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1. INTRODUCTION

Pulse Wave Velocity (PWV) as a measure of arterial stiffness pow-
erfully predicts cardiovascular morbidity and mortality, inde-
pendently of Blood Pressure (BP) and other standard risk factors 
[1,2]. A meta-analysis of 16 different studies relating aortic PWV 
to mortality and cardiovascular outcomes clearly showed that, 
independent of simultaneous blood pressure, aortic PWV enables 
better identification of high-risk populations who should benefit 
from more aggressive risk factor management [3].

Although the gold standard for PWV measurement is invasive car-
diac catheterization from the ascending aorta to the bifurcation 

[4], Carotid-femoral PWV (cfPWV) obtained with non-invasive 
tonometry is a reasonable surrogate for daily clinical practice [5].

Magnetic Resonance Imaging (MRI)-PWV also correlates well 
with invasive measurements, as PWV measurement by MR and 
pressure catheters agree well, that is within 2 Standard Deviation 
(SD) of each technique’s values [6].

Pulse wave velocity is more commonly measured between the 
carotid and femoral arterial sites acquired non-invasively by tonom-
etry, using the SphygmoCor System (Sphygmocor-PWV; Atcor 
Medical, West Ryde, Australia). cfPWV is calculated by dividing 
the difference in distance between the carotid and femoral arteries 
by the difference in transit time referenced to the QRS complex of 
the Electrocardiogram (ECG). However, accuracy of non- invasive 
cfPWV is impeded by imprecise aortic length measurements, 
which is overestimated in older adults when aortic tortuosity and 
length are increased [7,8]. In older men we found the length error 
using the body surface averaged as much as 7 cm compared with 
MRI length [9].
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A B S T R AC T
Background: Carotid-femoral Pulse Wave Velocity (cfPWV) is the gold-standard measure of arterial stiffness. Accuracy of 
non-invasive cfPWV as meters per second is impeded by surface estimates of aortic length. Our aim was to compare cfPWV 
measured using distance estimated from surface measurements with distance traced along the length of the aorta using Magnetic 
Resonance Imaging (MRI) in a cohort of older women.
Methods: Seventy-four women were recruited from the TwinsUK cohort. cfPWV was measured using the SphygmoCor system 
(SphygmoCor-PWV). The path between carotid and femoral sites was estimated from surface measurements between the 
sternal notch and femoral artery applanation point. Aortic distance was measured with MRI to obtain MRI-PWV. cfPWV was 
recalculated using MRI obtained distance.
Results: Mean ± standard deviation SphygmoCor-PWV was 9.9 ± 2.1 m/s and MRI-PWV 7.63 ± 1.97 m/s (mean difference  
2.2 ± 1.96 m/s, p < 0.001). Distances were considerably higher using surface measures for the SphygmoCor (55.2 ± 3.0, 95% 
confidence interval 54.4–55.9 cm) compared with MRI (39.9 ± 3.2, 39.2–40.7 cm) with a mean difference of 15.2 cm (14.3–16.2 cm,  
p < 0.001). Transit times were also marginally longer with the SphygmoCor. When SphygmoCor-PWV was Recalculated using 
MRI-obtained aortic distance (rec-PWV), the difference between SphygmoCor-PWV and rec-PWV reduced to 0.5 m/s (7.13 ± 
1.46 vs. 7.63 ± 1.97 m/s, p = 0.08).
Conclusion: In these older women, the PWV difference between SphygmoCor and MRI is substantial but reduced when using 
MRI length estimates. Important differences between PWV measured by Sphygmocor and MRI are mainly due to accuracy of 
distance measurements, which may need re-addressing in guidelines.
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Although correlation is not the same as measure of agreement [10], 
PWV by tonometry and MRI correlate well, but with a significant 
and consistent bias, SphygmoCor-PWV being about 1.6–1.7 m/s 
higher than MRI-PWV [11]. To compensate for this bias, current 
guidelines suggest multiplying tonometrically acquired cfPWV by 
0.8 [12]. The current consensus formula was determined by ana-
lysing relevant literature in different study populations. However 
older women were not specifically considered in those analyses. 
– see Table 1 which summarises previous literature. The aims of 
this study were to compare: (a) the differences in SphygmoCor 
and MRI calculated PWV in a cohort of older women; (b) cfPWV 
recalculated using MRI aortic distance.

2. MATERIALS AND METHODS

Participants were recruited from the TwinsUK cohort includ-
ing both dizygotic and monozygotic female twins [17]. Seventy-
four study participants aged 51–80 years completed the protocol 
undergoing cfPWV measurement both by SphygmoCor and MRI. 
Demographic data were obtained by questionnaire. The study was 
authorised by St. Thomas’ Hospital Research Ethics Committee. 
Written informed consent was collected for each volunteer.

2.1. Hemodynamic Measurements

Vascular characteristics were obtained during a single visit for 
both SphygmoCor and MRI measures. Participants were asked 
not to eat, drink caffeine or smoke for at least 3 h before the 

Table 1 | Summary of previous literature

Study Methods Cohort Age Results

Huybrechts et al. [13] Carotid-femoral path lengths by MRI 
compared with 11 estimates of aortic 
path length from body surface  
distances, from tape measures or  
body height

98 healthy men/women 21–76  
years

Real travelled aortic path length 
may be estimated by multiplying 
surface measurements by 0.8

Carotid-femoral Pulse Wave Velocity 
(cfPWV): comparison of real 
travelled aortic path length by 
Magnetic Resonance Imaging 
(MRI) and superficial measures

Weber et al. [14] PWV was measured during cardiac  
catheterization and with the  
SphygmoCor, estimating travelled 
distance from body surface with  
five different methods

135 hospitalised 
patients

Unspecified Surface body measure that best  
correlated with invasive distance 
was subtracting carotid-supra- 
sternal notch from suprasternal 
notch-femoral distance

Noninvasive cfPWV depends 
critically on assessment of travel 
distance: a comparison with inva-
sive measures

Weir-McCall et al. [11] cfPWV by SphygmoCor; and external  
distance by tape measure. True intra- 
arterial pathlength via whole body  
Magnetic Resonance Angiography 
(MRA), used to re-calculate  
Sphygmocor cfPWV

114 participants in 
the multicentre 
SUMMIT study

Not  
specified

Differences in cfPWV and  
MRI-PWV are due to inaccurate 
simple surface measures for the  
convoluted carotid-femoral path

Effects of inaccuracies in arterial 
path length on differences in MRI 
and tonometry measured PWV

Rezai et al. [15] The Arteriograph device used for aortic 
PWV, surface measures from sternal 
notch to pubis. MRI used to measure 
total and segmental aortic length

198 men of African 
Caribbean, south 
Asian and European 
origin

40–80  
years

Comparing MR-measured total 
aortic length to surface measures  
allowed the prediction of 
MR-measured total aortic lengths, 
from which a regression model 
was derived from age and height

Ethnic differences in aortic PWV 
in the descending aorta may be 
related to vitamin D

Weir-McCall et al. [16] All PWV measurements were  
performed using a SphygmoCor  
device, using a 4-point distance  
technique. Whole Body MRA was  
used to obtain a direct calculation of 
the arterial path length in a sub-sample

1528 study participants 
previously in the 
TASCFORCE study; 
128 re-measured by 
MRA

Not  
specified

On backward linear regression, age, 
sex, heart rate, height and weight 
were the strongest predictors of 
arterial path length

Development and Validation of a 
path length calculation for cfPWV 
measurement: a TASCFORCE, 
SUMMIT and Caerphilly  
collaborative venture

examination, as per guidelines [9]. Blood pressure and heart rate 
were measured in triplicate using an oscillometric device validated 
for tonometry (Omron 705 CP, Omron, Tokyo, Japan) in a quiet 
vascular laboratory at St. Thomas’ Hospital with the subject in 
supine position before proceeding to SphygmoCor evaluation. 
The mean value of the last two readings was used as the esti-
mated BP. Mean Arterial Pressure (MAP) was estimated from the 
peripheral Systolic Blood Pressure (SBP) and peripheral Diastolic 
Blood Pressure (DBP) as

MAP =
SBP + 2 * DBP

3
( )

2.2.  Pulse Wave Velocity Measured Using 
Sphygmocor

Carotid-femoral PWV was measured by ECG-referenced sequen-
tial tonometry of the carotid and femoral arteries using the 
SphygmoCor system (Atcor Medical). During SphygmoCor mea-
surements participants were asked to lie supine and a three lead I 
ECG electrodes were attached on the chest and an appropriately- 
sized BP cuff was adjusted over the brachial artery. SphygmoCor 
aortic length was estimated from the body surface using a tape 
measure for the distance between the sternal notch and the femoral 
artery applanation point, as previously described [18]. Carotid and 
femoral pressure pulse was recorded using applanation tonometry 
and the time differences between the ECG R wave to carotid pulse 
recording and between the ECG R wave to femoral pulse were cal-
culated and taken as the transit times.
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Carotid-femoral PWV was then determined by dividing by the 
surface measured distance by the transit time. For each study 
participant, the cfPWV was measured in triplicate and the aver-
age of the obtained values was used for our analysis. The posi-
tion of the tonometer was optimized to obtain consistent stable 
consecutive waveforms of near maximal amplitude. Waveforms 
that did not pass the quality control of the SphygmoCor system 
were repeated.

2.3.  Pulse Wave Velocity Measured Using MRI

From MRI views, the distance from aortic root to bifurcation was 
traced along the whole imaged aortic length: phase-contrast MRI 
was performed at the level of the aortic arch and distal to the aortic 
bifurcation to obtain aortic flow. From a blood-suppressed (black-
blood) MRI sequence, aortic distance was traced as the centre of 
the aorta. Multi-planar reconstruction was then used to trace the 
length of the aorta and measure aortic distance (Figure 1).

A retrospectively VCG-gated gradient-echo pulse sequence with 
velocity encoding was applied to measure through-plane flow. This 
sequence was performed free-breathing and imaging parameters 
included: echo time 2.9 ms, repetition time 5 ms, slice thickness 
8 mm; acquired resolution 2.2 × 2.2 mm; 2–3 signal averages; 125 
cardiac phases and temporal resolution 5–8 ms. Pulse-wave tran-
sit time was recorded according to a previously validated method 
[19]. In brief, the transit time was defined as the time delay for 
the arrival of the foot of the pulse wave between measurement 
points. Arrival of the foot of the pulse wave was calculated using 
the method of intersecting tangents using automated mathematical 
waveform detection (Matlab release 2009b, version 7.9 was used to 
identify the inflection point to center the tangent and each tangent 
was visually verified by the investigators). Quality Control was pro-
vided during acquisition to review for image aliasing, velocity phase 
wrapping and motion artefacts. Any such detected errors resulted 
in exclusion and repetition of image acquisition. Two independent 
observers reviewed images quality and velocity curve profiles prior 
to terminating the MRI study.

Figure 1 | Example of a multiplanar reconstruction used to measure aortic 
distance. First image on the left: transverse section. Second image on the 
left: axial section. Image on the right: longitudinal section.

Table 2 | Participants characteristics. Mean ± SD, or N (%)

Age (years) 64.7 ± 7.9
Height (cm) 161.4 ± 5.9
Weight (kg) 65.7 ± 9.9
Peripheral systolic blood pressure (mmHg) 129.7 ± 16.6
Peripheral diastolic blood pressure (mmHg) 74.4 ± 10.1
Mean arterial pressure (mmHg) 95.1 ± 11.4
Post-menopausal status 53/74 (71.6%)
Current smoker 7/74 (9.4%)
Diabetes 0/74 (0.0%)
Anti-hypertensive medications 22/74 (29.7%)
Lipid lowering therapies 18/74 (24.3%)

2.4. Statistical Analysis

Data analysis was performed with SPSS version 25.0 (SPSS Inc., 
Chicago, IL, USA). Participant characteristics are presented 
as mean ± standard deviation, unless otherwise stated. cfPWV 
was Recalculated by dividing MRI-obtained aortic length by the 
transit time from the SphygmoCor measurements (rec-PWV). 
Student paired t-tests were used to assess for statistical differences 
between the MRI-PWV and rec-PWV, with p-values <0.05 taken 
as statistically significant.

3. RESULTS

Participant characteristics are shown in Table 2. Average age of par-
ticipants was 64.7 ± 7.9 years. Among the 74 participants, 53 (71.6%) 
were post-menopausal and seven (9.4%) were current smokers. 
Additionally, 22 (29.7%) participants were on anti-hypertensive 
medications and 18 (24.3%) were on lipid lowering therapies.

The mean cfPWV obtained through SphygmoCor (SphygmoCor-
PWV) was 9.87 ± 2.08 m/s, while the mean PWV obtained 
through MRI (MRI-PWV) was 7.63 ± 1.97 m/s. Distance mea-
surements were considerably higher using surface measures for 
the SphygmoCor (55.1 ± 3.3 cm; 95% confidence intervals 54.4– 
55.9 cm) compared with MRI (39.9 ± 3.2 cm, 39.19–40.66 cm) with  
a mean difference of 15.2 cm (14.3–16.2 cm, p < 0.001). Transit 
time using applanation tonometry between the carotid and fem-
oral artery with SphygmoCor (57.9 ± 10.7 ms) was marginally 
higher compared with transit time over the aorta using MRI  
(54.9 ± 11.7 ms) with a mean difference of 2.9 ± 9.1 (1.0–2.1 ms,  
p = 0.07). When we recalculated SphygmoCor-PWV using its transit 
time and the MRI path length (rec-PWV), the mean rec-PWV 
was reduced to 7.13 ± 1.46 m/s. The difference between rec-PWV 
and MRI-PWV was 0.49 m/s (0.13–0.85 m/s, p = 0.08, Table 3 and 
Figure 2). MRI and SphygmoCor-obtained transit time show a 
linear correlation with a correlation coefficient of 0.67 (p = 0.67), 
while MRI and SphygmoCor distance measurements correlate 

Table 3 | Vascular measurements by Sphygmocor and Magnetic 
Resonance Imaging (MRI). Mean ± SD

Sphygmocor 
measurements

MRI 
measurements p

Transit time (ms) 57.88 ± 10.68 54.93 ± 11.73 0.07
Distance (mm) 551.64 ± 33.01 399.32 ± 32.09 <0.001
Pulse wave velocity (m/s) 9.87 ± 2.08 7.63 ± 1.97 <0.001
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Figure 2 | X-axis: Sphygmocor-PWV, MRI-PWV and rec-PWV. Y-axis: 
numerical values of each PWV. All measures are expressed in m/s.

MRI path length to recalculate SphygmoCor-obtained cfPWV the 
difference between the two diminishes substantially.

Pulse wave velocity measurement may be influenced by either inac-
curacy in transit time evaluation or inaccuracy in path length estima-
tion. In this regard, distance estimation from surface measurements 
may introduce systematic bias as it is impossible to obtain the precise 
length of the convoluted arterial tree from body surface meaurements. 
With age this error may increase as the descending aorta increases 
in tortuosity [8]. The same may happen in obese patients, where a 
protruding abdomen may contribute to distance overestimation. On 
the other hand, the opposite is also valid, and distance may be under-
estimated in people with low BMI and/or of short stature. The above 
explains some of the difficulties encountered by operators trying to 
estimate cfPWV non-invasively and shows that misestimations should 
be mostly attributed to errors in calculating arterial distance from the 
body surface. Our findings are consistent with previous findings by 
Weir-McCall et al. [11] who also showed that when SphygmoCor 
cfPWV was recalculated using the inter-arterial distance obtained 
from whole body MRI, the difference was less if still significant (mean 
difference = −0.96 ± 2.52 m/s, p = 0.001) compared with the MRI-
PWV. Their patient sample with MRI measured lengths from their 
‘SUMMIT’ cohort (n = 128); while larger than ours, that was a mix 
of men (65%) and women, with a large proportion (61%) with type 2 
diabetes. The difference between MRI-PWV and SphygmoCor-PWV 
is also due to including the aortic arch within MRI distance mea-
surements, which are not considered during body surface measure-
ments, a major contributor to path length mis-estimations.

In order to avoid invasive calculations of PWV, the current joint 
Artery and European Hypertension Societies’ guidelines [12] sug-
gest readjusting cfPWV measured using applanation tonometry and 
surface measurements by a factor of 0.8. This guidance can only be 

poorly among one another with a correlation coefficient of 0.19 
(i = 0.19). As MRI is likely superior, the poor correlation between 
MRI and SphygmoCor distance measurements is ascribed to the 
lower quality of travel distance estimations from body surface 
measurements. This also impacts on the correlation between MRI 
and SphygmoCor-PWV, which have a correlation coeffiecient of 
0.51 (ρ = 0.51), that is indeed intermediate between distance and 
transit time correlation coefficients. The related scatterplots are 
represented in Figure 3.

4. DISCUSSION

Our main finding is that SphygmoCor-PWV and MRI-PWV 
differ between each other by about 2 m/s. However, when using 

Figure 3 | Scatterplots comparing MRI and SphygmoCor obtained transit time [(a), ρ = 0.67], distance [(b), ρ = 0.19] and PWV [(c), ρ = 0.51], respectively.

a

c

b
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applied when body surface distance measurements are obtained as 
a straight line from the carotid artery to the femoral artery. In our 
study, to account for the loss of aortic arch length, the distance was 
instead calculated as an oblique line spanning from the sternal notch 
to the femoral artery at the point of applanation. For this reason, we 
were not able to recalculate the SphygmoCor-PWV as suggested.

4.1. Study Strengths

To the best of our knowledge, these are the first differences in PWV 
measurements tested in women over 50 years (as in Table 1). This 
adds to the literature by showing that previous findings are also 
valid in a women-only cohort. Moreover, differently from previous 
studies, we obtained MRI path length through detailed black-blood 
sequences which provide extremely accurate measurements of  
in vivo aortic length [11,16]. In addition study operators were 
blinded to either MRI or SphygmoCor measurements, to avoid 
introduction of operator-dependent bias.

4.2. Study Limitations

The study is limited to female participant of the TwinsUK. 
However, the results are likely to be representative of women in 
the general population, as characteristics and CVD risk profiles 
of the TwinsUK cohort are similar to that of the general popu-
lation [16,17]. We also acknowledge that in calibration studies 
such as this, differences in ambient distending pressures between 
Sphygmocor and MRI become important, meaning that even small 
BP changes will affect PWV. Moreover, transit time measurements 
may introduce bias into the study, as MRI transit time is calculated 
according to flow-based measurements while SphygmoCor transit 
time is estimated from the ECG R–R interval. A recent guide to 
PWV measurement emphasised the time resolution issue over the 
relatively short length of the aortic arch [20]. However, we submit 
that because here the two only differ between one another by about 
3 ms (mean difference of 2.96 ± 9.06 ms; p = 0.01), despite that sta-
tistical significance, the resulting calculation bias for clinical mea-
surement may be neglected.

5. CONCLUSION

In these older women, the cfPWV difference between SphygmoCor 
and MRI is reduced when MRI length estimates are used. The dif-
ference between PWV measured by SphygmoCor and MRI is pri-
marily due to the inaccuracy of surface distance measurements.
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