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Abstract—A fast continuous rotating ultrasound scan-
head transducer was used to perform three-dimensional (3-
D) echocardiography with 2-D images acquired during a
single cardiac cycle. The 3-D images were reconstructed by
interpolating 2-D data acquired with the probe. Two exper-
iments were carried out to validate the image reconstruc-
tions. A dynamic cardiac phantom was used as a known
reference to compare the minimal and maximal volumes
estimated manually on the reconstructed 3-D images. The
left ventricle (LV) volume of 30 healthy volunteers also were
estimated using a semiautomatic ellipse approach and com-
pared to measurements obtained with standard 2-D exami-
nation. Results showed a good agreement between 3-D and
reference measurements.

I. INTRODUCTION

WO-DIMENSIONAL (2-D) echocardiography is widely
Tused in cardiology due to its specific advantages com-
pared to other cardiac imaging techniques. For the pa-
tients, it is noninvasive and has no known bioeffects
(within the clinically used ultrasound frequency and power
range). It also provides fast, ambulatory, and inexpensive
examinations. However, 2-D echocardiography has limita-
tions due to the moderate quality of ultrasound imaging
and the difficulty of locating images in space accurately.
Therefore, a 2-D echocardiography examination is highly
dependent on the ability of the cardiologist to manipulate
the ultrasound transducer and to obtain correct images of
the heart. This is particularly true for volume estimations,
which are conventionally carried out using a rough heart
modeling fitted to 2-D data. More accurate and reliable
results would be obtained with 3-D echocardiography.

During the last decade, considerable progress has been
made in performing 3-D echocardiography [1]. Two main
types of probes have been developed. First, ultrasound vol-
ume images are produced using adapted 2-D transducers:
the sensor is able to move along parallel planes [2], to os-
cillate [3], [4], to rotate [5], [6], or to be moved in any di-
rection using free-hand scanning and an accurate localiza-
tion of the transducer [7]. Interesting results have been ob-
tained with transthoracic or transesophageal 2-D probes,
but all the devices based on these techniques need to be
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synchronized on the electrocardiogram (ECG) to accumu-
late data, assuming that many consecutive heartbeats are
identical. Second, a new type of probe, based on matrix
array transducers, produce real time 3-D (RT3D) ultra-
sound scans and acquire pyramidal images [8]-[10]. How-
ever, RT'3D imaging requires specific, complex, and expen-
sive 3-D ultrasound systems, and it needs to be improved
as the resolution is still lower than for 2-D probes.

In this correspondence, we present the reconstruction
of a 3-D echocardiographic image set using a fast rotating
ultrasound scan-head (linked to a standard 2-D ultrasound
system) that acquires 2-D images within a single cardiac
cycle [11], [12]. To validate the 3-D image reconstruction
process, a dynamic cardiac phantom was used as a known
reference to compare the minimal and maximal volumes
estimated manually on the reconstructed 3-D images. A
clinical study also was carried out at the Hospital Center
in Orléans on 30 healthy subjects. During this trial, left
ventricle (LV) volumes were estimated on 3-D images us-
ing an ellipse approach and compared with measurements
obtained with a classical 2-D examination.

II. MATERIALS AND METHODS
A. System Description

A prototype of a fast rotating probe designed by Ver-
mon (Tours, Cedex, France) and described in [12] was
connected to an ATL/Philips HDI 5000 (Philips Medical
Syustems, Andover, MA) ultrasound system. The trans-
ducer array rotated continuously inside the probe with a
speed of eight rotations per second. The direction of the
motor was inverted every two rotations due to the electri-
cal connection between the array and the device. The rapid
deceleration and acceleration during the inversion had no
critical impact on the probe speed stability because the
time of inversion was less than 2.5 ms and the angular
speed variation of the probe did not exceed 6°/ms at the
beginning of the inversion. An optical encoder was used to
measure the angular position of the sensor with 0.18° of ac-
curacy. The probe operated at 3.5 MHz. The image frame
rate was set at 128 Hz. Under typical heart beat frequency
(60 beats per minute), 128 digital images (257 x 320) were
acquired within a single cardiac cycle without ECG syn-
chronization. An LV volume description was obtained with
each half rotation (7 rad) of the probe, which corresponded
approximately to eight images (acquired in 1/16th of a sec-
ond, that is to say, 1/16th of a 1 Hz cardiac cycle) grouped
to build a single 3-D image (Figs. 1 and 2). With the probe
operating at eight rotations per second, 16 3-D images can
be reconstructed within 16 successive intervals of a typical
heart beat, each 3-D image being reconstructed using data
acquired during one interval.
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Fig. 1. Images acquired with the fast-rotating probe and positioned
in a 3-D space after the 2-D to 3-D transformation.

B. 3-D Image Reconstruction

The global displacement of the ultrasound beam is com-
posed of a classical angular movement «(t) and a rotation
©(t), producing beam trajectories along conic ruled sur-
faces as shown on Figs. 1 and 3. The pixel coordinates
I(i,j)n2 of the planar 2-D images acquired with the ul-
trasound system are expressed in a 3-D space I(x,y, 2)gs
using the straightforward equation:

z = (jp — J) - cos[p(t)]
Y= ip —1 ,
2= (p—j) -sinfp(r)) (1)

where (ip, jp) are the coordinates of the probe in the 2-D
images.

During the acquisition of images, the angular variation
of ¢(t) is linear (between two rotations) and measured at
regular time steps with the optical-coder:

2w

p(t) = 7, “t+ o, (2)

(JJ,y,Z) = f(laj) A

where T, is the probe rotation period and ¢q is the an-
gular position of the probe at the beginning of the image
acquisition.

The variation of «(t) is also linear and equal to:

a(t)=ﬁ-t+ao, (3)
T
where A, is the angular sector in the 2-D images as shown
on Fig. 3, Ty, is the duration of one frame, and «ay is the
angular position of the ultrasound beam at the beginning
of the sector acquisition.

Fig. 2. Display of the 3-D echocardiographic image, after reconstruc-
tion, using three mobile planes.

For a given pixel I(i,j)yz of a 2-D image, «(t),
(=2= < a(t) < &), is computed according to the rela-
1—1

tion arctan . Then, its value is used to calculate

©(t), and the (x,y, z) coordinates of the pixel I(x,y, z)gs.

Once the pixels I(i,j)y2 have been located in the 3-
D space I(x,y, z)rs, a grey level value f(i,j, k)ns is as-
signed to each (4,7, k) position in the 3-D image. This is
carried out with a linear interpolation between two pix-
els In(xo, Y0, 20)rs and Iy (x1,y1,21)rs chosen in the two
images close to each (i, j, k) position.

Using this method, up to 16 3-D images (257 x 320 x
320) are computed off-line [computation time less than
5 minutes for 12 3-D images with a Pentium 4 2.0 GHz
equipped with 1 Gb random access memory (RAM)]. An
application has been developed to visualize the cine-loop
of these time-varying, 3-D images. Specific slices of the 3-D
images can be observed by moving three planes as shown
on Fig. 2.

C. Phantom Validation

A 3-D gated dynamic cardiac phantom was used to val-
idate the 3-D image reconstructions. The phantom, man-
ufactured by the Academic Medical Center of Amsterdam
and described in [14], consists of a cardiac insert fitted in
a Data Spectrum (Data-Spectrum, Chapel Hill, NC) an-
thropomorphic torso phantom (Fig. 4). The insert is com-
posed of two flexible silicone walls of ovoid shape, which
form the endocardium and epicardium of the simulated
left ventricle. A pump is used to vary the volume of the
cavity smoothly to produce a realistic stroke volume curve,
between diastolic and systolic volumes set here to 120 mL
and 50 mL, respectively. Although the phantom is a me-



636

2-D image Ultrasound

Fig. 3. Global displacement of the ultrasound beam, composed of
a classical angular movement «(t) and a rotation ¢(t), yielding a
trajectory along a conic ruled surface.

chanical device, it simulates the function of a human heart
very closely. To study the inter and intra variability of
the measurements, 11 acquisitions were performed using
the fast rotating probe during 1 second. The described
method was used to reconstruct 11 sets of 3-D images us-
ing the phantom. Within each set, two manipulators es-
timated end-diastolic and end-systolic volumes manually,
by tracing the phantom contours on parallel cross sections
of the corresponding 3-D images. Then, volume measure-
ments were computed by summing all the traced LV areas.

D. Clinical Trial

To validate the 3-D reconstructions with data acquired
under standard clinical conditions, LV volumes of healthy
subjects were estimated using a fast and robust semiauto-
matic method. The LV volumes computed from 3-D images
were compared to measurements obtained with a standard
2-D examination.

1. Volume Estimation: The LV volumes were estimated
on 3-D images using a method based on ellipse fitting.
Though many investigators have reported on techniques
used to segment LV boundaries, the ellipse approach is
known to be fast and robust, without requiring tedious
hand tracings. In each 3-D image, the LV volume V; was
computed using the following equation:

1

N—
n=0
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- Data-Spectrum phantom

Fig. 4. Dynamic cardiac phantom, full view. Pump motor is in the
foreground. In the anthropomorphic torso phantom, two imbricated
membranes form the cardiac cavity.

Fig. 5. Left ventricle volume estimation using ellipse fitting.

where S;,,, 0 <n < N, were the IV areas of the LV within
parallel cross sections of the 3-D images (Fig. 5), and ¢
was the distance between two consecutive parallel cross
sections. Within each parallel cross section, the LV ar-
eas were approximated by the areas of ellipses fitted to
LV contours (Fig. 5). The noise was reduced in the im-
age by applying a low pass Gaussian filtering. Then, the
LV contour was highlighted using thresholding. Starting
from the center of the contour (assumed to be the center
of the image as the LV was centered in the image, and
the LV and probe axes were aligned during acquisition),
ray tracing was used to extract samples of the LV con-
tour. The ellipse parameters were computed (in less than
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10 ms for each ellipse on a computer of the same type men-
tioned previously) from the LV contour samples according
to the Fitzgibbon algorithm [13]. The ellipse areas then
were measured.

2. Volume Comparison: The LV volumes estimated
with the 3-D images were compared to the volumes mea-
sured during a standard 2-D examination. In the latter, the
LV volume was approximated using the Simpson biplane
rule, which consists in tracing manually the LV contour on
a 2-D image, then approximating the volume by summing
short-axis slices. Both volume estimations were processed
by the same physician, but blindly in reference to each
other.

Thirty healthy volunteers were recruited after informed
consent. Of these, 28 were men and 2 were women; the
mean age was 23 years. To be included in the test, subjects
with no history of cardiac disease, including arrhythmia,
were selected.

The ejection fractions (EF) and end-diastolic (Vp) and
end-systolic (Vg) volumes were compared with each other
using a regression analysis. Bland-Altman analysis was
used to investigate the trends of differences between the
two measurements.

III. RESULTS AND DISCUSSION
A. Phantom Validation

Table I presents the three measurements (respectively
end-diastolic volume Vp, end-systolic volume Vg, and ejec-
tion fraction EF) estimated on 3-D images obtained from
the dynamic phantom. The first column indicates the refer-
ence phantom values. The next four columns present the
mean and standard deviation (SD) of measurements ob-
tained after 11 acquisitions and reconstructions repeated
by two operators. The last column represents the inter-
operator variability by indicating the mean and standard
deviation of the differences between the two operator mea-
surements.

Results indicate a good agreement between volume
measurements and real phantom values, for both opera-
tors. The SD of volume measurements is less than 8.3 mL
for Vp (6.9% of the real Vp value), and less than 3.6 mL
for Vg (7.2% of the real Vg value). The good estimation
of Vp and Vg values yields an estimation of the ejection
fraction from 3-D images very close to the real phantom
ejection fraction (SD is less than 0.03%).

The interoperator variability study shows that the SD
of the measurements difference between the two operators
is less than 8.4 mL for Vp (6.9% of the real Vp value)
and less than 2.1 mL for Vg (4.2% of the real Vg value)
estimations. The mean of the interoperator measurements
difference is about 12% of the real volumes, which is a
standard value obtained in echocardiography due to the
relative quality of images.
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These results all indicate a good reproducibility of the
measurements carried out on 3-D images, within the range
of values available with the phantom.

B. Clinical Trial

Fig. 6(a) shows the LV volume estimations using the
Simpson method on standard 2-D images (abscissa) versus
LV volumes measured by ellipse fitting on reconstructed
3-D images (ordinates). The slope of the regression line is
equal to 0.97, and the intercept is less than 5 mL. The R?
coefficient, which evaluates the adjustment quality of data
with the regression line, is equal to 0.96. Thus, volumes es-
timated with both methods correlate well with each other.
The corresponding Bland and Altman plot presented on
Fig. 6(b) indicates that, on average, volumes computed
from 2-D images are underestimated by 1.53 mL compared
to volumes computed from 3-D images. The SD of the dif-
ferences of the two volume estimations is approximately
7.5 mL, indicating a good agreement between the two mea-
surements. The dispersion observed for some plots is due
to the ellipse approximation method, which introduces LV
volume estimation errors on poorly contrasted images.

The comparison of EF computed from 2-D and 3-D im-
ages provides similar information. On Fig. 6(c), the R?
coefficient value is equal to 0.79, indicating a high corre-
lation between both methods for EF estimations. The R?
coefficient value is slightly lower than the value obtained
in volume comparisons. This is mainly due to the summa-
tion of the end-diastole and end-systole volume uncertain-
ties during the EF computation. The regression line has a
slope of 1.03 and intercepts at —2.1%. This near identity
slope shows that EF calculations are not only correlated
but also in high agreement. The corresponding Bland and
Altman plot [Fig. 6(d)] confirms this result: the mean +2
SD of the differences in EFs computed from 2-D and 3-D
images is 0.34% £5.4%. Thus, the SD of the differences of
these two EF calculations is less than 3%.

The preliminary study carried out on healthy subjects
showed high correlations and agreements between volume
and EF computations from 2-D and reconstructed 3-D im-
ages. Even though care was taken to measure volumes ac-
curately in both methods, the models used to estimate
the LV volumes are rough, both in 2-D and in 3-D. Al-
though particularly suited for normal LV measurements,
they are of limited value for pathologic hearts. Moreover,
quantitative measurements of the spatial accuracy of the
reconstructions are needed to complete the qualitative as-
sessments done by physicians. Additional clinical valida-
tions will be carried out to achieve the comparisons of both
methods. Reconstructed 3-D images are expected to pro-
vide more accurate volume estimations than 2-D images
in pathologic cases.

IV. CONCLUSIONS

The study presented in this correspondence shows that
fast-rotating probes are available for cardiologists to per-
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TABLE I
COMPARISON OF END-DiasToLIC (Vp) AND END-SYSTOLIC (Vg) VOLUMES AND EJECTION FRACTION (EF) ESTIMATED BY TWO OPERATORS
ON 3-D ECHOCARDIOGRAPHIC IMAGES OBTAINED FROM A DYNAMIC PHANTOM.

Interoperator
Phantom Operator 1 Operator 2 difference
Parameters values Mean SD Mean SD Mean SD
Vp (mL) 120 123.4 8.3 111.4 5.7 12.0 8.4
Vg (mL) 50 48.7 3.6 47 2.2 4.2 2.1
EF 0.58 0.60 0.03 0.58 0.02 0.03 0.02
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Fig. 6. Validation of the 3-D reconstructions. (a) Comparison of the volumes estimated with 2-D echocardiographic images and the 3-D
reconstructed images. (b) Bland-Altman plots comparing differences in volume estimation from 2-D and 3-D echocardiography. (c) Com-
parison of the LV ejection fraction estimated with 2-D echocardiographic images and the 3-D reconstructed images. (d) Bland-Altman plots
comparing EF estimation from 2-D echocardiograpic images and the 3-D reconstructed images.
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form 3-D echocardiography with data acquired during a
single cardiac cycle. A dynamic cardiac phantom was used
to quantify the variability of measurements. Then a clini-
cal trial showed that LV volumes measured within recon-
structed 3-D images are in agreement with volumes esti-
mated on 2-D images using the classical Simpson method.
Compared to RT3D probes that require specific equip-
ment, rotating 2-D probes can be connected to standard
ultrasound systems. Thus, they provide an easy and cheap
way to introduce 3-D echocardiography within cardiology
departments.
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