
R
w

D
E
a

B
b

c

a

A
R
R
A

K
I
M
P

1

v
(
h
D

(
(
(

0
h

[TD.CITE]Computerized Medical Imaging and Graphics [TD.JXXX]38 (2014) 179–189 [TD.JXXX.E][TD.CITE.E]

Contents lists available at ScienceDirect

Computerized  Medical  Imaging  and  Graphics

jo ur nal ho me pag e: www.elsev ier .com/ locate /compmedimag

obust  segmentation  methods  with  an  application  to  aortic  pulse
ave  velocity  calculation

anilo  Babina,∗, Daniel  Devosb,1,  Aleksandra  Pižuricaa,2,  Jos  Westenbergc,
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a  b  s  t  r  a  c  t

Aortic  stiffness  has  proven  to be  an important  diagnostic  and  prognostic  factor  of  many  cardiovascular
diseases,  as  well  as  an  estimate  of  overall  cardiovascular  health.  Pulse  wave  velocity  (PWV)  represents
a  good  measure  of  the  aortic  stiffness,  while  the aortic  distensibility  is used  as  an aortic  elasticity  index.
Obtaining  the  PWV  and  the  aortic  distensibility  from  magnetic  resonance  imaging  (MRI)  data  requires
diverse  segmentation  tasks,  namely  the extraction  of  the aortic  center  line  and  the  segmentation  of
aortic  regions,  combined  with  signal  processing  methods  for the  analysis  of  the  pulse  wave.  In our  study
non-contrasted  MRI  images  of  abdomen  were  used  in  healthy  volunteers  (22  data  sets)  for  the  sake  of  non-
invasive  analysis  and  contrasted  magnetic  resonance  (MR)  images  were  used  for  the  aortic  examination
of  Marfan  syndrome  patients  (8 data  sets).  In  this  research  we  present  a novel  robust  segmentation
technique  for  the  PWV  and  aortic  distensibility  calculation  as  a complete  image  processing  toolbox.  We
introduce  a  novel  graph-based  method  for the  centerline  extraction  of  a thoraco-abdominal  aorta  for  the
length  calculation  from  3-D MRI  data,  robust  to  artifacts  and noise.  Moreover,  we  design  a  new  projection-
based  segmentation  method  for transverse  aortic  region  delineation  in  cardiac  magnetic  resonance  (CMR)

images  which  is  robust  to  high  presence  of  artifacts.  Finally,  we  propose  a novel  method  for  analysis  of
velocity  curves  in order  to obtain  pulse  wave  propagation  times.  In order  to validate  the  proposed  method
we  compare  the obtained  results  with  manually  determined  aortic  centerlines  and  a  region  segmentation
by  an  expert,  while  the  results  of  the PWV  measurement  were  compared  to  a  validated  software  (LUMC,
Leiden,  the  Netherlands).  The  obtained  results  show  high  correctness  and  effectiveness  of  our method
for the aortic  PWV  and  distensibility  calculation. [TD.CR.ABS]
. Introduction

Aortic stiffness is an important factor in estimating the cardio-
ascular risk in several disease conditions. The pulse wave velocity

PWV) is a good indicator of the aortic stiffness in patients with
ypertension [1], Marfan syndrome [2,3], metabolic syndrome [4],
iabetes [5], etc. The PWV  is a cardiovascular parameter which

∗ Corresponding author. Tel.: +32 92644226.
E-mail addresses: dbabin@telin.ugent.be (D. Babin), daniel.devos@uzgent.be

D. Devos), sanja@telin.ugent.be (A. Pižurica), j.j.m.westenberg@lumc.nl
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is intensively studied [6] both in humans and animals [7]. Aortic
PWV  is a strong predictor of cardiovascular events and all-cause
mortality [8]. The PWV  is measured using various techniques
[9,10]. The main idea behind the PWV  calculation is to track
the propagation of the pulse wave from the ascending level of
the aorta to its abdominal level in order to obtain the transition
speed.

We classify approaches for the PWV  measurement into three
categories: the blood pressure, ultrasound Doppler and magnetic
resonance (MR) techniques. The blood pressure PWV  analysis is
done using a cuff sphygmomanometer on a peripheral limb, where
the measured values reflect the pressure throughout the arterial
tree in large conduit arteries. The commercially available hardware

(TensioClinic Arteriograph) [11] uses the time interval between
the pulse wave (the early systolic peak) and its reflection from
the abdominal aortic bifurcation (the late systolic peak). How-
ever, the PWV  values are obtained using an estimate of the aortic
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ength between the jugulum and the symphysis, which introduces
naccuracies in measurements. The pulsed wave (PW) ultrasound
oppler hardware (e.g. Siemens, Philips) uses the Doppler effect to
etermine the transition time of the pulse wave in the aorta. How-
ver, the length of the aorta still needs to be estimated, resulting in

 lower accuracy of the PWV  measures. The same approach is taken
f a heart sound sensor is used.

Various approaches exist to PWV  calculation using MR  images.
he transit time (TT) approach requires modulus and phase-
ontrast images at various aortic levels to calculate the velocity
urves and a whole MR  abdomen and thorax image to calculate aor-
ic lengths between the given levels. The PWV  is calculated as the
peed of wave propagation. Often only two cross-sectional slices
re required for calculating the velocity wave profiles, where the
ortic length is measured from an oblique sagittal slice. The time
nterval between pulse wave is often determined by the “foot” of the

ave curve [12]. Algorithms based on finding the maximum (or the
inimum) velocity of the pulse wave depend on the assumption

hat the sampling rate at which the images were taken is sufficiently
igh to accurately capture the peak of the wave. Similar approach

s to define the wave arrival moment as the time instant in which
he wave reaches its mid-range value (the average of the minimum
nd the maximum value). The flow area (QA) approach [13] uses
ne data set at one site across the aorta (cross-sectional through-
lane velocity encoding), where the aortic area is acquired from
agnitude images and the flow from phase-contrast images. The

WV  is estimated as the ratio of difference in the total (the max-
mum and the minimum) flow and difference in the total area at
arly systole. The extension to TT approach is a multisite method that
ses a single para-sagittal slice of aorta, which allows for obtaining
ow waveforms at multiple locations along the aorta. The multi-
ite method [14] uses the maximum velocity change (at a single
ross section) to define the arrival moment of the pulse (at the
iven cross section). The cross-correlation (XC) approach [15] is

 multisite method that uses cross-correlation to determine the
ime interval between flow waves at different locations along the
orta. A flow-sensitive 4D MRI  approach for PWV  measurements
as also been proposed [16]. An axial velocity profile method for
stimating the PWV  of the descending aorta was developed in [17],
hich allows visualization of the pulse wave propagation. Apart

rom these, methods based on deformable surfaces are applied to
he segmentation of modulus images for an aortic distensibility cal-
ulation [18]. The comparison of MR  PWV  calculation approaches
as done in [9] and concluded that TT and XC methods result in a

loser and a more reproducible aortic PWV  measurement than in
he QA method.

The current reviews on vessel extraction techniques [19,20]
how a wide variety of segmentation methods developed for angi-
graphic vessel images using level-sets [21], machine learning [22],
dge detection [23], etc. “Black-blood” vessel extraction methods
how good results on segmenting the vessel wall, usually with some
ser interaction needed: [24] uses discrete dynamic contours, [25]
ses deformable models with the Markov Random Fields and a mul-
iscale method is used in [26], robust enough to deal with slice
iscontinuities and blood flow artifacts. However, the method is
ot computationally efficient (it needs 8 min  on average to segment

 single MRI  data set). The method of [27] (MiaLite application) is
ptimized for the segmentation of the abdominal aorta and uses a
odified sparse field level set method, with a periodic monotonic

peed function, resulting in coherent propagation of the contour
oundary. The ITK-SNAP application [28] implements two  well-
nown 3-D active contour segmentation methods: Geodesic Active

ontours [29] and Region Competition [30]. The method of [31]
implemented in 3D Slicer) uses seed points to extract the local
obust statistics to describe the object features. It evolves sev-
ral active contours simultaneously with their interactions being
ing and Graphics [TD.RHXXX]38 (2014) 179–189[TD.RHXXX.E][TD.RH.E][TD.RH.LEFT.E][TD.LEFTPAGE.E]ing and Graphics [TD.RHXXX]38 (2014) 179–189[TD.RHXXX.E][TD.RH.E] [TD.PN.R]180[TD.RIGHTPAGE.E]

motivated by the principles of action and reaction converging to
equilibrium.

The main idea in our work is to design a complete PWV  analy-
sis software tool for subjects scanned without injection of contrast
agent (for aorta check-up purposes), as well as for patients (stud-
ied with contrast images) [32]. First, we  propose a novel method
for extracting the centerline of the abdominal aorta in contrasted
and black-blood MR images by combining graphs and our previous
work on multiscale profiling [33]. Next, we introduce a method for
the segmentation of the aortic region in modulus images by selec-
tion of candidate regions obtained using projections [34]. Finally,
we propose a novel method for the analysis of the pulse wave
by taking into account its steepest slopes and deformation over
time. In order to validate our algorithm, we  compare our results
to the results of already validated method for pulse wave analy-
sis using the FLOW package for analysis of phase-contrast images
and an in-house developed PWV  tool [35–37] (LUMC, Leiden, the
Netherlands).

2. Materials and methods

2.1. Problem definition and data sets

Data sets for the PWV  calculation consist of a 3-D MRI  image
(as a series of 2-D slices) of an abdomen and thorax and series
of modulus and phase-contrast images at different aortic levels
represented as time series of 2-D slices. The number of aortic lev-
els at which the Cine series are recorded is arbitrary (unlimited).
In this paper, we  use four different aortic positions: ascending,
descending, diaphragmal and abdominal levels (see Fig. 1). The
main idea of our research is to develop an image processing toolkit
for the PWV  calculation for contrast enhanced or non-contrast
enhanced MRI  images. Hence, the experiments are conducted on
images of healthy volunteers (22 data sets) and Marfan syndrome
patients (8 data sets) obtained from the Ghent University Hos-
pital (UZ Gent). We  will now describe the used Cine imaging
and, in succession, structural 3-D imaging used for volunteers and
patients.

Fast imaging with steady-state free precession (TrueFISP) mod-
ulus images are acquired as a retrospective electrocardiogram
(ECG) gated scan with reconstruction of 40 images per RR-interval,
slice thickness 6 mm,  repetition time (TR) 26 ms, echo time (TE)
1 ms,  flip angle (FA) 80◦, field of view (FOV) 240 mm × 320 mm
and matrix size 192 × 256 pixels adjusted to body habitus to avoid
ghosting artifacts (pixel size 1.25 mm × 1.25 mm).

Fast Low Angle Shot (FLASH) 2-D phase-contrast images were
acquired as a retrospective ECG gated scan with reconstruction of
40 images per RR interval, slice thickness 6 mm,  TR = 61 ms, TE =
3 ms,  FA = 30◦, velocity encoding (VENC) of 150 cm/s, where the
matrix size and slice position were adjusted to the TrueFISP image
allowing their mapping.

The 3-D MR  structural images of healthy volunteers were
acquired using the Half Fourier Acquisition Single Shot Turbo Spin
Echo (HASTE, properties: slice thickness 6 mm,  TR = 700 ms,  TE =
26 ms,  FA = 160◦, FOV 233 mm × 340 mm and a matrix of 176 × 256
pixels adjusted to a body habitus, pixel size 1.32 mm × 1.32 mm)
technique on a 1.5 T scanner using a high inter-slice spacing
of 6.6 mm without injected contrast agent, yielding low quality
“black-blood” images (see Fig. 1). The black-blood aorta images
pose a hard segmentation problem due to unclear boundaries
between the aorta and surrounding organs (veins, heart and lungs).

However, the advantage of such scanning process is the increased
acquisition speed with a non-invasive approach.

The 3-D MR  structural images of patients were obtained using
Fast Low Angle Shot (FLASH, properties: slice thickness 0.9 mm,
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Fig. 1. The 3-D HASTE MRI  data set of a healthy volunteer (“black-blood” images) with marked cardiac axes at the ascending, descending, diaphragmal and abdominal level.
At  each level the modulus images need to be segmented and used as a mask for velocity calculation on phase-contrast images in order to obtain the pulse wave.
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ig. 2. A Marfan syndrome patient data set. Left: the 3-D FLASH MR data set of a
nhanced image. Right: a modulus image and its corresponding phase-contrast ima

R = 3.8 ms,  TE = 1.3 ms,  FA = 20◦, FOV 299 mm × 399 mm  and
 matrix of 288 × 384 pixels adjusted to body habitus, pixel size

.03 mm × 1.03 mm)  technique on a 1.5T scanner by subtracting the
ontrast-enhanced data set with the non-contrasted scan in order
o obtain clear images of an aorta as shown in Fig. 2. All the subject
ave their consent to their inclusion in this study.
nt obtained by subtracting the contrast-enhanced data set with the non-contrast
the diaphragmal aortic level.

Fig. 3 shows the block diagram of our proposed algorithm
decomposed into three major parts representing the main con-

tributions of this paper. The left column represents the centerline
extraction algorithm, the central column shows the algorithm for
segmenting modulus images, while the column on the right rep-
resents the pulse wave analysis method. The PWV  is measured by
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Fig. 3. Block diagram of the proposed algorithm.

tracking” the propagation of the pulse wave from the ascending
evel to the abdominal level to determine the transition time. For
his the aortic region in the modulus images is segmented and the
btained result is used as a mask for the mean velocity calcula-
ion in phase-contrast images as depicted in Fig. 1. The length of
he aorta between each of the levels is obtained by extracting the
enterline from 3-D MRI  images and is used in combination with

he obtained propagation time intervals to obtain the speed of the
ulse wave, which is the PWV. Another important parameter is the
istensibility of the aortic wall, which is represented through the

ig. 4. Artifacts found in CMR  images indicated with outlined white arrow. Top row show
t  the diaphragmal position, right: noise in the descending aorta. Bottom row: images fro
f  line-shaped structuring elements (SE) are used for the segmentation (dashed arrows).
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maximum, minimum and average circumference of the aortic wall
calculated for each aortic level.

2.2. Aorta centerline extraction

In this Subsection we  describe our proposed algorithm for
extracting the centerline of the aorta, as depicted in the left column
of the block diagram in Fig. 3. The extraction of the aortic center-
line is a necessary step in the PWV  calculation in order to obtain the
length of the aortic vessel between the four levels of the aorta. Our
goal is to create a general algorithm applicable for both contrast-
enhanced and “black-blood” MRI  images. The black blood aortic
images pose a hard segmentation problem [26] due to their low
quality with high presence of artifacts and a high inter-slice spacing
of 6.6 mm (pixel spacing is 1.32 mm × 1.32 mm),  which often causes
the effect of a single object not being connected in the neighboring
slices. Fig. 4 illustrates artifacts found in the “black-blood” MRI  data
sets, where the aorta is not clearly visible in a number of adjacent
slices due to blood flow. For this reason, the centerline extraction
method has to be robust, while requiring as little user interaction
as possible.

The main idea of our approach is to build a structured grid graph,
where node and link values are sampled from the image. The cen-
terline of the aorta is extracted in a semi-automatic way, where the
user has to specify the start and end point of the aorta. We  design
our algorithm to allow a quick examination of multiple alternative
paths for the extraction of complicated vessel structures.

2.2.1. Creating the sampling grid
In order to eliminate the influence of artifacts that randomly

appear in certain slices of black-blood MRI  images of abdomen we
propose construction of a sampling grid that takes into account only
the “valid” candidate positions of the aorta. Nodes of the grid will
be positioned only at those pixels which can belong to the region of
the grid nodes will be positioned at the darkest pixels in a prede-
fined manner). We  create an initial regular structured grid (graph)
of an arbitrary size, whose nodes are equally distributed with a

s images from HASTE data set. Left: the aorta is not visible in the transversal slice
m TrueFISP data set of the ascending aorta affected by artifacts. Only two directions
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ig. 5. Illustration of a 2-D sampling grid. Left: regular grid with many nodes (yello
s  the half of the node spacing in each direction (illustrated for a blue circle reposi
etween adjacent nodes form a grid (illustrated for a single node).

onstant spacing in each direction (x, y and z directions). The node
pacing is determined by the user specified number of sampling
odes in each of directions. Our experiments show that sampling
rid of dimensions 25 × 25 × 25 results in a sufficiently good bal-
nce of given results and required processing times. Advantage of
he sampling approach is reduced processing times compared to
echniques that process every voxel of the 3-D image.

Since the nodes in the initial grid are regularly distributed, some
f them are situated in bright regions of the MRI  image, which are
ot likely to be regions of the aorta. For this reason it is of interest to
ove the nodes to the pixels which can be parts of the aorta. How-

ver, in order to maintain a relatively regular distribution of the
odes, we can reposition the nodes only in the region up to the half
f the node spacing in each direction. This principle is illustrated
n Fig. 5 for a 2-D case. This method ensures that the nodes will
ot overlap after repositioning, while we increase the possibility
hat they fall in a region of the aorta. This means that our algo-
ithm searches for the darkest region around each node (search
reas do no overlap). We  will now explain the method for defining
he darkest regions in the image.

Let us consider a dark pixel in the image. We  want to deter-
ine to what size of a 2-D equidistant neighborhood is the pixel

arker than its considered neighborhood. Therefore, we  compare
he gray value of the pixel to the average pixel gray value of the
-D neighborhood. The new pixel gray value will be the size r of
he 2-D neighborhood for which the pixel gray value is lower than
he neighborhood average gray pixel value for all smaller neigh-
orhoods with size r′ ≤ r. Let us consider a ring-shaped circular
equidistant) 2-D neighborhood of the pixel. Finding the average
f all pixel values in such a neighborhood resembles the spherical
ean. The spherical mean operator of a function at a point is the

verage of all values of the function on a sphere (ring in 2-D case) of
iven radius centered at that point. Since we consider a multiscale
-D approach, we actually compare the pixel value to its spherical
eans of a 2-D function (image) for different radii r values.
Let p ∈ Z

2 denote the pixel coordinates in a 2-D discrete image
 with pixel gray value range [0,255]. For given pixel coordinates p
e define a set of equidistant pixels at a radius r ∈ N  as:

r(p) =
{

q ∈ Z
2 : (r − 1)2 < (xq − xp)2 + (yq − yp)2 ≤ r2

}
(1)

or this set the average of all pixel values can be expressed as:

r(p; g) = 1
|Sr(p)|

∑
g(q), (2)
q∈Sr (p)

here |Sr(p)| denotes the number of pixels in the equidistant neigh-
orhood and g(q) denotes the pixel gray value.
les) placed at “invalid” bright regions. Nodes are repositioned in the region defined
 inside the dashed square). Right: repositioned nodes in the darkest regions. Links

The new pixel value will be a size r of the 2-D neighborhood for
which the pixel value is lower than the neighborhood average pixel
value �r(p) for all smaller neighborhoods with size r′ ≤ r:

�(p; g) = max{r : g(p) ≤ �r′ (p; g) for every r′ ≤ r, r′ ∈ N}. (3)

Finally, we  define the position of the darkest region as the posi-
tion of the pixel with the gray value belonging to the lowest 10% of
all searched values in the given node area, which has the high-
est transformed value �(p ; g), as defined in (3). In this fashion
we combine the pixel intensities with the range of influence of
their neighborhoods, which constitute valid candidates for aortic
regions. When the position of the darkest region for a given node is
located, the node of the grid is moved to the found position. In this
fashion, we  reposition all the nodes to the darkest regions while
making sure that the nodes do not overlap. We  finalize the grid
construction by entering values for the links connecting each node
to its six closest neighbors from the initial grid. The cost of a link
m(L) is calculated as the average of all the pixel intensities belong-
ing to the line segment set L′ connecting the two nodes of the link:

m(L) = 1
|L′|

|L′ |∑
i=1

g(pi), (4)

where g(p) represents the gray value of the pixel p. Fig. 6(a) shows
the modified grid of size 25 × 25 × 25, where the red color indicates
higher link values and blue indicates lower link values.

2.2.2. Center line extraction
The centerline extraction algorithm is depicted in Fig. 6. In order

for the centerline to be extracted, the user must specify the start
and the end position of the desired centerline path. These positions
are entered into the existing sampling grid as new nodes, which
we connect with their closest six nodes and enter their link costs
as described by (4). We  use the link costs of the sampling grid to
converge the graph using Dijkstra’s shortest path algorithm [38]
with respect to the entered start and end nodes separately. This
means that each of the nodes contains the shortest distance and
path to both the user selected start and end node. In this fashion,
the final metric for each of the nodes mN is calculated as the sum
of distances from both the start and end node:

m(N) = l(N, Nstart) + l(N, Nend), (5)

where l(N1, N2) represents shortest path between the given nodes
(obtained using the Dijkstra’s shortest path algorithm). All distinct
paths between the start and end nodes are calculated by going

through all grid nodes and extracting paths to start and end node
while keeping track which paths have already been considered. In
order to obtain only distinct paths, nodes that are a part of already
found paths are not taken into account. The found distinct paths are
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ig. 6. Illustration of the sampling skeleton grid construction and the center line 

ight:  the aortic center line (smoothed best path). (b) Extracted centerline from a si

orted in an ascending order based on the calculated path metrics.
inally, the obtained paths are smoothed as shown in Fig. 6(a).
ig. 6(b) shows an extracted centerline for a Marfan syndrome
atient where contrast enhanced MR  images were used.

Our algorithm can be used with a predefined aortic model. In this
ase the direction of each link in the sampling grid is compared to
he corresponding segment on the predefined aortic path. The cor-
esponding segment is determined by projecting the point situated
t the middle of the link line segment to the segments of the pre-
efined model. The corresponding segment is the one where the
rojection falls on the segment while having the shortest distance
rom the given (original) link line segment. This way  the directions
f the link and its corresponding segment on the predefined model
re compared and used as a weighting factor for link costs:

(L; SL) = 1 − cos(˛(L, SL)), (6)

here ˛(L, SL) denotes the angle between the link L and its corre-
ponding model segment SL. In this case, the link metric is:

w(L) = w(L; SL)m(L). (7)

It should be noted that in the case of contrast enhanced images,
he priority will be given to brighter pixels and image regions,
nlike in the case of “black-blood” images, where the priority is
ssigned to dark regions of the image.

The first column of the block diagram in Fig. 3 shows the imple-
entation of our proposed robust aorta center line extraction
ethod by creating the sampling grid using image characteristic

alues. The default size of the sampling graph is set to 25 × 25 × 25
odes, although the user can specify the sampling grid of any
imensions. The user is required to manually select the start and
nd positions of the aorta, after which the sampling graph is cre-
ted and the best path is extracted. We  implement our application
n such a way that the user can scroll through all the possible
ound paths and select the one that he find the most suitable
however, in 80% of cases, the automatically selected path is the
ptimal one).

.3. Segmenting modulus images

This Subsection describes our proposed algorithm for the seg-
entation of modulus images, as presented in the middle column

f the block diagram in Fig. 3. Although there can be considerable
otion in the aorta during the cardiac cycle, most of segmenta-
ion algorithms are able to deal with the aortic motion. However,
he exact segmentation of the aortic wall is a hard segmentation
roblem due to artifacts (see Fig. 4). Hence, we propose a robust
egmentation method using projections, where the current pixel
tion. (a) Left: the final sampling grid, center: calculated (intermediate) best path,
arfan syndrome patient data set.

value is compared to the characteristic value of the projection. The
projection is defined using a line-shaped structuring element (SE):

Ln =
{

p ∈ Z
2 : yp = k(n)xp

}
, (8)

where xp and yp denote pixel coordinates and k(n) denotes the
function of the line angle determined by the parameter n:

k(n) = tan
(

n
�

nmax

)
, n ∈ [1,  . . .,  nmax]. (9)

This yields nmax number of line-shaped SEs, with the constant angle
between the neighboring lines.

In order to characterize the neighborhood (defined by the SE),
different operators were applied to the whole set of values from
the image, defined by the SE. Let g(p) be the gray value at position
p and let:

f (i)(n, p)
�=opr(i)

p′∈Ln

g(p + p′) (10)

have the following meaning: opr(i) is the name of the operator. The
superscript (i) refers to which operator we are talking about, e.g.
for i = 1 we  may  have: opr(i) = min. Hence, the operator is applied
to the set of values defined by the line-shaped SE centered at the
position p.

Similarly to (3), the new pixel gray value will be the number of
directions for which the current pixel gray value is higher than the
gray value calculated for the given operator:

�(p; f (i)) = |{n : g(p)≥f (i)(n, p)}|. (11)

In this fashion we  measure the brightness of the current pixel by
comparing it to the characteristic gray value of its wider neigh-
borhood (defined by the line-shaped SE). The transformed image
is thresholded to obtain the final segmentation. In this paper we
use two  directions of line-shaped SEs (nmax = 2) and we threshold
the transformed image with the highest possible threshold value.
The main idea behind this principle is to use various operators to
obtain different segmented images, after which the best segmen-
tation result is selected based on predefined criteria. A variety of
profile operators can be obtained by an aggregation step on a set of
predefined base operators B:

fC (n, p) = 1
d

∑
f (i)(n, p), (12)
i

where d represents the number of base operators involved in gener-
ating the combined operator fC. In this paper we use the following
base operators: mean, minimum, maximum, mid-range (average
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Fig. 7. Segmented regions of the ascending and descending aorta on a single True-
FISP data set, where the models represent the variation of a 2-D region over time
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f the minimum and the maximum value) and the square root of
ultiplied minimum and maximum values. In our previous work

34,33], the listed operators have proven effective for obtaining var-
ous segmentation results, although the user may  specify any other
perator (defined on a set of values) as well, where the total num-
er of operators is also user defined (e.g. median can also be used as

 base profile operator, but we avoid its use due to required array
orting which prolongs processing times).

As mentioned earlier, the main idea of our approach is to gen-
rate a number of candidate regions (as possible correct aorta
egmentation results) by using a number of various operators (total
f 31 operators) obtained from the set of base operators using (12).
ach operator produces a different segmentation candidate region
nd the final result is obtained by selecting the most round and large
nough candidate region. This is done by grading each segmented
rea according to their circularity and size constraints (depending
n the expected size of the aorta). The advantage of this approach
s that the segmentation method is not constrained by an assigned
redefined shape of the aorta. Instead, our algorithm is capable of
egmenting various aortic shapes by generating candidate regions,
rom which the most appropriate aortic region is later selected. It
hould be noted that the circularity and size criterion do not “guide”
he segmentation, just the candidate selection process (if the aorta
s not circular, each operator will yield a non-circular segmenta-
ion). Vessel regions in TrueFISP images have sufficient contrast in
omparison to surrounding tissues. Hence, we use only 2 projec-
ion directions as illustrated in Fig. 4. The user specified seed point
s required only in case all data sets are being processed in parallel.
therwise, the calculated centerline can be used for the seed point

nitialization. To insure the smoothness of the final segmentation,
orphological opening of the whole segmented volume is per-

ormed after the candidate selection. Segmented TrueFISP images
re depicted in Fig. 7, where the segmented modulus sequence
s represented as a 3-D volume, enabling us to easily observe the
volution and movement of the aortic wall at the given level over
ime.

Optionally, the region of interest can be defined to limit the vol-
me  of the image processed by our algorithm. The default value of
he ROI is set to 50 mm,  which is higher than the normal diameter
f the aorta, insuring that the region of the aorta falls inside the ROI.

.4. Pulse wave propagation

The method described in this Subsection is represented as the

ight column of the block diagram in Fig. 3. After the successful
egmentation of modulus images, we calculate the pulse wave for
ach of the aortic positions as an average value of pixels of phase-
ontrast images masked by the corresponding segmented modulus

ig. 8. The pulse wave propagation. Full lines represent pulse waves and dashed lines th
aves  is calculated as the time interval between the start of the first slopes of their corr

ime  intervals between them, yielding high PWV  values.
(arrows indicate time transition). The ascending aortic region varies in position and
area, while the descending aorta has only a small variation in its area.

regions (see Fig. 1). In our case the pulse wave consist of 40 samples
for each aortic position (40 slices), as depicted in Fig. 8, where full
lines represent pulse waves at the ascending, descending, diaphrag-
mal  and abdominal position. It should be noticed that different
time intervals exist between the observed pulse waves, which will
(in combination with calculated lengths of the aorta) define the
speed of the pulse wave (the pulse wave velocity). During the tran-
sition the pulse wave is deformed [39] (e.g. compare the ascending
and the abdominal wave in Fig. 8), which raises a question on how
to determine the exact moment when the wave passes through a
given aortic position.

The experience has shown that the steepest slopes (especially,
the upslope) are the wave characteristics which are the least influ-
enced by the wave deformation [40], resulting in the impulse
representation of the pulse wave. The impulse representation can
be defined as an impulse that best illustrates the start and end
of the pulse wave, consisting of steepest slopes and a constant
“base” value, where the intersection of the steepest slope and the
base value defines the starting point of the impulse (see Fig. 8).
Obviously, the impulse start instant depends on the calculation of
the base value, for which various approaches exist (e.g. some meth-
ods take the median value of the whole pulse wave or the average
of a predefined number of its last samples). However, the listed
approaches often highly depend on the number of total samples or
on the number of samples taken into account.

We propose a new approach to calculate the arrival time of the
pulse wave. Our method uses the steepest slopes and introduces a
novel approach for determining the base of the impulse represen-

tation. The steepest slopes are determined as the largest difference
in consecutive wave values for the rising and the falling edge. We
define the base of the impulse representation as the average value

eir corresponding impulse representations. Left: time interval between the pulse
esponding impulses. Right: Marfan patient pulse waves are deformed, with small
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Fig. 9. The impulse representation of the pulse wave. The wave minimum value m,
the  steepest slopes (s1 and s2) and their intersections M1 and M2 are determined. The
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Fig. 10. The segmentation and aortic centerline extraction of the HASTE MRI  data.

ascending aorta where artifacts were present. For this purpose we
use the Dice coefficient [41], which is a set similarity measure

Table 1
HASTE MRI  center line length comparison.

Center line lengths (mm) Mean S.D.

Asc-Desc manually det. 115.81 22.13
Asc-Desc our method 110.47 20.13
ase  value b is the average of all samples outside the range of projected intersections
tM1 and tM2). The impulse start instance B1 is determined by an intersection of the
rst steepest slope s1 and the base value b.

f all wave samples that do not belong to the range of the slopes,
etermined by intersections of the steepest slopes with the wave
inimum (or the maximum) value (see Fig. 9). The algorithm starts

y calculating the steepest slopes s1, s2 and the wave minimum
alue m.  The average of all samples that are not in the interval of
rojected intersections of steepest slopes and minimum value on
he x axis (tM1 and tM2) are used to obtain the base value b. The inter-
ection of the first steepest slope s1 and the base value b determines
he impulse start instant B1. Note that the second slope is only used
o specify the range for the base value calculation. Fig. 8 shows the
btained pulse waves at different aortic positions and their cor-
esponding impulse representations. The time interval needed for
he pulse wave to pass from one aortic position to another is deter-

ined as a time shift between the impulse representations of the
orresponding pulse waves. A good property of our approach is its
nvariance to the number of wave samples, constituting a robust

ethod for creating impulse representations. Another advantage
f this method is that it uses both steepest slopes in the calcula-
ion, thus taking into account the deformation of the pulse wave
uring transition.

The last step of our proposed algorithm calculates the PWV  val-
es from obtained time intervals and lengths of aortic segments.

. Results

In order to demonstrate the need for a robust centerline extrac-
ion method for HASTE MRI  images, we compare the obtained
enterline with the results of various aorta segmentation methods,
s shown in Fig. 10.

The segmentation result using the method of [27] (MiaLite
pplication) is either not connected (see Fig. 10(a)) or “leaks” into
eighboring regions (even with selecting six seed and blocking
oints). The segmentation result obtained using ITK-SNAP [28] in
ig. 10(b), shows an incomplete segmentation result of the aorta,
lthough six seed points have been placed to cover each aortic
egion. Setting higher parameters for contour boundary movement
reated leaks (although smoothness parameter was  increased to
revent leaking). The segmentation result of [31] (implemented

n 3D Slicer) method depicted in Fig. 10(c), shows relatively small

eak regions (however, the leak regions are large enough to influ-
nce accurate centerline calculation), where six seed points and fine
ontour parameter tuning were needed to obtain the segmenta-
ion. None of the described segmentation methods yield sufficiently
(a)  MiaLite [27], (b) ITK-SNAP [28], (c) robust statistics driven active contours from
3D  Slicer [31], (d) our proposed centerline extraction method.

good segmentation result for an accurate centerline extraction.
Finally, Fig. 10(d) shows the aortic centerline extracted using our
proposed method. The centerline is accurate due to positioning grid
nodes to valid positions and interconnecting them.

We perform a sensitivity analysis by shifting the initial sampling
grid by half of the grid size in x and y directions. The largest obtained
difference in the aortic centerline length is 5.1 mm (423.3 mm
compared to 428.4 mm)  in case the length of the whole aorta is mea-
sured, which is small enough, proving that the sufficiently dense
sampling grid was  used.

We compare the calculated lengths between the given aor-
tic levels obtained using our method with the aortic lengths of
manually determined centerlines by an expert (centerlines were
drawn in the 3-D application of the Siemens MR  workstation). The
results presented in Table 1 show the average values and standard
deviations for all 22 HASTE data sets. The results show good corre-
spondence between measured and manually determined lengths,
where the highest average difference of 7 mm was obtained for
the aortic segment between the descending and diaphragmal aorta,
while the differences in lengths of other segments are significantly
smaller.

We compare our modulus image segmentation results with
the manually determined expert segmentation for images of the
Desc-Diaph manually det. 107.13 17.08
Desc-Diaph our method 99.76 17.52
Diaph-Abd manually det. 173.22 19.23
Diaph-Abd our method 179.48 19.24
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Table 2
The ascending level TrueFISP image segmentation under influence of artifacts. Com-
parison of the Dice coefficients, radii estimated from aortic areas of expert and our
segmentation and the ratios of the given radii.

n Dice Our r (mm)  Expert r (mm)  r ratio

1. 0.91 16.43 17.79 0.92
2.  0.89 11.56 12.8 0.9
3.  0.93 15.8 16.9 0.93
4.  0.91 11.5 12.49 0.92
5.  0.64 15.17 16.62 0.91
6. 0.91 13.2 14.5 0.91
7. 0.86  11.86 13.54 0.87
8.  0.85 11.1 12.8 0.86

Table 3
The segmentation of the aortic region for healthy volunteers. Comparison of mea-
sured areas, circumference and radii estimated from the area and the circumference.

Aortic level a (mm2) c (mm)  ra (mm)  rc (mm)

Ascending 676.18 117.43 14.67 18.69
Descending 402.56 90.24 11.32 14.36
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Table 5
Healthy volunteers PWV  comparison.

PWV  (m/s) Mean S.D.

Asc-Desc LUMC 5.14 2.51
Asc-Desc our method 5.3 2.47
Desc-Diaph LUMC 6.92 5.55
Desc-Diaph our method 6.14 6.58
Diaph-Abd LUMC 6.71 3.69
Diaph-Abd our method 6.8 2.14
Asc-Abd LUMC 5.23 1.45
Asc-Abd our method 5.45 1.42

Table 6
Marfan syndrome PWV  comparison.

PWV  (m/s) Mean S.D.

Asc-Desc LUMC 5.06 1.85
Asc-Desc our method 6.3 1.34
Desc-Diaph LUMC 13.66 14.96
Desc-Diaph our method 10.99 12.47
Diaph-Abd LUMC 8.58 7.47
Diaph-Abd our method 8.26 7.23
Diaphragmal 322.35 80.85 10.13 12.87

Abdominal 155.96 56.03 7.04 8.92

efined as twice the ratio of intersection of two sets and the number
f elements contained in both of them:

(A, B) = 2|A ∩ B|
|A| + |B| , (13)

here one set represents the set of segmented pixels and the other
ne the set of ground truth pixels. The results of the comparison are
iven in Table 2 for 8 TrueFISP data sets containing severe artifacts
n the region of the ascending aorta. High Dice coefficient values (all
bove 0.85, except one) indicate high accuracy of our segmentation
ethod. The radius of the aorta was estimated through the calcu-

ated aortic area, where the circular aortic wall shape is assumed.
he radii of the aorta calculated using our proposed method and the
anual segmentation by an expert differ in approximately 1 mm

nd the ratio of these values is almost constant in all examined
ases. This makes it possible to estimate the radius measured by
n expert by multiplying the radius value obtained using our algo-
ithm with the average calculated ratio which equals 0.9 (this is
ossible even in the case of the lowest calculated Dice coefficient,
ince the ratio of radii in that case is 0.91). The aortic area and radii
esults obtained on the TrueFISP images of healthy volunteers are
resented in Table 3 for all aortic levels. The results compare aver-
ge values of aortic area a, circumference c and radii estimated from
he aortic area ra and circumference rc. It should be noted that all
alues decrease from the ascending to the abdominal level, which
s in accordance with the expected results, showing the correct-
ess of the proposed segmentation method. The aortic region area
nd radii results obtained on modulus images of Marfan syndrome
atients are presented in Table 4.

Finally, in order to validate the measured pulse wave velocities,

e compare our PWV  results to the validated software FLOW and

n in-house developed and validated PWV  calculation tool (LUMC,
eiden, Netherlands). The aortic centerlines of healthy volunteers

able 4
he segmentation of the aortic region for Marfan syndrome patients. Compari-
on  of measured areas, circumference and radii estimated from the area and the
ircumference.

Aortic level a (mm2) c (mm)  ra (mm) rc (mm)

Ascending 490.750 99.875 12.5 15.9
Descending 396.125 86.875 11.23 13.83
Diaphragmal 268.875 73.375 9.25 11.68
Abdominal 218.000 64.250 8.33 10.23
Asc-Abd LUMC 6.37 2.2
Asc-Abd our method 6.38 2.33

(black-blood HASTE MRI  images) were manually delineated by an
expert in the 3-D application of the Siemens MR  workstation. The
expert used a few methods for the analysis of the pulse wave in
the PWV  tool application (see Section 2.4) in order to obtain the
most realistic values of the PWV. The comparison of obtained PWV
values of 22 healthy volunteers for different aortic segments using
the validated software and our application are presented in Table 5.
The comparison of PWV  results for 8 Marfan syndrome patients are
presented in Table 6.

Our calculated PWV  values correspond very well to the cal-
culated PWV  values of the validated software. Moreover, the
calculated values fall inside the range of expected values of PWV
for each of the aortic segments of healthy volunteers [42], proving
the correctness of the proposed method. The calculated PWV  values
for Marfan syndrome patients show higher values (in comparison to
healthy volunteers) in the part of the aorta between descending and
diaphragmal level, as well as slightly higher values for the part of
the aorta between diaphragmal and abdominal level. The expected
PWV  values for Marfan syndrome patients are higher than in the
case of healthy volunteers, which again verifies the correctness of
the proposed method.

4. Discussion

To determine the pulse wave propagation times, we use impulse
representation method that takes into account both steepest slopes
of the pulse wave (see Section 2.4). It is well known that the downs-
lope (the second slope) of the pulse wave is often affected by wave
reflections. However, this does not significantly affect the impulse
modeling in our approach because the second slope of the impulse
is only used to determine the range of values that are not included
for calculation of the impulse representation base value. Indepen-
dently of the quantity of wave reflections, the end of the second
slope always defines the range of values where the wave goes into
“relaxation”, which is an important factor in the calculation of the
impulse representation base value. The upslope (the first steepest
slope) and the base value define the start of the modeled impulse,
where the upslope is not significantly affected by reflected waves

[43]. Hence, our proposed method of impulse modeling is robust to
wave reflections.

In our case the TrueFISP scans use a much shorter acquisition
window than the acquisitions for phase-contrast images, which
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ften implies that lumen area in modulus images is over-estimated.
his can be observed by mapping the aortic regions of modu-
us images to the corresponding phase-contrast images. Hence,
he aortic region in TrueFISP image needs to be slightly under-
egmented (a smaller region needs to be taken into account) in
rder to map  well to the aortic region in the phase-contrast image.
his has been solved by our segmentation method using projections
line-shaped SEs) with selecting the most circular aortic region can-
idate as the final segmentation result (see Section 2.3). Due to the
adial positioning of projections (line-shaped SEs) when observed
rom the currently processed pixel, our approach gives priority
o circular objects while excluding its edges. This means that the
btained aortic region from the TrueFISP image is slightly under-
egmented, which is a benefit when mapping to phase-contrast
mage for velocity calculation. This is supported by the measure-

ents in Table 2, where the expert aortic region segmentation area
s always slightly larger than in the case of our proposed method.

The PWV  average and standard deviation values between the
escending and the diaphragmal levels of the aorta are higher than

n the other aortic segments (both for LUMC and our proposed
ethod). This is most likely the result of centerline length calcula-

ion. The descending-diaphragmal segment of the aortic centerline
ften contains a saddle point. The pulse wave propagation might
ot follow the exact centerline (as determined by our method or by
n expert), which can, in turn, cause deviation from expected PWV
alues.

Our method should be applicable to calculating PWV  for any
ther vessel where TT MRI  approach is commonly used. The seg-
entation and centerline extraction algorithm could be easily
odified for application to other data sets (e.g. 4-D data). Com-

ared to the other PWV  calculation methods, our method exhibits
he general advantages and disadvantages of a cross-sectional TT
pproach. Our method uses more data sets compared than the QA
pproach [13] (that uses a single cross-sectional sequence), but
ields higher accuracy because it is not as dependent on the exact
egmentation of the aortic region. Similarly, the proposed method
ses more data sets than multisite TT method [14], but is less sen-
itive to variations in flow (a single para-sagittal slice can contain
ortic flow variations). Our PWV  calculation approach uses auto-
atic pulse wave transit time measurement as well as XC method

15], with the difference that we give priority to curve upslope,
ather than to the whole velocity curve (which is the case with
he XC approach). The performance of our algorithm was  tested on

 2GHz CPU. The calculation of centerlines and the length mea-
urement last approximately 1.5 min  for the HASTE data set of
imensions 120 × 180 × 256. The segmentation of modulus images
epends on the size of the aortic region that is being segmented
nd the volume defined by the region of interest, lasting from 0.5
o 2 min  (the average time is approximately 1.3 min) for series of 40
lices (dimensions 192 × 256). Note that the segmentation can be
erformed in parallel for each aortic level, while the method would
enefit from implementation on a graphics processing unit (GPU).

. Conclusion

We  introduced in this paper a novel tool for the aortic pulse
ave velocity (PWV) measurements on magnetic resonance (MR)

mages. We  have designed an effective aortic region segmenta-
ion and center-line extraction algorithm, with an optional use of a
redefined aortic model. The extracted centerlines and segmented
ortic regions were compared to the expert segmentation, show-

ng sufficient accuracy of our proposed methods. We  introduced a
ovel method for analysis of the pulse wave by taking into account
he steepest slopes and deformation of the pulse wave over time
n order to obtain a robust automatic method. The pulse wave
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velocity measurement on 22 healthy volunteers shows good corre-
spondence to the results obtained by validated PWV  measurement
software (FLOW and LUMC PWV  tool). The calculated PWV  values
fall in the range of values which are expected in case of healthy vol-
unteers. The PWV  measurements on 8 Marfan syndrome patients
also correspond to the measurements performed with the validated
software, while showing other range of values compared to the
healthy volunteers.
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33] Babin D, Pižurica A, Bellens R, De Bock J, Shang Y, Goossens B, et al.
Generalized pixel profiling and comparative segmentation with applica-
tion to arteriovenous malformation segmentation. Medical Image Analysis
2012;16(5):991–1002.
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