
IEEE TransacTIons on UlTrasonIcs, FErroElEcTrIcs, and FrEqUEncy conTrol, vol. 59, no. 7, jUly 2012 1457

0885–3010/$25.00 © 2012 IEEE

Conformal Ultrasound Imaging System  
for Anatomical Breast Inspection

julien rouyer, serge Mensah, Émilie Franceschini, Member, IEEE, Philippe lasaygues, Member, IEEE, 
and jean-Pierre lefebvre

Abstract—Ultrasound tomography has considerable poten-
tial as a means of breast cancer detection because it reduces 
the operator-dependency observed in echography. A half-ring 
transducer array was designed based on breast anatomy, to ob-
tain reflectivity images of the ductolobular structures using to-
mographic reconstruction procedures. The 3-MHz transducer 
array comprises 1024 elements set in a 190-degree circular arc 
with a radius of 100 mm. The front-end electronics incorporate 
32 independent parallel transmit/receive channels and a 32-
to-1024 multiplexer unit. The transmit and receive circuitries 
have a variable sampling frequency of up to 80 MHz and 12-bit 
precision. Arbitrary waveforms are synthesized to improve the 
signal-to-noise ratio and to increase the spatial resolution when 
working with low-contrast objects. The setup was calibrated 
with academic objects and a needle hydrophone to develop the 
data correction tools and specify the properties of the system. 
The backscattering field was recorded using a restricted ap-
erture, and tomographic acquisitions were performed with a 
pair of 0.08-mm-diameter steel wires, a low-contrast 2-D breast 
phantom, and a breast-shaped phantom containing inclusions. 
Data were processed with dedicated correction tools and a 
pulse compression technique. Objects were reconstructed using 
the elliptical back-projection algorithm.

I. Introduction

Breast cancer, which affects women of all ages, con-
tinues to be a serious public health issue all over the 

world. X-ray mammography is currently the gold-standard 
screening method for detecting breast cancer. However, 
this method of clinical inspection is not very efficient in 
the case of women with dense breasts, for which glandular 
tissues are predominant, and for detecting some kinds of 
cancer such as infiltrating ductolobular carcinomas.

sonography is a highly efficient means of imaging dense 
breasts [1] and ultrasound (Us) equipment is often used at 
clinics as a complementary diagnostic tool in addition to 
X-ray mammography. Us is also more sensitive than X-ray 
mammography for distinguishing between solid and cys-
tic masses. However, sonography has some disadvantages, 
such as its strong operator-dependency and lack of repeat-
ability. In addition, although it gives a good lateral resolu-
tion in the upper tissue layers, the lateral resolution tends 
to decrease with the depth. To overcome these limitations, 

breast ultrasound computed tomography (UcT) has been 
investigated [2], [3] since the 1970s. one of the advantages 
of UcT is that it reduces the operator-dependency inher-
ent to sonography by replacing the hand-held probe with 
automated systems [2], [4]–[13]. These methods are prom-
ising because 3-d reconstruction of acoustical parameters 
such as the reflectivity, speed of sound (sos), and attenu-
ation makes it possible to improve tissue characterization.

The first automated tomographic systems consisted of 
a pair of transducers which could be moved mechanically 
in the coronal plane to perform circular or transversal 
scanning on the breast from several angles of incidence [4], 
[5]. However, the long acquisition time resulting from the 
transducer displacements makes in vivo scanning impos-
sible with these systems. To do away with the mechanical 
movements, the first ring transducer array consisting of 
450 transducer elements was developed by clément et al. 
[6] in 1980. an electronic control system makes it possible 
to obtain each of the tomographic projections required 
for image reconstruction purposes. Us transmission re-
construction methods were adapted from X-ray cT scan 
techniques, assuming the Us to propagate along straight 
lines. In these early studies, acoustic parameters such as 
the sound speed and the attenuation were obtained.

during the last 15 years, constant progress in the field 
of solid-state electronics has led to the development of 
new ring transducer arrays for high-speed data acquisi-
tion purposes [7], [10]–[12]. These devices work at a low 
frequency (below 3 MHz) because of tissue attenuation 
and include a large number of broadband elements, which 
record the scattered field around the object to be imaged. 
The aim is to reconstruct breast slice images’ acoustic 
properties (reflectivity, sos, attenuation) based on dif-
fraction tomography algorithms: the diffraction acquisi-
tion mode generates a large amount of data and involves 
the use of specific electronic architecture for performing 
parallel data collection and channel multiplexer switching.

some transducer arrays can be used to reconstruct 
2-d slices and vertical mechanical motion is applied to 
image the whole 3-d breast. andré et al. designed two 
20-cm-diameter cylindrical arrays consisting of 512 and 
1024 elements with center frequencies of 0.4 and 1 MHz, 
respectively [7]. The front end had eight two-channel ana-
log-to-digital converters (adcs) for parallel data record-
ing purposes. Waag et al. designed a ring transducer array 
with 2048 elements distributed over a 15-cm diameter cir-
cle, working at 2.5 MHz [11]. This system had 128 parallel 
transmit channels and 16 parallel receive channels. Mul-
tiple shots are required to acquire the scatter field over all 
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the array elements. duric et al. used a 1.5-MHz transducer 
array containing 256 elements, with an electronic board 
making it possible to record all of the scattered data in 
one shot. In this system [10], one channel was dedicated to 
each transducer element. With this method, the acquisi-
tion time required for each slice is around 100 ms, com-
pared to 1 and 3 s in the case of andré’s arrays.

In an extension of the solid-state ring principle, Gem-
meke and ruiter designed a cylindrical configuration for 
performing 3-d imaging without any vertical mechanical 
motion [12]. This device consisted of three rings, each of 
which contained 16 rectangular transducer arrays (eight 
transmitters and 32 receivers). data were collected with 
192 channels operating in parallel. However, the rectan-
gular transducer arrays were not adjacent and mechanical 
rotations were required to obtain complete coverage of 
the ring.

a different method considers a commercial probe look-
ing into a reflector fixed on the opposite side of the object 
to record ultrasound B-scan and time-of-flight data [14]. 
This setup follows a helical trajectory around the breast 
to reconstruct different cross-sections [15].

Early breast cancer diagnosis can be achieved by per-
forming ductal-axial scans, i.e., scans performed in the 
ductolobular direction (along the radial axis): most breast 
cancers (85% [16]) originate from the epithelium and 
develop first in the ductolobular structures [17]. radial 
breast scanning makes it possible to examine the lobe, 
coopers ligaments, and chest wall in the reflection imag-
ing mode and to detect any tumoral spreading along the 
ductal tree [18]–[22].

UcT methods are being studied by our group with a 
view to designing conformal ultrasound transducer arrays 
[23]–[25]. In a previous paper [26], a near-field UcT meth-
od was presented that can be used to reconstruct either 
impedance or sound speed maps. numerical simulations 
of breast anatomical computer phantoms confirmed the 
feasibility of this approach [27]. We recently designed a 
half-ring transducer system to obtain reflectivity maps of 
ductolobular structures. The goal of the present paper is 
to present a complete description of this system and give 
some examples of its possible applications. The transducer 
system is first presented in section II. section III explains 
how the system was calibrated. The reflectivity images ob-
tained with the near-field UcT method on several tissue-
mimicking phantoms are presented in section IV.

II. Half-ring Transducer Tomograph

during a tomographic examination, the patient is lying 
prone on an examination bed, with her breast immersed 
in a water bath, surrounded by the transducer array. a 
photograph of the system is shown in Fig. 1(a).

A. Transducer Array

The transducer array used here was built by Imasonic 
(Voray sur l’ognon, France). It comprises 1024 rectan-

gular elements set in a 190-degree circular arc with a ra-
dius of 100 mm (Fig. 2). The elements are 20 mm high 
and 0.32 mm wide. Elements are equally spaced with a 
pitch of 0.34 mm. The center frequency is 3 MHz and the 
−6-dB bandwidth is 2.25 MHz. The width of the element 
is smaller than λ, where λ = 0.5 mm is the wavelength, 
which makes it possible to obtain a large transmission 
aperture and to increase the resolution in the reception 
mode. In elevation, the curved shaped of the element fo-
cuses the energy in the image plane to obtain an acoustical 
pressure of up to 20 kPa (in the broadband pulse mode) 
with the largest beamwidth. The signal-to-crosstalk ratios 
range between −40 and −30 dB.

B. Position Control

The array comes with a system of motorization which 
makes it possible first to align the position of the array 
with respect to the breast and second, to mobilize the ar-
ray for whole breast volume inspection purposes. a set of 
five servomotors drives all the displacements, giving full 
3-d coverage. a scheme of the motorization set is shown 
in Fig. 1(b). In line with the anatomical orientation, the 
principal axis—the z-axis—passes through the nipple [Fig. 
1(b)], and the breast examination is conducted as follows:

•	setting the array position: depending on the volume 
of the breast under investigation, the elevation of 
the transducer array beneath the bed hole is set by 

Fig. 1. (a) Photo of the prototype. The cylindrical water tank contains 
the semi-circular transducer array mounted on a mechanical setup. Un-
derneath the bed, the electronics box contains the 32-channel generator 
rack and the 32-to-1024 multiplexer rack. The computer manager and 
the motorization box stand adjacent. (b) The z-axis passes through the 
nipple. several sagittal slices can be obtained using the θ-motion when 
the transducer array is in the vertical position (as shown). (c) Illus-
tration of the array motorization: 3-d servomotor positioning system 
includes z-axis translation and x–y horizontal translation. 3-d imaging 
is possible with two servomotors dedicated to θ-motion about the breast 
along the z-axis and φ-motion, which makes lateral rotation possible.



rouyer et al.: conformal ultrasound imaging system for anatomical breast inspection 1459

performing a translation along the z-axis (Brushless 
sMB60, Parker, cleveland, oH). Underneath the wa-
ter tank, a two-translation table (Brushless sMB40, x- 
and y-axes) is used to align the z-axis with the nipple 
[Figs. 1(b) and 1(c)].
•	organ inspection: whole-breast 3-d inspection can be 
carried out by performing a series of angular motions 
around the z-axis [Microcontrol rV120cc, newport, 
Irvine, ca; see the θ-angle in Fig. 1(c)]. a rotation 
from 0° [vertical position, Fig. 1(b)] to ±90° (hori-
zontal positions) [Brushless Ec032l, Parker; see the 
φ-angle in Fig. 1(c)] is required to perform transverse 
breast imaging. a resolution of (10−3)° is associated 
with these two angular motions.

C. System Front-End

The front-end electronics, which are presented in Fig. 
3, include 32 parallel independent transmit/receive chan-
nels designed and constructed by lecoeur Electronics 
(chuelles, France). Using the latest advances in field-
programmable gate array (FPGa) and digital-to-analog 
converter (dac) technology, high-performance waveform 
generators can be obtained. The architecture is based on 
an FPGa with a 36-MB random access memory and pro-
vides a high-sampling-frequency ( fs) dac. The 32 chan-
nels are distributed between four electronic cards (each 
handling 8 channels) driven by a 3-FPGa unit. The FP-
Gas control the transmit circuitry, the receive circuitry, 
and the data storage for each channel.

The transmit circuitry includes a 1- to 10-MHz band-
pass dac. The variable sampling frequency, fs, of this 12-

bit converter can be set at 10, 20, 40, or 80 MHz. a power 
amplifier gives a peak-to-peak output voltage of 100 V. In 
addition, a variable gain can be attributed to each chan-
nel. This design makes for flexible waveform shapes: out-
put waveforms are constructed for each channel from a 
dedicated file containing the digital samples, which are 
programmed directly with an accuracy of 12 bits. The 
time-delay is controlled by a sample index offset and is 
thus constrained by the remaining samples available for 
synthesizing the waveform. fs is set at 80 MHz in the pres-
ent study, and 2000 samples, corresponding to 25 μs, are 
usable to create the waveform and the time-delay. The 
receive circuitry comprises a low-noise amplifier with a 
variable gain range between 10 and 80 dB, and a 12-bit 
adc working at fs.

The multiplexer unit (Eurosonic, Vitrolles, France) 
allocates the 32 independent channels among the 1024 
transducer elements. The possibility of an element being 
addressed obeys an allocation rule, which is described lat-
er and is illustrated in Fig. 3(b). let n denote the number 
of independent channels, n ∈ [1, N = 32]; let m denote the 
sector number, m ∈ [1, M = 32] (where one sector consists 
of 32 adjacent elements); and let en,m denote the position 
index on the array where en,m ∈ [1, E = 1024]. When the 
nth channel is allocated to the mth sector, the position 
index on the array is defined by en,m = n + N(m − 1). 
an FPGa, controlled by a dedicated software program, 
is able to handle all of the combinations of element pairs 
(transmitters plus receivers) available on the array.

The data collection rate is 3 MB per second per chan-
nel, and the data flow is stored on a 32-GB flash memory 
card per channel. once all the signals (the projections of 
the scattered field) associated with one slice have been ac-
quired, the transfer (through a UsB 2.0 connection) to the 

Fig. 2. The half-ring transducer array is composed of 1024 elements 
around a circular 190° arc. These diagrams illustrate the characteristic 
dimensions of our setup.

Fig. 3. (a) Block diagram of the 32-parallel-channel acquisition system. 
(b) The available element allocation option for the nth channel.
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computer is launched. The data are then batch-processed 
and the image is reconstructed.

D. Acquisition in the Reflection Mode

The acquisition modes are flexible because of the elec-
tronic architecture described previously. The present 
study focuses on the case in which one fast acquisition is 
performed to image one object slice by reflection tomogra-
phy. Following the near-field UcT reconstruction method 
[28], a single transmitter element is used to produce an 
almost cylindrical wave. In the reception mode, a set of 32 
adjacent elements giving a finite-receiver aperture of 5.94° 
is used to improve the contrast (the signal-to-noise ratio) 
of the reconstructed image. note that the source element 
is placed in the central position (number 16). The recep-
tion is carried out both by the transmitter and by the 
adjacent elements: on the left side from position number 1 
to 15, and on the right side from position number 17 to 32. 
To make full use of the array, this procedure is repeated 
along the array in 0.186° steps, corresponding to an ele-
ment pitch. Because only full 32-element sets are consid-
ered, waves are transmitted from the 16th up to 1008th 
element and a collection of 31 776 a-scans are stored. The 
data acquisition time is about 8 s, assuming the propaga-
tion time in the medium to be 150 μs and the sos to be 
1485 m/s, and allowing 8 ms for the data storage and for 
the Us to fade away after each shot.

III. calibration

digital imaging systems require offset and gain calibra-
tion to normalize the behavior of the individual array ele-
ments. The system was calibrated to compensate for im-
perfections such as the deviation of the elements from the 
ideal circular position, and sensitivity fluctuations among 
the elements. In near-field reflection tomography, the ob-
ject is assumed to be illuminated by a wide fan-shaped 
beam. The effective field can be determined by character-
izing the transmitted pressure in the medium. arbitrary 
waveforms are used to perform the pulse compression pro-
cess. The waveform and the resulting compression are il-
lustrated and compared with the recorded signal using a 
mono-polar pulse.

A. Gain Calibration

The gain calibration is performed with a computer ac-
quisition card (12 bit, 80 MHz, Euroscan, Eurosonic sas, 
Vitrolles, France) which makes it possible to deliver a pulse 
excitation to any element in the array. The receiver unit is 
a 0.5-mm diameter needle hydrophone (HPM05/3, Preci-
sion acoustics, dorchester, UK) with bandwidth from 1 
to 20 MHz and its dedicated preamplifier. With each of 
the 1024 elements, the hydrophone is placed 50 mm from 
the active surface under inspection, as shown in Fig. 4(a), 
and the transmitted pulse signal is recorded. one of these 

signals is plotted in Fig. 4(c). To determine the sensitiv-
ity range, the maximum amplitude is extracted from the 
Hilbert transform of each rF signal along the array [Fig. 
4(d)] and a normalization coefficient is attributed to each 
transducer depending on its sensitivity. However, the peak 
amplitude recorded with some elements was 6 dB lower 
than the average value obtained with all of the elements 
combined. These elements were not included in the pres-
ent experiments.

The frequency response measured with the hydrophone 
gives the impulse responses from all of the elements. Fig. 
4(b) gives the center frequency and the −6-dB bandwidth 
of each of the 1024 elements. The mean frequency response 
characteristics are a center frequency of 2.99 ± 0.14 MHz 
and a −6-dB bandwidth of 2.35 ± 0.13 MHz. responses 
of the acquisition chain are used to filter the raw data in 
the pre-processing stage.

B. Time-Shifting Deviation

Fluctuations in the element position can give rise to 
time-shift variations which degrade the contrast and the 
spatial resolution of the tomographic images. To assess 
these biases, an 80-μm-diameter steel wire placed at the 
center of the acquisition zone is used as a reference in the 
calibration procedure. round-trip time of flight (ToF) 
is determined by extracting the maximum value of the 
envelope of the compressed signal (see section III-d). The 
temporal offsets are then estimated as biases from the 
global mean ToF, and one correction time is attributed 
to each transmitter-receiver pair. The result of the ToF 
correction is shown in Fig. 5, but for the sake of clarity, 
this figure shows only the case of a pure reflection (i.e., the 
case in which the transmitter is also the receiver).

C. Transmitted Field Characteristics

The energy distribution transmitted by a single ele-
ment (number 512) is measured using a needle hydrophone 
mounted on a scanning setup, as shown in Fig. 6. The hy-
drophone is moved in the horizontal x–y plane and in the 
elevation y–z plane. The x–y plane is mapped along the 
x-axis from −40 to 40 mm with a 0.5-mm step, and along 
the y-axis from 30 to 100 mm with a 5-mm step. The y–z 
plane is scanned along the z-axis from −20 to 20 mm with 
a 0.5-mm step and along the y-axis from 20 to 100 mm 
with a 5-mm step. The maximum rF signal envelope is 
plotted on each measurement plane, as shown in Figs. 7(a) 
and 7(b), and the corresponding profiles obtained at the 
axial distance x = 50 mm are plotted, as shown in Figs. 
7(c) and 7(d).

The transducer has a beamwidth of approximately 28°. 
The outer edges of the first and second lobes are located 
at angles of approximately ±14° and ±40°. This inhomo-
geneous distribution gives an 80° field aperture, but the 
useful solid angle is mainly limited to the main lobe. In 
the y–z plane, the field is focused in the horizontal plane 
(x–y plane), giving an elevation resolution of about 8 to 
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Fig. 4. Transducer characteristics. (a) Photo of the needle hydrophone and the transducer array during a transmission recording. Plots of the ele-
ments’ properties are extracted from the 1024 signals received. (b) center and −6-dB bandwidth frequency in the case of each element. (c) Impulse 
response and the corresponding power spectrum of one typical element in the transducer array. (d) Maximum envelope value of the rF transmitted 
signal for each element.

Fig. 5. The effective time-shifting correction with a centered wire. (top) 
Before calibration, the spatial errors in the positioning of the elements 
are obvious. (bottom) after calibration, the signals are almost in phase.

Fig. 6. scheme of the x–y mapping area. a hydrophone is sequentially 
moved on the x–y zone to record the transmitted field with one trans-
ducer element.
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10 mm. The pulse-echo approach gives results similar to 
the approach based on arbitrary waveforms; the field dis-
tribution is fairly similar in both cases [29].

D. Implementation of the Pulse Compression

acoustic energy losses, such as those resulting from ab-
sorption and scattering processes, mainly affect the high-
frequency components. These losses therefore consider-
ably decrease the spatial resolution of an Us electronic 
board of a given power. When in-depth probing is neces-
sary (down to a depth of about 5 to 7 cm), a peak ampli-
tude pulse does not always supply the energy required for 
the echoes to be detected. driving the transducer with a 
long modulated chirp while decreasing the output power 
can increase the energy transmitted. The resolution of an 
imaging system depends on the bandwidth; therefore, in 
practice, the axial resolution can be improved by applying 
pulse compression techniques [30] and the image contrast 
can be enhanced, while increasing the probing depth. The 
arbitrary excitation used in this study was a chirp, the 
frequency of which was linearly up-modulated. a chirp y 
can be written as

y t f t k t k
f f
t( ) = (2 ), =

( )
1 0

2
0

2 1sin
p

π π+
−

,

where f1, the initial frequency of the chirp, is equal to 
1.75 MHz, and f2, the final frequency, is equal to 4.25 MHz, 
giving a 2.5-MHz bandwidth. The duration of the chirp tp 
is equal to 10 μs, and k0 is the sweep rate.

a lanczos window [31] is applied to the chirp to pre-
vent the occurrence of highly compressed pulse side-lobe 
levels. Fig. 8 shows the raw a-scan of a typical chirp deliv-
ered by the programmable generator and backscattered by 
a 80-μm steel wire. The high-frequency noise level is about 
60 dB below the transducer band-pass level.

The transfer functions of the coupling medium and the 
acquisition chain are assumed to be similar in the useful 
frequency bandwidth; the pulse compression is therefore 
obtained by simply calculating the cross-correlation be-
tween the signal received and the digital chirp. This is 
confirmed by comparing the autocorrelation of the digital 
chirp shown in Fig. 9(a) with the cross-correlation be-
tween the digital chirp and the backscattered chirp origi-
nating from an 80-μm steel wire such as that depicted in 
Fig. 9(b). The experimental compressed pulse was found 

Fig. 7. Map of the transmitted field distribution in (a) the x–y plane and (b) in the y–z plane. (c) and (d) The corresponding slice-plots at x = 50 mm 
are shown below (a) and (b). The level of the lightest contour is −6 dB in (a) and −9 dB in (b). The blank areas at the top and bottom left of (b) 
correspond to missing values.
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to be fairly similar to the autocorrelation function. The 
pulse shape was only slightly asymmetrical, and the sec-
ondary lobe level was slightly higher in the case of the 
cross-correlation. additionally, the transfer functions are 
not all strictly uniform within the transducer bandwidth. 
However, with this method, the useful frequency band is 
preserved and the frequencies outside the bandwidth have 
a value of less than −80 dB, which makes them negligible. 
The advantage of using a modulated signal and the pulse 
compression method is shown in Fig. 9(c): when a pulse 
of equal amplitude was delivered by the programmable 
generator, the a-scan recorded has a relatively high noise 
level over the whole spectral band. In short, the pulse 
compression process gives a good snr as well as a suf-
ficiently high ToF resolution to improve the tomographic 
image contrast.

IV. system applications

In breast imaging, as in many other medical fields, it is 
of particular interest to be able to assess the sensitivity of 
the system to very-low-contrast inclusions. For this pur-
pose, academic 2-d phantoms made of soft-tissue-equiva-
lent materials were designed to mimic breasts containing 
structures such as glandular tissue, cysts, and microcalci-
fications. a commercial breast-shaped phantom with cys-
tic and dense mass inclusions was also used. Transversal 
images were obtained on 2-d phantoms. For that purpose 
the transducer array was placed in the horizontal position 
(Fig. 10) using φ-angle rotation.

The acquisition was performed in the reflection mode, 
as described in section II-d. To ensure the balance of the 
temperature between the water and the breast-mimicking 
materials, the phantoms were placed in the water tank 

two hours before the experiments. no data averaging was 
performed because only one recording was made in each 
transmitter position. raw a-scans were processed using 
the calibration procedure and the pulse compression tech-
nique described in section III. The output of the recon-
struction algorithm was a 512 × 512-pixel matrix for the 

Fig. 8. a raw a-scan of a transmitted chirp recorded in the backscat-
tered mode and the corresponding power spectrum.

Fig. 9. Plots of (a) the autocorrelation function of the digital chirp, and 
(b) of the cross-correlation function between a transmitted backscattered 
chirp and the digital chirp, which is the pulse compression obtained. (c) 
a transmitted backscattered mono-polar pulse is also depicted to show 
the usefulness of the compression process. The corresponding power 
spectrum is shown below each time-domain representation.
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2-d objects and a 1024 × 1024-pixel matrix for the breast-
shaped phantom. a zoom procedure allowed enlargement 
of a region of interest without resolution loss.

A. Steel Wires

string phantoms made with 0.08-mm (λ/6.25) diam-
eter steel wires are used to assess the spatial resolution 
of the system. This makes it possible to assess (using 2-d 
phantoms) the ability of the system to detect point-like 
objects such as calcifications. Microcalcifications occur in 
30 to 75% of breast carcinomas. crushed stone microcal-
cifications are caused by the intermediate grade of ductal 
carcinoma and have an average dimension about 0.3 mm 
[32], [33].

a single wire and a pair of wires were used. The single 
wire was placed at the center of the transducer array. The 
pair of wires was placed off-center by less than 10 mm and 
the distance between the two wires was 1.1 mm. These 
sub-wavelength cylinders were imaged in the transversal 
plane (Fig. 10). Because the wires must be collinear with 
the z-axis, sinkers were attached to tighten them. recon-
structions of these two objects are shown in Fig. 11.

B. Controlled Low-Contrast Phantom

Two cylindrical tissue-like phantoms were used to as-
sess the sensitivity of the tomograph to low-reflectivity 
contrasts. These 73-mm diameter cylindrical phantoms 
included two 12.5-mm-diameter cylindrical inclusions 

with different acoustical properties. The matrix of the 
first phantom consisted, in the first case, of a mixture of 
distilled water and 2%(w/w) agar powder (a9799, sigma 
chemical, saint louis, Mo); and in the second case, of 
a mixture of distilled water, 2% (wt/wt) agar powder, 
and 1% (wt/wt) cellulose powder (s5504 sigmacell, sigma 
chemical) with an average particle size of 50 μm. The two 
cylindrical inclusions consisted of a mixture of distilled 
water, 2% (wt/wt) agar powder, and 10% (wt/wt) or 20% 
(wt/wt) glycerol (G8773, sigma chemical).

The breast-mimicking materials used were character-
ized separately. rectangular samples of these materials 
with different thicknesses were prepared. The sound speed 
and the attenuation values were determined using a stan-
dard substitution method. Two transducers with a center 
frequency of 2.25 MHz (IM series, Imasonic) were aligned 
coaxially, facing each other, for the transmission measure-
ments. The signals transmitted were recorded both with 
and without the samples placed on the acoustic path. 
The sos was calculated from the ToF shifts, and the 
attenuation coefficient was calculated using a log spectral 
difference method [34], [35]. six regions of each sample 
were scanned for averaging purposes. Table I summarizes 
the acoustical properties of the materials: the sos, the 
acoustic attenuation, the density, the impedance Z, and 
the impedance contrast and the reflected energy relative 
to the properties of water, denoted γZ = (Z − Z0)/Z0 and 
[(Z − Z0)/(Z + Z0)]2, respectively.

Phantoms were placed in the geometrical center of the 
transducer array, as shown in Fig. 10. This means that 
about half of the phantom cross-section is not included in 
the semi-circular region encompassed by the array. The 
cylindrical inclusion with a 10% glycerol substance was 

Fig. 10. The 2-d phantoms were placed at the center of the transducer 
array as depicted in this schematic diagram. The x- and y-axes give the 
orientations used in the following reconstructions.

Fig. 11. Tomograms of the steel wire phantoms: (a) the centered wire, 
(b) the off-centered pair.
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located below the x-axis, and the other consisting of 20% 
glycerol was located above this axis. The tomographic im-
ages obtained are shown in Fig. 12.

on the basis of the reconstructed object geometry, the 
diameter of the agar matrix object and that of the inclu-
sions were found to measure 72.04 and 12.08 mm (1.32% 
and 3.36% error), respectively; and with the agar–sigma-
cell matrix object, the diameters were measured to be 
72.78 and 11.27 mm (0.3% and 9.34% error), respectively. 
The dimensions differed from real values because of the 
variations in the sos between the materials used.

C. Breast-Shaped Phantom

The breast phantom consists of a 530-ml morphologic 
Zerdine (cIrs 051, norfolk, Va) matrix with the follow-
ing soft-tissue characteristics: cZ = 1540 m/s and αZ = 
0.5 dB/cm/MHz. They contained randomly located quasi-
spherical inclusions of two kinds: cyst-like inclusions (with 
a radius of 3 to 10 mm) consisting of plastic membrane 
balloons filled with liquid, and dense mass inclusions (2 to 
8 mm radius) consisting of hyper-echoic, highly attenuat-
ing materials.

Two sagittal slices were imaged from this breast phan-
tom, when the phantom was placed with the nipple point-
ing downward as shown in Fig. 1(b). The θ-rotation yield-
ed the acquisition planes labeled θ1 and θ2 in Fig. 13. The 
corresponding reconstructions are shown in Fig. 14.

V. discussion

on the inspection plane of the antenna, the reduced 
pitch between the elements made it possible to enlarge 
the angular beam-width, as shown in Fig. 7(a). Therefore, 
each pixel in the image can be examined under the large 
number of incidences (1024 elements) around the target. 
This approach provides an isotropic transfer function, and 
therefore a thin point spread function (PsF) and a large 
field of view. The specificity of the reconstruction method 
is that waves are assumed to be almost cylindrical. The 
beam calibration [Fig. 7(a)] gives a width of 28° in the 
case of the main lobe. In view of the size of the element, 
the beam-width was expected to be larger. The crosstalk 
on transmit may increase the actual transmit aperture (to 
more than 0.32 mm) and thus reduce the beamwidth.

TaBlE I. Values of speed of sound (sos), attenuation, density, Impedance, Impedance contrast,  
and reflected Energy of the Materials Used in the cylindrical Phantoms. 

sos 
(m/s)

attenuation 
(dB/cm/MHz)

density 
(kg/m3)

Impedance 
(Mrayl)

Impedance 
contrast γZ 
(%, relative 
to water)

reflected 
energy 

(relative 
to water)

Water 1482.3 n.a. 1000 1.482 — —
2% agar (water) 1484.8 ± 3.4 n.a. 1005 1.492 0.7 1.13 × 10−5

1% sigmacell 
2% agar (water)

1489.5 ± 1.1 0.271 ± 0.026 1017 1.515 2.23 1.21 × 10−4

10% glycerol 
2% agar (water)

1528.0 ± 2.2 0.059 ± 0.023 1026 1.568 5.80 7.95 × 10−4

20% glycerol 
2% agar (water)

1583.7 ± 1.7 0.062 ± 0.043 1052 1.666 12.4 3.46 × 10−3

 n.a. = not applicable.

Fig. 12. Tomogram of the cylindrical phantoms: (a) the scatterer-free agar gel matrix, (b) the agar gel matrix with 50-μm particles.
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academic 2-d phantoms were used here to character-
ize the 2-d spatial resolution, and the sensitivity of the 
system for detecting low-impedance contrasts (γZ). The 
wire reconstructions presented in Fig. 11 showed a quasi-
isotropic PsF. From these wire reconstructions, we can 
obtain the full-width at half-maximum (FWHM) value, a 
parameter that is widely accepted as an index to the spa-
tial resolution. The FWHM value was less than 0.185 mm, 
giving a sub-wavelength resolution of around λ/3. Given 
the mean center frequency and the upper value of the 
mean bandwidth of the transducer array, the expected 
resolution is λ/3. In previous studies in which wire con-
figurations were used to determine the resolution of their 

imaging system in the reflection mode [10], [12], a similar 
λ/3 resolving power was obtained.

cylindrical low-contrast phantoms were imaged to ob-
tain an initial idea of the contrast sensitivity. For this pur-
pose, anechoic inclusions characterized by γZ = 5.8% and 
γZ = 12.4% were manufactured and inserted into an agar 
cylinder (γZ = 0.7%). These scatterer-free media were 
found to be truly anechoic regions and show up in black 
in Fig. 12. In addition, when the phantom matrix includes 
small scatterer particles (γZ = 2.23%), an isotropic and 
spatially homogeneous speckle distribution was observed. 
In particular, the noise distribution does not depend on 
the depth, considering that time-gain compensation is not 
applied. The interfaces of the materials were delineated, 
especially in the right area encompassed by the transducer 
array. The distal interfaces of the circular matrices lo-
cated outside the inner zone of the transducer array were 
not so clearly visible. some geometrical errors occurred in 
the reconstructions, resulting from sos variations in the 
phantoms which were not included in the reconstruction 
algorithm (i.e., the sos was assumed to be uniform in the 
propagation medium).

In Fig. 14, the Zerdine matrix is depicted with a ho-
mogeneous light gray speckle distribution, indicating the 
presence of scatterers. This is in sharp contrast with the 
water, which appears completely dark on the image, re-
flecting the relatively low reconstruction noise level of the 
tomographic procedure. The dense masses are clearly vis-
ible on the image, and no shadowing is visible because 
of the semi-circular insonification which renders the PsF 
almost isotropic.

cyst-like inclusions are recognizable because of their 
smooth wall contours and their low echogenicity. Because 
of the beam thickness, a low echogenicity is observed in 
the anechoic areas consisting of liquid. Indeed, the ultra-
sonic beam propagates on either side of inclusions, and 
this gives a low speckle noise inside the cyst-like inclu-
sions. The large height of the elements (20 mm) is the 

Fig. 13. Photo of the morphological breast phantom. In the water tank, 
the z-axis passes through the apex. Two sagittal screenings are per-
formed. The corresponding slices on the phantom are labeled θ1 and θ2.

Fig. 14. Breast phantom tomograms of the (a) θ1 slice and (b) θ2 slice from Fig. 13.
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price paid to address the minimum energy transmitted 
issue. This results in a broad elevation beam [Fig. 7(b)] 
and, thus, a relatively large slice thickness. However, this 
resolution will be improved by adding a few rotations of 
the transducer array to increase the number of indepen-
dent projections in the elevation direction.

The duration of the acquisition was less than 8 s, which 
means that the system can be used for 2-d in vivo imag-
ing. However, this duration is not compatible with full 
3-d in vivo imaging. To develop clinical applications, a 
system capable of storing data with higher flows would be 
required. recent improvements in the acquisition system 
make it possible to obtain a data flow rate of 80 Msamples 
per second per channel when the samples have a 12-bit 
precision. With this flow rate and the diffraction acquisi-
tion mode described previously, the duration could be re-
duced to around 1 s, and in vivo UcT experiments should, 
therefore, be easier to perform.

The tomographic reconstructions were performed here 
in the ductal-axial plane rather than the coronal plane 
for the following reasons: breast scanning in the ductal-
axial plane makes it possible to examine the ductolobular 
structures, where 85% of breast tumors start to develop. 
as previous authors have established [21], the ductal-axial 
scan is therefore the most suitable type of scan for detect-
ing breast cancer because it is consistent with the pat-
tern of cancer development [22], [36]. However, it might 
be objected that these scans miss the coronal structures, 
which are involved in the case of invasive carcinoma, for 
example, which spreads out of the duct or lobule. In the 
present study, we focused on 2-d reconstructions. Future 
studies will include several 2-d ductal-axial reconstruc-
tions with a full-θ-rotation to obtain complete 3-d breast 
imaging, including coronal information.

The ductal-axial scan would also give a partial access 
to the chest wall. In the sagittal configuration, the ele-
ments in the middle of the array (i.e., from the 250th to 
the 770th elements) could be used to transmit an ultra-
sonic beam through the chest wall. one of the limitations 
here is of course the fact that access to the axillary tail 
[37] region is only possible with a hand-held probe.

In the routine clinical setting, two or three conformal 
arrays of different sizes will probably be required to cope 
with the wide range of breast sizes.

VI. conclusion

The system presented here as an alternative approach 
to breast screening is a research tool which bridges the 
gap between physicians and physicists: it was designed 
on the basis of anatomical and physiological findings on 
the natural history of breast cancer, combined with ad-
vanced electronics. The system was tested, starting with 
a calibration stage, and its performances were evaluated 
using academic and morphological phantoms. The im-
ages obtained using wire phantoms show that the PsF of 
the tomograph is isotropic and that the spatial resolution 

(FWHM) is equal to approximately one-third of a wave-
length. low-contrast objects were also well detected, and 
the speckle distribution was found to be homogeneous in 
depth. The images of a tissue-like breast phantom ob-
tained show that this system can be used to characterize 
both solid and cystic lesions. one of the main limitations 
of this prototype is the beam thickness, which results in 
a poor contrast for 3-d anechoic objects. To address this 
problem, it is planned to incorporate means of obtaining 
multiple acquisitions in elevation and to apply a synthetic 
aperture focusing method. The mobility of the transducer 
array and the front-end potential have not yet been fully 
used. dedicated scanning procedures will be tested shortly 
with a view to developing the absorption and sos char-
acterization. In its present form, the system is adapted 
to 2-d in vivo imaging and we expect to be able to equip 
it soon with the high data flow rate and storage capacity 
required to perform 3-d parametric imaging.
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