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Abstract
Objectives To introduce a new three-dimensional (3D) diagnostic imaging technology, termed “multimodal ultrasonic tomography” (MUT), for the detection of breast cancer
without ionising radiation or compression.
Methods MUT performs 3D tomography of the pendulant
breast in a water-bath using transmission ultrasound in a
fixed-coordinate system. Specialised electronic hardware
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and signal processing algorithms are used to construct multimodal images for each coronal slice, corresponding to
measurements of refractivity and frequency-dependent attenuation and dispersion. In-plane pixel size is 0.25 mm×
0.25 mm and the inter-slice interval can vary from 1 to
4 mm, depending on clinical requirements. MUT imaging
was performed on 25 patients (“off-label” use for research
purposes only), presenting lesions with sizes >10 mm. Histopathology of biopsy samples, obtained from all patients,
were used to evaluate the MUT outcomes.
Results All lesions (21 malignant and four benign) were
clearly identified on the MUT images and correctly classified into benign and malignant based on their respective
multimodal information. Malignant lesions generally
exhibited higher values of refractivity and frequencydependent attenuation and dispersion.
Conclusion Initial clinical results confirmed the ability of
MUT to detect and differentiate all suspicious lesions with sizes
>10 mm discernible in mammograms of 25 female patients.
Key Points
• Technical advances in ultrasound offer new diagnostic
opportunities in breast imaging
• 3D ultrasound can detect breast cancer without ionising
radiation or compression
• Multimodal 3D ultrasound assesses acoustic refractivity,
frequency-dependent attenuation and dispersion
• MUT can differentiate between benign and malignant
breast lesions
Keywords Breast cancer . Early detection of cancer .
Ultrasound tomography . Multimodal ultrasound . Screening
Abbreviations
MUT Multimodal ultrasound tomography
MMG X-ray mammogram

Author's personal copy
Eur Radiol

Introduction
The most important determinant in reducing mortality from
breast cancer is early detection through appropriate screening. However, less than half of women worldwide comply
with screening guidelines at present, and the usual presentation of breast cancer is still a painless palpable breast mass
[1–4]. X-ray mammography (MMG) remains the widely
accepted investigation for breast cancer screening, in spite
of its modest sensitivity (~80 %) and specificity (~90 %),
especially for dense breasts (where sensitivity drops to
~60 %) and small lesions (<10 mm) [5]. This is due to the
lack of attractive alternatives that are cost-effective and have
higher sensitivity and specificity. MRI has been shown to
have higher sensitivity than MMG but comparable (or even
lower) specificity [6–9] and it is significantly more expensive and less accessible. Current clinical ultrasound is
“echo-mode” and utilises back-scatter information found in
the timing and magnitude of the received pulses that are
reflected on acoustic interfaces (boundaries of regions with
different acoustic impedance) to generate “B-mode” planar
images of reflectivity sequences. This B-mode ultrasound
often serves as an adjunct examination to MMG to resolve
ambiguities with certain lesions (e.g. cysts) and improve
occasionally the sensitivity and specificity of MMG—although not enough for satisfactory screening [10, 11]. Several studies have explored the use of B-mode imaging to
differentiate benign from malignant lesions using spectral
information or morphological features regarding lesion
shape, size and boundary, with modest improvements in
sensitivity and specificity [12–15]. New ways of using
MMG and B-mode imaging (tomosynthesis and automated
whole-breast ultrasound) have been recently explored with
modest results. Application of elastography has yielded
some promising results for improving the specificity of the
screening procedure, but remains at the exploratory stage
due to unresolved practical issues [16, 17]. Novel technologies (e.g. optical tomography and cone-beam computed
tomography [CT]) are currently being explored, but clinical
results have been inconclusive so far [18, 19].
In order to improve the sensitivity and specificity of
breast cancer screening, we have developed and tested over
the last 12 years, a novel non-ionising three-dimensional
(3D) diagnostic imaging technology, termed “multimodal
ultrasound tomography” (MUT) that utilises ultrasound in
transmission mode to obtain tomographic images of successive coronal slices of the pendulant breast in water-bath
[20–26]. Multiple MUT images are obtained for each coronal slice of the breast, which correspond to distinct acoustic
attributes of each tissue voxel; namely, refractivity,
frequency-dependent attenuation and dispersion. These multimodal images are combined in order to form “diagnostic
MUT images” that can detect and differentiate possible

lesions (malignant or benign) present in each coronal slice.
We expect that a 3D stack of such coronal diagnostic images
(1–4 mm apart, depending on the clinical requirements) will
allow complete and reliable screening of the entire breast
volume in a fixed-coordinate system, independent of any
human operator, and should result in much higher sensitivity
and specificity for breast cancer screening.
The MUT approach is distinctly different from B-mode
ultrasound because it constructs tomographic images in
transmission mode using the acoustic attributes of refractivity, frequency-dependent attenuation and dispersion at each
tissue voxel. Thus, the information content of MUT images
is distinct from the echo-mode ultrasound currently in clinical use (B-mode images) and the recently introduced
“whole-breast ultrasound” systems that generate automatically a sequence of B-mode images. The multiple images
generated by MUT for each coronal slice (MUT modes) are
extracted from proper analysis of waveform changes in the
received pulse, relative to water-through propagation. Thus,
MUT could help characterise tissues and differentiate
lesions, since different tissues have different and distinctive
combinations of acoustic refractivity, attenuation and dispersion [20–26]. The potential utility of this lesion differentiation capability for improved clinical diagnosis represents
the primary advantage of MUT over current alternatives. Early
studies of ultrasound tomography for breast cancer in the
1980s were inconclusive [27–29] and there are no more recent
clinical results [30]. The first public presentation of initial
MUT clinical results was made at the 2011 ECR [24, 25] with
a subsequent presentation at RSNA 2011 [26].
In this initial study, we tested the ability of MUT to detect
and differentiate breast lesions>10 mm in diameter (also
clearly shown by MMG), in 25 female patients who underwent biopsy or surgery after MUT Histopathology results
were used to evaluate the diagnostic outcome.

Methods and materials
A clinical MUT prototype was built and used for initial
clinical validation trials with female patients at the Breast Unit
of our Hospital (“off-label” use for research purposes only). A
detailed description of the MUT technology and the methodologies developed by our group for proper data-collection and
data-analysis have previously been described [20–23]. This
initial study included 25 female volunteers with average age
of 60.2 years old (range 38–82) having breast lesions with
max dimension >10 mm. The average size of the detected
lesions, as measured in their mammograms and confirmed by
histopathology, was 18.4 mm (ranging from 11 mm to
38 mm). The 21 malignant lesions were: 17 invasive ductal
carcinomas of average size 16.6 mm (range: 11–38 mm), 2
invasive lobular carcinomas (14 and 16 mm), 1 invasive
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papillary carcinoma (28 mm) and 1 intracystic papillary carcinoma (20 mm). Among the four benign lesions, there were
two fibroadenomas (21 and 24 mm) and two cysts (20 and
36 mm). All patients opted for some form of biopsy prior to
surgical treatment (fine needle aspiration, 9; stereotactic core
biopsy, 4; surgical biopsy, 12). Prior to any invasive procedure, after informed consent was obtained, the subjects underwent MUT. Histopathological analysis of biopsy samples
identified the lesion types. All patients underwent surgical
treatment after positive diagnosis.
The MUT system performs 3D tomography of the pendulant breast in a properly controlled water-bath using
transmission-mode ultrasound in a fixed-coordinate system.
The patient is lying prone on a comfortable clinical bed with
one breast inserted through a circular opening into a cylindrical examination chamber and immersed freely in precisely conditioned water-bath (see Fig. 1). On one side of the
examination chamber, a set of parallel transducers transmit
specially designed sequences of ultrasonic pulses that traverse the examination chamber. On the opposite side of the
chamber a parallel set of transducers receive the incoming
pulses at the same imaging plane. This procedure is repeated
over a 16 cm field of view for multiple view-angles and
elevations. The in-plane pixel size is 0.25 mm×0.25 mm
and the separation between adjacent coronal slices is set at
1–4 mm depending on clinical requirements.
Changes in the waveform of the received pulses, relative
to their transmitted counterparts, are analysed in order to
extract the following acoustic attributes of each tissue voxel
traversed by the propagating ultrasound pulse as estimates
of: refractivity (based on measurements of speed of sound in
tissue, derived from the travel-time of the ultrasound pulse),
frequency-dependent attenuation and dispersion (computed
from measurements of changes in the Fourier Transform
magnitude and phase of the ultrasound pulse) over multiple
frequency bands ranging from 1 to 7 MHz. These distinct
acoustic attributes are properly combined to construct a
tomographic image (“mode”) for each coronal slice, resulting in three different images for every coronal slice. The
values of these classification attributes are calibrated relative

Fig. 1 Photo of the first MUT
clinical prototype (left) and
schematic of the tomographic
configuration (right) involving
two sets of ultrasound transducers (transmitting and receiving pairs). The breast is
freely immersed in the waterbath examination chamber
through the circular bed
opening

to water-through transmission (under precisely controlled
conditions of water temperature, degasification, deionisation, filtering and sterilisation) and, therefore, retain global
numerical validity for comparative diagnosis across subjects
and time.
The entire MUT examination takes about 12 min per
breast and the computation of the images about 2 min. All
safety precautions were taken to eliminate electromechanical or hygienic risks. There were no operational complications in any of the MUT examinations that risked the safety
of the patients and all volunteers attested to the comfort of
the examination. The proper positioning of the breast for
optimal MUT was the only operational issue that was faced
in the case of very large or very small breasts, but this issue
was always resolved in a satisfactory manner within a few
minutes with proper guidance from the MUT operator.

Results
Clinical results
Among 25 patients presenting with breast lesions with maximum dimension >10 mm, underwent MUT before any
invasive intervention. All lesions were depicted in the respective mammogram and/or B-mode breast ultrasound: 19
of them as a mass and six of them as an architectural
distortion. Histopathology of the biopsy samples revealed
21 malignant lesions (17 invasive ductal carcinomas, 2
invasive lobular carcinomas, 1 invasive papillary carcinoma
and 1 intracystic papillary carcinoma) and 4 benign lesions
(2 fibroadenomas and 2 cysts).

MUT results
All three types of acoustic attributes utilised by MUT (i.e.
refractivity, frequency dependent attenuation and dispersion) demonstrated characteristics that are specific to the
type of tissue traversed by the transmitted pulses (normal
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tissues, benign changes, malignant lesions). Generally,
adipose tissue and normal breast parenchyma produced
lower values of the aforementioned attributes (<1), while
malignant lesions produced higher values (>2). We note
that these numerical values of the various MUT modes
are calibrated to precisely conditioned water-through
propagation (deionised, degassed water at 30 °C) and,
therefore, they can be compared across subjects and
different times of examination. In certain cases of benign
changes the values were mixed (e.g. cysts exhibited
relatively high refractivity but low frequency-dependent
attenuation and medium dispersion). This observation
offers the exciting prospect of utilising the knowledge
of lesion types, available from the results of histopathology, to develop in the near future a classification algorithm that combines these attributes in order to
characterise each tissue voxel as being normal tissue,
benign change or malignant lesion. When such a classification algorithm becomes duly verified, it can provide
automatic characterisation of each tissue voxel and clustering of similar type voxels to assist clinical diagnosis
(see “Discussion”).
A colour coding scheme was used to facilitate visual
inspection of the high and low values in the resulting multimodal images. This colour coding scheme is currently a
standard in the field of image processing and follows strict
correspondence to the visible spectrum from the deep blue
(lowest values) to the dark red (highest values), with green
and yellow assigned to the values in-between in the proper
order. This enables quick and easy visual identification of
the highest values in the images that were found to have
critical correspondence to lesions. We have also devised a
simple way for fusing the numerical values of these attributes in “composite” MUT images which take high values
when all measured attributes are high. This facilitates the
visual identification of regions most likely corresponding to
malignant lesions (where all attributes take high values). We
note that the MUT images are displayed as successive
coronal slices of the breast over a field of view of
150 mm × 150 mm with pixel size equal to 0.25 mm ×
0.25 mm. The distance between successive coronal slices
is set at 4 mm in this study; however, this distance can be set
at the value deemed clinically desirable (typically between 1
and 4 mm).
We present below three representative cases of women
with lesions >10 mm. The corresponding X-ray mammograms (MMG) are also shown in the customary craniocaudal (CC) and medio-lateral oblique (MLO) views, followed by the corresponding MUT composite images. In the
first example, a 45-year-old woman (Volunteer 16) presented with a large lesion in the right breast approximately
at the 10 o’clock position. The corresponding MMG is
depicting in both views (CC and MLO) a circumscribed

mass of 28 mm in maximum dimension at the upper-outer
quadrant, with partially ill-defined border (top of Fig. 2).
The obtained composite MUT images are shown for 15
successive coronal slices in the bottom of Fig. 2, using the
aforementioned colour-coding scheme. The lesion is clearly
identified by the dark red regions evident in the successive
coronal slices 7–11, corresponding to the position of the
lesion according to the MMG. The numerical values at the
pixels of the MUT composite image are defined by the
scale-bar shown at the lower right of Fig. 2 in strict correspondence to the visible spectrum, as discussed earlier. We
note that the high-value pixels (dark red) are seen around the
boundary of this circumscribed lesion. The histopathology
revealed an invasive ductal carcinoma (IDC) with a central
necrotic region and 28 mm in maximum dimension.
For illustrative purposes, we show in Fig. 3 the component MUT images of refractivity and attenuation (at 2 MHz
only) for this subject. The malignant IDC lesion (confirmed
after surgery) is clearly visible in the MUT refractivity
images (upper part of Fig. 3), coloured red because of the
corresponding high values, but its presence is much subtler
in the 2-MHz attenuation component images at the lower
part of Fig. 3. This may lead someone to posit that the latter
images are unnecessary. However, our cumulative results to
date have shown that the latter component images (and other
multimodal images of attenuation and dispersion at various
frequencies) are valuable in differentiating lesions between
malignant and benign, as well as detecting lesions of smaller
size. For instance, the small red regions seen in the composite images in locations other than the confirmed lesion are
ruled out as possible malignant lesions by comparing the
combinations of values in the pixels of these additional
multimodal images. We finally note that the maximum
dimension of the area with high MUT composite values is
very close to the maximum dimension of the confirmed
lesion (28 mm).
In the second example, a 69-year-old woman (Volunteer 14) presented with a large lesion of 25 mm in
maximum dimension approximately at 1 o’clock in her
left breast. Both MMG views (CC and MLO) showed a
high-density mass with ill-defined borders at the upperouter quadrant (Fig. 4). The obtained composite MUT
images are shown for 14 successive coronal slices
(4 mm apart) in Fig. 5. The lesion is clearly discernible
in the successive coronal slices 5–8 as regions in dark red,
which correspond to the position and maximum dimension
of the lesion according to the MMG imaging (about
25 mm). Histopathology revealed an IDC with 25 mm
max dimension. We note some lighter red regions in the
central area of successive slices 1–4 that may indicate the
presence of another lesion in that location. Our experience
to date suggests that the lower composite values (and the
specific combinations of MUT multimodal values) of the
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Fig. 2 Top: the R-CC (left) and R-MLO (right) mammograms of
Volunteer 16 showing a circumscribed mass at the upper-outer quadrant, with partially ill-defined border, marked with a red circle. Bottom:
15 successive coronal slices (4 mm apart) of the composite MUT

images of the right breast of Volunteer 16 that depict the area of the
confirmed lesion in dark red on slices 7–11 approximately at the 10
o’clock position. The location of this IDC lesion was confirmed after
surgery

pixels of this possible lesion indicate probable benign
changes, which have been associated with atypical hyperplasia and intraductal papilloma in other verified cases.
This is obviously an important issue that deserves careful
attention in future studies.

For those who are accustomed to grey-level display, we
show in Fig. 6 the MUT composite images for the previous
example in grey scale (the scale-bar is shown at the bottom
right of the figure). The IDC lesion is discernible as a bright
area on slices 5–8.
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Fig. 3 Illustrative component MUT images of Volunteer 16
corresponding to the composite MUT images shown in Fig. 2, obtained
from measurements of the refractivity index (upper part) and attenuation at 2 MHz (lower part). It is evident that the two sets of images
contain distinct types of information, supporting the view of multimodal diagnostic imaging via MUT. Indications of the confirmed
lesion (red regions) exist more clearly in the refractivity component

images on slices 7–11 approximately at the 10 o’clock position. The
attenuation images are fused with the refractivity images and additional
sets of component images (attenuation and dispersion images at various frequencies) to form the set of composite images shown in Fig. 2
and, most importantly, to rule out false positives or detect smaller
lesions through proper combinations of these multimodal values
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Fig. 4 The MMG of the left
breast of Volunteer 14: L-CC
view (left) and L-MLO view
(right), showing a high-density
mass with ill-defined borders at
the upper-outer quadrant

In the final example, a 47-year-old woman (Volunteer 15)
presented with a large lesion at approximately 1 o’clock in
her left breast. The corresponding MMG is depicting in both
views (CC and MLO) an architectural distortion of approximately 28 mm in maximum dimension at the upper-outer
quadrant (Fig. 7). The obtained composite MUT images are

shown for 15 successive coronal slices (4 mm apart) in
Fig. 8. A lesion in dark red is discernible in the successive
coronal slices 3–9 approximately at the 1 o’clock position,
corresponding to the position and maximum dimension of
the lesion according to the MMG (about 28 mm). Histopathology revealed a 28-mm invasive papillary carcinoma

Fig. 5 The obtained 14 successive coronal slices (4 mm apart) of the
composite MUT images of the left breast of Volunteer 14 that depict
the confirmed IDC lesion in dark red on successive slices 5–

8 approximately at the 1 o’clock position. The lighter red regions on
successive slices 1–4 may indicate the presence of a benign lesion (see
“Discussion”)
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Fig. 6 Grey-level display of the 14 successive coronal slices of MUT composite images for Volunteer 14 (shown in colour-coded scale in Fig. 5).
The confirmed IDC lesion is discernible as bright areas on successive slices 5–8

(IPC) surrounded by inflamed and necrotic tissue, possibly
corresponding to the yellow and green areas, respectively.
Most breasts are composed primarily of fatty tissue with
low composite MUT index values (dark blue areas in the
MUT composite images), while glandular and connective
tissues have higher values (light blue, green and yellow
areas in the MUT composite images). The malignant lesions
have the highest values of the MUT composite index in our
studies so far, and they are depicted in dark red. Benign
lesions/changes have high values of the MUT composite
index (but not as high as the malignant lesions) and they
are depicted usually in light red. We have also observed a
Fig. 7 The MMG of the left
breast of Volunteer 15: L-CC
(left) and L-MLO (right),
showing an architectural distortion at the upper-outer quadrant

distinctive outer ring in the periphery of the coronal MUT
composite images that represents elevated values of the
composite index, probably due to the presence of denser
connective tissue near the skin and “entry” effects of acoustic diffraction caused by the high acoustic impedance of the
skin relative to water as the ultrasound pulse enters the
breast tissue. The latter must be taken into account in order
to avoid false-positive findings in this outer ring. A similar
observation applies to slices that are close to the areolar
region near the nipple, where the presence of the areolar
sinus and denser connective tissue causes elevation of refractivity and attenuation values.
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Fig. 8 The obtained 14 successive coronal slices (4 mm apart) of the
composite MUT images of the left breast of Volunteer 15 that depict
the confirmed IPC lesion in dark red on slices 3–9 approximately at the
1 o’clock position. The type and location of this lesion was confirmed

after surgery. The green and yellow areas surrounding the IPC on slices
3–9 may correspond to necrosis and inflammation that were also
identified in the histopathology report

We finally note that the maximum dimension of the areas
identified in the MUT images as having high composite
values were found to be very close to the maximum dimension of the confirmed lesions. Specifically, the average of
the maximum dimension of the confirmed lesions
is18.4 mm (ranging from 11 mm to 38 mm) and the respective average value is 18.3 mm (range: 11–36 mm) for the
regions of MUT composite images with high value (≥2),
which are viewed as the putative “detected” lesions. The
standard deviation of the differences in maximum dimension (confirmed minus estimated by MUT) over all lesions
was found to be 1.2 mm (a 6.5 % standard error).

In this preliminary study, 25 patients presenting breast
legions with maximum dimension >10 mm, which were
visible in the mammograms and confirmed via biopsy, underwent MUT before any invasive procedure (biopsy or
surgery). It was found that all lesions were clearly discernible in the coronal slices of the obtained MUT composite
images as having high MUT composite values. The MUT
composite value at each tissue-voxel is formed by combining the multimodal acoustic measurements of refractivity
and frequency-dependent attenuation and dispersion at the
same voxel that are obtained via MUT [20–26]. It was found
that the malignant lesions had higher MUT composite values than the benign lesions. The differentiation between
malignant and benign lesions was confirmed by the results
of histopathology. This observation offers the exciting prospect of utilising the knowledge of lesion types, available
from the results of histopathology, to develop a classification algorithm that combines these attributes in order to
characterise each tissue voxel as being normal tissue, benign
change or malignant lesion. When such a classification
algorithm becomes duly verified through extensive future
studies, it can facilitate the detection and differentiation of
lesions, making MUT a valuable diagnostic imaging tool of
the physician responsible for the final clinical diagnosis.
MUT offers safe and comfortable 3D imaging of the
breast, because it is non-ionising and does not require breast

Discussion
The idea of ultrasound tomography had been explored in the
past [27–30]; however, it was not adopted because of its
modest initial results. The recent refinement of this idea by
our group has been facilitated by advances in signal processing methods, ultrasonic transducer technology and microelectronics [20–23]. Thus, a new diagnostic imaging
technology called multimodal ultrasound tomography
(MUT) has been introduced for the improved detection of
breast cancer, with initial clinical results offering considerable promise [24–26].
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compression (as in current X-ray mammography). Thus, it
can be repeated frequently in order to track lesion changes
over time or to assess the effect of treatments (due to lack of
ionising radiation and the use of a 3D fixed-coordinate
system that allows reliable image co-registration).
In the current MUT system, the data acquisition time is
12 min per breast and the computation time for the generation of the multiple MUT images of each breast is 4 min.
Both these times can be shortened with more expensive
hardware components that are likely to raise the MUT
system cost by about 30 % (i.e. the present constraint is
financial and not technological/physical). The present imaging resolution (0.25 mm×0.25 mm in-plane and 1 mm interslice) is believed to be capable of resolving lesions with
maximum dimension of 2 mm.
A present limitation of MUT concerns its inability to
examine the breast tissue near the chest wall, the axillary
region or the nipple (areolar region). This limitation can be
mitigated by proper design in the positioning of the patient
and the adjunct use of an echo-mode module for examining
these regions. Another problem is the potential acoustic
artefacts in the periphery of each coronal slice due to the
“entry effects” of acoustic diffraction caused by the sudden
change of acoustic impedance between water and skin, as the
ultrasound pulse enters from the water-bath into the breast
tissue. A similar observation applies to the slices that are
close to the areolar region, where the presence of the areolar
sinus and denser connective tissue causes an elevation of the
respective refractivity and attenuation values. These two
considerations must be taken into account in order to avoid
false-positive findings in the outer ring of the coronal slices
and in the areolar region close to the nipple.
Last, but not least, is the critical issue of MUT specificity.
It was noted earlier in the MUT composite images of Volunteer 14 that a second “apparent” lesion was indicated by
high composite values in a different location than the target
lesion. Although these values were not as high as the values
of the malignant target lesion in this case, the possibility
exists that this may happen in other cases—since MUT
scans the entire breast volume whereas the biopsy confirmation is limited to the area identified by the mammogram.
Thus, the need arises to be able to ascertain whether a lesion
detected by MUT at a different location is a mammographically occult lesion or a false-positive. This critical issue
must be explored carefully in future studies by proper examination of mastectomy specimens under institutional
guidelines.
In summary, this new MUT technology has been shown to
be effective in an initial set of 25 patients presenting breast
lesions with maximum dimension>10 mm. Although the
initial results are promising, more clinical data and careful
analysis of the MUT results are required before firm conclusions can be drawn with regard to the efficacy and

performance of MUT. Ongoing studies seek to evaluate the
MUT performance for smaller lesions in a larger set of
patients.
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