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1 Executive Summary

In this deliverable, the progress of the Wall Motion Quantification is explained. The goal is to describe the
status of the development and validation of a method for aneurysm wall motion tracking in 4D CTA images.

The main achievements of the research at its current state can be summarized as follows:

e Aregistration method for reducing the CTA reconstruction artefacts has been developed,
e 3D segmentation algorithm has been implemented,

e afirst version of the 4D motion estimation algorithm has been defined and implemented,
e Results on 4 cases of different aneurysm sizes and locations have been obtained,

e Avalidation methodology has been defined.

Intracranial aneurysm, which is a threatening problem, is commonly treated by neuro-radiological
intervention. However, considering the surgery risks, an assessment of the risk of rupture can help doctors to
decide better between the above-mentioned option and other options such as careful observations. Studies
show that no reliable factor or method exists to predict the rupture. On the other hand, the pulsation of the
wall of aneurysms, and the evidences of the coincidence of the rupture with pulsation areas brought clinical
researchers to consider the hypothesis of its relationship with the rupture. However, to examine this
hypothesis a reliable tool is needed for the quantification of this barely-perceptible motion. Moreover, besides
the importance of the wall motion for the prediction of the rupture, there are evidences of its relationship
with the thrombosis procedure, which is the natural repair of the aneurysms and the central point of interest
of the THROMBUS project. Considering the lack of accuracy, automation and the ground-truth validation in
previous attempts in wall motion analysis, we are developing a methodology to answer this vital need.

Since the aneurysm wall motion is very small, first global artefact movements should be removed. Afterwards,
a region-based segmentation method, with a flexible and efficient computation algorithm, has been used on
the registered images for segmenting the aneurysm in each volume of a time series of CTA images. These
segmented volumes were then used to detect the motion between different volumes. The whole procedure
was applied on a data set of four 4D ECG-Gated CTA of patients with different size and localization of the
aneurysm.

The challenge of the quantification of such a barely-perceptible motion can never be completed reliably,
without a realistic validation. Therefore, we defined a validation scenario, and developed the corresponding
methodology to implement it.
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2 Introduction

In task 3.2 of WP3, we focus on Wall Motion Tracking in Intracranial Aneurysms by means of accurate and
robust segmentation in a 4D Electrocardiography (ECG)-gated Computed Tomography (CT) image series.
Motion quantification of the wall of aneurysms can be a significant step in its diagnosis and treatment, not
only because clinical observations show that aneurysms pulse [Meyer et al., 1993; Wardlaw and Cannon, 1996,
Wardlaw et al., 1998], but also since it has been reported that the rupture sites coincide with the pulsation
areas [Hayakawa et al., 2005; Ishida et al., 2005; Kato et al., 2004].

Detection of this barely-perceptible motion is a challenging task, and has been given relatively little attention
in the literature. Besides the descriptive work of Hayakawa et al., 2005, Yaghmai et al., 2007, performed a
guantitative analysis of the phantom only. A previous work of a group in Spain, Dempere et al., 2006 uses 2D
non-rigid image registration. They also added a post processing of the recovered curve, in the Fourier Domain,
in their recent work, Ouebel et al., 2007. The most relevant work of them, Zhang et al., 2009, uses a time-
varying B-spline tensor field to model the pulsations, and their recent work of Ouebel et al., 2010 seems to be
the implementation of the same method, on real data. The recent works of Nishida et al., 2011, and Kuroda et
al.,, 2011, use a simple calculation of the volume, which might be considered simplistic considering the
reconstruction errors. In fact, the existing state-of-the-art suffers from lack of accuracy and/or automation.
Our goal is therefore to contribute to the improvement of the existing image segmentation and motion
tracking models for this specific and difficult application. Since motion analysis is aimed at being used as the
basis of vital decisions, its method must be validated using realistic phantoms. This is an important missing
element in the recent studies, which we would also like to address.

Intracranial aneurysm is a very dangerous and widespread problem. Fortunately, by the increasing use of
medical imaging in different diagnoses, un-ruptured aneurysms are nowadays detected fortuitously while
checking for other problems and may be treated in one of three ways: preventive surgery, neuro-radiological
intervention or careful observation. At the moment, treatment depends mainly on the size and location of the
aneurysm. According to studies, and considering the risks involved in surgery, attentive observation is
preferred for small aneurysms. However, a study in 2004 of 280 patients with ruptured aneurysms showed
that a large proportion had small or very small aneurysms. This means that at the moment there is no reliable
means of predicting the rupture. Since observations during surgery shows that the aneurysms pulse, medical
researchers are keen to study further the relationship between the pulsatility and the rupture. Besides the
importance of the wall motion for the prediction of the rupture, there are evidences of its relationship with
the thrombosis procedure, which is the natural repair of the aneurysms [Bhatnagar et al., 1985; Kupper et al.,
1989]. However, there is no existing reliable method to detect this motion.

We are therefore working on developing such a method for quantifying pulsation. This deliverable reports our

progress towards this goal. The final method, results and validation will be reported by month 24 in
deliverable 3.4.
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Considering the fact that the motion is in the range of the noise or image artefacts, pre-processing is of
utmost importance. Afterwards, we focus on improving accurate and robust segmentation. Finally, we go
beyond the existing motion estimation methods, to improve current accuracy and automation.

The following sections will present the methods and results and the future perspective in the conclusion.
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3 Methods and Results

3.1 Data acquisition

The data set used to test our motion tracking algorithm is a series of 4D ECG-Gated CTA images. The images
are obtained through medical CT examination performed by a 64-row Multi-Slice CT-Scanner (Volume CT,
General Electric, Milwaukee, Wisconsin).

This 4D ECG-Gated acquisition is selectively centred on the aneurysm and requires a supplementary 50cc
contrast media injection for vascular enhancement. The reconstruction is done by the aid of a physiological
signal (ECG), in order to produce images of the aneurysm at different time points over one cardiac cycle. These
images are "phase-related", where their phases signify the temporal subdivision of the duration of one cardiac
cycle. Thus, a same spatial image can be created at different phases of the cardiac cycle.

The helical acquisition used provides continuous coverage and therefore it is possible to generate raw data
from 2 phases per cycle (50% each) up to 33 phases (3% each). Here a subdivision of cardiac cycle in 20 phases
of 5% each is used.

3.2 Registration

Since 4D CTA is prone to known ring like motion artefacts, due to the lack of calibration [Zhang et. al, 2009;
Feldkamp et al., 1984], we first started by registering each volume with reference to the first volume.

3.2.1 Threshold

To register the images and reduce artefact movements, we tried to register the images using bones as
registration landmarks. Hence, we first applied a threshold to the volumes. Figure 1 shows an example of this
thresholding step.

> Oy

P

Figure 1 : The original volume (left) and the threshold image, showing the bones (right)
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3.2.2  Registration Algorithm

After applying the threshold, the resulting volumes are registered, by minimizing the mean square difference
between the reference and moving images, with linear interpolation and a 3D rigid transformation, as
implemented in the classical ITK registration approach [lbanez et al., 2005], as illustrated in Figure 2: after

proper initialisation, an optimization scheme, in our case the classical Gradient Decent method, finds the
extremum of the chosen similarity function.

pixels 0/1 pixels fitness value
Fixed Image Threshold Metric

pixels O Optimizer

Interpolator }
A

points transform

parameters

pixels W 0/1 pixels
Moving Image Threshold J Transform

Figure 2 : The pre-processing registration scheme

The differences in the slices under observation in the two volumes, before and after the registration, are
shown in Figure 3.

im20-im1

irnreg20-im1

Figure 3 : The difference before registration (left), and after the registration (right). Color scale represents Hounsfield
Units (HU).
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3.3 Segmentation

Considering the interests of Active Contours and Level Set methods, namely their power of handling changes
of topology, and adaptation to the shape of complex structures, we decided to select those methods to
perform the aneurysm segmentation. Please see Deliverable 3.1 for more details on this task. We started with
the 3D version of the 2 phase implementation of the Chan-Vese’s Active Contours Without Edges image
segmentation algorithm. The basics of this method are described below.

3.3.1 Active Contours Without Edges

Active contours are popular image segmentation models, due to their well-rooted theories and stable
numerical implementations. As a reminder, image segmentation aims at determining the object contours by
computing homogeneous regions and/or contours of the objects. Active contour models define energy
functional with opposite terms, for example internal or regularization terms, which insure the smoothness of
the curve, and an external energy that is minimal, for instance, on high values of the gradient of the image.
Then, the calculus of variations is used to determine the extremum of the above-mentioned functional, which
will be the object boundaries. The calculus of variations determines the extremal value (minimum/maximum)
of integrals of type

B
Fiud) = [ lutad. w00 (1

The extremum of F(u) is found by solving the corresponding Euler-Lagrange Equation. The success of the
segmentation process depends on the suitability of the model for the application.

Here, an active contour, region-based segmentation method was used. The Chan-Vese [Chan and Vese, 2001]
model revisits the Mumford-Shah model, where the energy function is defined as:

Frs(E €l = flz- Fde+p fli?zlzs&u-i- v LongthiC]) @
o e

| is the piecewise smooth approximation of the original image I, and C represents the discontinuity set
representing the edges. We see that this function can be written as the integral in (1), and hence its optimal
value is found by solving the Euler-Lagrange Equation.

In the Chan-Vese model, the following two assumptions are added to equation 2.

e Theimage has only 2 regions.

e Theintensity is constant inside each region, therefore VI=0 except on the contours.

So, the Chan-Vese Active Contours Without Edges can be formulated as follows:
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where Wi, Uou: are the mean intensity inside and outside the object.

3.3.2 Level Set Method

The Level Set Method [Osher and Sethian, 1988] is a powerful numerical scheme for modelling time-varying
techniques. This method can be best illustrated in Figure 4. It shows that in this method, 2D curves are
considered as the zero-level of a 3D function. As the figure demonstrates, this permits to define the difficult
transformation between the curves as an easy up/down movement of the zero-level.

Figure 4 : An illustration of the Level Set Method.

If we define the contour as the zero level of a function ¢, and substitute the unknown C with ¢, we can
rewrite the function in (3), in terms of Heaviside functions. Afterwards Chan and Vese use a regularization
form for the Heaviside and found the Euler Lagrange Equation for ¢ as

0@
dt

(4)

0,3 = IIET':"I,;-t:xr.-.?:.‘) in 22,

0.(g) dg _
w00 0 ondQ

. g -
Where — denotes the exterior normal to the boundary@1l, and £ denotes the normal derivative of ¢ at the
T

boundary.

After numerical approximation, this model and method was implemented. Figure 5 shows an example of the
resulting segmented aneurysm.
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Figure 5 : Left, a slice of interest in the CTA series and Right, the segmented aneurysm.

Notice that this segmentation method will be compared with others developed by CREATIS in this project, and
presented in Deliverable 3.1.

3.4 Distance Map

After segmentation, the next step towards wall motion estimation is the calculation of the distance map for
each segmented volume. At a given point x of the image grid, the motion of the front is described by the
Eikonal equation

IFT e

Fix)=1
where T is the arrival time of the front at x and F is the speed of the front (usually F = 1).

If the 3D contour is considered as a front, its distance map can be calculated using the Fast Marching Method
(FMM). To perform this method, we first select a set of starting points and tag them as known. The pixels
positioned one pixel from those already known are the narrow band, tagged as trial points, and the rest are far
pixels. The idea is to move forward the front, freezing the values of the known points, and bring new points to
the narrow band. The process therefore can be described as the following iterative scheme:

e The distance (arrival time) is calculated for all trial points, by solving the Eikonal equation.

e The trial point with the smallest arrival time is chosen and tagged as known.

e All the six-connected neighbours of this trial point are tagged as trial.

e The procedure is repeated until full calculation or until the stopping criterion has been reached

Figure 6 shows the 3D distance map (DM), using the FMM, for the segmented volume of Figure 5.
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Distance Map+Aneurysem

Figure 6 : Left, the DM of the segmented aneurysm and right, the DM with the original segmented aneurysm (zero level
(dark blue) of the DM).

3.5 Motion Estimation

Finally, the motion tracking is achieved by evaluating the distance map of a volume of reference over the
contours of a chosen volume. This is illustrated in Figure 7.

Veall canteur

Vel20 contour

Figure 7: The motion tracking process.

In our example, consider that the contour of the aneurysm in volume 20 is deformed from volume 1, as shown
above. The further the green contour, the bigger the value of the distance map of volume 1 will be at that
point. This is why the evaluation of the distance map on the contours will give the motion estimation.

Figure 8 shows the maximum absolute value motion of each point of the volume during the 20-phase cardiac
cycle, with the first volume as the reference. The colour index shows the motion in voxels, without rescaling.
As expected, a small motion is detected on the bulges. The motion of a bulge point through time is depicted in
Figure 9.
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d)

Figure 8 : a) An example of a segmented aneurysm b) A slice of interest with the corresponding segmentation on two
volumes, which shows the accuracy of the segmentation method c) The maximum absolute motion of the wall of the
segmented aneurysm d) The motion of a bulge area.

buldge mation
T T T T T T

1+ T T =
0

0 2 4 6 8 10 12 14 16 18 20
phase number

Figure 9: The motion of the bulge point of Figure 8c, across the twenty phases

Further processing, comparison, validation and clearer demonstration are still in progress.
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3.6 Validation methodology: 2D-3D Registration in the Fourier Domain

As described in the previous sections, the validation of the estimated motion is of utmost importance. We
have therefore spent a significant time in carefully defining a methodology that will allow in-vitro and in-vivo
validation of the wall motion estimation. This validation will be conducted during the two remaining years of
the project.

The in-vitro validation will involve a complete experimental setup defined by our colleagues at ULB, partners
of the THROMBUS project. This setup involved a complete blood-like fluid circulation system, including pulsate
flow. Silicon synthetic aneurysm, made from real geometries of intracranial aneurysms, will be built and
inserted in the setup. It will then be possible to image this aneurysm with a variety of imaging protocols,
including our 4D ECG-gated CT protocol, but also with high spatial and temporal resolution techniques,
including classical 2D angiograms. See Figure 10.

Similarly, the in-vivo validation will include the acquisition of our 4D CT scans as well as of 2D angiograms of
the same aneurysm.

In order to validate the algorithm, we need to know the ground-truth motion value. However this is not
possible in either of the above-mentioned validation. The reason is that for the in-vivo validation, we do not
have any control on the real motion and even for the in-vitro validation where we can tune the source of the
pulsation, we do not know the value of the motion that this source will produce.

In both cases, the high-resolution angiograms will only display a projection of the aneurysm and of its motion.
Our validation will consist of assessing the similarity between the perceived motions in the 2D+t projected
angiograms and in the corresponding projection of our 3D+t CT scan. Therefore, both for the in-vivo and the
in-vitro validation procedures, we will need to establish the correspondence between 3D volumes and 2D
projections. This problem is called Projection Volume Registration.
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Figure 10 : The validation scheme.
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The idea of Projection Volume Registration methods is to match a volume with projections. The traditional
methods such as Digitally Rendered Radiography (DRR) consist of heavy computations. Therefore, we
developed an alternative, faster, 2D-3D registration method in the Fourier Domain, introduced by Zosso et al.,
2008. The principles of this method are as follows:

The 3D Fourier Transform of a 3D volume f(X,y,z) is defined as
Flov, w) = H fl . glgm M Vil gy g (5)
Then, with a corollary to the central slice theorem in 3D, we can write
Flpv, 0] = fﬂ £, 3 2le=d % dp dy dz = ﬂ [f fi. 3. 2) szz] et gue gy = g, (wy) (©)

where f is the scanned volume and p is the image, according to the Radon Transform. In fact, under the
parallel X-ray approximation, it can be seen that the grey level of each point (r,8) on the rotational series is
proportional to the attenuation of the X-ray during its path, and therefore proportional to the line integral of
the object across its path, as in (7).

prlen8) = [ foleip)otecese | oo )dmdy 7

Equation (6) states that the central 2D slice of the 3D Fourier volume and the 2D Fourier of the projection
image are the same. This key idea facilitates the registration methods, in the sense that instead of calculating
the projections from the volume and then matching these simulated projections with the original projections,
we can directly match the Fourier Transform of the projections, with their corresponding slices in the Fourier
Transform of the volume. This idea is illustrated in Figure 11.

2D FFT

CT volume

¥
LA

Figure 11 : The slice to volume registration in the Fourier domain.

To match the slice and the volume, it should be noticed that a rotation in the spacial domain corresponds to a
rotation in the Fourier domain.
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This method has been used to track bone movements in stereoscopic X-ray fluoroscopic image series of the
knee joint [Zosso et al., 2008]. Figure 12 shows the result of the motion tracking performed with this method.
The white circles show the Gaussian masks representing the region of interest. A manual tracking was also
performed and compared with the algorithm results. Although the manual and automatic trackings are in good
agreement, there still exist some errors, which can be partially explained by the limitation of the manual
tracking and also by the assumption of parallel beam rays. As part of our effort towards the validation of our
wall motion estimation algorithms, we have further developed the original method proposed by D. Zosso. We
have implemented it using the ITK library and have validated it on new series of 3D volumes and 2D projection,
also coming from CT and fluoroscopic images of a knee, since synthetic aneurysm volumes and angiographic
projections have not been acquired so far in the project. This work is the foundation of our validation
methodology which will be fully developed in the next phases of THROMBUS.

1
O  manual

algorithm

Figure 12 : Lateral (left) and frontal (middle) projections of the knee joint. The right figure shows the manual and
automatic detections of the movement. In the first slices there is a difference between the manual and the automatic
trackings which has been reduced by a reverse processing (the other blue curve)
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4 Conclusions

During the first year, we already developed a good segmentation algorithm and motion tracking, as well as an
efficient validation scheme. The results show acceptable performance; however, this should be, of course,
developed in the future, especially by processing more data.

Regarding the future steps, we will first focus on the important task of validation of the algorithm, followed by
fast implementation and convex formulation. Moreover, there exist different methodological improvements
that we are planning to implement and compare. They include

e 4D segmentation: a good 4D smoothing criterion can avoid jerky, incorrect motion and help to keep
the motion at different times in relation with the motion at other time points. On the other hand, it
should be taken into account that a regularization term can increase the risk of omitting a barely-
perceptible motion like that of the wall of aneurysms. These two considerations make 4D
segmentation a challenge, which should be addressed, in future.

e Direct motion estimation - Optical Flow: instead of multi-segmentation, the concept of optical flow can
be used in order to avoid the accumulation of errors of segmentation. In this approach a volume of
reference is first segmented to find the contours of the object. In the next step, the grey level of a pixel
on the contour is searched in other volumes to find the motion of that point.

e Reconstruction: considering the range of the motion we are looking for, any possible source of error
can cause intolerable artefacts. Therefore, we are considering some forms of intelligent reconstruction
particularly designed for the motion tracking. In other words, we believe that if we know what we are
seeking from the data set, we can reconstruct the CT volume accordingly, paying more attention to the
goal.

e Fast implementation: To deal with voluminous data and meet the required interactivity, fast
implementation is a must. For this purpose, we will consider methodological improvements, such as
primal-dual decomposition and the split Bregman method and also GPU implementation.
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