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Abstract—We describe an ultrasound probe for three-dimensional transvaginal imaging. The transducer was an
annular array with a center frequency of 7.5 MHz which was rotated with an internal stepper motor. The probe
had no external moving parts, and the total volume covered by a full rotation defined a half sphere. The raw
digital data from the scanner were transferred to an external PC for three-dimensional reconstruction. We
evaluated the three-dimensional imaging system by measuring the volumes of phantoms (range 24.8—3362.5
mm?) in a water tank, and found good correlation with true volumes (two observers’ measurements gave a linear
regression with a slope of 1.010 and®?® = 0.993, and a slope of 0.956 an®? = 0.993, respectively). The size of
the point-spread function was used in the calculations to eliminate the effect of under- or overestimation due to
the limited ultrasound beam resolution. An example of data acquisition, volume estimation and imaging of an
embryo less than 8 weeks oldin vivo with the brain cavities and body is given. We conclude that the
three-dimensional reconstruction and volume estimation were accurate and repeatable. © 2000 World Feder-
ation for Ultrasound in Medicine & Biology.

Key Words:Three-dimensional ultrasound, Transvaginal, Volume estimation, 3-D reconstruction, Point-spread
function.

INTRODUCTION that small structures and object borders will be smeared

There has been a significant development of medical out in the image and appear larger than they are. Delin-

three-dimensional (3-D) ultrasound in the past 20 years, egtion of these borders may result.in o.verestimation of
and obstetrics and gynecology has been one of the maindiStances and volumes, or underestimation of the volume
areas of application. Brinkley et al. (1982) showed that ©f cavities. In addition, patient movement during acqui-
fetal weight estimation was possible using a position sition or errors in the 3-D rotation will result in recon-
locator system for 3-D reconstruction. Later, mechani- Struction artifacts. Because of these problems, it is im-
cally tilted probes were introduced and successful vol- Portant to evaluate 3-D ultrasound systems before clini-
ume imaging of fetal structures, including malforma- cal use.
tions, has been performed (Hull and Pretorius 1998; Lee Volume estimation using 3-D ultrasound has been
et al. 1995; Merz et al. 1995; Steen and Olstad 1994). appliedin vivoon such organs as the kidneys (Gilja et al.
Transvaginal 3-D imaging based on rotating the ultra- 1995) and the heart ventricles (Nosir et al. 1996), show-
sound probe with a stepper motor has been reporteding good correlation with other measurement methods.
(Blaas et al. 1995; Kyei-Mensah et al. 1996). However, because the reference methods also are subject
Measurements in 3-D ultrasonography may be sub- to measurement errorg) vitro validation is necessary
ject to errors because of the limited resolution of the further to evaluate the estimation accuracy. One common
ultrasound beam, or errors in the spatial position of the technique for such validation is to estimate the volumes
scan planes. The consequence of limited resolution is of palloons in a water tank (Hughes et al. 1996). The
volume estimated by tracing the center line of the bal-
Add § - cevald Berd. GE Vi S ul loon border is not much influenced by the limited ultra-
cound o Somespondence 0] Seveld Berg, G Vingmed U Sound resoluton. In the case f vivo measurements,
berg@med.ge.com. however, it is difficult to identify the exact object border
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Fig. 2. The transvaginal 3-D probe. Dome length: 175 mm,
. . . total length: 298 mm, dome diameter: 25.6 mm, transducer
Fig. 1. Data flow diagram. The 3-D probe was coupled directly - center frequency: 7.5 MHz. The probe had no external moving
to the ultrasound scanner, and the raw digital data from the parts except for the cable connector.

scanner were transferred to a PC and used in the 3-D recon-
struction.
housing (dome), so that the probe had no external mov-
ing parts except for the probe cable connector. The 2-D

because we have backscattered signals from inside the>can plane could be rotated 360°.
object as well as from the borders. ) )

The purpose of this study was to describe and eval- SPatial resolution _ _
uate a new transvaginal 3-D ultrasound probe. We The accuracy of measurements in ultrasound im-
developed a method for volumetric analysis of small ages is limited by the ultrasound beam resolutlon_. The
structures that we evaluatéd vitro using water tank  esolution can be measured by the size of the image
phantoms made of agar gel with kaolin particles. The point-spread function that is given by the beam width
size of the phantoms covered a large scale. The size 0fand th_e pulse Iength. For an annular array transducer, the
the point-spread function was used to compensate for the/0CUS IS symmetrical and the focal diamef@f at the
overestimation because of the limited ultrasound beam focal distancer is given by:
resolution. In this paper, we first describe the data ac-
quisition and the transvaginal 3-D probe. The theoretical
spatial sampling density requirement is then analyzed
followed by a description of the volume measurement
method. The results show the accuracy of the phantom
volume measurements, and an application of the tech-
nique in human embryology is demonstrated.
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MATERIALS AND METHODS

Data acquisition

We used a specially developed 3-D transvaginal
probe, connected to a System Five digital ultrasound
scanner (Vingmed Sound, Horten, Norway). Rotation of
the transducer was done by an internal stepper motor.
The raw digital data were transferred from the scanner
frame buffer to an external PC for 3-D reconstruction
(Fig. 1). The motor activity was controlled by the scan-
ner. When the motor speed was adapted to the scanner
frame rate, one scan took typically 2-5 s depending on
the angle of rotation.

Probe design

The transvaginal 3-D probe had a total length of 298
mm and had a 7.5 MHz annular array transducer with an
aperture of 11.5 mm (Fig. 2). The transducer midposition

was tilted 45° in the 2-D scan plane (azimuth direction), Fig. 3. The data volume covered by rotation of the scan plane

with a maximum azimuth scanning angle of 90° (Fig. 3). with an azimuth scanning angle of 90°. The transducer midpo-
The scan plane of the transducer was rotated inside the sition was tilted 45°. The scan plane could be rotated 360°.
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where®, 45 is the opening angle defined by tixedB contours in different 2-D slices of the data. The contours
beam amplitude reduction. We used 12 dB two-way did not have to be parallel, as long as they did not
reduction to define the lower amplitude value limit. Fur- intersect. This resulted in a set of planar contours which
thermore,A is the ultrasound wavelength, amdis the were converted into a polyhedron created by a triangu-
aperture diameter. The parametgr is the amplitude lation of consecutive contours. The volume of this poly-
reduction factor, and for 12 dB two-way reduction we get hedron was calculated, giving an estimate of the object
K2 g = 1.4 (Angelsen, 1995). The depth of focusg, is volume. This volume estimation algorithm has been de-
defined as the region where the beam diameter is limited scribed in detail (Thune et al. 1996).
by diffraction, and can be expressed as where the on-axis The valueD,, defined the size of the point-spread
beam amplitude has dropped 1 dB: function (i.e., the lateral image resolution), add,
defined the radial image resolution. All structures in the
ultrasound image were smeared out or blurred with an
Le (1dB) =2-De (12dB - 5 (2) amount corresponding to these values. An object of true
lengthl had lengtH + D, when positioned horizontally,
and lengthl + Ar, when positioned vertically in the
image. In the focal zonkg, D, = D¢.

If the lengths of the object for all directions are
known, the measurement error caused by the limited
—c- 2= ﬁ.f. T, ©) resolution of the ultrasound beam can be corrected by

2 appropriate scaling of the object. If the lengths are almost
equal, we can use the volume of a cube to approximate
where ¢ is the sound velocity and is the transmit the measured volume/,,,. Here, such a cube was ori
frequency. Here¢ = 1540 m/s wasuised as the mean ented in the radial/lateral direction. The length of each
value for tissue. The produdt: T, is the number of  side was them,, = V2/3. The true length in the lateral
periods in the transmitted pulse. direction and in the radial direction was corrected to be

The spatial sampling density must be sufficientin | = |+ Dy andr = I, = Ar,. The minus sign was
all three dimensions to prevent undersampling in the used for overestimated organ volumes, and the plus sign
reconstructed 3-D data. The lateral sampling density waswas used for underestimated cavity volumes. The fol-

determined by the angle increment in the original scan lowing correction factork,, was introduced to estimate
plane, and in our set-up we used 60% overlap. We usedthe true measured volum¥,,,:

the same overlap in the elevation direction, so the cor-
responding 3-D rotation angle increment wias= 0.4 -

The resolution in the radial direction was given by the
length of the transmitted pulsg;:

0,, 4& The radial sampling density was determined by Vin = Kpst* Vin (4)

the radial resolution. The rotational spesddegrees/s)

depended on the scanner frame réte(frames/s)w = Using the scaled dimensions of the cube, the correction
fr - 6. factor for the point-spread function was:

Volume reconstruction

The data were scan-converted and interpolated into
a regular 3-D volume using the EchoPAC-3D software
(Vingmed Sound, Horten, Norway), and visualized by Phantom volumes
extracting 2-D slices at different positions (Martens et al. Ten cylindrical phantoms were made out of agar gel
1997). The accuracy of the rotation was evaluated by mixed with kaolin (range 24.8—3362.5 myrand placed
measuring the actual probe movement, and by imaging ain a water bath on top of a block of clear agar gel. Each
grid phantom placed in a water bath. The probe was kept object was scanned three times from different, random
in a fixed position during rotation, and the grid was angles i = 30), with the 3-D rotation angle in the range
placed at a 45° angle to the probe rotation axis. Since the27-111°. The water had a temperature of 21°C. At this
probe needed a few milliseconds to accelerate, a fewtemperature, the sound velocity was 1485.4 m/s (Lubbers
frames were left out from the reconstruction at the start and Graaff 1998). To compensate for the difference in

Kot = 12+ 11V, (5)

and at the end of the rotation to avoid artifacts. sound velocity for the water and the scanner setting of
1540 m/s, we scaled each measured volume by a factor
Volume measurement K,of = (1485.4/15403. The outer boundary of the

In this study, we used manual delineation of the object was traced by two observers and the correspond-
object borders; this was performed by manually tracing ing volume was estimated from the following equation:
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Table 1. Ultrasound resolution and sampling density values
for the 3-D transvaginal probe.

Transmit frequencyf} 7.5 MHz

Wavelength &) 0.21 mm

Aperture diameter) 11.5 mm

Focal distanceR) 25 mm

Radial resolution 4r ) 0.32 mm

Elevation opening angleb(, 4g) 2.1°

Focal diametere (12 dB)) 0.64 mm

Focal depth L (1 dB)) 2.6 mm

Rotation angle increment) 0.84°

Fig. 4. Slice through the 3-D reconstruction of a grid phantom.

A The grid size is 1 cm; the grid is placed 45° to the probe
Vin = Vi * Kpi* Kuel (6) rotation axis.

The true volumeyV,, was calculated by measuring the RESULTS

diameter and the height of each object with a vernier . .
. . . _ Spatial resolution
caliper. We used the same phantoms as described in an .
X . . . In Table 1, the ultrasound resolution values for the
earlier study (Blaas et al. 1998); but in this study, the ;
. 3-D transvaginal probe are shown. The length of the
contours were retraced by different observers, thus, we . . ;
) ; transmitted pulseT,, is a function of the transducer
obtained new volume estimates. P .
response. We assumed that the propagating pulse had
three periods. The radial resolution then wiag = 0.32
Statistical analysis mm. In the original scan plane, the radial sampling
All volumes were traced once by two observers density was less than 1 mm, and the lateral angle incre-
blinded for each other’s results. The estimates were ment was less than 0.5°. The rotation step angle incre-
compared with the true volumes by linear regression ment was® = 0.4- 0,, 45 = 0.84°. This means that the
with the line fit curve passing through zero. The mean 3-D data were recorded with no loss of resolution. With
percentage errot- standard deviation (SD) was calcu- a typical frame rate of 23.7 frames/s, the rotational speed
lated for two ranges of the volumes, larger and smaller was:w = 23.7- 0.84 degrees/s= 19.9°/s.
than 500 mm. The mean percentage error was defined as
the mean of the percentage difference between true andvolume reconstruction accuracy
estimated volumes. Interobserver variability was ex- After the raw data were transferred to the computer,
pressed as the SD of the difference of the two observers’the 3-D reconstruction was performed within 3 s. Figure
estimates divided by the true values. The volumes were
also analyzed according to Bland and Altman (1986). We
compared the percentage difference between the esti-
mated and true measured volumes with the true mea-
sured volumes. Similarly, we found the impact of the
mathematical corrections by comparing the estimated
values without any corrections with the true volumes.

Measurement of embryonic volunmasvivo

Transvaginal 3-D data were acquired of an embryo
from a healthy pregnant woman with no pregnancy com-
plications. The gestational age based on the last men-
strual period was 7 1/2 weeks. The image was first
adjusted for optimal quality and range. Then the probe
was manually rotated so that the scan plane was placed to
the side of the embryo. Finally, the motor rotated the
scan plane to cover just the embryo. The outer border of Fig. 5. Volume estimation of phantom object with true volume

the embryo body_, the embryonic brain Cavmes,.the yolk 3094.7 mni. (a) The contour of a manually delineated border;
sac and the amnion sac were all manually outlined. The (b) all planar contours; (c) reconstruction of phantom based on

estimated volumes were then given B = V,,, - Kpst contours.
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Fig. 6. The percentage difference between the estimated and true volumes compared to the true volumes. (a) The
mathematical corrections for the point-spread function has been removed from the estimated volumes; (b) the estimated
volumes with the mathematical corrections.

4 shows a slice of the reconstructed grid phantom data.andAr, = 0.32 mm. Thecorrelation between the esti
Within the area of the phantom, the reconstruction error mated and the true volumes for the two observers gave
was less than the ultrasound beam resolution. This waslinear regression with a slope of 1.010 &Rti= 0.993,

also confirmed by measuring the amount of rotation on and a slope of 0.956 ari@® =

the probe itself.

Volumes of phantoms in a water tank

0.993, respectively. In

Fig. 6, the percentage difference between the estimated
and true measured volumes are plotted against the true

measured volumes. The impact of the mathematical cor-

The delineation of a phantom object is shown in rections can be seen from Fig. 6a. The mean percentage
Fig. 5. The resolution correction parameters were set to error of the volume estimates was higher for the volumes

the values of the point-spread functidd, = 0.64 mm

<500 mn? (12.1% *+ 8.6%, and 8.1%* 8.1%) com
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Fig. 7. (a) The delineation of brain cavities and body of an embryo with CRL 13 mm, age 7 1/2 weeks based on the last

menstrual period; (b) reconstruction of the brain cavities: hemispheres (yellow) 5 5diemcephalon (green) 6.0 mm

mesencephalon (red) 4.0 mpand rhombencephalon (violet) 17.8 fntc) reconstruction of the embryo (329.4 m

with part of the umbilical cord, the yolk sac and the vitelline duct lie in front (rose); (d) for comparison: photography

of an aborted embryo. The umbilical cord and the vitelline duct leading to the yolk sac on the left side (Barnea et al.
1992; reprinted with permission).

pared to the volumes-500 mn? (0.6% * 4.3%, and reconstruction is compared with a photograph of an

—3.8% * 4.1%). The interobserver variability for the aborted embryo (Fig. 7d).

volumes <500 mn? was 6.8%, and for the volumes

>500 mn? it was 3.4%. DISCUSSION

Embryonic brain cavities and body volumes In this study, we have shown that it was possible to
Figure 7 shows the delineation and 3-D reconstruc- estimate volumes of phantores500 mn? in vitro with

tion of an embryo with brain cavities and the yolk sac. excellent accuracy using a transvaginal 3-D probe. The

The embryo had a crown-rump length (CRL) of 13 mm. estimates were less accurate for the phanteni®0

The CRL is the greatest length of the embryo from the mm?, illustrating the problem of measuring very small

top of the head to the caudal end of the body. The 3-D structures with ultrasound. The percentage error was a
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function of the volume size, because the volume correc- blurring of the object borders caused by the limited beam
tion was based on the ultrasound beam resolution. Theresolution.
size of the smallest volumes was comparable to the beam There are several advantages of having the trans-
resolution giving higher uncertainty, whereas the impact ducer midposition tilted 45° instead of being aligned
of the beam resolution was smaller for the larger vol- with the rotation axis. In the latter case, it is often
umes. The interobserver variability for the volumes necessary to do a full 180° rotation to cover a sufficiently
>500 mnt was small, indicating that the volume esti large volume. Objects that are in the rotation center of a
mation method was repeatable. The exact placement of180° rotation are likely to be distorted, because the first
the contours was subject to individual variation as is and the last 2-D images must be at the exact same
shown by the small bias between the two observers. Suchposition; this is difficult to achieve because of movement
differences are inevitable using manual segmentation of of the probe and the patient. The tilted midposition
ultrasound images and are in this case regarded as smallfransducer may be rotated a smaller angle to cover the
The volume estimation algorithm used in this study Sa@me volume, and the object does not have to be placed
has previously been tested on the stomach and kidney In the rotation center. The tot_al volume that is covered in
vitro (Gilia et al. 1994). Using a 3-D tilting probe, the @ full 360° rotation is /2 times larger than for the
percentage error SD between estimated and true vol- Probes with the transducer aligned with the rotation axis,
ume was at most mean 9.8% 3.1%. The method has When the transducer’s scan planes are 90°.
also been applied on human kidndgpsvivo, and com-
pared with 3-D magnetic resonance imaging (MRI) CONCLUSIONS
(Gilja et al. 1995). Compared to MR, the 3-D ultrasound

1 0, 0, . . . .
method underestimated the volumes(4% * 8.4%).  yansyaginal imaging, ultrasound data could be acquired
Other methods for estimating volumes from 3-D ultra- 44 yolume reconstructed with high accuracy. The 3-D
sound have been reported. King eg al. (1991) estimated g4 were reconstructed with no loss of spatial resolution
volumes with & mean error of 1.6%, arr:d Basset et al. ysing the raw digital data from the scanner. Accurate and
(1991) reported a maximum error of 10%. repeatablén vitro volume estimations were achieved for

The results from the current study indicate that our gmaj phantoms (500-3400 mijnby including a mea
3-D ultrasound system is adequate for volume estima- gyre for the ultrasound beam resolution in the volume
tions. However, we must be aware of the following estimation algorithm. For even smaller phantoms (25—
measurement pitfalls: (1) volume measurement with ul- 500 mn?), the estimations were less accurate, but satis
trasound can give large estimation errors because of thefactory considering the small sizes and the limited reso-
limited resolution of the beams; in this study, we have |ytion of the ultrasound beams. Successful reconstruction
reduced this error by including a measure for the beam and visualization ba 7 1/2-week embryin vivo shows
resolution in the estimation algorithms; (2) the speed of the potential application of studying organ development
sound in water tank experiments must be considered with of embryos and fetuses at an early stage of gestation.
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