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Abstract—Despite its recognized value in detecting and char-
acterizing breast disease, X-ray mammography has important
limitations that motivate the quest for alternatives to augment the
diagnostic tools that are currently available to the radiologist. The
rationale for pursuing electromagnetic methods is strong given:
the data in the literature, which show that the electromagnetic
properties of breast malignancy are significantly different than
normal in the high megahertz to low gigahertz spectral range,
microwave illumination can effectively penetrate the breast at
these frequencies, and the breast is a small readily accessible tissue
volume, making it an ideal site for deploying advanced near-field
imaging concepts that exploit model-based image reconstruction
methodology. In this paper, a clinical prototype of a microwave
imaging system, which actively illuminates the breast with a 16-el-
ement transceiving monopole antenna array in the 300–1000-MHz
range, is reported. Microwave exams have been delivered to five
women through a water-coupled interface to the pendant breast
with the participant positioned prone on an examination table.
This configuration has been found to be a practical, comfortable
approach to microwave breast imaging. Sessions lasted 10–15 min
per breast and included full tomographic data acquisition at seven
different array heights beginning at the chest wall and moving
anteriorly toward the nipple for seven different frequencies at
each array position. This clinical experience appears to be the
first report of active near-field microwave imaging of the breast
and is certainly the first attempt to exploit model-based image
reconstructions from in vivo breast data in order to convert the
measured microwave signals into spatial maps of electrical permit-
tivity and conductivity. While clearly preliminary, the results are
encouraging and have supplied some interesting findings. Specifi-
cally, it appears that the average relative permittivity of the breast
as a whole correlates with radiologic breast density categorization
and may be considerably higher than previously published values,
which have been based onex vivotissue specimens.

I. INTRODUCTION

I N THE U.S., breast cancer is the most common nonskin ma-
lignancy in women and the second leading cause of female

cancer mortality. Approximately 180 000 new cases of breast
cancer were diagnosed and approximately 44 000 deaths oc-
curred in 1994 alone [1]. Breast cancer will occur in approxi-
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mately one in eight women by the age of 90 years old. Detec-
tion of breast cancer at an early stage increases the likelihood of
successful treatment and long-term survival. Screen film mam-
mography is currently the most effective method of detecting
asymptomatic breast cancer [2].

Despite its recognized value in detecting and characterizing
breast disease, X-ray mammography has important limitations.
Perhaps most significantly, screening mammography suffers
from a high false-positive rate [3]. The abnormal or “call
back” rate of standard screening mammography in community
practice is approximately 11% [2], [4]. This results in a positive
predictive value (PPV) for the standard screening examination
of approximately 4% and a biopsy yield of 17%–21% [2],
[4]. The false negative rate of mammography is also not
insignificant and ranges from 4% to 34% [5] depending on the
definition of a false negative and the length of follow-up after
a “normal” mammogram. Screening mammography is less
sensitive in women with radiographically dense breast tissue
[6]–[8]. This is of particular concern because the amount of
fibroglandular tissue may represent an independent risk factor
for developing breast cancer [9], [10] and there is a significant
proportion of “dense” breasts in younger women and older
women receiving exogenous estrogen [7], [11]–[14]. Mam-
mography has other drawbacks, including examinee tolerance
of compression, variability in radiological interpretation, and
radiation dose considerations. High-quality film-screen mam-
mography depends on optimal breast compression to reduce
image blurring due to motion and X-ray scatter. Unfortunately,
compression is uncomfortable and may lead to lack of compli-
ance with screening regimens. In addition, striking variation in
mammography interpretation has been reported [15], [16]. The
amount of radiation exposure is very low and is under stringent
federal regulation [The Mammography Quality Standards Act
of 1992 (MQSA)]. Nevertheless, there remains a hypothetical
risk of inducing breast carcinoma of approximately 1/1 000 000
with the low levels of radiation currently employed [17].

As a result, there is considerable motivation for developing
alternative and/or complementary imaging modalities for de-
tecting and characterizing breast disease. Of the available op-
tions, electromagnetic sensing has generated significant interest
and an array of techniques covering a broad spectrum of possi-
bilities ranging from near-dc electric currents to optical wave-
lengths in the near infrared have been investigated [18]–[28].
Several of these technologies have progressed to the point where
a sizable positive clinical experience has emerged [18], [21],
[22]. Others have historically shown rather poor performance
[24], [26], [28], although more recent evidence seems to sug-
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gest that earlier studies were flawed by premature technology
coupled to unrealistic expectations regarding the realization of
a single new screening tool [22]. Active microwave-imaging
methods spanning the high-megahertz to low-gigahertz regime
would appear to offer excellent opportunities to supplement the
arsenal of breast screening and/or characterization tools avail-
able to the radiologist despite the fact that microwave imaging
has yet to reach any demonstrated level of clinical feasibility.

The rationale for pursuing active microwave illumination
of the breast is strong. First and foremost, there is data in
the literature [29], [30] that shows that the electrical property
values (permittivity and conductivity) of normal and malignant
human breast tissues differ by fivefold to tenfold over the
microwave frequency range (up to 3 GHz). In fact, for normal
and malignant human tissues of the same histological type, the
largest difference in electrical properties has been observed
in the mammary gland relative to colon, kidney, liver, lung,
and muscle [29]. Others have shown a positive correlation
between dielectric properties and the degree of subcutaneous
fibrosis hypothesizing that localized vascular failure results in
changes in the free and bound water compartments of breast
tissue, which are reflected in the observed dielectric property
changes [31]. Second, assuming a largely fatty composition,
the breast is relatively penetrable with microwaves that extends
the usable frequency range to several gigahertz without placing
unrealistic demands on the dynamic range that would be
needed in a hardware system. Even if the breast as a whole
is more lossy than the low-end estimates provided byex vivo
fat property measurements, it should still be much less lossy
than high-water-content tissues, making microwave signal
propagation readily feasible over 10 cm of breast tissue. Third,
the breast presents a small volume that is easily accessible,
making it a far more tractable site for effective microwave
imaging than larger, more general, anatomical areas, such as
the abdomen or pelvis.

As a result, breast imaging is particularly attractive for
exploring many of the emerging concepts of near-field
model-based imaging with active microwave illumination,
which, to date, have been largely demonstrated in theory
[32]–[35], although important laboratory developments have
also now appeared [36]–[39]. A recent series of studies by
Hagnesset al. [40], [41] nicely illustrates the opportunities
for active microwave sensing in the breast. They simulate the
ability to exploit ultrawide-band microwave radar technology
in a confocal topology to detect millimeter-sized lesions at
considerable depths from the tissue surface using powerful
finite-difference time-domain (FDTD) computational analysis.
Following a similar approach, Fear and Stuchly have introduced
a microwave-breast-imaging technique that is more suitable
to clinical implementation [42]. These results are encouraging
and further support the notion that microwave breast imaging
should be aggressively pursued in a variety of forms.

Motivated by the overall needs to improve breast cancer
detection and characterization and our standing interest in
advancing medical microwave imaging, we have developed
a prototype microwave tomographic breast scanner operating
over the frequency band of 300–1000 MHz. The prototype
is an adaptation of a previously reported laboratory-scale

system where we have modified the antenna array structure
to produce multiple two-dimensional (2-D) images beginning
near the chest wall and extending anteriorly past the nipple.
Exams are delivered conveniently and comfortably without
compression in the prone position with the breast pendant in
a coupling fluid. The results reported here indicate that we
are able to sense variations in tissue content (generally, fat
versus higher water content constituents) that are consistent
with the medical histories of the participants examined to date.
The images produced in this limited pilot series of clinical
encounters display considerable consistency between breasts
of a particular individual. Interestingly, the average recovered
permittivity values appear to vary from patient to patient, but
correlate with radiographic density categorization and are often
significantly greater than those reported inex vivostudies [29],
[30]. The images shown here appear to result from the first
use of active near-field microwave data acquisition coupled to
model-based image reconstruction methodology to produce
in vivo electromagnetic property exams of the breast. In this
sense, these initial results are very exciting and encouraging.
They also suggest new areas of study, which will be critical to
the overall development of microwave breast examination.

II. M ETHODS

A. Data Acquisition System

We have developed a data acquisition system (with up to
32 channels) that can be employed with a fixed array of an-
tennas (Fig. 1) [38], [43]. The hardware has been designed to
have each antenna operate in either transmit or receive mode
in order to maximize the amount of measurement data that can
be recorded while maintaining a channel-to-channel isolation of
greater than 120 dB and an overall linear dynamic range of 130
dB. Monopole antennas have been chosen as the radiating ele-
ments for several important reasons. First, the monopole can be
effectively modeled as a line source in a 2-D imaging problem
[43]. In terms of the data–model match between the physics of
the microwave illumination and the numerical model (the best
match producing the highest quality images [37]–[39]), we have
found the monopole to be the simplest element to represent ac-
curately. Second, although the monopole antenna typically ex-
hibits undesirable characteristics when operating in a lossless
medium (narrow bandwidth and excitation of surface waves),
it is an excellent radiator in a lossy environment where resis-
tive loading substantially increases the usable bandwidth with
no perceptible excitation of surface currents [43]. Through in-
corporation of a heterodyning modulation scheme, a 200-kHz
A/D board and signal phase and amplitude extraction in soft-
ware, data acquisition time has been reduced to a few seconds
for a complete measurement set at each frequency. The system
has been consolidated onto a single cart for portability and ease
of connection to a clinical interface for delivery of breast exams
[see Fig. 1(c)].

This new prototype has facilitated the study of key issues re-
lated to near-field 2-D microwave imaging with a fixed antenna
array including the influence of its nonactive members. We have
found it important to model each nonactive antenna as a mi-
crowave sink so that entering signals are absorbed and not re-ra-
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Fig. 1. Prototype imaging system. (a) Tank with the 32-channel data acquisition system connected and in laboratory scale operational mode. (b) View of a
32-antenna array suspended from the positioning plate (no saline in tank). (c) View of the data acquisition system mounted on a cart—including microwave source,
power supplies, function generator, Dell 300-MHz PC, and complete microwave switching, receiver, and modulation circuitry.

diated [38], [44]. This has been accomplished in the numerical
model by imposing an impedance boundary condition on a finite
diameter about each nonactive element. The radius of the circle
of influence and the impedance chosen at its boundary have been
derived empirically from measured data. In terms of the hard-
ware, we have selected matched switches as the last components
in the switching matrix such that when an antenna is in the non-
active state, any coupled signal is transmitted via a coaxial cable
to the switch and terminated without being re-radiated. Signifi-
cant image quality improvements have been achieved with this
implementation.

B. Water-Coupled Clinical Interface

We have designed and constructed a prototype breast
imaging interface whose most significant features are illus-
trated in Fig. 2. Given that we successfully achieved a number
of important milestones with our laboratory system in terms of
demonstrating practical imaging using experimental data, we
elected to modify our tank design as the most viable option for
realizing a near-term microwave approach to breast imaging.
The major challenge in adapting the laboratory system has
been the requirement that the cables and associated electrical
connections be maintained in a dry environment while the
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Fig. 2. Illumination tank (water removed for illustration). (a) Antenna array
showing internal cable connections with the bellows removed (array is in
lowered position). (b) Top view showing aperture for breast with antenna array
below and bellows in place to shield electronics.

antennas are submerged in a saline bath. This constraint has
also been motivated by the fact that an attractive clinical exam
position has the subject lie on a table above the tank with
her breast pendant in a coupling fluid. As a result, it became
necessary to devise an interface with the radiating monopole
antennas oriented upwards to allow for illumination of the
breast as close to the chest wall as possible. This required that
the antennas protrude through the middle of the tank (with the
radiating elements surrounding the breast on a 15-cm diameter)
and their associated connectors and cables originate from below
the tank, yet be shielded from the saline bath. Accomplishing

Fig. 3. Fully assembled clinical microwave imaging system with the sheets
raised to show microwave electronics and tank overflow reservoir located below
the table.

this design allows the antenna array to be easily connected to
the existing microwave data acquisition system, making the
clinical interface act as an individual modular unit. We have
also incorporated the capability of raising and lowering the
antenna array through the mechanical motion of a hydraulic
jack located below the array housing, thus providing multislice
illumination of the breast. Flexible cables allow vertical motion
of the antenna array with respect to the fixed connector bulk-
head underneath the tank, thereby yielding minimal variation
in the measured fields due to cable flexing and bending (see
Fig. 2). The shielding of the microwave components from
the saline bath has been realized with a cylindrical bellows,
which can withstand the water pressure in both its compressed
and uncompressed states without leaking. A simple pumping
mechanism attached to a reservoir tank (not shown) has also
been implemented for rapidly maintaining a set water level
during a clinical session.

Fig. 3 shows the fully integrated system as it exists in the clin-
ical setting. The data acquisition and illumination tank modules
are connected to form the examination table. The space under-
neath the table is used to house the saline overflow reservoir.
Padding the table with a thin air mattress and pillows improves
patient comfort. The electronics are controlled remotely from
the adjacent room to maximize patient privacy and an exam as-
sistant remains with the patient throughout the session to help
with breast positioning and getting on and off the table.

C. Phantom Electrical Property Measurement

In order to investigate the electrical properties of liquids with
values roughly equivalent to breast tissue and their variation
with increasing water content, it is important to have a well-con-
trolled measurement system. In this paper, we have employed
an HP85070B Dielectric Probe Kit in conjunction with an HP
8753C Network Analyzer where the actual testing and calibra-
tion is controlled by a Dell Dimension 466V PC. Calibration of
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the probe is performed with the following three known termina-
tion standards:

1) air;
2) shorting block;
3) 25 C water.

In general, the measured values have been repeatable to within
1%.

D. Clinical Examination Protocol

Women participated in these breast exams under informed
consent approved by the Institutional Review Board, Dartmouth
College, Hanover, NH, for the protection of human subjects.
Having completed the consent-form process, participants were
fitted with a sizing ring, which stabilized the breast in the center
of the antenna array during imaging. Women were then assisted
on to the microwave exam couch and positioned prone with the
breast to be imaged pendant in the coupling fluid. Special at-
tention was given to getting as much of the breast tissue in the
axilla area into the imaging array as possible. The coupling fluid
was 0.9% saline prepared the day before each session to allow
for temperature equilibration. Fresh saline batches were used
in each exam. Initially, the water level was lower than needed
in order to prevent overflow as the breast was positioned for
the exam. Once in position, the antenna array was elevated to
its nearest point to the chest wall and a circulating pump con-
nected to a saline reservoir raised the water level to cover the
antenna tips. Data acquisition ensued for each antenna array
position and consisted of complete tomographic data (16 an-
tenna excitations and associated measurements) for seven fre-
quencies recorded in approximately 90 s. The antenna array was
then lowered in regular increments (typically 1 cm) based on a
scale fixed to the side of the water tank. At each new antenna
array position, the water volume was adjusted to maintain a con-
stant level throughout the exam and a complete set of multispec-
tral microwave-imaging measurements was recorded. The entire
process generally consisted of seven separate data acquisition
levels (i.e., antenna-array heights), which were completed in ap-
proximately 10–15 min per breast (including breast and array
positioning time). Where appropriate, the contralateral breast
was also examined. Fig. 4 shows a photograph of an exam in
session and a close-up view of the breast in position within the
tank centered in the antenna array.

Immediately prior to each exam, a full system calibration was
performed. This consisted of collecting measurements for each
transceiver position and detector site within a complete image
reconstruction data set for each antenna-array level to be used
during the exam at the anticipated water level in the tank, but
with no heterogeneity (i.e., breast) located within the array. This
data was then used to calibrate the measured responses from
the breast using the procedures identified in [37]. For the exams
reported here, an air interface existed at the aperture opening in
the examination table during calibration. No attempt has been
made to compensate for the fact that the chest wall covers this
opening during examination. Future calibrations may be well
advised to place a saline bag over the aperture opening to mimic
the presence of the body.

Fig. 4. Photographs of a microwave exam in session. (a) Close-up view. (b)
The breast in position within the center of the antenna array.

III. RESULTS

An initial set of microwave-breast-imaging examinations
have been performed on five volunteers using the prototype
system described in Section II. All subjects had received
recent mammograms and presented with no abnormalities that
would be considered suspicious at the time of these microwave
exams. Two of the women had undergone previous surgeries
on the imaged breasts—a breast reduction and lumpectomy.
Participants ranged in age from 48 to 76 and were all post
menopause with none receiving estrogen replacement therapy.
Two of the five had a prior mastectomy on one breast. There
was a mixture of radiographical breast density ratings in the
study and a considerable range in breast size from patient to
patient. The results reported here focus on 900-MHz scans,
although data was recorded for frequencies ranging from
300 to 900 MHz in 100-MHz increments. The background
medium used to couple the microwave signals into the breast
had nominal relative permittivity and conductivity values of
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(a)

Fig. 5. Recovered 900-MHz relative permittivity and conductivity images for: (a) left-hand-side breasts of Patient 4. Images are displayed for all vertical positions
where the breast intersects the imaging plane—in this case, positions 1–6.

79.0 and 1.86 (siemens/meter), respectively. Images presented
here are in standard en face radiological view. For the purposes
of this paper, we have differentiated a large (from a small)
breast as one which extends to at least the fifth vertical array
position from the chest wall. This designation is important for
our prototype system because smaller breasts present a more
difficult imaging situation due to the fact that fewer imaging
slices can be obtained and these are located closer to the
surface of the tank where artifacts from wave reflections at the
water, air, patient, and tank interfaces are more problematic at
the present time. All images were formed using our iterative
reconstruction algorithm in roughly 20 min (ten iterations) on
an IBM RS6000 model 260 workstation.

A. Large Asymptomatic Contralateral Breast Comparison

Fig. 5(a) and (b) illustrates the recovered images (paired as
relative permittivity and conductivity ) at six array posi-
tions for both the left- and right-hand-side breasts of Patient 4.
This patient was 49 years old and her breasts were categorized
as radiographically dense by the reading radiologist. It should
be noted that the background (0.9% saline) has considerably
higher permittivity and conductivity than those values recovered
within the breast and this contrast contributes to the shading of
the surrounding regions and the steep gradient associated with
the boundary between the saline and breast. Theimages of the
breasts display uniform circularly symmetric low-conductivity
regions of diminishing diameter for slices further from the chest
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(b)

Fig. 5. (Continued.)Recovered 900-MHz relative permittivity and conductivity images for: (b) right-hand-side breasts of Patient 4. Images are displayed for all
vertical positions where the breast intersects the imaging plane—in this case, positions 1–6.

wall corresponding to the natural breast geometry. The relative
permittivity images generally display more complex geometric
variation, especially with respect to delineation of the breast sur-
face for the two imaging planes closest to the chest wall where
some of the variation may be due to the out-of-plane influence
of the chest wall and the mild deformation of the breast as it
presses against the aperture in the table above the saline tank.
Nonetheless, the average relative permittivity over each slice
appears to be quite uniform and consistent from slice to slice
and breast to breast. The mean values offor the left- and
right-hand-side breasts were 35.4 and 36.2 with standard devia-
tions of 3.9 and 3.6, respectively (Note that the actual boundary
of the breasts over which the analyses were performed were
drawn to minimize the influence of the steep boundary gradi-

ents, but include the largest possible area of breast tissue). These
relative permittivity values are considerably higher than those
reported in the literature forex vivostudies (typically ranging
between 15–20 for 300–900 MHz [29]). Similarly to the rel-
ative permittivity, the conductivity values were also consistent
between both breasts. Means and standard deviations for both
electromagnetic quantities are summarized in Table I for all five
study participants.

B. Small Asymptomatic Contralateral Breast Comparison

Fig. 6(a) and (b) illustrates the recovered images for both the
left- and right-hand-side breasts at three vertical array locations
for Patient 2. This patient was 57 years old and her breasts were
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TABLE I
MEAN AND STANDARD DEVIATION OF RECOVEREDRELATIVE PERMITTIVITY AND CONDUCTIVITY VALUES OF BREASTS FORPATIENTS 1–5

considered radiographically fatty by the reading radiologist. It
is evident from these images that the breasts for this patient are
smaller both in terms of the diameters recovered at each vertical
position and the disappearance of the breast after the third move-
ment of the antenna array away from the chest wall. Similarly
to Patient 4, there is a noticeable level of consistency between
each breast in shape and size. The relative permittivity values are
fairly uniform over each breast with the average between the two
sides agreeing quite well: for the left-hand-side
breast and for the right-hand-side breast. These
quantities are slightly lower than those for Patient 4 who was
assessed in the radiologically dense category. As with Patient
4, the size of the breast appears to be larger when comparing
the images to the images. There also appears to be fewer
artifacts in the perimeter of the relative permittivity images for
the antenna array positions closest to the chest wall compared
to Patient 4, presumably because the smaller breast experiences
less tissue deformation when pressed against the tank aperture.

C. Breast Reduction Surgery

Fig. 7 illustrates the recovered images for the left-hand-side
breast at three vertical array positions for Patient 3
(right-hand-side breast had undergone a mastectomy sev-
eral years prior to this exam). This patient was 52 years old and
her breast was categorized radiographically as heterogeneously
dense. She had breast-reduction surgery performed on her
left-hand-side breast with the tissue removed below the nipple
in the en face view. The intent of these procedures is usually
to remove fatty tissues while sparing as much of the glandular,
muscle, and nerve constituents as possible. Theimages
clearly show a ring of relatively low permittivity about the
outer perimeter of the breast with a gap (as indicated by the
higher permittivity replacement zone) in the lower portion of
the image toward the left-hand side of center. From general
anatomy [45]–[48], the breast is considered to be a relatively
homogeneous tissue within its central most region, but with
a varying thickness layer of subcutaneous fat completely
surrounding the periphery. Fromex vivo data, the fat will
tend to have lower relative permittivity values ( ) than

those of the mammary glands (ranging from 15 to 20). Had
this surgery not been performed, it would be reasonable to
expect the appearance of a low-permittivity ring about the
entire breast. Initial experience indicates that this ring of
low dielectric does not always appear (presumably due to
an electrically thin subcutaneous fat layer) and may vary in
accentuated cases where the layer is both thicker in size and
lower in its recovered permittivity value. While the orientation
of the reduction surgery does not perfectly align with the
localized permittivity increase in the recovered images, uneven
tissue replacement after surgery and registration inaccuracies
in breast positioning during imaging in the array could easily
explain these differences.

D. Contralateral Breast Comparison—Left-Hand-Side Breast
Lumpectomy

Fig. 8(a) and (b) shows the recovered images for both the
left- and right-hand-side breasts at three vertical locations for
Patient 1. This woman was 76 years old and her breasts were
considered radiographically fatty by the reading radiologist. She
previously had lumps removed from her left-hand-side breast.
The images for the first two positions of the right-hand-side
breast present relatively thick rings of low-permittivity mate-
rial surrounding central regions of considerably higher values.
Presumably the outer rings coincide with a thick layer predom-
inantly composed of fat and a central zone containing a higher
proportion of mammary glands. By the third position, the diam-
eter of the breast is sufficiently small that the imaging technique
is unable to spatially distinguish between these zones and the re-
sulting image appears as a single large low-permittivity region.
Images from the left-hand-side breast are also quite instructive.
Where there was a continuous ring about the right-hand-side
breast in the second vertical position, there is a distinct gap in
the ring for the left-hand-side breast. This coincides well with
the location of the scar from where the lumps were previously
removed by surgery. Presumably portions of the fat invaded by
the surgical procedure were replaced by scar and shifting mam-
mary tissue to produce higher permittivity values more consis-
tent with mammary and higher water-content components. As
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(a)

(b)

Fig. 6. Recovered 900-MHz relative permittivity and conductivity images for both: (a) left- and (b) right-hand-side breasts of Patient 2. Images aredisplayed for
all vertical positions where the breast intersects the imaging plane—in this case, positions 1–3.

shown in Table I, the average permittivity values for Patient 1
were considerably lower than for the other four subjects.

E. Mean Tissue Permittivity Values

Table I shows the mean and standard deviation of the relative
permittivity and conductivity for the five women imaged in this
pilot study. These values were produced by first transforming
each image to grayscale, selecting a representative perimeter of
the breast using the National Institutes of Health (NIH) Image
1.61 and applying the accompanying analysis tools to determine
the relative statistics. The final grayscale values were then easily

transformed back to the relative permittivity and conductivity
scales. Given that the reported mammary permittivity values in
the Joines [29]ex vivostudy were roughly 15 at 900 MHz, the
values we have recovered are considerably higher. Excluding
Patient 1, who was considerably older than the others, there ap-
pears to be the suggestion of a correlation between the radio-
graphic density and the average recovered permittivity values.
Subjects 2 and 5 were categorized radiologically as fatty and
scattered (implying high fat content) and had corresponding
permittivity averages of approximately 31, whereas Subjects 3
and 4 were characterized as heterogeneously dense and dense
(implying less fat) and had average permittivities in the 35–36
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Fig. 7. Recovered 900-MHz relative permittivity and conductivity images for the left-hand-side breast of Patient 3. Images are displayed for all vertical positions
where the breast intersects the imaging plane—in this case, positions 1–3.

range. Thus, it appears that the lower permittivity averages cor-
respond to higher breast fat content, as would be expected. Sub-
ject 1 had considerably lower permittivity values (average less
than 20), which may reflect the progressive atrophying of glan-
dular tissue and subsequent replacement with fat with increasing
age after menopause. In general, the trend toward higher mean-
permittivity values relative to those fromex vivomeasurements
is most likely the result of tissue perfusion. The presence of even
small quantities of water well mixed with low-permittivity ma-
terials can have a disproportionately large effect on the overall
electrical properties. Fig. 9 shows plots of the relative permit-
tivity for water mixed with corn syrup as a function of mixture
proportion at several frequencies. (The relative permittivity of
corn syrup without water is quite close to theex vivovalues
for mammary tissue.) Increasing the ratio of water to syrup
from 0 to 1 : 5 at 900 MHz raises the relative permittivity from
19.8 to 33.3. Most likely, the presence of the highly polar water
molecules is driving this effect.

IV. DISCUSSION

A clinical water-coupled prototype microwave-breast-
imaging system has been developed to perform multislice
examinations of the breast over a broad frequency range. The
exam sessions have generally been short (10–15 min per
breast for seven slices and seven frequencies per slice) and
well tolerated by the study participants. Several important
observations can be made with regard to these initial clinical
encounters. First, this experience suggests that the relative per-
mittivity values for the breast measuredin vivoare considerably
higher than those recorded duringex vivoexperiments, which is
an important finding that needs to be confirmed because it may
impact future system design. From the imaging point-of-view,
it is desirable that the coupling medium be matched to the

tissue under study. High coupling medium contrast could
potentially compromise the ability to image internal structures
and abnormalities due to the large reflections that would occur
at the breast surface. Saline was used here because of its
availability and low cost, but its high relative permittivity is in
considerable contrast with publishedex vivomammary tissue
values. Nonetheless, these initial clinical investigations indicate
that informative images can be produced in a saline coupling
medium despite its contrast with the breast in part because the
in vivo permittivity values of the breast may be considerably
higher and possess greater heterogeneity than originally antici-
pated. These results suggest further investigation is necessary
and it is likely that a more optimally selected coupling fluid
will be important in the future.

In addition to contrast issues at the interface of the breast and
liquid coupling medium, the possibility of normal breast tissue
having higher permittivity properties than previously reported in
ex vivostudies may have important implications for microwave
breast cancer detection. Specifically, if the normal breast has an
average of 30–36 at 900 MHz compared to the previously
assumed level near 15, its contrast with respect to a malignant
lesion having an in the range of 50–70 will be reduced. The
potential for very high contrast has been a key driver in the ap-
peal of this modality and it may not be as great as initially an-
ticipated, although even 2 : 1 tumor to normal tissue contrast is
not insignificant when compared to the few percent that exists
in many traditional imaging settings.

At the current stage of understanding, it is difficult to esti-
mate the spatial resolution evident in thein vivo breast images
reported here. Property variations that are on a spatial scale of a
centimeter or less occur, although larger zones of homogeneity
also appear. Since resolution can only be properly evaluated
in terms of contrast and the electromagnetic property hetero-
geneity within the breastin vivo is not well characterized at this
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(a)

(b)

Fig. 8. Recovered 900-MHz relative permittivity and conductivity images for both: (a) left- and (b) right-hand-side breasts of Patient 1. Images aredisplayed for
all vertical positions where the breast intersects the imaging plane—in this case, positions 1–3.

time, meaningful quantification of the spatial resolution of these
breast images cannot been completed. Based on past laboratory
experience, our system has consistently demonstrated a spatial
resolution of 1 cm in both single and multitarget phantom
experiments utilizing operating frequencies in the range of
500–900 MHz [37], [39]. High-contrast structures as small as
0.4 cm have been evident as well [37]. These findings are in line
with published results for near-field imaging approaches where
the spatial resolution is limited by signal-to-noise and not the
half-wavelength typically associated with diffraction limited
techniques [36], [49]–[54]. More challenging imaging studies
[38] where varying diameter tubes of saline were inserted

into 8.2-cm-diameter cylinders of freshly excised breast tissue
recovered from reduction surgeries have shown that 1-cm saline
inclusions were generally visible only in the permittivity part
of the image at low frequencies. As the operating frequency
increased from 500 to 900 MHz, perturbations in the conduc-
tivity component were also evident. Similarly, the conductivity
images from these patient examinations identify the breast
surface quite well with the internal conductivity appearing
relatively low and homogeneous. Hence, we expect improve-
ments in terms of detecting heterogeneities within the patient
conductivity images with increased operating frequency. The
goal for the next-generation system is to operate from 500 MHz
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Fig. 9. Plot of the relative permittivity of water/syrup mixtures as a function
of the water-to-syrup ratio.

to 3 GHz. Nonetheless, the recovered permittivity images for
the participants examined to date show that our imaging system
can detect subtle tissue abnormalities, including alterations
due to surgical procedures such as lumpectomies and breast
reductions. These results suggest that recovery of electrical
properties may provide useful diagnostic information about
tissue abnormalities.

V. CONCLUSIONS

A prototype microwave breast scanner has been realized.
Breast exams delivered through water coupling to the pendant
breast with the participant positioned prone on an examination
table has been found to be a practical comfortable approach to
microwave breast imaging. This clinical experience appears to
be the first report of active near-field microwave imaging of the
breast where model-based image reconstruction methodology
has been deployed to convert the measured microwave signals
into spatial maps of electrical permittivity and conductivity.
While certainly preliminary, the results are encouraging and
have already supplied some interesting findings. Specifically,
it appears that the average relative permittivity of the breast
as a whole may correlate with radiological breast density
categorization and may be considerably higher than previously
published values, which have been based onex vivotissue spec-
imens. Clearly, a considerable amount of additional experience
is needed with microwave imaging of both the normal and
abnormal breast before any conclusions can be reached about
the diagnostic value of microwave imaging in this setting.
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