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Abstract

Commercial medical ultrasound scanners produce im-
ages of human tissue by interpreting the information carried
by echoes reflected from structures contained inside it. In
this paper, a new generation of toroidal ultrasound arrays
is used to measure both the signals reflected and transmitted
through the tissue. It is shown that transmission measure-
ments encode complete information about the gross struc-
ture of the tissue and lead to images that are superior to
those obtained form reflection measurements alone. Exper-
imental results are provided for a gel phantom and a human
breast in vivo.

1. Introduction

Since the 1970s, researchers have been investigating the
possibility of using ultrasound for the diagnosis of breast
cancer [6, 7, 4]. Although it is not yet used in medical di-
agnostics, ultrasound tomography could offer a number of
advantages over the gold standard of X-ray mammography
which include: earlier diagnosis [8], absence of ionizing ra-
diation, and lower cost.

One of the problems encountered in conventional sonog-
raphy is the characteristic granular appearance of sono-
grams caused by the speckle phenomenon. In commercial
scanners, this is caused by beamforming, which leads to
complex interference patterns that result from the coher-
ent nature of ultrasound [1]. Although speckle contrast is
used to separate different features within an image, the ap-
pearance of speckle can also mask small abnormalities. In
this context, several authors have observed that computer-
ized ultrasound tomography (CUT) leads to speckle-free
images [4, 5]. CUT uses ultrasound transmitted through the

tissue and is based on the ray approximation of geometrical
optics. Because of this approximation, interference, which
is the very causes for the appearance of speckle in coher-
ent imaging, is neglected, resulting in the suppression of
speckle. However, the ray approximation is known to cause
resolution degradation and image artifacts due to its inabil-
ity to account for diffraction [15]. Therefore, it is largely
accepted that reflection and CUT images complement each
other since the first provides high-resolution information
about the boundaries of regions of sudden impedance vari-
ations, whereas, the latter provides quantitative information
about the impedance distribution [4].

Recently, several research groups have been investigat-
ing the potential of imaging methods that can account for
diffraction [2, 9, 14] or even multiple scattering [12]. These
works employ toroidal arrays of transreceivers that surround
the tissue and enable its insonification from any direction
in the plane of the array. For each insonification, both the
backscattered and transmitted fields are measured simulta-
neously (prototype toroidal arrays with as many as 1024 [2]
or more recently 2048 [13] transreceivers have been man-
ufactured). However, these studies have not investigated
the extent to which backscattering and through transmission
provide information about the tissue properties and if they
complement each other.

This paper addresses these questions in the framework
of diffraction tomography. Images obtained with reflection
and transmission diffraction tomography are compared for
the cases of continuous-wave (CW) and broadband excita-
tion. Section 2 reviews the main aspects of the theory of
diffraction tomography and links reflection and transmis-
sion imaging. Section 3 presents two sets of experiments
performed with a gel phantom and a human breast in vivo.
The gel phantom is well characterized and can be used to
assess the information revealed by the reflection and trans-
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Figure 1. (a) Diagram of a toroidal array used
in ultrasound tomography. (b) Two dimen-
sional K-space showing how the scattered
field measured in the direction r̂ and due
to an incident plane wave from direction r̂0

maps onto the point Ω = 2π/λ(r̂0 − r̂) of the
K-space.

mission images. On the other hand, the breast sample which
has a more uncertain anatomy, is used to give a qualitative
assessment of the performance of the two approaches when
they are applied to the actual tissue.

2. Reflection and transmission diffraction to-
mography

The objective of diffraction tomography is to reconstruct
the spatial distribution of a target material property, defined
by the object function 1 O(r), from the perturbation induced
by the object’s structure on the free propagation of ultra-
sound. Central to this is the existence of a one-to-one map-
ping between the perturbation, p, and the spatial Fourier
transform of the object function, O, which defines the so-
called K-space,

p←→ O. (1)

The definition of the perturbation in eq. (1) depends on the
model used to describe the interaction between the incident
wave and the probed object. To illustrate this, let us con-
sider the two-dimensional scattering problem depicted in
Fig. 1(a) whereby a monochromatic plane wave propagat-
ing in the direction r0 is incident on an object of support D.
Assuming that the scattering problem can be expressed by a
scalar potential, the field detected by an array sensor placed
in the far field at position r, ψ(r, kr̂0), is given by

lim
r→∞

ψ(r, kr̂0) = exp (ik r̂0 · r) + f(kr̂, kr̂0)
exp (ikr)√

r
, (2)

1The object function is relate to the index of refraction map, n(r), via
the relationship O(r) = k2[n(r)2 − 1]

where the first term of the right hand side is the incident
plane wave, which propagates with wavelength λ (k =
2π/λ) and f(kr̂, kr̂0) is the scattering amplitude defined
as

f(kr̂, kr̂0) = Π
∫

D

d2r′ exp(−ik r̂ · r′)O(r′)ψ(r′, kr̂0), (3)

with

Π =
exp(iπ/4)√

8πk
. (4)

It can be shown that under the Born approximation, the per-
turbation p in eq. (1) coincides with the scattering ampli-
tude [3]

p(kr̂, kr̂0) = f(kr̂, kr̂0) = ΠO[k(r̂− r̂0)]. (5)

This relationship links the measurements to the Fourier
transform of the object function, O(Ω), directly. In fact, the
scattering amplitude can be measured experimentally with
a toroidal array of transreceivers, by transmitting with each
sensor sequentially and detecting the total field with all the
sensors in parallel. The scattered field is then obtained by
subtracting the incident field, measured before placing the
object within the array, from the total field. The diagram
in Fig. 1 shows how a particular transmit and receive pair
maps onto a point of the K-space. In particular, for a given
transmitter position defined by r̂0 the measurements map
onto the circle Γ1 as the receiver direction, r̂, spans the en-
tire array. This is known as the Ewald circle. The solid
part of the circle corresponds to the so-called transmission
measurements (the angle between r̂ and r̂0 is less than π/2)
whereas, the dashed part corresponds to the backscattering
measurements. As the position of the transmitter revolves
around the object, the Ewald circle sweeps a disk of the
K-space with radius 2k known as the Ewald Limiting Disk
(ELD) and labeled as Γ2 in Fig. 1(b).

From the knowledge of O(Ω) within the ELD, O(r) can
be reconstructed by assuming that O(Ω) vanishes outside
the ELD and performing the inverse Fourier transform. This
leads to a low pass filtered image of the object function,
IDT , which in the K-space is given by

IDT (Ω) = O(Ω)HDT (Ω), (6)

with

HDT (Ω) =

{
1 |Ω| < 2k
0 |Ω| > 2k.

(7)

Physically this means that only the characteristics of the ob-
ject that vary on a spatial scale longer than λ/2 can be re-
constructed and leads to the classical diffraction limit.
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Figure 2. Modulus of the scattering amplitude
at 1.2MHz as a function of the illumination an-
gle Θ and the scattering angle Φ.

In transmission tomography, the object function is recon-
structed from only the transmission measurements. There-
fore, as the transmitter revolves around the object the half
solid circle in Fig. 1(b) describes a disk of radius

√
2k cen-

tered at the origin and contained within the ELD. In other
words, transmission tomography provides a low pass fil-
tered image with cutoff

√
2k rather than 2k. A similar ar-

gument shows that reflection tomography provides a band
pass filtered image of the object with cutoffs at

√
2k and

2k.
This analysis suggests that reflection tomography com-

plements transmission tomography by reconstructing the
spatial frequencies between

√
2k and 2k.

3. Experiments

Two sets of experiments were performed with a 256 ele-
ment ultrasonic array developed at Karmanos Cancer Insti-
tute [5, 12]. The tests were carried out with a gel phantom
and a human breast in vivo using the setup depicted in the
diagram of Fig. 1(a). Both the array and the specimen where
immersed in a water bath.

3.1. Gel phantom

This specimen consisted of a water based gel cylinder
35mm diameter with a hole in the center 5mm diameter.
The hole was filled with cold water so as to produce an in-
clusion with low speed of sound. The temperature of the
water bath was 25.7Co. Figure 2 shows the modulus of the

scattering amplitude at 1.2MHz as a function of the insoni-
fication direction Θ and the scattering angle Φ. The color
scale is in dB and represents the modulus normalized with
respect to the largest measurement. The bright central diag-
onal that extends towards the two dashed lines corresponds
to the transmission measurements along with the two tri-
angular bands on the top left and bottom right corners. The
backscattering measurements correspond to the two remain-
ing reflection bands. Details about the calculation of the
scattering amplitude are given in [12].

The transmission measurements reveal the presence of
clear patterns, which are related to the phantom (bright
curves). On the other hand, the reflection measurements
are randomly distributed meaning that they bring little in-
formation about the phantom as confirmed by the images
in Fig. 3. In particular, Fig. 3(a) is the diffraction tomog-
raphy image of the phantom at 1.2MHz obtained by con-
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Figure 3. (a)-(c) CW images of the phantom
at 1.2MHz. (d)-(f) broadband (1.1-1.3MHz) im-
ages. (a) and (d) diffraction tomography; (b)
and (e) transmission tomography; (c) and (f)
reflection tomography.
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Figure 4. Modulus of the scattering amplitude
at 1.2MHz measured for a breast in vivo.

sidering both the reflection and transmission data in Fig. 2,
details about the algorithm used to calculate the image can
be found in [10]. The color scale shows the difference be-
tween the reconstructed velocity map and the velocity of
the water background in m/s. Next, Figs 3(b) and (c) are
the images obtained with transmission and reflection data
only. As expected, the transmission image reproduces all
the features of the phantom and is similar to the image in
Fig. 3(a). In contrast, the reflection image provides a low
resolution and noisy reconstruction; the boundaries of the
phantom are barely visible and the values of velocity are
incorrect. Figures 3(d)-(f) show the broadband versions of
the images in Figs 3(a)-(c) reconstructed over the bandwidth
1.1-1.3MHz. While the transmission image does not benefit
from the broadband excitation significantly [Figs 3(b) and
(e)], the broadband reflection image contains a lower level
of noise than the CW image [Figs 3(c) and (f)]. Over all,
the transmission image is superior to the reflection image in
terms of resolution and estimation of the sound-speed map.

3.2. Human breast in vivo

This set of experiments was carried out with a patient
lying on a bed with her breast suspended within the array
through a circular aperture in the bed [5]. Figure 4 shows
the modulus of the scattering amplitude measured for the
breast. As in the case of the gel phantom, the reflection
measurements do not reveal any pattern that could be asso-
ciated with the breast. In contrast, the transmission mea-
surements encode a large amount of information about the
complex internal structure of the breast. This information
is displayed in Fig. 5(a) which is a CW transmission im-

age of a coronal slice of the breast at 750kHz obtained from
the measurements in Fig. 4. The image shows the skin of
the breast and a complex network of fibrous structures in
the central part of the breast which could correspond to the
ducts or Cooper’s ligaments. The dashed circle indicates a
region containing a tumor diagnosed with X-ray mammog-
raphy and conventional ultrasound. Next, Fig. 5(b) is the
CW reflection image. This is biased by noise and does not
bear information about the breast anatomy. Figures 5(c) and
(d) are the broadband transmission and reflection images,
respectively. Although the bandwidth was 100kHz only a
dramatic improvement can be observed in the case of the
reflection image, Fig. 5(d), which now reveals the skin of
the breast and some of the internal structures. However, as
in the case of the gel phantom, the reflection image does not
contain any additional information compared to the trans-
mission image.

Lastly, it should be observed that the transmission image
in Fig. 5(c) is relatively free of speckle compared to the re-
flection image in Fig. 5(d). The physical mechanism that
leads to the speckle reduction in Fig. 5(c), which is a co-
herent image, is different from that associated with CUT. In
fact, the acoustic signature of the fine structure of the breast,
which would cause the speckle, is encoded in the ballistic
transmitted wave which after emerging from the breast is
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Figure 5. Images of a human breast in vivo.
(a) and (b) CW transmission and reflection
images; (c) and (d) broadband transmission
and reflection images.
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deflected away from the receivers [11].

4. Conclusions

This paper has investigated the use of reflection and
transmission diffraction tomography in breast imaging. It is
largely accepted that reflection imaging complements com-
puterized ultrasound tomography (CUT), because it pro-
vides better reconstructions of the boundaries where acous-
tic impedance discontinuities occur.

The experiments reported in this paper for a gel phantom
and a human breast in vivo suggest that reflection imag-
ing does not provide additional information compared to
transmission diffraction tomography. This is contrast with
the theory of diffraction tomography which predicts that
the reflection images should contain higher spatial frequen-
cies than transmission ones. Instead, the measurement have
shown that the backscattering is weak and buried in the
background noise.

Finally, reflection tomography exhibits a greater sensi-
tivity to the bandwidth of the excitation than transmission
tomography. While narrowband excitation can lead to high
quality images in transmission tomography, reflection to-
mography requires the use of wideband signals.
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