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Abstract Background: Aortic pulse wave velocity (aPWV) has been found to be increased in
preeclampsia when compared to normal pregnancy. Preeclampsia is associated with increased
risk of later cardiovascular disease and, as such, study of the aortic stiffness in pregnancy, and
its hypertensive disorders, is important to the understanding the underlying vascular changes.
We compared two different techniques to measure aPWV in the mid-trimester of pregnancy.
Methods: 58 women were recruited from the obstetric ultrasound clinic, mean (�SD) age 33
(�6) years and gestation 27 (�1) weeks. Aortic PWV was measured using SphygmoCor and
Vicorder devices.
Results: We found that both devices provided similar aPWV values with no significant differ-
ence between devices: mean difference (�SD), 0.1 (�0.9)m/s, p Z 0.4. We found good corre-
lation between devices (r Z 0.6, p < 0.001). Good intra-observer variability was observed for
both SphygmoCor and Vicorder devices, coefficients of variation 5.69% and 2.67%, respectively.
Conclusions: The SphygmoCor and Vicorder devices produce similar readings for aPWV in the
second trimester of pregnancy, with good intra-observer variability. Due to its simpler tech-
nique the Vicorder device may be more suited to the clinical setting, particularly in advanced
pregnancy or obesity.
ª 2012 Association for Research into Arterial Structure and Physiology. Published by Elsevier
B.V. All rights reserved.
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Introduction

Women who have had a pregnancy complicated by
preeclampsia are at increased risk of cardiovascular disease
in later life.1 A number of mechanisms may be responsible
for this such as shared risk factors2,3 or a direct effect of
preeclampsia itself on the cardiovascular system. Inter-
estingly a number of surrogate markers of cardiovascular
disease such as endothelial dysfunction and increased
arterial stiffness have been reported in women with
previous preeclampsia.4,5 In light of this there has been
increasing interest in assessing arterial and aortic stiffness
in pregnancy, particularly prior to the onset of
preeclampsia or other associated pregnancy complications
such as intra-uterine growth retardation. Aortic stiffness is
an independent risk factor of cardiovascular disease in
several populations.6

Aortic pulse wave velocity (aPWV) is the “gold-stan-
dard”7 measure of aortic stiffness and can be assessed non-
invasively. In practical terms, aPWV is assessed as the
distance from carotid pulse to the femoral pulse divided by
the time taken to travel that distance. Several devices are
available to measure aPWV. Although the SphygmoCor
system (AtCor Medical, West Ryde, NSW, Australia) is widely
used, it requires an experienced operator and is intrusive in
that it requires exposure and palpation of the femoral
artery and attachment of ECG leads to the chest. The
Vicorder device (Skidmore Medical Ltd, Bristol, UK) requires
little operator training and does not require exposure of the
groin or chest. These features of the Vicorder make it an
attractive option in pregnancy and for research in clinical
settings. Both devices are non-invasive and have good
correlation and repeatability in an older, non-pregnant
population.8,9 The aim of this study was to examine
whether aPWV measured using these devices is correlated
and repeatable in a younger population in pregnancy e
a state of profound cardiovascular adaptation.

Methodology

58 women in the second trimester of pregnancy were
recruited from an obstetric ultrasound clinic at Cambridge
University Hospitals NHS Trust in the UK between June and
December 2010. Women returned on a separate occasion
for assessment of cardiovascular parameters. Ethics
approval for the study was granted by the local research
ethics committee.

Women rested supine for 10 min in a 30� left lateral
position to avoid aorto-caval compression by the gravid
uterus in a quiet temperature controlled room before
measurements were taken. Blood pressure was recorded
using a Omron M7 automated sphygmomanometer, which
has been validated in pregnancy.10 Sequential recordings
using ECG-gated applanation tonometry of the carotid and
femoral artery pressure waveforms as previously
described8,9 was used to determine the aPWV with the
SphygmoCor device. A total of 10 s of high-quality wave-
forms were captured for each reading, and the intersect-
ing tangents algorithm was applied to determine the foot-
to-foot transit time using the integrated software and the
R wave as a reference frame. Path length was calculated
as the distance from the femoral measurement site to the
supra-sternal notch minus the distance from the carotid
site to the supra-sternal notch. The notch-femoral
distance was measured using callipers to avoid measuring
over the gravid uterus which would falsely inflate the path
length.

A volume displacement method was then used to
determine the aPWV using the Vicorder device. A 100 mm
wide blood pressure cuff was placed around the upper thigh
to measure the femoral pulse and a 30 mm partial cuff
around the neck at the level of the carotid artery. The cuffs
were each inflated to 60 mmHg, and high-quality wave-
forms were recorded simultaneously for 3 s as previously
described.8 The foot-to-foot transit time was determined
using an in-built cross-correlation algorithm centred around
the peak of the second derivative of pressure. Path length
was defined as the distance from the supra-sternal notch to
the top of the thigh cuff. As discussed previously, callipers
were used to measure this distance.

Blood pressure readings were taken following placement
of ECG electrodes and leads and measurement of the
notch-femoral and notch-carotid distances. Readings using
the SphygmoCor system were then taken at the carotid and
femoral pulse sites. After successful readings, the ECG
leads were removed and the Vicorder thigh cuff attached to
the participant. The path distance for the Vicorder device
was measured and the neck cuff attached. Vicorder read-
ings were performed and were recorded within 5 min of the
SphygmoCor readings. The left femoral and carotid sites
were used for all measurements and all readings were
performed in duplicate. These duplicate readings were
used for assessing the repeatability of aPWV measurement
of each device. Both techniques were well tolerated.

Statistics

Agreement between SphygmoCor and Vicorder values was
analyzed by BlandeAltman plots11 with mean
difference � SD values reported. Absolute values were
compared with Student’s paired t-tests. Linear regression
by the method of ordinary least squares was used to define
the correlation between SphygmoCor and Vicorder values.
Goodness of fit is expressed by Pearson’s correlation coef-
ficient (r). Statistical analysis was performed using MedCalc
v11.6 (Mariakerke, Belgium).

Results

Basic demographic, pregnancy and haemodynamic data are
summarised in Table 1

Comparison of Vicorder and SphygmoCor aPWV

The mean aPWV recorded by the Vicorder device was
5.4 � 1.0 (Range 3.1e8.4 m/s) and using the SphygmoCor
device was 5.5 � 0.7 m/s (range 4.1e7.6 m/s). The mean
difference between devices was 0.1 � 0.9 m/s, p Z 0.4
(Fig. 1a). Overall there was reasonable correlation between
the Vicorder and SphygmoCor devices, r Z 0.6, p < 0.001
(Fig. 1b).



Table 1 Participant demographic, pregnancy and hae-
modynamics details.

Parameter Mean � SD Range

Age (years) 33 � 6 19e42
Gestation (weeks) 27 � 1 24e30
Height (cm) 165 � 7 150e187
Weight (kg) 68 � 8 44e106
Body Mass Index (kg/m2) 24 � 6 17e37
Systolic blood pressure (mmHg) 107 � 12 85e139
Diastolic blood pressure (mmHg) 68 � 8 49e91
Mean blood pressure (mmHg) 81 � 10 61e110
Pulse pressure (mmHg) 88 � 7 20e60
Heart rate (beats min�1) 82 � 9 58e105
Nulliparous/Multiparous 31/27
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Intra-observer variability

The mean differences for aPWV were (mean � SD)
0.02 � 0.45 m/s, for the SphygmoCor device and
0.03 � 0.19 m/s for the Vicorder device. The coefficients of
Figure 1 Relationship between SphygmoCor and Vicorder
devices. BlandeAltman plot (a) demonstrates a mean (�SD)
inter-device difference of 0.1 (�0.9)m/s, p Z 0.4. (b) Corre-
lation between the SphygmoCor and Vicorder aPWV readings,
r Z 0.6, p < 0.001.
variation were 5.69% and 2.67% respectively. The
BlandeAltman plots for the intra-observer variability show
no tendency for the reproducibility of the measurement to
vary with the underlying mean value (Fig. 2).

Discussion

This study shows that in pregnant women aortic PWV
measurements obtained using the Vicorder device, using an
oscillometric technique, have a very good agreement with
measurements obtained using the widely used SphygmoCor
system, that uses an ECG-gated tonometric technique. The
ARTERY society has set out accuracy criteria for compar-
ison of devices.12 To attain an accuracy criteria of
“excellent”, mean difference should be �0.5 m/s and
SD � 0.8 m/s whilst a mean difference of <1 m/s and
SD � 1.5 m/s is deemed acceptable. As such, our study
shows excellent inter-device mean difference for
measurement of aPWV by Vicorder and SphygmoCor in this
particular population, although the SD falls within the
Figure 2 Intra-observer differences between duplicate
readings using the SphygmoCor and Vicorder devices.
BlandeAltman plot demonstrates a mean (�SD) intra-observer
difference for (a) the SphygmoCor device of 0.02 (�0.45)m/s
and (b) the Vicorder device 0.03 (�0.19)m/s.
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“acceptable” range. Good intra-observer variability for
both the devices has been demonstrated in the general
population8 and a younger population of adolescents and
children.13 Our results extend this finding to the pregnant
population and demonstrate coefficients of variation that
compare favourably with other studies for both
devices.8,13,14 The Vicorder device shows better within
operator repeatability.

Previous studies in non-pregnant populations have
reported good correlation between the SphygmoCor and
Vicorder devices.8,13,15 In the present study we find that
this good correlation and acceptable limits of agreement
holds true in pregnant women and that the parameters of
agreement are similar to other studies.

The range of aPWV values we observed a similar to those
previously measured in a normotensive pregnant pop-
ulation.16,17 It has been previously noted,8,15 there does
appear to be a tendency for the Vicorder device to record
lower values than the SphygmoCor device at higher aPWV
ranges.8,15 In the present study, we did not clearly observe
this phenomenon. A likely explanation is that the values
observed in pregnancy are considerably lower than in
a general population, therefore outside of the range at
which this occurs.

There has also been considerable discussion regarding
the correct measurement of the carotid-femoral length for
all devices and, in respect to the Vicorder device, where
the exact point of measurement of the femoral pulse is. In
this study all measurements for Vicorder were made from
the supra-sternal notch to the top of the femoral cuff, as
per the manufacturer’s recommendation at the time of
study, using callipers. Whilst there may be small differ-
ences between using the top of the thigh cuff or the mid-
point of the thigh cuff, the use of either has been shown
to have good agreement with the SphygmoCor in both
adults and children.8,15 Through necessity, to avoid exten-
sion of the path length by measuring over the gravid uterus,
the supra-sternal notch to femoral measurements in preg-
nancy must be taken using callipers. This method should
provide similar accuracy of path length measurement to
measurements made in the standard way in a non-
pregnant, non-obese subject.

The present study was performed as a sub-study of
aortic stiffness in pregnancy and all reading performed by
the same operator (TE). For this reason the devices were
used in a fixed order and the operator not blinded to the
result of the first set of readings. As such measurement bias
cannot be completely excluded. However both the Sphyg-
moCor and Vicorder software generate measurements in an
operator independent manner.

Thepulsewave velocitymeasurements of the SphygmoCor
device have not been formally validated against invasive
techniques, though SphygmoCor has been shown to have good
correlation with invasive cfPWV measurement.18 Similarly,
whilst the Vicorder device has not been validated invasively,
it has good correlation (r Z 0.59) with cine-phase contrast
MRI, though readings using Vicorder were slightly lower
(0.7 m/s) than when calculated using the MRI technique.19

Indeed, most of the commercially available devices have
not been validated against invasive techniques and, whilst
this information would be of great value, for ethical reasons,
this validation is extremely unlikely to occur in a pregnant
population. As such the most widely used device, Sphygmo-
Cor, has become the default standard. SphygmoCor pulse
wave velocity measurements have been shown to be
comparable to Arteriograph (TensioMed, Hungary) measure-
ments, which uses an oscillometric technique.20e22 However,
this finding of close agreement between Arteriograph and
SphygmoCor is not universal23 and we note the ongoing
discussions regarding theArteriograph technique.24 Similarly,
comparison of the Complior device (Artech Medical, Pantin,
France), which uses a piezo-electric method, to SphygmoCor
has shown good correlation.25 BlandeAltman analysis
revealed a tendency to higher values in the Complior read-
ings, a finding repeated in another study21 and probably
attributable to the differences in algorithm to detect transit
time. (We are not aware of any direct comparisons of other
methods, e.g. PulsePen, with SphygmoCor or Vicorder). The
close agreement that we demonstrate between SphygmoCor
and Vicorder compares favourably to similar comparisons of
aPWV measurement. This provides a degree of reassurance
that the values measured by the Vicorder in pregnancy are
representative of the aPWV. Another source of error is
possible when the diastolic blood pressure (DBP) of the
subject is below 60 mmHg (the cuff inflation pressure of the
Vicorder device) as this may lead to deterioration in the
waveforms obtained. There were ten womenwith DBP below
60mmHg in our study, of which only two had DBP<55mmHg.

aPWV is an independent predictor of cardiovascular risk6

and preeclampsia is known to be associated with long term
increased risk of cardiovascular disease.1 Increased aPWV is
seen in both active preeclampsia26 and those at high risk of
developing the disease.17 Further research is required to
establish whether the increase in aortic stiffness is evident
prior to conception in these women or whether it is
aphenomenonthatdevelopsduringapreeclampticpregnancy
and, to some extent, persists post-partum. In order to do this,
larger longitudinal clinical studies frompre-pregnancy topost-
partum are required. This would require large numbers of
women and reliable, time-efficientmeasurement techniques.

In summary, the findings of this study indicate that both
the Vicorder and SphygmoCor produce similar results in
pregnancy and that the previously observed good repeat-
ability is maintained in this specific population. Either
device can be used successfully in pregnancy and both are
well tolerated. However, for research that is taking place in
the clinical environment such as the antenatal clinic or
labour ward, the Vicorder may be the more practical
device, given that it requires less skill, less patient expo-
sure and less time to perform the measurements.
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4. Pàez O, Alfie J, Gorosito M, Puleio P, de Maria M, Prieto N,
et al. Parallel decrease in arterial distensibility and in
endothelium-dependent dilatation in young women with
a history of pre-eclampsia. Clinical and Experimental Hyper-
tension 2009 Jan;31(7):544e52.

5. Evans CS, Gooch L, Flotta D, Lykins D, Powers RW, Landsittel D,
et al. Cardiovascular system during the postpartum state in
women with a history of preeclampsia. Hypertension 2011 Jul;
58(1):57e62.

6. Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of
cardiovascular events and all-cause mortality with arterial
stiffness. Journal of Advanced Composition 2010 Mar 30;
55(13):1318e27.

7. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P,
Giannattasio C, Hayoz D, et al. Expert consensus document on
arterial stiffness: methodological issues and clinical applica-
tions. European Heart Journal 2006 Sep 25;27(21):2588e605.

8. Hickson SS, Butlin M, Broad J, Avolio AP, Wilkinson IB,
McEniery CM. Validity and repeatability of the Vicorder appa-
ratus: a comparison with the SphygmoCor device. Hyperten-
sion Research 2009 Sep 25;32(12):1079e85.

9. Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD,
Cockcroft JR, et al. Reproducibility of pulse wave velocity and
augmentation index measured by pulse wave analysis. Journal
of Hypertension 1998 Dec;16(12 Pt 2):2079e84.

10. de Greeff A, Beg Z, Gangji Z, Dorney E, Shennan AH. Accuracy
of inflationary versus deflationary oscillometry in pregnancy
and preeclampsia: OMRON-MIT versus OMRON-M7. Blood Pres-
sure Monitoring 2009 Feb;14(1):37e40.

11. Bland JM, Altman DG. Statistical methods for assessing agree-
ment between two methods of clinical measurement. Lancet
1986 Feb 8;1(8476):307e10 [Internet].

12. Wilkinson IB, McEniery CM, Schillaci G, Boutouyrie P, Segers P,
Donald A, et al. ARTERY Society guidelines for validation of non-
invasive haemodynamic measurement devices: Part 1, arterial
pulse wave velocity. Artery Research 2010 Jun;4(2):34e40.

13. Kracht D, Shroff R, Baig S, Doyon A, Jacobi C, Zeller R, et al.
Validating a new oscillometric device for aortic pulse wave
velocity measurements in children and adolescents. American
Journal of Hypertension 2009 Nov 13:1e6.

14. van Leeuwen-Segarceanu EM, Tromp WF, Bos W-JW, Vogels OJ,
Groothoff JW, van der Lee JH. Comparison of two instruments
measuring carotid-femoral pulse wave velocity: Vicorder
versus SphygmoCor. Journal of Hypertension 2010 Aug;28(8):
1687e91.

15. Kis E, Cseprekál O, Kerti A, Salvi P, Benetos A, Tisler A, et al.
Measurement of pulse wave velocity in children and young
adults: a comparative study using three different devices.
Hypertension Research 2011 Jul 28:1e6.

16. Macedo ML, Luminoso D, Savvidou MD, McEniery CM,
Nicolaides KH. Maternal wave reflections and arterial stiffness
in normal pregnancy as assessed by applanation tonometry.
Hypertension 2008 Feb 7;51(4):1047e51.

17. Savvidou MD, Kaihura C, Anderson JM, Nicolaides KH. Maternal
arterial stiffness in women who subsequently develop pre-
eclampsia. PLoS ONE 2011 May 3;6(5):e18703.

18. Weber T, Ammer M, Rammer M, Adji A, OʼRourke MF,
Wassertheurer S, et al. Noninvasive determination of car-
otidefemoral pulse wave velocity depends critically on
assessment of travel distance: a comparison with invasive
measurement. Journal of Hypertension 2009 Aug;27(8):
1624e30.

19. Hickson SS, Butlin M, Graves M, Taviani V, Avolio AP,
McEniery CM, et al. The relationship of age with regional aortic
stiffness and diameter. JACC: Cardiovascular Imaging 2010
Dec;3(12):1247e55.

20. Jatoi NA, Mahmud A, Bennett K, Feely J. Assessment of arterial
stiffness in hypertension: comparison of oscillometric (Arte-
riograph), piezoelectronic (Complior) and tonometric (Sphyg-
moCor) techniques. Journal of Hypertension 2009 Nov;27(11):
2186e91.

21. Rajzer MW, Wojciechowska W, Klocek M, Palka I, Brzozowska-
Kiszka M, Kawecka-Jaszcz K. Comparison of aortic pulse wave
velocity measured by three techniques: Complior, SphygmoCor
and Arteriograph. Journal of Hypertension 2008 Oct;26(10):
2001e7.

22. Avolio AP, Butlin M, Walsh A. Arterial blood pressure
measurement and pulse wave analysisetheir role in enhancing
cardiovascular assessment. Physiological Measurement 2009
Nov 26;31(1):R1e47.

23. Accetto R, Salobir B, Brguljan J, Dolenc P. Comparison of two
techniques for measuring pulse wave velocity and central
blood pressure. Artery Research 2011 Sep 1;5(3):97e100.

24. Trachet B, Reymond P, Kips J, Vermeersch S, Swillens A,
Stergiopulos N, et al. Validation of the arteriograph working
principle: questions still remain e reply 2. Journal of Hyper-
tension 2011 Aug;29(8):1662e3. author reply 1663e4.

25. Baulmann J, Schillings U, Rickert S, Uen S, Düsing R, Illyes M,
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