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Rationale and Objectives. Real-time cardiac ultrasound (US) allows monitoring the heart motion during intracardiac
beating heart procedures. Our application assists pediatric atrial septal defect (ASD) closure techniques using real-time 3D
US guidance and rigid instruments. ASD tracking is also an important tool for facilitating systematic clinical studies of
the dynamic behavior of the intra-atrial communication. One major image processing challenge is associated with the re-
quired processing of information at high frame rate, especially given the low image quality.

Materials and Methods. We present an optimization scheme for a block flow technique, which combines the probability-
based velocity computation for an entire block (a 3D volume centered on the ASD) with cyclic template matching. The
adapted similarity imposes constraints both locally (from frame to frame) to conserve energy, and globally (from a refer-
ence template) to minimize cumulative errors. The algorithm is optimized for fast and reliable results. For tests, we use
three intra-operational 4D ultrasound sequences of clinical infant beating hearts with ASD.

Results. Computing velocity at the block level with an optimized scheme, our technique tracks ASD motion at a fre-
quency of 60 frames/s on clinical 4D datasets. Results are stable and accurate for changes in resolution and block size. In
particular, we show robust real-time tracking and preliminary segmentation results of the ASD shape, size and orientation
as a function of time.

Conclusions. We present an optimized block flow technique for real-time tracking of ASD to assist in minimally invasive
beating heart surgery. Our method proposes the standard use of references for processing repetitive data. This paper repre-
sents, to our knowledge, the first study on the dynamic morphology of ASD that takes into account the angular effect in-
troduced by the slanted position of the intra-atrial communication with respect to the US probe.
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Real-time cardiac ultrasound (US) allows monitoring the
heart motion during intracardiac beating heart procedures.
Among the congenital heart malformations, secundum-
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type atrial septal defects (ASD) have been reported to
account for up to 15% of cases (1). ASD represent open-
ings in the septum between the atria, which decrease the
efficiency of heart pumping. Although the surgical inter-
vention for ASD closure is well established and has ex-
cellent prognosis, it is performed under cardiopulmonary
bypass, which has widely acknowledged harmful effects.
Minimally invasive, image-guided beating-heart ASD clo-
sure will avoid using cardiopulmonary bypass and im-
prove the patient rehabilitation.

There are two alternatives for minimally invasive ASD
closure procedures: one using a catheter-based closure,
usually under contrast-enhanced fluoroscopy (2,3), and

another using rigid instruments through the chest wall to
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place a patch over the ASD, demonstrated in animals (4).
Although clinically available, the catheter-based proce-
dure has major disadvantages: it can be used only on a
fraction of ASD (5), it excludes procedures on small chil-
dren (6), and the delivered x-ray dose is usually high.
Animal and pediatric studies showed the feasibility of
ASD closures using rigid instruments and highlighted
their limitations (7,4). A major challenge to successful
beating-heart surgical interventions remains the reliable
visualization of structures within the heart (8,9). Our ap-
plication shows the position and morphology of ASD in
real-time to support the development of US-guided intra-
cardiac interventions using rigid instruments.

A three-dimensional (3D) image of an ASD and its
position in the heart is shown in Fig 1. The US probe is
placed on the exterior wall of the right atrium. Our appli-
cation is designed to support computer-based, image-
assisted interventions for pediatric ASD closures, by pro-
viding the accurate position and morphology of ASD in
real-time. First, it provides enhanced visual information
about the motion and position of ASD to the surgeon to
support US-guided intracardiac beating-heart surgery.
Second, the method will be embedded in a tissue-instru-
ment tracking system to update a controller for robotics-

Figure 1. Three-dimensional (3D) ultrasound (US) image o
exterior wall of the right atrium and pointed towards the left
whereas on the right we present a magnified view of the AS
assisted US-guided interventions.
The dynamic nature of ASD is primarily determined
by the cardiac cycle and its area can considerably vary
(range of change 17%–86%) between end-diastole and
end-systole (10,11). The change in size is highly variable
and present measurements show subjectivity, because they
do not account for the slanted position of ASD in relation
to the US probe. There is little to no correlation between
the dynamic changes of ASD and its size, heart rate, or
age of patient. Rigid motion (translation, especially in the
vertical direction, or normal to the ASD) is an important
component of ASD movement, but the change in shape
and size was equally noticed, mainly dilation/contraction.
A good knowledge of ASD morphology is essential for
the correct design and placement of the ASD patch.

Four dimensional (4D) US is simple, inexpensive, and
fast, and allows the surgeon to visualize cardiac structures
and instruments through the blood pool. US also has
some major disadvantages, being extremely noisy with
poor shape definition, which makes it confusing and hard
to interpret in the operation room. Tracking tissue in 3D
US volumes is particularly difficult because of the low
spatial resolution caused by interpolation and resampling
in image reconstruction (12). Therefore the development
of tracking methods for volumetric data in 4D applica-

trial septal defect (ASD). The US probe is placed on the
m. The image on the left shows the entire 3D US volume,
e round patch must cover the entire ASD surface.
f an a
atriu
D. Th
tions is necessary to assist clinical procedures. In ASD
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closure procedures, ASD tracking in US images is desir-
able to guide either the rigid instruments or the catheter.
The motion of the US transducer and the low image qual-
ity also contribute to the challenges of ASD tracking.

Processing speed for the robust tracking of cardiac
tissues has been addressed in a number of articles. An
optical flow approach was proposed previously (13) to
track endocardiac surfaces. The datapoints are initialized
manually and a finite element surface is fitted to the
points. The method extends to 3D the region-based opti-
cal flow from (14) using a simple correlation and runs at
approximately 2 minutes/frame after initialization. Bouk-
erroui et al (15) use a better-adapted similarity measure
introduced in (16) to compute region-based optical flow
in US image sequences. Their results are faster but two-
dimensional (2D). The initialization is not discussed and
the authors propose a parameter optimization scheme
(13). A knowledge-based parametric approach using level
sets is proposed in (17). 2D segmentation and tracking
are alternated using shape knowledge, visual information,
and internal smoothness constraints. An interesting 3D
cross-correlation–based approach for speckle tracking on
simulated data is proposed elsewhere (18). However, 3D
speckle tracking poses a series of difficulties, from opti-
mization and computational costs to speckle decorrelation
in time and space.

A different class of algorithms is that of sequential
segmentation of echocardiographic images. A good exam-
ple is presented in previous work (19) combining 4D
anisotropic filtering and a model-based segmentation us-
ing simplex meshes. The 3D volumes are recreated from
2D acquisitions, which gives better in-plane lateral resolu-
tion than 3D US, but relies on heavy interpolation be-
tween planes. As in the vast majority of cardiac applica-
tions, this method segments the left ventricle and creates
a model suited for diagnosis but not for surgical interven-
tions. The 3D motion and shape changes of the left ven-
tricle are analyzed in US images with a dense Bayesian
motion field (20). A biomechanical model is used for
strain information, but the finite element method used to
solve the equations makes the process very slow. Finally,
the tradeoff between accuracy and computational expense
is addressed in (21) in a method combining correlation
search and feature tracking. The speed is increased, com-
pared to conventional correlation, but the feature detector
slows down the algorithm for real-time applications (13.3
minutes/frame).

In this paper, we present an optimized scheme for a

3D block flow approach adapted to ASD tracking that
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estimates velocities for an entire block (a 3D volume cen-
tered on the ASD) using the concept of region-based opti-
cal flow. The method is fast and avoids the problems of
traditional block matching, while exploiting the sensitivity
of optical flow. The computation is done volumetrically
and the displacement optimizes a similarity measure rela-
tive to both the previous and initial frames. The block
flow technique is aimed to guide the correct placement of
the patch over the ASD surface. We discuss the computa-
tional aspects of the presented implementation to optimize
processing time and implement them for the real-time use
of the application. The full 4D segmentation of ASD is
also presented, along with tracking results on 4D clinical
cardiac US images. The current streaming speed of com-
mercial US machines is of 25 frames/s. Hence, our real-
time US image-guided application should desirably
achieve a processing speed of at least 25 Hz.

METHOD

The purpose of our algorithm is to offer compelling
information about the position and shape of ASD to facil-
itate minimally invasive cardiac surgery. More precisely,
we intend to guide the correct placement of the patch
over the ASD surface. We approach this challenge in
three stages, as described in the following sections: the
robust tracking of ASD in 4D space; the optimization of
the algorithm for real-time processing; and the 4D shape
segmentation of ASD. Because our goal is to guide the
correct placement of the patch over the ASD surface, we
follow the motion of ASD across a full heart cycle. A
distance of approximately 7 mm between the ASD margin
and the patch edges is usually ensured (Fig 1). At this
stage of the algorithm implementation, the initialization of
the process is done manually by allowing the user to se-
lect a block centered on the ASD in the first frame. This
gives a first estimate of the ASD location and a template
for the computation of similarity scores, as shown later in
the article.

Block Flow
A common technique used for motion analysis is block

matching (22). It assumes that there is a global intensity
relationship between two images. Local translations of
image regions are used to compute similarity measures
over a search space and estimate a displacement field be-
tween the two images. This deformation field is then reg-

ularized to determine the spatial transformation. We are
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simply interested in matching two blocks, instead of two
images, which simplifies the rationale of our algorithm.
Given a reference block in the previous frame, this block
is rotated and translated over a search space in the current
frame to find the best fit according to a similarity crite-
rion. An overview of intensity similarity measures can be
found elsewhere (23). Minimizing the square error be-
tween blocks becomes minimizing the probability distri-
bution function of the additive noise between frames.

More efficiently, region-based optical flow techniques
compute motion vectors from spatiotemporal changes in
the intensity field of an image (14,15). Velocity is com-
puted as the physical shift corresponding to the best
match between image regions through time, in terms of
minimum energy. This energy is typically computed for
every voxel in an image or a group of selected voxels
(contours or edges). At a second step, the velocities of
voxels of the same object are linked by imposing neigh-
borhood constraints. A comparative review of optical flow
methods can be found elsewhere (1).

Block matching is a fast technique, but it computes a
single similarity measure between successive frames and
it stores only the best match, ignoring the results in the
rest of the search space. Optical flow is more robust, be-
cause velocities are computed using similarity measures
from the entire search space, but the computational load
makes it slow. Although the robustness of tracking ana-
tomical structures can be improved by adding movement
constraints, smoothing factors, and connectivity assump-
tions, the speed would decrease and become unsuitable
for real-time applications.

Our block flow algorithm combines the robustness of
velocity computation from optical flow and the speed of
block matching, because the motion vector is estimated
for an entire block. Moreover, template matching imposes
a factor of tracking stability. An absolute reference block
absref is defined in the first frame of the 4D US se-
quence, which contains the ASD. In subsequent frames,
the updated reference block from the previous frame is
ref and the target block tar. We normalize the voxel val-
ues as below, where newref imbeds both a measure of
template/golden standard (absref) and updated reference
(ref) and � represents the mean block value.

ref � ref ⁄ �ref;
absref � absref ⁄ �absref;
tar � tar ⁄ �tar;

newref � (ref � absref) ⁄ 2;

The velocity or displacement of the block Vb is computed
as a probability distribution function R, where n is the
number of voxels in the 3D block, � a normalizing
weight, and md the maximum displacement or search
space (14,15). The similarity between frames and between
current frame and template is computed from adapted
maximum likelihood (15,16). The energy function E ac-
counts for both the Rayleigh distribution of the noise
model and logarithmic compression in US images (24).

E(newref , tar) �
1

n�i
�lnnewrefi � lntari

� ln(e2(lnnewrefi�lntari) � 1)�;

R(u, v, w) �

1

�
�exp��

E(newref , tar) � max (E(newref , tar))

2md3 �� 1�;

Vb � (�u,v,w R(u, v, w)u, �u,v,w R(u, v, w)v,

�u,v,w R(u, v, w)w);

Minimizing the energy E is equivalent to minimizing the
maximum error in similarity between the target block tar
and newref, which embeds information from both ref and
absref. E becomes a value of dual match and obstructs
velocities u, v and w to grow in the directions of blocks
that are not similar to both the previous frame and the
absolute reference.

For a careful characterization of tracking accuracy, we
defined two error components or measures of confidence:
the absolute error abserr and the conservation error
conserr. abserr gives the error of resemblance to absref,
as a measure of global variance or cumulative deviation
from the model, whereas conserr shows the energy con-
servation at every frame, a measure of local variance.

abserr � E(absref , tar);
conserr � E(ref , tar);
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Both error measures should vary with the heart motion
and the change in shape of ASD. For a correct tracking,
the errors would become minimal at the same moment of
the heart cycle. The errors are in percentage and normal-
ized between 0 and 100, in which an error of 0 corre-
sponds to the perfect match.

Compared with block matching, block flow estimates
the velocity of the block from a probability distribution
function of energy terms over the search space. Unlike
optical flow, block flow reduces the similarity computa-
tions from a set of voxels to one block with a unique mo-
tion vector. The other major difference between our
method and previous approaches is the use of an addi-
tional energy term from a reference block, which can be a
standard use of a reference for processing repetitive data.

Optimization
Real-time tracking of ASD requires both an optimiza-

tion of the memory management and an efficient scheme
to compute the energy function E. The computation of E
is the most time consuming operation in this algorithm,
due to both its numerical complexity and the large num-
ber of times it is called in the algorithm.

We took advantage of the large flexibility of the
C/C�� language to limit memory allocations and benefit
from the cache memory speed. Temporary objects have
been reused as much as possible and frequent functions,
such as the computation of the energy function, directly
inlined in the code. Loops have been implemented using
pointer arithmetic to suppress the cost of the multiplica-
tion required for random memory access.

Significant speed improvements have also been ob-
tained by optimizing the computation of the energy func-
tion E, which can be rewritten as

E(newref , tar) �
1

n�i
f�ln

newrefi

tari
�;

with

f(x) � x � ln(e2x � 1);

The repetitive evaluations of the logarithmic and expo-
nential functions represent the most time-consuming oper-
ations. This process can be accelerated using the follow-
ing scheme: f is an even function of x and is asymptoti-
cally equal to f(x)�-|x| for large values of |x|; the relative

error (f(x)�|x|)/|x| is lower than 1% for |x|�2. Therefore
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we precomputed and stored the values of f for x�(0;2)
and used the asymptotical expression for larger values,
which ensures that arbitrarily large values of x would be
accurately taken into account.

Segmentation
An additional feature of the algorithm is the 4D seg-

mentation of ASD. An ample overview of segmentation
techniques for medical ultrasonic images can be found in
(25). In clinical practice, the ASD is covered with a patch
often twice as large in diameter as the ASD. Hence the
robust estimation of ASD position, size, and orientation is
essential in the guidance of minimally invasive beating-
heart ASD closure.

We first use the tracking information to extract at each
time from the volume a 3D block surrounding the ASD
(Fig 2). The block data are smoothed with a Canny-
Deriche filter (26) and thresholded to discriminate be-
tween heart tissue and blood. Starting from the estimated
location of the ASD center (the center of the tracked
block), the volume is sectioned using a set of vertical
planes defined by the angle � between the normal of the
plane and an arbitrary horizontal axis, where � � (0,�).
Figure 2c shows a typical representation of such a plane.
For each angle �, the boundary of ASD is extracted by
scanning the block from the center to the left and right
edges until tissue is reached. Then the coordinates of the
edge voxels are recorded. This defines the contour of
ASD as a function of � using 50 points to sample the
curve. To quantitatively measure the area of the ASD, the
contour is first fitted with a plane (by minimizing the
mean square distance between the trajectory and the
plane). We then measure the area enclosed by the projec-
tion of the contour along that plane.

RESULTS

To test the tracking algorithms, we used a database of
three 4D time sequences of clinical infant beating hearts
with ASD acquired intraoperationally. The US data were
acquired with a Sonos 7500 Live 3D Echo scanner (Phil-
ips Medical Systems, Andover, MA). The acquisition
frame rate was 25 frames/second, which corresponded to
15 to 17 frames per cardiac cycle. The image size is of
160 � 144 � 208 voxels. The size of the septal defects

varied between 10 � 16 and 18 � 20 mm2.
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Tracking
Figure 3 shows the entire 3D US volume with the po-

sition of the block marked. We show results at frames 1,
25, and 50. More qualitative tracking results are illus-
trated in Fig 4, where each block is a 3D entity visualized
from the right atrium looking into the left atrium (from
above the block) using a 3D renderer and semitranspar-
ency. In this particular view, a well-tracked ASD will
appear as a black hole in the middle of the block, where
the surrounding tissue is part of the septum. The rows
present the absolute reference in frame 1 and subsequent
tracking results until the end of the heart cycle.

Because images were acquired intraoperatively, the
septum was not orthogonal to the US beam and the ASD
appears slanted. This slightly twisted position alters the
visual estimation of the size changes of the ASD, because

Figure 2. Atrial septal defect (ASD) segmentation: (a) a two-dime
mal to the ASD; the frame represents the typical block size and loc
tracted using the tracking information; a family of vertical slices de
are used to detect the boundary of the hole; (c) a typical vertical s
allows the reconstruction of the ASD shape parameterized by the a

Figure 3. Tracking results in three-dimen
umns show the entire US volume with the
heart contraction and blood pressure modify the opening
between atria. The tracking results presented in Fig 4,
obtained in a clinical ASD case, clearly show the ASD
dilation/contraction. We ensured that the block enfolding
the absolute reference in the first frame was large enough
to accommodate the change of size of the ASD. The re-
sults are robust and the ASD is tracked as a blood whole
in the middle of the septal tissue.

Estimating abserr and conserr at every frame in one
heart cycle in a typical ASD 4D volume, we obtained the
results shown in Fig 5. Our data are ungated, but Fig 5
shows a decrease of errors at the end of the heart cycle,
when the ASD returns to its initial position. abserr be-
comes maximal at the time of the greatest change in
shape of the ASD. conserr shows peaks at the time of the
sudden movements of the heart septum related to the
pumping of the heart. The mean errors for the three clini-

al slice of the three-dimensional image in (x,z) coordinates, nor-
used for the segmentation; (b) the neighborhood of ASD is ex-

by the angle � between the normal to the plane and the x axis
n after thresholding; the computed location of the hole boundary
�.

al (3D) volume. From left to right, the col-
lock delineated at frames 1, 25, and 50.
nsion
ation

fined
ectio
sion
cal 4D images associated with the block flow algorithm
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are 7.09 � 2.77 for abserr and 4.40 � 2.14 for conserr.
A large part of the error is associated with the change of
shape between frames in the clinical ASD. abserr and
conserr have synchronized peaks, associated with the
heart cycle, as in Fig 5. abserr has maximal value at
frame 7, when the ASD is fully dilated (late diastole) and
furthest from absref (selected at early diastole). conserr is
maximal at frame 10 (systole), when the contraction of
left atrium changes fast the shape and size of ASD. The
3D cyclic motion of the block is presented in Fig 6. The
maximum displacement appears on the z-axis and is of

Figure 4. Clinical atrial septal defect trac
the columns show three-dimensional bloc
every two frames between frames 1 and 1
frame number is marked on the upper left

Figure 5. The evolution in time of the ab
periments. Although data are ungated, ea
peaks, which are temporally related to eac
approximately 10 voxels; it is due to the heart contrac-
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tion/dilation. The block is found again at the start position
at the end of the heart cycle.

Stability and Efficiency
The algorithm shows excellent stability on periodic

evolution of the ASD position. Figure 7 illustrates the
z component of the ASD position as a function of the
number of cycles, when the record is looped. We used
data from one full heart cycled and repeated it 20 times.
No drift is observed on the image. The small variations
(within 1 voxel) between cycles are caused by the local

. From left to right and top to bottom,
ualized from right atrium to left atrium
rresponding to one heart cycle (the
er).

e and conservation errors in clinical ex-
ror measure has two synchronized
her, as shown by the two arrows.
king
ks vis
5, co
solut
ch er
and global constraints imposed by the energy formulation
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in block flow, even if the data are identical between cy-
cles. However, the ASD tracking remains stable and posi-
tion errors do not increase in time.

Using the described optimization scheme, the tracking
algorithm runs in US real-time. Previously, we reported
results before optimization implemented on Matlab 7
(MathWorks, Inc.) on a Pentium IV machine with 1 GB
RAM and 2.40 GHz processor. We reported a computa-
tional speed of 3 seconds/frame (27). The results obtained
on clinical data with our optimized scheme in C��
achieved 18 Hz (US real-time) on the Pentium IV ma-
chine, and 30 Hz on an Intel Core2Duo T7200 processor,
2GHz, 4MB L2 cache, 667 MHz FSB, and 667 MHz
DDR2 RAM.

The method has also been tested on a resampled data-
set of lower resolution (half of the initial resolution in

Figure 6. The three-dimensiona
clinical case for one heart cycle.
shades of gray and end at light g
the block is found at the same po
each direction) with no considerable loss of the trajectory
precision, as seen in Fig 7. Using resampled data, the
method reaches a processing speed above 60 frames/sec-
ond. The results are also robust to changes in the size of
the tracked block (Fig 7). Both for the change in resolu-
tion and variation of block size, the impact on the trajec-
tory of the ASD stays within one voxel size in variation.

ASD Segmentation and Dynamic Morphology
Following the proposed method for segmentation, we

extract in each frame the shape of ASD, using 50 points
to sample the curve. Figure 8a shows three typical con-
tours of the ASD, measured respectively at the minimal,
intermediate, and maximal size of the hole. In the case
we present, the ASD area changes to a factor greater than
three between end-diastole and end-systole. It equally tilts
considerably, with variations in inclinations up to 30°, as

ion of the block for a typical
oral frames start at dark

At the end of the heart cycle,
n as at the start.
l mot
Temp
ray.
seen in Fig 8b. Figure 8 shows the respective evolutions of
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the hole size and tilt in a clinical ASD as a function of time
for one heart cycle. The similarity between Fig 8c and Fig 5
confirms our observations on the relation between the cyclic
evolution of tracking errors and the heart cycle.

The 4D dynamic morphology of ASD is illustrated in
Fig 9. Our preliminary results confirm the literature re-
marks on the large variability of ASD size during the
heart cycle (10,11). However, through the full 4D seg-
mentation of ASD, our measurements have higher preci-
sion and, to our knowledge, they account for the first time
for the effect of ASD tilting in relation to the US probe.
A thorough study will be performed when a larger clini-
cal database will have become available.

DISCUSSION

We have presented an optimized block flow technique
for real-time tracking of ASD to assist in minimally inva-
sive beating heart surgery. The algorithm combines prob-
ability-based velocity computation for an entire block
with template matching. Enforcing similarity constraints
to both the previous and first frames, we ensure robust
and unique solutions. As shown in this specific applica-
tion, our method proposes the standard use of references
for processing repetitive data. Results obtained on clinical
4D datasets show that our technique is stable and robust
in tracking and segmenting ASD data.

The block flow tracking algorithm finds the 3D veloc-
ity of an entire block that enfolds the object of interest. In
this application, the object is an ASD with an approxi-
mate cylindrical shape. The ASD is segmented from ev-

Figure 7. Vertical motion of the atrial septal defect for different b
tions of a unique full heart cycle in order to test the stability of trac
ery frame and its complex 3D shape extracted. For an
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application such as ASD tracking, the block displacement
is sufficient and offers a good trade off between process-
ing speed and accuracy.

We first normalize the intensities to reduce the effect
of attenuation factors, change of speckle characteristics,
and angular reflections between frames. We use a Ray-
leigh noise model in the energy function. Although we do
not smooth the data, the preprocessing of the commercial
ultrasound machines may alter the noise distribution. Our
assumption on noise has led to robust results, but other
noise models may be studied.

After visual validation by medical experts, our results
appear to have sufficient tracking accuracy to guide the
placement of the surgical patch over the ASD in clinical
applications. The method proved to be not sensitive to the
size of ASD, the change in resolution or the motion of
the US probe. An interesting observation was the cyclic
evolution of errors in ungated cardiac data. We will in-
vestigate the use of the cardiac cycle for predictive esti-
mation to minimize tracking errors.

The ideal speed of tracking should be equal to that of
the US frame rate (25 frames/second). Our optimized
tracking method achieved the desired speed, reaching
up to 60 Hz on a conventional Core2Duo Intel processor.
The residual processing time can be used for additional
computational and accuracy features, as for visualization
and integration with instrument control.

In closing an ASD with a catheter device it is ex-
tremely important to measure the size of the ASD to
choose the appropriate device. This is usually less impor-
tant in typical open heart surgery, but may become essen-
tial when closing the ASD on the beating heart when try-

sizes and different resolutions. Data are obtained over 20 repeti-
lock
ing to precisely place anchors to close the defect. How-
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Figure 8. The four-dimensional segmentation of a typical atrial septal defect (ASD) case during one heart cycle: (a) the
ASD contour is shown from top view at three different times, corresponding to the smallest, intermediate, and maximal
size; (b) the ASD contour is shown from side view at the same times as in (a); (c) the plot of the evolution of the ASD sur-
face area as a function of time during a heart cycle; (d) the plot of the evolution of the ASD tilt angle as a function of time

during a heart cycle.
Figure 9. The four-dimensional atrial septal defect dynamic mor-
phology during one heart cycle. Temporal frames start at dark shades

of gray and end at light gray.

1307



LINGURARU ET AL Academic Radiology, Vol 14, No 11, November 2007
ever, most published articles on the size of ASD used 2D
measuring tools, which do not account for the full 3D
motion/deformation. Therefore our tracking algorithm,
combined with the full 4D segmentation of ASD, can
provide valuable information for the full understanding of
the dynamic morphology of ASD.

The preliminary results reported in this article repre-
sent, to our knowledge, the first study on the motion and
size changes of an ASD that takes into account the angu-
lar effect introduced by the slanted position of the intra-
atrial communication with respect to the US probe. We
have shown in a clinical case that the ASD area could
change to a factor greater than three during the heart cy-
cle. Moreover, we have illustrated that the tilt of ASD
can change up to 30° during the cycle. These changes of
orientation with respect to the US probe are possible
sources of errors in the estimation of the dynamic size
changes of ASD in previous studies.

In the future, other sources of errors, such as free-hand
movements will be considered. We will include a larger
study on clinical images acquired over more than one heart
cycle. For the intricate process of assisting surgical interven-
tions on beating heart, real-time ASD tracking will be com-
bined with real-time instrument tracking. Although it is
widely acknowledged that the interface between tissue and
instruments brings more challenges to image analysis, we
propose the use of instrument materials suited for US appli-
cations combined with passive markers for the segmentation
and tracking of instruments (23,28). Both ASD and instru-
ment are expected to preserve their shape characteristics in
intraoperative US images (the rigid instrument is above the
ASD looking from the US probe) and using cyclic informa-
tion will correct for the lack of information in the presence
of instrument shadowing. Although the ASD tracking is per-
formed on CPU, the instrument tracking uses a graphical
processing unit. Hence the real-time tracking methods for
ASD and instruments can be ran on separate computational
resources and combined in a complex real-time tracking
tool.
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