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Abstract

Background: Aortic pulse wave velocity (PWV) is an indicator of aortic stiffness and is used as a predictor of adverse
cardiovascular events. PWV can be non-invasively assessed using magnetic resonance imaging (MRI). PWV
computation requires two components, the length of the aortic arch and the time taken for the systolic pressure wave
to travel through the aortic arch. The aortic length is calculated using a multi-slice 3D scan and the transit time is
computed using a 2D velocity encoded MRI (VE) scan. In this study we present and evaluate an automatic method to
quantify the aortic pulse wave velocity using a large population-based cohort.

Methods: For this study 212 subjects were retrospectively selected from a large multi-center heart-brain connection
cohort. For each subject a multi-slice 3D scan of the aorta was acquired in an oblique-sagittal plane and a 2D VE scan
acquired in a transverse plane cutting through the proximal ascending and descending aorta. PWV was calculated in
three stages: (i) a multi-atlas-based segmentation method was developed to segment the aortic arch from the
multi-slice 3D scan and subsequently estimate the length of the proximal aorta, (ii) an algorithm that delineates the
proximal ascending and descending aorta from the time-resolved 2D VE scan and subsequently obtains the
velocity-time flow curves was also developed, and (iii) automatic methods that can compute the transit time from the
velocity-time flow curves were implemented and investigated. Finally the PWV was obtained by combining the aortic
length and the transit time.

Results: Quantitative evaluation with respect to the length of the aortic arch as well as the computed PWV were
performend by comparing the results of the novel automatic method to those obtained manually. The mean absolute
difference in aortic length obtained automatically as compared to those obtained manually was 3.3 ± 2.8 mm
(p < 0.05), the manual inter-observer variability on a subset of 45 scans was 3.4± 3.4 mm (p = 0.49). Bland-Altman
analysis between the automataic method and the manual methods showed a bias of 0.0 (-5.0,5.0) m/s for the
foot-to-foot approach, -0.1 (-1.2, 1.1) and -0.2 (-2.6, 2.1) m/s for the half-max and the cross-correlation methods,
respectively.

Conclusion: We proposed and evaluated a fully automatic method to calculate the PWV on a large set of
multi-center MRI scans. It was observed that the overall results obtained had very good agreement with manual
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analysis. Our proposed automatic method would be very beneficial for large population based studies, where manual
analysis requires a lot of manpower.

Keywords: Pulse wave velocity, Velocity encoded MRI, Image registration, Centerline estimation, Multi-atlas-based
segmentation

Background
Pulse wave velocity (PWV) of the aorta is an indication
of aortic stiffness [1, 2]. PWV is defined as the propaga-
tion speed of the pressure wave along a vessel segment [3].
Aortic stiffness increases with age and can also be caused
by a number of cardiovascular diseases [4]. A number of
population based studies have been conducted to study
the relationship between aortic stiffness as measured by
PWV and age [5�7], ethnicity [8, 9] and, future cardiovas-
cular events [10, 11]. Recent studies have shown that PWV
changes with age are more prominent in subjects with
Marfan syndrome than in healthy volunteers [12]. PWV
measurement using Magnetic resonance imaging (MRI)
is widely used as a non-invasive technique and has been
well validated [3, 5, 13, 14]. The most common method
to quantify aortic PWV is by calculating the length of the
aorta and the transit time i.e. the time taken for the sys-
tolic wave to propagate from one reference point within
the aorta to another [15]. The length of the aorta is either
derived from a single-slice (2D), or a multi-slice (3D)
oblique-sagittal scan parallel to the aortic arch. In clinical
practice the length is generally obtained manually, either
on the single-slice 2D oblique-sagittal scan or a maximum
intensity projected (MIP) image from the multi-slice 3D
scan. The 2D approximation is fast and less labour inten-
sive. However, it does not provide an accurate representa-
tion of the complex aorta, which can at times be tortuous.
The transit time is calculated from a through-plane veloc-
ity encoded (VE) MRI scan with high temporal resolution
acquired along the cross-section of the aorta. Comput-
ing the transit times requires segmenting the ascending
and descending aorta in the VE scans [16�18]. These
methods generally require manual interaction. Literature
provides a number of techniques to estimate the arrival
times of blood flow at the two locations of the aorta using
the flow curves [15, 19�21]. To the best of our knowl-
edge, literature presents three main categories of studies
related to PWV analysis, (i) extraction of the aorta length
from the scout scan, (ii) segmentation of the aorta using
the 2D+t through-plane VE scan, and (iii) the flow curve
analysis. Studies that present new methods of computing
PWV are predominantly semi-automatic and rely signifi-
cantly on manual interactions. Thus, methods that reduce
the subjectivity in measurements and improve the over-
all time and efficiency of calculation are limited. The aim
of this study is to develop and validate a fully-automatic

technique for computation of the aortic arch PWV. Hav-
ing such a method would be beneficial for conducting
automated analysis on large population based studies [22�
24]. Our proposed method has three main stages: (i) seg-
menting the aortic arch in 3D for calculating the length of
the aorta, (ii) detection and propagation of the 2D aorta
contours for computing the time-velocity flow curves, and
(iii) estimating the transit time for calculating the PWV.

Methods
Study population
For this work, a total of 212 subjects were randomly iden-
tified from an existing database of prospectively included
patients with carotid occlusive disease, heart failure, vas-
cular related cognitive impairment, and healthy controls
(134 men, mean age 68.5 ± 8.4 years). The data used in
our study is part of a large multi-center heart-brain con-
nection cohort [22]. Four medical centers situated in The
Netherlands: VU Medical Center (VUMC), Leiden Uni-
versity Medical Center (LUMC), Maastricht University
Medical Center (MUMC) and University Medical Center
Utrecht (UMCU) were involved. Various scans for both
the brain and the heart were acquired at each of the cen-
ters. For details about the scans acquired and the selection
criteria for the subjects the readers are referred to the
publication of van Buchem et al. [22] and to the study
design publication of Hooghiemstra et al. [25]. The insti-
tutional review board approved this study, and all patients
were informed and provided written consent. For the cur-
rent study two MRI scan types from the cohort were
used. Each of the subjects had a multi-slice 3D scan of
the aorta acquired in an oblique-sagittal plane and a VE
scan acquired transversally to the proximal aorta. Table 1
presents the characteristics of the subjects. Note that,

Table 1 Population characteristics

Variable Value

Sample size 212

Men 134 (63%)

Age, range 68.5 (51–91)

Controls 37 (17%)

COD 41 (19%)

HF 67 (32%)

VCI 67 (32%)

The included subjects fall in four categories: healthy controls, subjects with carotid
occlusive disease (COD), subjects with vascular related cognitive impairment (VCI)
and subjects with heart failure (HF)
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the subjects are categorized as belonging to four differ-
ent groups, subjects with carotid occlusive disease, heart
failure, vascular related cognitive impairment, and healthy
controls.

MRI acquisition
Each center used a 3T MRI scanner from Philips Medical
System (Best, The Netherlands). However, the scanner
models were different: LUMC used an Ingenia 3.0T,
MUMC, UMCU and VUMC used an Achieva 3.0T. Each
center was instructed to follow the same protocol to
scan the subjects. The multi-slice 3D scans was acquired
using a T1 gradient echo-imaging mode without any ECG
or respiratory gating. The reconstructed pixel size was
1.76× 1.76 mm2 and a slice thickness of 5 mm. The flip
angle was 15°, TR/TE = 4.8/2.4 ms. The reconstructed
image matrix size was 256 × 256 × 15. Average acqui-
sition time for the multi-slice 3D scan was 9 s. The VE
scan was acquired with a through-plane velocity encod-
ing, with a phase contrast velocity encoding value (VENC)
between 1.5�2.0 m/s. These scans were acquired using the
sensitivity encoding protocol (SENSE) [26], with a SENSE

acceleration factor of 1.5. The scans were obtained with
free breathing and were retrospectively ECG triggered.
The acquired VE scan is non-segmented and has an aver-
age temporal resolution of 9.8 ms. The field-of-view was
320 mm, scan matrix was 128× 128, slice thickness was
8 mm, flip angle was 10°, TR/TE = 4.7/2.8 ms. Images
were reconstructed to a pixel size of 1.25× 1.25 mm and a
reconstructed phase interval of 5 ms, resulting in average
between 140�250 cardiac phases, depending on the heart
rate. Average acquisition time for the VE scan was 2 min.
Figure 1 shows the planning of the multi-slice 3D scan and
the subsequent VE scan.

Scan quality check
To ensure that the acquired MRI scans were of sufficient
diagnostic quality and did not deviate from the defined
protocol. An observer (RA) visually inspected all the scans
from each of the centers to check for any discrepancy
(incorrect planning, extreme breathing or interference
artefacts, aliasing, etc.). After the quality check 11 subjects
were found to have insufficient diagnostics quality scans
had were excluded from further analysis.

Fig. 1 Planning of the multi-slice 3D scan (a) and the VE scan (b)
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