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Abstract. A novel method for the estimation of areas in 2D MR im-
ages of the aorta is presented. The method uses spatio-temporal non-rigid
registration in order to obtain the 2D deformation fields of the vessels
during the cardiac cycle. This is accomplished by aligning all time frames
in the image sequence simultaneously to the first one. The determinant
of the Jacobian of the 2D deformation fields are then computed to obtain
the expansion (or contraction) at each time frame, with respect to the
first time frame. By using 3D splines, the method exploits the relation
between time frames in order to obtain continuous and smooth distensi-
bility measurements throughout the cardiac cycle. Validation was carried
out with MR images of the aorta. Experiments for the registration and
estimation of areas in the aorta are presented in 60 data sets correspond-
ing to three different sections of the aorta (proximal, mid and distal) in
20 different subjects, where each set consisted of 17 to 38 time frames.
Manually estimated areas are compared to the areas estimated automat-
ically in 8 data sets where the average error is 2.3% of the area manually
obtained.

1 Introduction

The assessment of the elasticity of the great vessels is important in order to evalu-
ate cardiovascular disease and performance since it reflects aging and atheroscle-
rosis [I2]. In addition, it can also be used to evaluate the results of plaque-
reducing therapies. This elasticity assessment is usually accomplished by mea-
suring compliance or distensibility, which are wall properties of great vessels.
Arterial compliance reflects the buffering capacity of an artery and is defined as
the absolute change in volume or cross-sectional area per unit of pulse pressure
(AV/ A P). Decrease in compliance increases cardiac after-load and the risk of
cardiac hypertrophy. Arterial distensibility is defined as the relative change in
volume or cross-sectional area per unit of pulse pressure ([AV/V]/ A P) and
reflects mainly the elasticity of the wall.
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Two approaches for measuring compliance and distensibility are normally
used. The first approach uses instantaneous pressure-dimension relations of sin-
gle pulse waves at varying levels of distending pressures. A pulse wave travels
with a speed of several metres/seconds from the aorta to the arterial branches.
This velocity can be measured by recording the pressure pulse waves at two
places with Doppler echo-probes [3], or using phase contrast MR [II2]. The
pulse wave velocity along the vessel of interest provides a measure of compliance
C through the approximate relation C' = 1/(c?p), where c is the pulse wave veloc-
ity and p is the blood mass density which can be considered to be constant. The
second approach for obtaining compliance and distensibility uses measurements
of area and pressure changes. While measuring pressure is simple to carry out
for the recordings at end-systole and end-diastole using a sphygmomanometer,
the measurement of volume changes is more difficult because there is no simple
means of estimating regional changes in blood volume of a vessel. However, as-
suming that there is mainly radial and negligible axial vessel movement during
pulse pressure, compliance and distensibility can be estimated as a change in
radius, diameter, or cross-sectional area for a given change in pressure.

Manual delineation of the great vessels is usually performed in order to com-
pute the area, however it is time consuming and there is a significant intra and
inter-observer variability which make the results inconsistent. Deformable mod-
els have been previously proposed for the tracking and segmentation of the aorta
[4]. However, this approach has not been applied on continuous measurements
through a complete cardiac cycle.

This paper proposes a method to estimate the area changes of the aorta
from MR images. We have successfully applied a similar approach for tracking
cardiac MR image sequences [5]. First, each time frame of the image sequence
is registered to the first frame using non-rigid registration to obtain the defor-
mation fields of the aorta during the cardiac cycle. Subsequently, to calculate
regional area changes the determinant of the Jacobian of the deformation field
is integrated over the area of interest to quantify differences between registered
images and the reference frame.

2 2D Registration of Cine MR Images

The purpose of image registration is to find the optimal correspondence between
anatomical regions in two different images. Registration is a technique where
the geometrical relation between two images is described by a transformation
that maps points in one image to its corresponding point in another image [6].
Registration can be accomplished using different types of transformations that
can be classified as rigid or non-rigid.

In our application non-rigid registrations are performed between a baseline
(or reference) image at time ¢ = 0 and all other images in the sequence to obtain
transformations that can describe the deforming soft tissue such as the wall of
the great vessels.

To model local deformations Rueckert et al. [7] proposed a non-rigid trans-
formation algorithm based on free-form deformations and B-splines. It manip-
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ulates control points allowing deformation of the shape of the 2D or 3D object
producing a smooth and continuous transformation:

Tlocal €T y Z Z Bm ¢z+m,j+n (1)

m=0n=0
where i = [o/n,] — 1,5 = |y/my] — Lu = a/n, — [w/ng],0 = y/ny — Ly/ny) (|
| means round down) and where B, represents the m-th basis function of the
B-spline described in [§].

To relate both images, a measurement of alignment is needed to find the
correct transformation. If the images to be registered belong to the same image
sequence, we can assume that the intensities in images A and B are closely
related and Viola [9] demonstrated that in this case the correlation coefficient
(CC) may be considered as the ideal similarity measure. For images A and B, the
aim of the registration process is to find the transformation 7" which maximises:

cC - >i(Alwi) = A)(B(T (i) — B(T))
{2 (A=) = A2 30, (B(T () — B(T))?}/2

where A and B are the mean intensity values of voxels in image A and the
transformed image B, respectively.

The resulting transformation maps each point of the image reference A to
the corresponding point in the image B. After the optimal transformation has
been obtained, the resulting deformation field can be analysed to identify areas
which have expanded or contracted. This analysis requires the calculation of the
determinant of the Jacobian matrix of the deformation field which defines the
local volume change in the neighbourhood of a point x.

Vie ANDB (2)

3 3D Registration of Cine MR Images and Estimation of
Area Changes in the Aorta

The idea of the proposed approach is to estimate the expansion or contraction of
the aorta in different time frames with respect to a baseline image of the vessel.
While the registration technique described in the previous section can be used
to register all time frames in a sequence to their respective baseline image, it
does not exploit the temporal coherence of the image sequence. In this section
we propose a modified spatio-temporal registration which exploits the coherence
of the image sequence.

Rather than considering each 2D cross-sectional image separately we use the
2D image sequence as a 3D (2D + time) image, where z,y describe the cross-
sectional position and ¢ the time during cardiac cycle. The goal of the spatio-
temporal registration is to find the optimal transformation T' : (x,y,t) — (z,y,0)
which maps all points in the 3D image Isequence(®,y,t) to their corresponding
anatomical location in the 2D baseline image Tpgserine (2, y)-

Next, the image sequence Iscquence s registered to the baseline image Ipgserine
to find the optimal transformation T as presented in Fig [l For this purpose we
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/
Ibaseline Isequence Isequence

Fig. 1. Registration of the image sequence Iscquence With the baseline image Ipasetine-

modify eq. () to ensure a temporally smooth transformation:

3 3 3
Trory (z,y,1) Z Z ZBl(U)Bm(v)Bn(w)¢i+l,j+m,k+n (3)

t=0 m=0n=0

Note that this transformation is a mapping from 3D (z,y,t) to 2D (z,y,0), i.e
the displacement of the control points is restricted to the x and y directions
only. By optimising the location of all control points simultaneously we are able
to simultaneously register all time frames of the image sequence to the baseline
image. As a result we ensure a smooth deformation between time frames.

To calculate the change in area of a structure of interest we need to integrate
the determinant of the Jacobian over the area of interest {2 in the baseline image
that is on the region of the aorta. At any given point (z,y,t) the determinant
of the Jacobian can be computed as

a;,z 861@
J(‘T> Y, t) = auwg 8uy§ )
dx Oy

where %“.i is the rate of change of the 4;;, component of the displacement field u

in the direction j. Note that this Jacobian only takes the spatial component of
the transformation into account. The determinant of the Jacobian quantifies the
expansion or contraction between the image sequence and the baseline image,
for any given location in the baseline coordinate system. The resulting Jacobian
values for frame ¢ contained in the selected region (2 were averaged for each time

frame.
J = Jo Juydady _ 2k Jay(F)
" [ dzdy K

Vk € TI(O)I(n) (x, y) NN (4)

where .J,, is the average (or global) ratio of expansion or contraction of frame
n, Jay(k) is the Jacobian of any transformed point found in the region (2, and
K is the total number of transformed points (or image voxels) in the region {2.
This would describe the global expansion or contraction ratio of the aorta at
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that particular time frame. The segmented area in the first time frame is then
multiplied by this ratio to obtain the area in each time frame. In this way, not
only the actual expansion ratio values but the absolute area changes of the vessel
throughout a complete cardiac cycle can be visualised and used to estimate the
elasticity of the vessel.

4 Experiments and Results

Images were acquired at Royal Brompton Hospital, London, UK, using a Siemens
Sonata 1.5T scanner with a TrueFisp sequence. Images of the proximal, mid and
distal parts of the ascending aorta were obtained from 20 different subjects with
a resolution of 192 x 256 and pixel size around 0.6 x 0.6 mm with a slice thickness
of 6 mm. The images were taken perpendicular to the aorta. For each subject
between 17 and 38 time frames were acquired, at intervals of approximately
25-50msec. We divided the subjects in two age groups. The age of 10 subjects
ranged between 23 and 34 years old and the age of the other 10 subjects ranged
between 57 and 80 years old.

The proposed approach was applied to the 60 data sets from 20 subjects.
First, the area change with respect to the first time frame image was computed
with the proposed method. In five data sets the second or third time frame
images were taken as the reference instead of the first time frame image because
in those cases the first time frame image did not have good contrast and the
boundaries of the aorta were not well defined. Therefore, frames with a better
quality were chosen as the reference. Fig.2lshows the expansion/contraction ratio
of the cross-sectional area of the aorta in the three different sections (proximal,
mid and distal) calculated with respect to the area of the first time frame. It
presents the results for all the data sets of the younger and older subjects. The
expansion of most of the older subjects do not exceed 120% of the area estimated
in the first frame.

In order to evaluate our method, manual segmentations were performed by
an expert observer in the complete time sequences of eight image sets where dou-
ble determinations (i.e. two manual delineations) were averaged. The manually
estimated area of the vessel was compared to those obtained with the proposed
method. Fig. [3 presents the area manually estimated by the expert and by the
proposed approach. Table [I] summarises the maximum difference between the
manual and automatic estimates of the area. The maximum difference is 5.8%
on average, while the average difference over all is 2.3%. For volunteer 6 the
maximum difference between both areas is 9.9%, however, the source of this er-
ror is due to an inconsistent manual segmentation of the second time frame as
can be seen in Fig.

In order to visualise the results of the complete time sequence, using the
transformation computed by the registration algorithm we have transformed the
segmented image of the first time frame into the shape corresponding to the
remaining time frames. This allows us to see the projected segmentation (or
2D delineation) of the vessels throughout the cardiac cycle. Figure @ shows an
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Fig.2. Automatic estimation of the expansion/contraction ratio of the aorta with
respect to the first time frame.
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Fig.3. Example of the manual and automatic estimation of the areas in a set of
images. Notice the smooth time variations for the proposed method.
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example of segmentation results on a cross-sectional image. Figure [l illustrates
the segmentation results on a 3D (2D + Time) representation.

Table 1. Differences between the area estimated manually and automatically for each
curve of Fig.[3 divided by the area manually estimated.

Subject 1 2 3 4 5 6 7 8 |Average
Maximum difference|4.4%4.8%|5.5%4.6%|3.6%(9.9%|5.1%8.7%| 5.8%
Average difference |2.0%(2.3%2.0%2.5%(1.1%(2.2%|2.0%(4.1%| 2.3%

Fig. 4. Example of segmentation results shown on a cross section at (a) end-diastole
and (b) end-systole. In order to help visualising results in this non-colour print, the
continuous segmentation contour is shown as a dotted line.

5 Discussion

We have presented a procedure to estimate the transverse area in MR images of
the aorta. The registration yields a deformation field from which the expansion
or contraction ratio of the aorta could be accurately estimated. The 8 examples
in Fig. Bl show that the area-time curve estimated by the proposed approach is
smooth while the manual estimate of the area-time curve is noisy and has some
abrupt changes due to the different criteria of the expert to segment the aorta in
different time frames. The manual method was very time consuming with 60-100
measurements per section and took approximately one hour while the automatic
method took 5 minutes once the program was set up. The automatic contours
were consistent with no variation, contrary to the manual double determina-
tions, and appeared more reliable. The method relates the images in time and
the results are promising for physiological and clinical studies in the assessment
of elasticity of the aorta as shown in Fig. 2] where the difference in elasticity
between young and old subjects can be observed. The method is limited when
the first time frame does not have a good contrast, however another time frame
with better contrast can be chosen as a reference and the expansion/contraction
ratio is calculated for that reference. At present only one time frame per se-
quence needs to be segmented manually. Future work will involve the automatic
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Fig.5. Example of automatic segmentation results shown on a 3D (2D + Time)
representation. The vertical axis (¢) shows the time evolution of a section of the aorta.
The colours on the segmentation surface show the magnitude of deformation in every
region and at every time (blue is the minimum and red the maximum value).

segmentation of the first frame in order to make the approach fully automatic
and measurements in the ascending and descending aorta, the aortic arch and
the main, left and right pulmonary arteries will be performed.
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