return and a drop in cardiac output. Systemic blood pressure
falls with cardiac output. The baroreceptor reflex then activates the
sympathetic nervous system, promotes vasoconstriction and increases
heart rate, which stabilizes cardiac output. Mean blood pressure is
maintained by an increase in total peripheral resistance. Overall, the

response to standing is usually a very slight reduction (o4 mm Hg) in
SBP and slight increase (o10 mm Hg) in DBP.24,25

In the RþA study, PWV was higher on tonometric than
oscillometric assessment, with a similar trend in the R study. Several
factors can explain the differences averaging 0.6 m s�1 in the RþA
study and 0.5 m s�1 at the start and completion of the
24-h ambulatory monitoring. The tonometric assessment by the
SphygmoCor requires measurement of travel distance and provides
carotid–femoral PWV. The oscillometric estimates are for aortic PWV
and do not necessitate measurement of travel distance. Carotid–
femoral PWV cannot be equated to aortic PWV.26,27 Weber et al.27

measured aortic PWV from the ascending aorta to the bifurcation
invasively in 378 patients undergoing coronary angiography as well as
carotid–femoral PWV non-invasively, using the SphygmoCor system.
Body height and the non-invasively measured travel distance
decreased with higher age. By contrast, the invasively measured travel
distance (catheter length), tended to increase with age, probably
owing to an increase in aortic length or kinking.27 As a result, the
difference of carotid–femoral minus aortic travel distance decreased
with age. Carotid–femoral as well as aortic travel time shortened with
higher age, but the shortening was more pronounced for aortic travel
time. These trends resulted in net differences of carotid–femoral
minus aortic PWV of 0.7 m s�1 in the youngest patients (o45 years),
decreasing up to –1 m s�1 in the oldest (475 years) patients.27 Weber
et al.26 also demonstrated that among 135 patients (mean age, 60.3
years) the method of subtracting carotid–suprasternal notch distance
from suprasternal notch–femoral distance as applied in the current study
provided the best agreement with invasive assessments of the travel path
based on catheter length. The average difference was only 0.9 cm.

Pulse wave analysis derives the central from the peripheral blood
pressure waves and is calibrated based on brachial blood pressure. As
observed in the current study, it therefore follows that the central
blood pressure must follow a diurnal course similar to that of the
peripheral brachial blood pressure. Heart rate decreases at night.
Because the central AI is inversely correlated with heart rate, it
increases at night. Standardization of the AI to a heart rate of 75 beats
per minute removed the diurnal profile. PWV depends on cardiac
output and blood pressure. Because both decrease at night, central
PWV was slightly but significantly lower at night than during the day.

The present study must be interpreted within the context of its
limitations and strengths. First, the current study does not allow to
ascertain whether the tonometric or the oscillometric technique
provides estimates of the central hemodynamic variables that
are closest to the true invasively measured values. However, invasive
studies are not readily ethically acceptable in volunteers and
are almost impossible to implement under ambulatory conditions.
Second, we recruited volunteers among the employees and patients of
the Hospital de Clı́nicas, Montevideo. These volunteers, many of
them on antihypertensive treatment, were self-selected and are not
representative for a general population. Third, pulse wave analysis was
used to cPP and central AI. Such an approach may have led to a small
degree of error in central pressure estimation, but the transfer
function involved has been previously invasively validated for the
SphygmoCor device and the Mobil-O-Graph. The studies at rest have
several strong points. All the measurements were obtained in a
controlled laboratory environment, with participants resting in the
supine position. The SphygmoCor was calibrated using the brachial
blood pressure as measured by the Mobil-O-Graph. The intra-
observer intra-session and inter-session reproducibility was high.

In conclusion, our study suggests that the ambulatory non-invasive
assessment of central hemodynamic variables is feasible. The
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ARCSolver algorithm underwent preliminary validation in terms of a
composite cardiovascular outcome in patients with suspected cor-
onary heart disease undergoing coronarography.28 However, further
observations in diverse populations are required before ambulatory
assessment of the central hemodynamic variables can make it to
clinical practice. In particular, clinicians need to know the distribution
of these measurements in women and men across different age
groups. Prospective studies must generate the outcome data that the
diurnal profile of the central hemodynamic measurements provided
by the Mobil-O-Graph 24h PWA Monitor adds to risk stratification.
In the mean time, population studies would also allow investigation
of the cross-sectional associations of intermediate signs of target
organ damage with the circadian variation in the central
hemodynamic measurements over and beyond the 24-h brachial
blood pressure.
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