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Abstract Increased aortic pulse wave velocity
(PWYV) results from loss of arterial compliance and
is associated with unfavorable outcomes. Applanation
tonometry (AT) is the most frequently applied
method to assess PWV and deduce aortic compliance.
The goal of this study was to compare the reproduc-
ibility of PWV measurements obtained with: (1)
cross-correlation analysis of phase contrast magnetic
resonance (PCMR) velocity data, and (2) applanation
tonometry (AT). PWV was measured twice with each
modality in 13 normal young volunteers (controls)
and 9 older patients who had undergone a CT exam to
evaluate coronary artery calcium. The coefficient of
variation (CoV) between measurements was com-
puted for each modality. There was no significant
difference in PWV values obtained with AT and
PCMR in controls or patients. The inter-scan
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reproducibility of PCMR was superior to AT in the
controls (CoV: 34 +23% vs. 6.3 £ 4.0%, P =
0.03) but not in the older patients (7.4 & 8.0% vs.
9.9 &+ 9.6%, P = 0.32). PWV values were higher in
patients than controls (5.6 £ 1.2 vs. 9.7 &+ 2.8,
P =0.002). PCMR and AT yielded similar values
for PWV in patients and volunteers. PCMR showed a
superior reproducibility in young subjects but not in
older patients.

Keywords Pulse wave velocity - Applanation
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Introduction

The reduction in aortic compliance seen with aging
and observed in hypertensive patients is the likely
result of progressive deposition of collagen fibers in
the interstitium of the vessel wall and fragmentation
of elastic fibers [1]. Similar vascular remodeling
processes take place during the development of
atherosclerosis, in diabetes mellitus, and in chronic
kidney disease [2-6]. PWV, a surrogate marker of
vascular compliance via the Moens—Korteweg rela-
tionship, has been used in human studies because it
does not require a pressure measurement [7, 8].
Increased PWYV is a marker of cardiovascular risk
[9—14] and decreases in PWYV have been associated
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with a favorable response to various therapeutic
interventions [15] and improved patient outcomes
[16, 17]. The most frequently used method to
measure PWYV is applanation tonometry (AT),
although many other methods are also available,
including magnetic resonance-based methods [18—
22]. We recently demonstrated the feasibility of PWV
measurement in the aorta using cross-correlation
analysis of phase contrast magnetic resonance
(PCMR) in-plane velocity measurements [23]. In
the current study, we compared the reproducibility of
PCMR and AT measurements of PWV in healthy
volunteers and patients asymptomatic for cardiovas-
cular disease but who had elevated calcium scores on
a screening CT exam.

Materials and methods
Subjects selection and study protocol

Subjects were either healthy, young volunteers
recruited at our institution (n = 13, mean age:
33 + 8 years) or patients undergoing CT screening
for coronary artery calcium (mean age: 62 £ 4 years,
Table 1). None of the patients or volunteers had a
history of cardiovascular disease and all were
asymptomatic at the time of imaging. All subjects
signed an informed consent to participate in the
study, and the study was approved by the University’s
Institutional Review Board (IRB). Each subject
underwent a PCMR scan followed by measurement
of PWV by AT, and then the sequence was repeated
the same day. This protocol allowed us to obtain two
non-consecutive PWV estimates with each technique
per individual within a few hours of each other.

Table 1 Characteristics of subjects with an elevated calcium
score

Variable N = 9 (range)
Gender

Men:women 4:5
Age (years) 62.4 £+ 3.5 (57-67)
Coronary artery calcium score > 10 N=9
Hypertensive N=7
Prior cardiovascular disease N=2
High cholesterol N=3
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Applanation tonometry measurements

PWYV was assessed with the Sphygmocor Vx (AtCor
Medical, Sydney, Australia) according to a standard
protocol. First, the distance on the body surface
between the sternal-notch and the femoral artery
pulse was measured in centimeters. Then, the
distance between the sternal-notch and the carotid
artery pulse was measured and subtracted from the
femoral-sternal-notch distance. This provided an
approximation of the distance between the heart and
the femoral artery. With the use of the tonometer, we
then determined the timing of the carotid and femoral
artery pulse upstroke in relation to the R-wave on a
simultaneously acquired electrocardiogram. The time
between the R-wave and pressure upstroke at each
arterial site was then computed by the Sphygmocor
Vx software and used in the calculation of the
velocity of the traveling pulse wave (velocity = dis-
tance between the heart and femoral artery/time
difference between R-wave and pressure upstroke at
each site). The brachial arterial blood pressure was
measured in the supine position with a sphygmoma-
nometer in all patients.

Phase contrast magnetic resonance

MR scans were performed on either a Philips 1.5T
Intera CV (Philips Medical Systems, Best, The
Netherlands) or Siemens 1.5T Avanto System (Sie-
mens Medical Solutions, FErlangen, Germany).
Patients were imaged in the supine position using a
5 or 6-element phased array cardiac coil. Survey
images were acquired and used to plan oblique
sagittal slices along the length of the descending aorta
oriented perpendicular to the long-axis (“candy
cane” view, Fig. 1a). A 2D phase contrast gradient
echo sequence was acquired in this plane using a
velocity encoding value of 2.0 m/sec in the foot-head
direction. The sequence parameters were: TR =
34-4.7ms, TE = 2.1-2.8 ms, flip angle = 15-30°,
pixel size = 1.37 x 1.37 mm? or 2.5 x 2.5 mmz,
Slice thickness = 8—12 mm, acquisition matrix =
128 x 128, field of view = 17.5 cm x 17.5 cm or
32 cm x 32 cm. Using retrospective ECG-gated
acquisition, 128 velocity images were reconstructed
over the cardiac cycle.
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Fig. 1 a The centerline of A
the descending aorta was
defined manually. b Cross-
correlation analysis was
used to compute the time
shift between flow versus
time waveforms at adjacent
locations. ¢ Weighted linear
regression was used to fit a
line to the plot of transit
time versus the location
along the descending aorta.
The slope of this line is the
pulse wave velocity
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Image analysis

Image analysis was conducted with a custom-written
program in MATLAB (The MathWorks, Natwick,
MA). The centerline of the aorta was manually
defined on a peak systolic frame for each set of phase
contrast images. Velocity versus time waveforms
over the cardiac cycle were generated using pixel
values sampled at 30 equally-spaced locations along
the user-defined centerline of the descending aorta.
Using the waveform at the initial location as a
reference, a cross correlation function was used to
determine the time shift between the first waveform
and each successive location’s waveform [23]
(Fig. 1b). Using this cross-correlation analysis, the
transit time of the pulse wave was computed for each
location. A robust bi-square-weighted linear regres-
sion algorithm was used to fit a line to the plot of
transit time versus location. The slope of this
regression line is the pulse wave velocity (Fig. 1c).

Statistical analysis

Continuous variables are expressed as mean =+ stan-
dard deviation (SD). Comparison of continuous
variables was performed by means of a two-tailed
t test. To assess variability we calculated the

coefficient of variation for each method. The coeffi-
cient of variation was calculated as the standard
deviation between two observations divided by the
mean PWV measurement and expressed as a per-
centage. Bland—Altman plots were used to assess the
average absolute difference between PCMR and AT
and between two measurements obtained with each
method. Statistical significance was set at a P value
<0.05.

Results

In young volunteers, PCMR had a coefficient of
variation 3.4 £ 2.3% compared to 6.3 + 4.0% (P =
0.03) for AT, indicating superior reproducibility of
PCMR. However, in the older patients, the coefficient
of variation for PCMR (7.4 & 8.0%) and AT (9.9 +
9.6%) were not significantly different (P = 0.32).
Bland—Altman analyses showed that AT had a
higher PWV by 043 m/s (confidence interval:
—2.2-3.0 m/s) compared to PCMR in young individ-
uals. However, in older patients PCMR had a higher
PWYV by 0.64 m/s (confidence interval: —5.7-6.9 m/
s) compared to AT (Fig. 2). The young subjects had a
mean PWV of 6.1 £ 1.2 m/s using AT and 5.6 &+
1.2 m/s using PCMR (P = 0.27). Older patients had
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a higher PWV (9.0 £ 2.1 m/s using AT and 9.7 &+
2.8 m/s using PCMR; P = 0.57), and this was
significantly higher than the PWV of young volun-
teers using either AT or PCMR measurements
(P = 0.002 for both).

Discussion

The major findings in the current study were: (1) the
reproducibility of PCMR is superior to AT in younger
subjects, (2) the reproducibility of PCMR and AT
was not significantly different in older patients, (3)
PCMR and AT provide similar estimates of PWV in
both young subjects and older patients, and (4) older
patients have a higher PWV than younger subjects.

Reproducibility differences between PCMR
and AT

The reproducibility of the PCMR cross-correlation
technique decreased at the higher pulse wave veloc-
ities seen in older patients. This decrease in repro-
ducibility could be due to temporal sampling issues
or spatial positioning difficulties. As the wavespeed
increases, the pulse wave traverses the length of the
descending aorta more rapidly. For example, in a
25 cm section of the aorta with a PWV of 10 m/sec,
the pulse will travel through this section of the aorta
in ~3 acquired time frames. Therefore, an error in
one acquired time frame would cause a 33% error in
the estimate of the wavespeed. This limitation is not
present in AT due to the higher sampling rate.
A second reason for decreased reproducibility of

@ Springer

Mean Pulse Wave Velocity (m/s)

PCMR in older patients could be spatial positioning
issues with the slice. The PCMR technique requires
the operator to position a slice through the entirety of
the aorta. In older patients, the aorta is often tortuous
and it is difficult to keep the aorta in a single plane;
therefore, both the distance used to compute the
wavespeed and the PCMR data are a potential source
of error. There was a trend toward better reproduc-
ibility of PWV measurements by PCMR even in older
patients. However, using the standard deviations
obtained in the older patients, a power analysis
indicates that 198 subjects would be needed to show a
3% difference in the reproducibility of the two
techniques (3% is the difference in reproducibility
between PCMR and AT in the volunteers).

It is desirable to apply a PWV measurement
technique with high reproducibility when assessing
patients enrolled in clinical studies that determine the
effect of medical interventions on vessel compliance.
A more reproducible measurement technique will
provide a more reliable estimate of PWV, and allow
for a reduction in the required sample size to demon-
strate a change in PWV. However, in a clinical setting,
AT may be preferable to PCMR due to the cost of the
test, inconvenience to the patient, and the amount of
time required for acquisition and data analysis.

Technique differences between PCMR and AT

Although we demonstrated that the mean PWV
assessed by PCMR and AT was not statistically
different, differences exist in the underlying physics
of each modality. AT estimates the time of arrival of
a strain pulse caused by a wave of distension and
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recoil that propagates along the aorta after the
ejection of blood from the left ventricle. PCMR
measures the arrival of blood flow at multiple
locations along the aorta using time-resolved blood
velocity measurements.

Differences also exist between the implementa-
tion of PCMR and AT for measurement of PWV.
Measurement of PWV wusing the AT technique
requires estimation of the distance between the
heart and the peripheral pulses of interest (carotid,
femoral) on the body surface. The exact length of
the vessel distance cannot be measured, therefore
these estimates are potentially a source of error.
PCMR computes the PWV in a specific vessel or
vessel segment such as the descending aorta. AT
computes PWV from carotid to femoral arteries.
Since these territories may age and develop athero-
sclerosis differently [2], the two techniques do not
measure exactly the same phenomenon, and this
differential may increase with the patient’s age. This
technical difference may explain the absolute dif-
ference between PCMR and AT reported in the
current study.

Limitations

Currently, there is no gold standard for discerning a
patient’s aortic pulse wave velocity. All techniques
measure surrogates of pulse wave velocity. Even
intravascular pressure measurements aren’t standard-
ized due to the variety of methods used to determine
the transit time of the pulse wave. To counter this
limitation, Bland—Altman analysis was used to com-
pare AT and PCMR in this study.

This study had a small sample size compared to
other clinical studies of PWV. However, the sample
size was large enough to see a statistically significant
difference in the reproducibility of PWV measure-
ment techniques in normal subjects.

In conclusion, we have shown that PCMR com-
bined with cross-correlation analysis provides a
significantly more reproducible estimate of aortic
PWYV than AT in younger patients, but not in older
subjects. PWV measurement reproducibility using
PCMR can be determined in a larger future study.
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