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ABSTRACT

Real-time cardiac ultrasound allows monitoring the heart
motion during intracardiac beating heart procedures. Our
application assists atrial septal defect (ASD) closure
techniques using real-time 3D ultrasound guidance. One
major image processing challenge is the processing of
information at high frame rate. We present an optimized
block flow technique, which combines the probability-based
velocity computation for an entire block with template
matching. We propose adapted similarity constraints both
from frame to frame, to conserve energy, and globally, to
minimize errors. We show tracking results on eight in-vivo
4D datasets acquired from porcine beating-heart
procedures. Computing velocity at the block level with an
optimized scheme, our technique tracks ASD motion at 41
frames/s. We analyze the errors of motion estimation and
retrieve the cardiac cycle in ungated images.

Figure 1: 3D US image of a porcine beating-heart with
ASD. The US probe is placed on the exterior wallthef
right atrium and pointed towards the left atriunmeTimage
on the left shows the entire 3D US volume, whiletba
right we present a magnified view of the ASD. Ttadch
must cover the entire ASD surface.

We previously introduced the basic concepts ofczlbl
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1. INTRODUCTION

Real-time cardiac ultrasound (US) allows monitoritig

heart motion during intracardiac beating heart pdoces.

Amongst the congenital heart malformations, secomtype
atrial septal defects (ASD) have been reportedtoent for
up to 15% of cases [1]. ASD represent openingsha
septum between the atria, which decrease the agffigi of
heart pumping. Pediatric ASD closure studies usiggl
instruments showed the feasibility of the proceduamd
highlighted their limitations [4,8]. Reliable vidimation of
structures within the heart remains a major chghemo
successful beating-heart surgical interventions [8]3D
image of an ASD and its position in the heart isvah in
Figure 1.

t

over the ASD surface. A modified block flow algbrit is
presented in Section 2 [5]. Our previous resultews
excellent robustness for tracking ASD, but compoite
aspects of the presented implementation were impettie
real-time use of the application. The current stieg speed
of commercial US machines is of 25 frames/s. Heaceal-
time US image-guided application would desirablhiece
approximately 25 Hz processing speed.

2.METHOD

The block flow algorithm combines the velocity
computation from optical flow for an entire blockithv
template matching [5]. An absolute reference blaloief is
defined in the first frame of the 4D US sequenchijctv
contains the ASD. In subsequent frames, the updated
reference igef and the target bloctar. We normalize the
voxel values as below, whenewref imbeds both a measure



of template/golden standardbgref) and updated reference
(ref).

ref =ref [y, ; absref = absref / p, ., ; tar =tar/ p,;

newref = (E + absref )/2;

The velocity or displacement of the block, is
computed as a probability distribution functiBnwheren is
the number of voxels in the 3D block amd the maximum
displacement or search space [2,7]. The energstimE
accounts for both the Rayleigh distribution of theise
model and logarithmic compression in US images.

E(newref,tar) :EZ[In newref, - Intar; —In(ez('”m“ i) +l)];
n=s

oy = i[ex {_ E(newref tar) - :g;{E(newref ,talr))j ) 1}

Vo = (Zu,v,w R(u,v, wu, Zu,v,w R(u, v, Wy, Zu,v,w R(u,v, W)W)

For a careful characterization of tracking accuyaey
defined two error components or measures of condiele
the absolute erraabserr and the conservation errconserr.
abserr gives the error of resemblancedusref, as a measure
of global varianceor cumulative deviation from the model,

while conserr shows the energy conservation at every frame,

a measure of local variance.

abserr = E(absref ,@} conserr = E(E,tﬁ}

Both error measures should vary with the heart anoti
and the change in shape of ASD. For a correct itngckhe
errors would become minimal at the same momenhef t
heat cycle. The errors are in percentage and nizeoal
between 0 and 100, where 0 error corresponds tpdtect
match.

3. OPTIMIZATION

Real-time tracking of ASD requires both an optirtiaa of

cache memory speed. Temporary objects have besedeu
as much as possible and frequent functions, sucthes
computation of the energy function, directly inhe the
code. Loops have been implemented using pointeémaetic
in order to suppress the cost of the multiplicatieguired
for random memory access.

Significant speed improvements have also been
obtained by optimizing the computation the energycfion
E(newref tar), which can be rewritten as

E(newreh tar) ==Y f(ln newre, J
n=

tari
with

f(X) =x—InE* +1);

Evaluating the functioffi is time consuming due to the
computation of the logarithmic and exponential fiows.
However, this process can be accelerated using the
following scheme:f is an even function ofx and is
asymptotically equato f(x)~-|x| for large values ofx|; the
relative error f(X)+|x|)/|x| is lower than 1% forx|>2.
Therefore, we pre-computed and stored the valudsfaf
x[[0;2] and used the asymptotical expression fordarg
values, which ensures that arbitrarily large valieswould
be accurately taken into account.

4. RESULTS

To test the tracking algorithms, we used a datab&séght
4D time sequences of porcine beating hearts witficzlly
created ASD. While available clinical data is spanssing
animal data, we ensured a larger database for tody.s
Another strong incentive to use animal data isrtbed for
animal studies to design surgery.

The ASDs were created solely under real-time 3D
echorcardiographic guidance by balloon atrial septay.
The experimental protocol was approved by the Gl
Hospital Boston Institutional Animal Care and Use
Committee. The size of the septal defects varidadrn 4.8
and 6.5 mm. All the US data were acquired in-vivithva
Sonos 7500 Live 3D Echo scanner (Philips Medical
Systems, Andover, MA, USA). The image size is
80x80x176. The time of acquisition was of 2s/catea a

the memory management and an efficient scheme f5ame rate of 25 volumes/s.

compute the energy functiof. E is the most time
consuming operation in this algorithm due to both i
numerical complexity and the large number of tintes
called in the algorithm.

We took into account the large flexibility of théG@3-+
language to limit memory allocations and benefinirthe

Figure 2 shows the entire 3D US volume with the
position of the block marked. We show results atrfes 1,
25 and 50. Each block shown in Figure 3 is a 3D0tyent
visualized from the right atrium looking into theftl atrium
(from above the block) using a 3D renderer and semi
transparency. In this particular view, a well-tradkASD
will appear as a black hole in the middle of theckl where



the surrounding tissue is part of the septurhe rows
present the absolute reference in frame 1 anditgqcksults
after 10, 20, 30, 40 and 50 frames (50 frames spard to
2s).

Estimating abserr and conserr at every frame in a
typical ASD 4D volume, we obtained the results shaw
Figure 4. Our data are ungated, but Figure 4 sho
repeatability in the pattern of error variationtime. Under
the procedure, a typical porcine heart beats aveé#d/min.
For a data set of 50 frames (2s), the heart goesigh
approximately two and a half cardiac cycleabserr
becomes maximal at times when the ASD exhibitseexdr
changes of shape in a repetitive way with the hegete.

Figure 2: Tracking results in 3D volume. From left to right
the columns show the entire US volume with the 3@xlb
delineated at frames 1, 25 and 50.

conserr shows peaks at sudden movements of the heart

septum related to the pumping of the heart. Thergralso
show a small increase in time, a cumulative ernat tould
be corrected using gating information on the reéjetiess

of the heart cycleabserr has a mean value of 5.55 and a

standard deviation of 2.32onserr has a mean value of 3.34
and a standard deviation of 1.64.

The 3D cyclic motion of the block is further obsedvin
Figure 5. The maximum computed displacement app@ars
the z-axis, due to the heart contraction/dilatiand is of
approximately 10 voxels. The x and y displacemémm
one cycle to the next are partly due to the fresdharobe
motion.

Using the described optimization scheme, the trarki
algorithm becomes much faster. Previously, we regor
results using a Matlab 7 (MathWorks, Inc.) on atkRem |V
machine with 1GB RAM and 2.40 GHz processor. Th
computational speed for an image size of 80x80xd® a
block size of 18x18x11 was of 3 s/frame [5]. Withet
modified block flow algorithm, we increased the egpdo 2

Figure 3: Tracking results by block. From left to right and
top to bottom, the columns show 3D blocks (seemfthe
right atrium into the left atrium) at frames 1, 2m, 30, 40
eand 50.

Hz, or 5Hz on a more performant architecture (Intel
Core2Duo T7200, 2GHz, 4MB L2 Cache, 667 MHz FSB,
667MHz DDR2 RAM). The results obtained with our
optimized scheme in C++ achieved 26 Hz (US reat}ion
the Pentium IV machine, and 41 Hz on the Core2Dut
Processor.

Error

5. DISCUSSION

—+— conserr
abserr

We presented a modified block flow technique, ojtéd
for the real-time tracking of ASD to assists in imally
invasive beating heart surgery. The algorithm caombithe
probability-based velocity computation for an emthlock
with template matching.
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Figure 4. The evolution in time of the absolute and

conservation errors. Although data are ungatedh esaor

measure has two peaks, which are temporally retatedch

other, as shown by the two ellipses.
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instruments can be ran on separate computatiosaurees
and combined in a complex real-time tracking tool.
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