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ABSTRACT

A new acquisition system using a fast rotating 2-D ultra-
sound probe is proposed to reconstruct the deformations
of the left cardiac ventricle. During only one cardiac cy-
cle, the high resolution probe acquires successive conic
sections of the left ventricle. Then, assuming that the
contours have been accurately detected, the set of sparse
spatio-temporal data, which correspond to the succes-
sive intersection points of the moving ultrasound beam
with the endocardiac wall, is spatially and temporally
interpolated to estimate the continuous variation of the
volume. This reconstruction is achieved through an it-
erative algorithm based on the harmonic 4-D model of
the volume considered as a periodic multidimensional
signal [1]. Results are clinically promising.

1 INTRODUCTION

In cardiology, 3-D or 4-D measurements, particularly
applied to the left ventricle (LV), are of prime inter-
est to characterize the cardiac function [4] [5] [9] [8].
To perform such spatio-temporal measurements, ultra-
sound imaging is a fast, non-invasive and low-cost alter-
native compared to other imaging techniques.
In this paper, a 4D acquisition system using a fast

continuously rotating 2-D ultrasound probe is pre-
sented. During the ultrasound beam scanning, the
probe rotation is not stopped. Its speed can reach 8.7
revolutions per second at an acquisition rate of 48 im-
ages per second. With these high rates, the spatio-
temporal sampling of the LV is high enough to limit
the acquisition time to a single cardiac cycle (typically
0.7 second). Moreover, unwanted motions of both the
operator and the patient occuring during the acquisi-
tion time are no more signi�cant. Thus, related arti-
facts and distortions generated during the reconstruc-
tion phase are neglected. Besides, by avoiding the need
to average several successive cardiac cycles, new clinical
investigations become possible. For example, this sys-
tem would be well adapted to detect segmental hypoki-
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Figure 1: Schematic view of the complete processing line
of our 4D LV reconstruction system.

nesia in stress test ultrasound and in accurate studies
of systolic function during arythmia. The acquisition
system architecture and the geometry of the resulting
cross sections are described in Section 2. Considering
that the LV contours have been accurately detected, re-
construction is achieved through an iterative algorithm
based on the harmonic 4-D model (H4DM) of the vol-
ume considered as a periodic multidimensional signal.
This point is addressed in Section 3. Section 4 describes
some clinical results. Some concluding remarks and a
discussion on further work end the paper.

2 SYSTEM DESCRIPTION

Fig. 1 shows the overall block diagram for the experi-
mental 4D echographic imaging system. A commercial
2D real-time ultrasound scanner (ESAOTE AU4) drives
a very fast rotating probe which makes continuous api-
cal cross sections of the LV. The �rst computer is in
charge of both the interactive segmentation of images
and the reconstruction of the LV. The second one drives
speci�c electronic boards. An electrocardiogram (ECG)
acquisition system provides additional information for
image labelling.

2.1 Probe description

The 2D rotating probe (see Fig. 2) has a cylindrical
shape and is composed of two main parts : the ultra-
sonic transducer array and the motor. The ultrasonic
transducer array is a conventional 64 elements phased
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Figure 2: Schematic view of the rotating probe and
details of the 64-elements ultrasound transducer array.
With appropriate positioning of the wires in the cavity,
the transducer can be rotated 720�. � is the rotation
angle.

array. Its dimensions are given in Fig. 2. This sensor
rotates around its central axis. Rotation is controlled
by a direct current motor. Due to the electrical con-
nection between the array and the front-end electronics,
the maximum rotation angle is limited to 720 degrees
from the initial position; beyond this critical angle the
cables would be damaged. An optical coder measures
the rotation angle, �, of the sensor each 7.11 ms with a
high accuracy ( 0.18 degrees). This information is used
to place data in the spatio-temporal co-ordinates.

2.2 Characteristic of the scanning

Generally, 3D ultrasound imaging systems acquire suc-
cessive plane slices. In such a system, acquisition is not
performed during the step-by-step motion of the trans-
ducer. Instead, the system must wait until the move-
ment stops to perform the acquisition. This is not a
major disadvantage when static rigid objects are ex-
plored, but becomes a signi�cant drawback in the de-
formable objects case. In our approach, a continuous
motor has been preferred to a stepper motor in order
to increase the number of images acquired during one
cycle. However, owing to the combination of the di�er-
ent motions (rotation and scanning), our acquired im-
ages are no longer plane slices of the LV but conic slices
(see Fig. 3.a). In practice, the rotation speed may di�er
slightly from its nominal value and measurements from
the optical coder are used to reconstruct the exact shape
of the slice. Top view of Fig. 3.b shows an example of
successive scan positions. At the end of the scanning
operation, the beam is reset to its initial position rela-
tive to the transducer. The use of an electronic phase
array means that this reset time can be neglected and
acquisition is considered as being continuous.

2.3 Characteristics of the processed data

In the present development phase, endocardial contours
are traced manually. In the next phase, only several sys-
tolic and diastolic contours will be drawn. These con-
tours will be used as initial conditions for an automatic
extraction method based on the harmonic active model
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Figure 3: (a)Schematic view of the scanning shape. The
combination of the transducer rotation and the linear
beam sweep generates a conic slice. A temporal index-
ation, �i, is done on the successive beams. The origin
of the co-ordinates, O, is chosen along the rotation axis.
(b)Schematic top view of 3 successive scans. At the end
of a scan, the reset time is neglected. (c) Each scan is
segmented and contours of the LV volume are extracted.
Temporal indexing is carried out on these successive in-
tersection points of the moving ultrasound beam with
the endocardial wall. Thus, acquired data are in the
form, f�ig = f�(�i; �i; �i)gi=1;:::;N , where �i, �i, �i are
spherical co-ordinates and �i is the time normalized on
the cardiac cycle duration.

(HAM) [1].

After segmentation, knowing the probe rotation law
and the scanning beam movement law, each point of
each contour, Ck, can be placed in a global spatial co-
ordinate system. Moreover, as electronic scanning is not
instantaneous, temporal labelling is performed for each
beam and , consequently on each point of each contour.
Let us denote this instant of acquisition, �i, (see Fig. 3).

Thus, initial data are assumed to be spatio-temporal
samples belonging to the exact LV hyper-surface. These
data are placed in a spherical and temporal co-ordinate
system. The spatial origin, O, is chosen inside the
left ventricle along the rotation axis of the probe (see
Fig. 3.a). Let us denote, �(�; �; �), the LV hyper-surface
and, f�ig = f�(�i; �i; �i)gi=1;:::;N , the set of initial data,
where �; �i 2 [0; �], �; �i 2 [0; 2�], �; �i 2 [0; 1] and N is
the number of initial data extracted from the contours.

Due to the sequential characteristic of the acquisition
device, the initial data, f�ig, are sparse and irregularly
spaced. The objective is now to retrieve the missing
data. This point is addressed in the following section.



3 4-D reconstruction

Di�erent approaches can be used to reconstruct the tem-
poral evolution of the LV volume [2], [3], [6], [10], [11].
In this paper, a new technique of dynamic volume re-
construction is proposed. It is based on spatio-temporal
harmonic modeling applied on �(�; �; �). An iterative
interpolation is done to restore the missing data. The
iterative procedure is related to an algorithm proposed
by Papoulis for band-limited extrapolation [7].
From �(�; �; �), which is intrinsically periodic in � 2

[0; 2�] and in � 2 [0; 1], another set of data �(�; �; �),
which is in addition periodic in � 2 [0; �] [ [�; 2�] is
considered by means of:
8>><
>>:

�(�; �; �) = �(�; �; �) if � 2 ]0; �[
�(�; �; �) = �(2� � �; � + �; �) if � 2 ]�; 2�[
�(0; �; �) = constant 8�
�(�; �; �) = constant 8�

The problem now is to restore, from the set of mea-
sured sparse data f�ig, all the missing points of the tri-
periodic hyper-surface �(�; �; �). This is done by an
iterative algorithm based on the 3D Fourier transform
of a discrete version of �(�; �; �).
The iterative algorithm used in this study consists of

the following steps :

1. the hyper-surface, �, is initialized by the set of mea-
sured data f�ig. The missing data of the hyper-
surface are initialized by data derive from an aver-
age radius.

2. a discrete 3-D Fourier transform is applied on �.

3. a low pass �ltering is applied, forcing to zero all the
Fourier coe�cients which are out of a given ellip-
soid. The cut-o� frequencies depend on the acqui-
sition con�guration.

4. a discrete 3-D inverse Fourier transform yields a
new estimation of the surface, �. At this step, the
estimated surface does not match the set of initial
data.

5. an error criterion is computed between the esti-
mated surface and the set of initial data, which are
supposed to belong to the true surface. If this er-
ror is above a given threshold, the set of measured
data, f�ig, are placed back into the data set cor-
responding to the last estimation of the volume, �,
and the algorithm loops back to the second step.
Otherwise, the iterative procedure is stopped.

In fact, the resulting hyper-surface converges to a
spatio-temporal interpolation of the initial set of sparse
data, coherent with the imposed frequency constraint.
From this 3-D algorithm, 2-D and 1-D algorithms are
derived. They are used respectively to reconstruct LV
volume from consecutive contours belonging to a given
temporal window and to model the contours.

4 Experimental results
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Figure 4: Projection of the 3-D data grid upon � (0� �
� � 2�) and � (0 � � � 1). Each dash highlights the
angular sector scanned during the acquisition of half an
image. For example the angular sectors of image number
5, ��a and ��b, are drawn on Fig 3.b. Bold dashes
indicate the most probable position of contours.

In order to assess the e�ectiveness of the reconstruc-
tion procedure described above, clinical experiments
were carried out in the cardiology department of the Re-
gional Hospital in Orl�eans (France). The con�guration
of the system is described in Fig. 1. The system is used
to store over 100 consecutive digital images, 508� 508
pixels, 8 bit per pixel depth. The rotation speed was
approximately 8:7 revolutions per second and the acqui-
sition rate was 48 images per second. The patient has
a pacemaker and his cardiac cycle duration was 768 ms

so that approximately 37 images were acquired during
one cycle.
The probe rotation angle during one scan, ��, was

theoretically 65:25�. Given that one complete rotation
is not a multiple of ��, a progressive shift of the posi-
tion of the scanned sectors is done. This yields a good
angular coverage of the LV and improves the spatial ac-
curacy of the rendered volumes. In Fig. 4, these angular
sectors are plotted over the normalized cardiac cycle.
After segmentation, approximately N = 3000 mea-

surement points, f�ig, of a single cardiac cycle were
available. The reconstruction algorithm was applied
to a grid sampling in �, �, � , which was respectively
64 � 64 � 64. Fig. 5 shows examples of reconstruction
at di�erent moments in the cardiac cycle. The ejec-
tion fraction, Fej , has been estimated from our mea-
surements of the end-systolic and end-diastolic volumes
(Fej = 0:416). The classical estimation of Fej shows re-
sults in good agreement with our estimation. This value
corresponds to hypokinesia of the ventricular wall, re-
sulting from a coronary thrombosis, as the other clinical
investigations have shown.

5 Conclusions

This paper has presented the preliminary results of re-
constructing the LV in four dimension, using ultrasound



Figure 5: Examples of the 64 reconstructed LV volumes.
� is the normalized time. D (respectively S) represents
the end-diastolic (resp. end-systolic) volume.

data acquired during only one cardiac cycle. A new
trans-thoracic probe has been developed for this pur-
pose. This probe is specially designed for high-frequency
acquisition systems, and does not require a recovery
time, unlike step-by-step movement probes. Conse-
quently, the probe may be used to acquire data on
deformable objects, thus providing a better limit on
the spectral distribution of the spatio-temporal data
points. A speci�c harmonic modeling technique was
developed to cope with the geometrical complexity of
the reconstruction problem, which produces an uniform
but sparse data distribution in the reconstruction space.
Preliminary clinical results are promising and compar-
isons with other 4-D techniques are planned. Technical
studies on the improvement of the spatio-temporal sam-
pling and computer studies on the improvement of the
algorithm are under investigation.
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