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Microwave Imaging via Space-Time Beamforming
for Early Detection of Breast Cancer
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Abstract—A method of microwave imaging via space-time  The physical basis for microwave detection of breast cancer
(MIST) beamforming is proposed for detecting early-stage breast s the significant contrast in the dielectric properties of normal
cancer. An array of antennas is located near the surface of the and malignant breast tissue [2]-[5]. As reviewed in [6], the in-

breast and an ultrawideband (UWB) signal is transmitted se- . . . . dtob han 2:1 wh f
quentially from each antenna. The received backscattered signals trinsic contrast is estimated to be greater than 2:1, whereas for

are passed through a space-time beamformer that is designed X-rays the contrast is only a few percent. The dielectric prop-
to image backscattered signal energy as a function of location. erties of malignant tumors show no significant variation with
The beamformer spatially focuses the backscattered signals to tymor age [7], suggesting that the large contrast exists at the

discriminate against clutter and noise while compensating for o5 jiet stages of tumor development. The enhanced dielectric
frequency-dependent propagation effects. As a consequence of the . . .. .
significant dielectric-properties contrast between normal and ma- Properties of breast carcinomas appear to arise in part from in-

lignant tissue, localized regions of large backscatter energy levels creased protein hydration [8]. The contrast is further enhanced
in the image correspond to malignant tumors. A data-adaptive by the vascularization of malignant tumors. As a result, malig-
algorithm for removing artifacts in the received signals due to nant tumors have large microwave scattering cross-sections rel-

backscatter from the skin-breast interface is also presented. The _.. - . -
effectiveness of these algorithms is demonstrated using a variety ative to comparably sized heterogeneity in normal breast tissue.

of numerical breast phantoms based on anatomically realistc [N this paper we propose a method of microwave imaging via
MRI-derived FDTD models of the breast. Very small (2 mm) space-time (MIST) beamforming for detecting backscattered
malignant tumors embedded within the complex fibroglandular energy from small malignant breast tumors. This method
structure of the breast are easily detected above the background seeks to identify the presence and location of significant
clutter. The MIST approach is shown to offer significant im- . hat i i lesi in the b
provement in performance over previous UWB microwave breast Microwave gcatterers, that is, malignant lesions, in the regst.
cancer detection techniques based on simpler focusing schemes. The space-time beamformer assumes that eé}Ch antenna in an
Index Terms—Breast cancer detection, finite-difference time-do- 2Ty Sequentially transmits a low-power ultrawideband (UWB)
main (FDTD), microwave imaging, space-time beamforming, ul- Slgnal into the breast and records the backscattered S|gnals. The
trawideband radar. UWB signal may be generated physically as a time-domain
impulse or synthetically by using a swept frequency input.
The beamformer spatially focuses the backscattered signals
_ to discriminate against clutter caused by the heterogeneity
-RAY mammography remains the preferred method fQff normal breast tissue and noise while compensating for
detecting nonpalpable early-stage breast cancer. A“hoq%'quency-dependent propagation effects.
@t p_rovides h_igh—qu_alityimages gt I_ow_radiation dosesinthg ma-The space-time beamformer achieves this spatial focus by
jority of pafuer};t's, 'tsl inherent 'I|m|ta;uonsoarefW?|II recognizeg < time shifting the received signals to align the returns from a
[1]. Most significantly, approximately 15% of all breast C"’mgfgﬂ‘othesized scatterer at a candidate location. The time-aligned

. INTRODUCTION

cers present at the .tlme of screening are missed by conven-tlo als are passed through a bank of finite-impulse response
mammography while nearly three-fourths of all breast lesio

that are identified by mammography and biopsied turn out to eIR) filters, one in each antenna channel, and summed o pro-
y graphy P lge the beamformer output. The weights in the FIR filters are

benign. The tremendous toll that breast cancer takes, combing . .
cIJI_eS|gned using a least squares technique so the beamformer

with the risks associated with the limited sensitivity and spec th mponents of the backscattered sianal originatin
ficity of conventional mammography, motivate the search f SSes Ihe components of the backscatlered signai originating
the candidate location with unit gain while compensating

alternative technologies for early breast cancer detection. e q q X p he b p
such alternative is microwave imaging. or frequency-depen ent prqpagfatlon e ectg. The beam ormer
output is time gated to the time interval which would contain

the backscattered signal from the candidate location, and then
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As a result the beamformer maintains robustness with respe/’g”] Delay M0 Nl
to the uncertainty in the shape of the signal that arises fro Ll - +
variations in tumor properties, such as size and shape. Tu 2afn]

beamformer also provides an estimate of the backscattero— "o o

signal from a specific location that may be further analyze, ool

to gain insight into local tissue properties. Such analysis, e.(,_ | F® o _| FR

spectral analysis of the backscattered signal, is likely to t x \f x

useful in tumor characterization. While post-beamforming
analysis of backscattered signals is beyond the scope of thy( enln]
paper, the potential of such analysis is strong motivation for o— "% I o |t
beamforming approach.

Two types of active microwave imaging techniques hawey. 1. Block diagram illustrating the algorithm for removing the skin-breast
been previous'y proposed for breast cancer detection: tom@gi.fact from the backscattered signal received at the fir$t egfintennas.
raphy [9]-[13] and UWB radar techniques [6], [14]-[16].

The goal of microwave tomography is the recovery of thgming algorithms by applying them to backscattered signals
d|electr|c-prop§rt|es profllg of the breanf from measurements gfqyired from 2-D computational electromagnetics simulations
narrowband microwave signals transmitted through the breagtan anatomically realistic breast model. We also compare the
While promising initial results have been reported [12], thgy ST heamformer performance with the simple time-shift and
solution .of this nonlinear inverse-scattering problem requirggm focusing scheme presented in [15] and test the robustness
challenging and computationally intensive reconstructiosy the MIST approach with respect to hypothesized variations
algorithms. Also, tomogrqphlc technlqugs. generally requifg the breast tissue dielectric properties.

a large number of transmitting and receiving antennas to bg gwer and upper case boldface Roman type is used to denote
distributed around the object of interest, which complicates thgctor and matrix guantities, respectively. Superscripts]

imaging of smaller breast volumes and breast tissue near gy _ represent matrix transpose, complex conjugate trans-
chest wall or in the upper outer quadrant of the breast Whed@se and inverse, respectively.

nearly half of all lesions occur [17].

In contrast to tomography, UWB radar techniques do not at-
tempt to reconstruct the dielectric-properties profile, but instead
seek to identify the presence and location of significant scat-Consider an array ofV antennas and denote the received
terers in the breast. MIST beamforming, which falls under th@gnal at thei*” antenna as;(t). Each received signal is con-
class of techniques, offers significant improvement over the pneerted to a sampled wavefori[n], containing contributions
viously reported techniques of simple time-shifting and sunfrom the skin-breast interface, clutter due to heterogeneity in
ming of backscattered signals to create a synthetically focudbe breast, backscatter from possible lesions, and noise. The re-
signal. A recent computational study [15] illustrates the p@ponse from the skin-breast interface is orders of magnitude
tential of detecting and imaging millimeter-sized lesions in darger than the response from all other contributions and may
anatomically realistic breast model using the simpler approagérsist in time beyond the time at which the lesion response oc-
known as confocal microwave imaging. However, the previousirs. Thus the skin-breast response must be removed prior to
time-shift and summing techniques do not compensate for figerforming tumor detection.
guency-dependent propagation effects and have limited abilityThe skin-breast artifact in th& channels are similar but not
to discriminate against artifacts and noise. identical due to local variations in skin thickness and breast het-

In addition to the MIST beamforming algorithm, we als@rogeneity. If the skin-breast artifact for all channels were iden-
present an algorithm for optimally removing artifacts in the rdical, it could be removed by subtracting the average of the skin
ceived signals due to backscatter from the skin-breast interfaggifact across th&/ channels from each channel. We have gen-
Our approach estimates the skin-breast artifact at each ante@f@ized this idea to compensate for channel-to-channel varia-
as afiltered combination of the signals at all other antennas. Ti@n by estimating the skin-breast artifact in each channel as a
filter weights are chosen to minimize the residual signal over tfisered combination of the signal in all other channels as shown
initial portion of the received data, which is dominated by thi@ Fig. 1. The filter weights are chosen to minimize the residual
reflection from the skin-breast interface. Our results show thgignal mean-squared error over that portion of the received data
this algorithm effectively eliminates the skin-breast artifact gominated by the reflection from the skin-breast interface.
the expense of an insignificant distortion in the backscatteredWithout loss of generality, suppose that the skin-breast ar-
tumor signal. tifact is to be removed from the first antenna. The skin-breast

The following section of this paper describes our skin-brea@@sponse at the’" sample in the first channel is estimated from
artifact removal algorithm. Section 11l develops our procedui®/ + 1 successive samples centered onitHesample in each
for beamformer design using frequency-dependent propagatfihe otherN — 1 channels. Define the2.J + 1) x 1 vector of
models. For ease of presentation we demonstrate our meth@¢ samples in th¢ antenna channel as
in two dimensions (2-D). The design of a 2-D beamformer is il-
lustrated in Section IV. In Section V, we demonstrate the effecb,[n] = [bi[n — J],- -+, bi[n],- - bi[n+ J]]", 2<i < N
tiveness of the skin-breast artifact removal and the MIST beam- (1)

Il. SKIN-BREAST ARTIFACT REMOVAL
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z1[n]

and letbox[n] = [b3[n],...,b%[n]]* be the concatenation of

Time Delay| | Window 1| |  FIR
data in channels 2 throug¥. Similarly, letq; be the(2.J +1) x ™(xo) gin| wi(ro)
1 vector of FIR filter coefficients in thet" channel andy = ) ] el AR
[qF,...,q9%]" be the concatenation of FIR filter coefficients i malro) [ gl [T walro) i
from channels 2 througlv. The optimal filter weight vectog hlro,n]
is chosen to satisfy o] |
Time Delay ‘Window 1 FIR Energy P (rﬂ)
C ny(ro) [ | gln] [ | ww(ro) Calc. >
no+m—1 5
_ - T
q = arg m&n Z |b1[n] —q bay [”]I @) Fig.2. Block diagramillustrating the MIST beamforming process for location
n=ng ro in the breast.

where the time interval = no ton = no+m—1representsthe yever, expanding; [n] andbsyy[n] in (8) in terms of skin-
initial portion of the data record containing skin-breast artifagfcast artifacts and residuals gives

and no backscattered signals from lesions. The solution to this

minimization problem [18] is given by 21[n] =s1[n] — qTson[n] + dan] — a"daw[n]  (10)

q=R-!p 3) ~dy[n] — qTdan([n]. (11)
no+m—1

rR=1 Z bon[n]by[n] (4) Thus the residual signal is distorted iy dx[n]. This term

m H “ ”

n=ng is generally small becausgtends to “average” across thé

] moEm—1 channels and the signals &y [n] that represent backscatter
p=— Z bon [n]b1[n]. (5) from the lesion are not aligned in time, thus they do not add in

[t phase. If the residual, v [n] were available, one could remove

the distortion by filteringdsy[n] with q and adding tor; [n].
The fact that there is a high degree of similarity among th&e may approximate this correction step by usiag;[n] to
skin-breast artifact in alV channels results in the sample coapproximated,y[n] where
variance matriR being ill-conditioned. IR is ill-conditioned,
then the matrix inversion in (3) can result in a solutionddhat Xon [11]
has very large norm and thus, amplifies noise. In order to pre-

T
vent this, we replac® with the low rank approximation = [zo[n = Il @o[n + ] an[n = J] - ann ]
(12)
p
R, = Z Ay (6) s the vector containing the data from the otldér— 1 chan-
=1

nels after the skin-breast artifact has been removed from each

. N _ of them. That is, we reduce the distortionif[n] by replacing
where);, 1 < i < p, are thep significant eigenvalues andg;, xtl [n] with 1 [n] where

1 <4 < p, are the corresponding eigenvectors. The filter weigh

vector is determined by replaci®—" in (3) with
y replacirig 3) Z1[n] = xz1[n] + qTxQN[n]. (13)

p
B 1
Rpl = E )\—uluf (7)
i=1"" I1l. MIST B EAMFORMING

The skin-breast artifact is then removed from the entire data' '€ image of backscattered energy as a function of scan lo-

record of the first channel to create artifact-free dafa] given cationr is obtained by applying a space-time beamformer de-
by signed for each scan location to the backscattered signals mea-

sured at each antenna. The space-time beamformer for each scan
z1[n] = bi[n] — qTbay|n). (8) location forms a weighted combination of time-delayed ver-
sions of the backscattered signals as shown in Fig. 2. In this
This algorithm introduces a small level of distortion in thesection, we consider the design of a space-time beamformer for
backscattered signal from the lesion because the tumor respamspecific scan locatiory. Our goal is to design the beamformer
in the otherV — 1 channels is added back in to the first channelo pass backscattered signals fregrwith unit gain while atten-
This is explicitly shown by decomposirtg[n] andb,y[n] into  uating signals from other locations [19].
skin-breast artifacts; [n] andssn[n] and residualgl, [n] and For design purposes, we assume that the received signal in
d,x[n], respectively. The values, andm are chosen so that thei!” channel only contains the backscatter due to a lesion at
is determined from a portion of the data in which the residualscationr,. Let this signal be denoted hy[n] and its Fourier
are negligible and thus, transform denoted by

s1[n] — q"san[n] = 0. ) Xi(w) = I(w)Sii(ro,w), 1<i<N (14)
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whereI(w) is the Fourier transform of the transmitted puls#f these constraints are satisfied, then the summed output of the
i(t) and S;;(ro,w) is an analytical model of the monostatic-IR filter bank,z[n], has Fourier transform

frequency response associated with propagation through breast )

tissue from theit” antenna to the scatterer locatedratand Z(w) = I(w)e @ T(Lm1)/24ne), (20)

back. This signal is then delayed by an integer number of sam- o ) o )
plesn;(ro) = na — 5(ro) SO that the signals in each channel e outputz[n] is windowed withh[ro, 7] to eliminate addi-

are approximately aligned in time. Here(r,) denotes the tional clutter, and the energ_y(ro), is o_btained by taking the
roundtrip propagation delay for locatian in theit* channel, SUM of the squares of the windowed signal as follows:
computed by dividing the roundtrip path length by the average 9
speed of propagation and rounding to the nearest sample; p(ro) = Z [z[n]hlro, n]|” (21)
is the reference time to which all received signals are aligned. "
We choosen,, as the worst case delay over all channels arthe reconstructed image of microwave scattering strength is ob-
locations, that is, tained by scanning, throughout the reconstruction region and
plotting beamformer output energy as a function of location.
ng > round(max 7;(ry)). (15) The following subsections describe details specific to the
oo design of the filter weightsv; and the design of the window

The time aligned signals are windowed before the filtering sta&é"ov nl.
to remove interference and clutter that is present prior to tlnAg FIR Filter Design

n, using the window function
Let the NL x 1 filtering weight vector bew =
1, n>na. wTl,...,wh]”. We may rewrite (19) as
gln) = 0, otherwise. (16) ,
wld(rg,w) ~ e IwTs(L=1)/2 (22)
The purpose of the FIR filters is to equalize path length o
dependent dispersion and attenuation, interpolate any fractiogere theN L x 1 vectord(ro, w) is given by
time delays remaining in the backscattered lesion responses 3
. . " . 511(1‘07(4))(1(&})
after coarse time alignment, and bandpass filter the signal. The 3 d
FIR filter in the i** channel has coefficients represented by d(ro,w) = 22(vo, w)d(w) | (23)
the L x 1 vector w;= [wio,wil,---,wi(L_l)]T. The filter N :
length, L, is chosen empirically to balance performance and Snn(ro,w)d(w)

complexity. The frequency response of each filter is writtenas . i )
The filters are designed by seeking to approximate (22) on a

L-1 dense grid of\/ distinct frequencies across the band,fw,].
Wi(w) = Z wige 1w = w}d(w) (17) To ensure thatv is real-valued, we use positive and negative
£=0 frequency pairs to construct the grid. Define a matrix containing
thed(ro,w) at each of thél/ frequencies as
whered(w) = [1,e*j°’TS7---,e*j“(Lfl)Ts]T andT, is the
sampling interval. In order to pass signals from a locatign A =[d(ro,w1), ..., d(ro, war)]- (24)

ith unit gai dali h hift, [ .
Wit Linit gain and a finear phase Shift, we require Now (22) is expressed over the bang [w,] as the system of

M equations inV L unknowns

N
Sii(ro, w)e I T W, (w
2 (xo,w) (@) wl A ~ f (25)

Il

Sii(r07w)e*jwﬂ-(ro)efjwm(ro)w?d(w) where

-

Il
-

K2

re— (T (L=1)/24n.). (18) £y = [e I T BTN/ e BTN (26)

~ ] _ Thus, the least squares design problem [18], [19]wois
Here S;i(ro,w) is the frequency response due to propagatiQgitten as

after removing the linear phase shift associated with roundtrip 5

propagation delay; (ry), andT, (L — 1)/2 represents the av- min WA — £, (27)
erage time delay introduced by the FIR filter. Combining the o ] ) )

phase factors associated with the propagation and the time aligRe minimum-norm solution to this problem is

ment step according to, = 7;(r¢) + ni(ro), we obtain the de- Heo1 A oH

sign constraints orv; as w=(AAT)TALY. (28)

N The solution may have a very large normaifis ill-conditioned.
Z Sii(ro, w)wld(w) v e~I@Ts(E=1)/2 (19) Alarge norm can cause the gain at locations other thda be-
= ' come large and amplify noise. The robustness of a beamformer
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to errors between actual and assumed propagation models is &lsguency responsé;; (r, w), which relates the received signal
proportional to the noise gain [20]. Thus, in order to contrat the:*"* antenna to the transmitted signal at te antenna
the noise gain and obtain a robust beamformer, we cheosedue to a scatterer locatedmtin our 2-D design example, we

to solve the penalized least squares problem assume that each antenna is an infinite line source of electric
current located af; in a uniform medium of normal breast
min [|w? A — £4]|3 + X || w]|; (29) tissue. We treat the scatterer as a conducting circular cylinder
w

of infinite length and infinitesimal radius compared to the small

approximation error. The solution to (29) is )

1 —a(w)|r—r;| ,—ji8(w)|r—r;

wherea(w) is the frequency-dependent attenuation factor and
o o ) B(w) is the frequency-dependent phase constant. We note that
If the beamformer satisfies (19) and the lesion is a point scattar-field approximation is inherent in (32). Our investigations
terer, then the outpufn] is a time-shifted, attenuated, and samhaye shown that approximating the propagating signal as a uni-
pled version of the transmitted pulie). Both the time shiftand orm cylindrical wave gives results which do not vary signifi-
pulse shape are known, so in this case the set of sampiés]in cantly from those given by a more accurate propagation model
that contain backscattered signal from the tumor is known. If thg sed on Hankel functions. We also assume in (32) that the per-
backscattered signal occupies time poimgsthroughny, + £ mittivity and conductivity embedded ia(w) andf(w) are con-
in z[n], then a natural choice for the window is stant, evaluated at the spectral peak of the input signal.

B. Window Design

17 np S n S nn + gh

— B. 2-D Beamformer Design
hlro, n] = {07 otherwise (31) g

In this example, the 2-D beamformer is designed for a 1-D
This choice reduces clutter effects by ensuring that the outfitnformal antenna array containing 17 elements spanning 8 cm
energy (21) is calculated using only samplesef] containing hpnzontglly along the surfaqe of the breast. The 2-D breast re-
backscattered lesion energy. gion which the beamformer is designed to scan encompasses a

In practice, scattering from the tumor is frequency-depefiP@n of 10 cm and a depth of 4 cm. The transmitted pulse is a
dent, so the backscattered signal is a distorted version of ffierentiated Gaussian with a full width at half maximum equal
transmitted pulse. These dispersive effects increase the duraffbd10 Ps. The spectrum of this pulse has a peak near 6 GHz
of the backscattered signal and complicate window selectigiid Significant energy between 1 and 11 GHz. Therefore, the
Our preliminary investigations suggest that the extent of tfR¢amformer is designed over the range of frequencies of 1 to
increase in duration is directly proportional to the tumor siz&1 GHz assuming a 50 GHz sampling frequency. The number
Since we are interested in detecting very small lesions, we h&fdrequency samples used i = 1000. The length of each
chosen to desighlr,, n] assuming a point scatterer model. Thi§ R filter is L = 45. Both M and L are chosen so that (22)
gives the largest possible signal-to-clutter ratio (S/C) for smafi @Pproximately satisfied. The penalty parameten (29) is
tumors. The S/C for larger tumors is reduced by this choicg®t t0 5. The design locatianis scanned over the breast region
however, the backscattered signal from larger tumors is mudping @ grid resolution of 1 mm. The post-beamformer window
stronger so a compromised S/C is relatively inconsequential f#Scribed by (21) is six sampling intervals in length, spanning
tumor detection. Note that tapered windows such as a raiseef PS:

cosine or decaying exponential could also be used to preserVgig. 3 illustrates the ideal spatial discrimination capability
signal energy while discriminating against clutter. of this 2-D beamformer. The beamformer gain, defined as the

output power due to an idealized point scatterer in a homoge-
neous medium, is plotted on a dB scale as a function of scatterer
position for three different design locations. Although these pat-

In order to illustrate the MIST beamforming algorithmerns will deteriorate in the presence of noise and clutter, they
presented in Sections Il and Ill, the design of a 2-D space-tingee valuable for illustrating the target performance of the beam-
beamformer will be discussed. We present the 2-D case ofdymer. Fig. 3(a) shows the gain pattern with a peak at (5.0 cm,
to simplify the presentation; these techniques are directly; cm) for the case when the beamformer is designed to pass
applicable in three dimensions (3-D). Sections IV-A describ@gckscattered signals originating from that location with unit
the 2-D propagation model used to design the beamformggin. In Fig. 3(b), the design location (5.0 cm, 1.1 cm)is 2.0 cm
and Sections IV-B describes the design parameters for the ZsR|lower than that of Fig. 3(a). Fig. 3(c) shows the gain pattern
beamformer. for a design location (8.0 cm, 2.1 cm) that is off-center with
respect to the antenna array. These patterns show that the beam-
former attenuates scattered signals originating from any loca-

Frequency-dependent propagation effects are incorporatiesh that is greater than 1 cm away from the design location by
into the design of the space-time beamformer via a monostatiore than 20 dB.

IV. DESIGN OF A2-D SPACE-TIME BEAMFORMER

A. 2-D Propagation Model
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Fig. 3. Beamformer gain as a function of position in a 10xr cm plane of the breast for the following design locations: (a) (5.0 cm, 3.1 cm), (b) (5.0 cm,
1.1 cm), (c) (8.0 cm, 2.1 cm). The first and second coordinates in each pair represents span and depth, respectively. In each pattern, thedaoatanwith
is equal to the design location and is marked by a “+.”

V. RESULTS proach allows for rapid evaluation of the MIST beamforming

In this section we demonstrate the effectiveness of ﬂq@orithms presented in Sections !l and [ll. Our FDTD models
MIST beamforming algorithms by applying them to simulatea'mUI"’}te the system configuration where a conformal antenna
backscattered signals. First, we review the realistic numeri@@Y i placed at the surface of the naturally flattened breast
breast model used to compute a set of backscattered sign@i Patientlying in a supine position. 2-D FDTD models of the
Then, we discuss the results of applying the skin subtraction §réast are derived from high-resolution MRI data sets following
gorithm to the received backscattered signals. Next, we presilft Procedure presented in [15] for creating realistic numerical
and discuss images generated by passing backscattered sigtf§@st phantoms.
through the space-time beamformer. Lastly, we investigate theBoth the dispersive properties and spatial heterogeneity of
robustness of our algorithms using sets of backscattered sigitggmal breast tissue are included in our FDTD models. The

generated from a variety of numerical breast phantoms. ~ frequency dependence of the dielectric constaptw), and
the conductivityo(w), over the band of interest (100 MHz to

A. Computational Electromagnetics Model for Data 20 GHz) can be accurately modeled using single-pole Debye
Acquisition dispersion equations of the following form [15]:
Representative backscatter signals are computed using the /_a(w) B €s — €0 . O

finite-difference time-domain (FDTD) method [21]. This ap- er(w) —J weo T tjwor  Jwey (33)



1696 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 8, AUGUST 2003

Depthinecm

Spanincm
@
100 : , y . g 1 20
malignant 10 malignant
= 50 _
IS E
o @
8 z2
=
2 20 8
3 3
° normal £
© 10 ———
5 n i " i i i " i " " i
0 2 4 6 8 10 12 0 2 4 6 8 10 12
frequency (GHz) frequency (GHz)

(b) (©

Fig. 4. (a) 2-D MRI-derived FDTD breast model containing a 2-mm-diameter malignant lesion at a depth of 3.1 cm. The 17 black dots along the surface of the
breast represent antenna locations. (b) Modeled permittivity and (c) conductivity as a function of frequency for malignant (thin solid curvejadi(tthick
shaded curve) breast tissue.

The Debye parameters in (33) are chosen here to fit publishibe surface of the breast along the span-axis between 1.0 cm
data up to 3 GHz for baseline normal (= 10,e,, = 7,0, = and 9.0 cm. The location of each antenna is marked by a black
0.15 S/m, 7 = 7.0 ps) and malignantd; = 54, e, = 4, dotin Fig. 4(a). The antenna array is backed with a synthetic
os = 0.7S/m, 7 = 7.0 ps) breast tissue. The Debye modelsnaterial matching the dielectric properties of skin. The spatial
are incorporated into the FDTD simulations using an auxiliagrid resolution is 0.5 mm, and the time step$ = 0.834 ps
differential equation formulation [22]. At any given frequency(~ 1200-GHz sampling frequency).
the actual dielectric constant and conductivity values for normalFig. 4(b) and (c) shows the assumed frequency dependence of
breast tissue vary about the nominal dielectric properties bytag dielectric constant and conductivity of breast tissue in our
much ast10%, depending on the local tissue type and densitaseline FDTD model. The thin solid curve represeni{s)
This variation represents the upper bound on reported breastlo(w) for the malignant lesion. The thick shaded curve illus-
tissue variability [3], [4]. The high end{10%) of this range trates the assumet10% variation around the average dielec-
is assigned to denser fibroglandular tissue while the low et properties of normal breast tissue. The grayscale shading
(—10%) is assigned to less dense adipose tissue. of this curve corresponds to that used for normal breast tissue
Fig. 4(a) shows an example of an MRI-derived FDTD breast Fig. 4(a). The Debye model for the average complex permit-
model. The grayscale display of the interior breast tissue shotivgty of normal breast tissue yields. = 9.8 ando = 0.4 S/m
the spatial distribution of dielectric constant and conductivitgt 6 GHz, the spectral peak of the ultra-wideband input pulse.
at a specific frequency (6 GHz). Darker regions represefbr malignant breast tissue, the Debye model yields: 50.7
lower dielectric-property values of adipose tissue while lightemdo = 4.8 S/m at 6 GHz. These values represent a 5:1 con-
regions represent higher dielectric-property values of fibrograst in dielectric constant and a 12:1 contrast in conductivity.
landular tissue. The model includes a 2-mm-thick skin layer A simulated scan involves exciting each antenna-array
(e~ = 36.0 ando = 4.0 S/m at 6 GHz) and a 2-mm-diameterelement individually with a 110-ps differentiated Gaussian
tumor artificially introduced at a depth of 3.1 cm below theulse and recording the electric-field response at the same
surface of the skin. A conformal antenna array consisting ahtenna element for approximately 2.5 ns. This process is
17 elements modeled as electric-current sources is locatedrepeated for each element of the array, resulting in 17 received
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Fig. 5. FDTD computed backscattered signals before applying the skin-breast

artifact removal algorithm (solid curves) and after (dashed curves). The lefg. 6. Signal energy (solid line) and average clutter energy (dotted line) as a
panel shows the early-time response while the right panel shows the late-tifmgction of window length.
response.
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backscattered signals that contain the scattering contributic
from the skin-breast interface (artifact), heterogeneous norn
breast tissue (clutter), and the malignant tumor (signal). The oo
sample backscatter signals are representative of those t
would be acquired from an actual patient scan and process
using our MIST beamforming algorithms to reconstruct  ooos
microwave scattering image of the interior of the breast. |
order to prepare these signals for processing, we decimate ~
signals from a sampling frequency of 1200 GHz to 50 GHz, tt -o.00s
sampling frequency assumed in the design of the beamforn
described in Section 1V-B.

0.01

-0.01

-0.015 B

B. Skin-Breast Artifact Removal ook

The first step in processing the backscatter signalsisto1 _ . , , [ [ , , , , ,
move the skin-breast artifact. Fig. 5 illustrates the effective A PO A
ness of the algorithm proposed in Section IV assuming 3,

p = 15, andm = 20. All 17 received signals both beforeFig- 7. Output signal when the beamformer is steered to the location of the
' ’ ’ m-diameter malignant tumor in the numerical breast phantom of Fig. 4(a).

and after removing the skin-breast artifact, are plotted in the Iéfr]nples falling within the optimal seven-sample window are signified by a
(early-time) panel of Fig. 5. A subset of the received signadgcle surrounding the 'x’ of the beamformer output signal.

(b;[n] andz;[n] wherei = 1,3,5,...,15,17) are plotted in the

right (late-time) panel. Prior to applying the skin-breast artifact ) o ) )
removal algorithm, the early-time response, shown by the soffgPonse is almost completely eliminated while the late-time
curves in the left panel, is dominated by the incident pulse aH$nor response is preserved in each channel.

skin-breast backscatter response. The late-time response, shown ) .

by the solid curves in the right panel using an enlarged verti¢al SPace-Time Beamforming Results

scale, contains the tumor response and clutter due to heteroFhe second step in processing the backscatter signals is to
geneity in the breast. The incident pulse and skin backscatigply the beamformer for each scan location in the breast. It is
response together are three orders of magnitude larger thanitistructive to examine the results at two different stages in this
strongest tumor response. In this example where each antepracessing step. First, in Figs. 6, 7, and 11, we present results at
is located at the skin surface, the incident pulse and the respotimenext-to-last stage when the windéyy,, n] is applied to the

due to the skin-breast interface overlap significantly in timeutput waveform of the beamformer for a specific scan location.
Thus, the skin artifact removal algorithm is not only eliminatingecond, in Figs. 8-10 and 12, we present results after the final
the skin-breast artifact, but also the incident pulse. The left pasthge when the beamformer output energy is computed for each
shows that the early-time response in the 17 channels are vergn location and mapped into an image.

similar but not identical. The dashed curves represent the pro¥ig. 6 shows typical signal energy and average clutter energy
cessed signalg;;[n], after applying the skin-breast artifact re-as a function of window length for the case of a 2-mm-diam-
moval algorithm. The results demonstrate that the early-tineéer tumor centered at (5.0 cm, 3.1 cm). The tumor-response
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Fig. 8. Colorimages showing the backscattered energy on a dB scale for numerical breast phantoms similar to Fig. 4(a) with a 2-mm-diameteumatignant t
centered at (5.0 cm, 3.1 cm). In (a), the skin-breast artifact was removed with an idealized algorithm. In (b), the skin-breast artifact reittoved&®gution V-B
was applied.

data set (solid line) is computed by steering the beamformer toFig. 8(a) depicts the scanned beamformer output energy
the center location of the tumor, applying windows of varyinfpr the breast model of Fig. 4(a) after applying an idealized
length to the beamformer output, and calculating output energkin-breast artifact removal algorithm. This idealized algorithm
The clutter-response data set (dotted line) is computed by apnply subtracts channel-by-channel the exact skin-breast
plying the same process to backscatter signals obtained frogsponse, that is, the backscatter signal recorded during an
three tumor-free breast models, repeating for each scan loca@ilD simulation of a tumor-free homogeneous breast model.
within the central 6 cnx 2 cm region of each breast, and aver©bviously, this idealized approach for removing the skin-breast
aging the results across all three models. These curves illustrtiEfact cannot be used in practice. However, in these simulated
that for small tumors such as the 2-mm-diameter tumor studitsgbts, it serves as a useful benchmark of the best performance
here, shorter window lengths yield larger ratios of signal energpssible. The origin of the dominant energy in Fig. 8(a), local-
to average clutter energy. In fact, Fig. 6 shows that the optimueed around (5.0 cm, 3.2 cm), is the dielectric-properties contrast
window length for maximizing this ratio is 6 sampling intervalbetween malignant and normal breast tissue. The origin of the
(120-ps) or a total of seven samples. Fig. 7 shows the positimw-level energy spatially distributed throughout the image is
of the seven-sample window relative to the beamformer outphe heterogeneity of normal breast tissue in the numerical breast
signal when the beamformer is steered to the location of the npzantom. The tumor is clearly detectable as it stands 18 dB
lignant tumor. In this plot, the circled samples fall in the windowabove the maximum clutter in the corresponding image for a
and all other samples are outside of the window. Clearly, a largamor-free model, a quantity which we term the minimum S/C.
window would capture more signal energy at this scan lockig. 8(b) depicts the scanned beamformer output energy for the
tion, but that same window would capture more clutter energame scenario after the skin-breast artifact removal algorithm
when the beamformer is steered elsewhere in the breast. Tlescribed in Section 1l is applied to the backscattered data.
goal of preserving signal energy while discriminating againghe tumor stands above the maximum background clutter by
clutter suggests this strategy of optimizing S/C rather than sigrgdproximately 17 dB. Comparison of Fig. 8(a) and (b) clearly
energy alone. shows that the skin artifact is removed in Fig. 8(b) at the expense
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Fig. 8. (Continued) Color images showing the backscattered energy on a dB scale for numerical breast phantoms similar to Fig. 4(a) with a 2-mm-diameter
malignant tumor centered at (c) (5.0 cm, 1.1 cm) and (d) (8.0 cm, 2.1 cm). In (c) and (d), the skin-breast artifact removal algorithm of Section glBdvas ap
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Fig. 9. Color image of backscattered energy plotted on a dB scale for a model similar to that of Fig. 4(a) with two 2-mm-diameter malignant tuntexs separa
by 1.5 cm in the depth direction.

of a small amount of energy from the tumor response spreadminimum S/C is 17 dB, and the peak of the tumor response oc-
throughout the image in the vicinity of the tumor. curs at (5.0 cm, 1.3 cm). When the modeled tumor is centered
Fig. 8(c) and (d) repeat the scenario of Fig. 8(b) for differemtt (8.0 cm, 2.1 cm), the minimum S/C is 18 dB, and the peak of
tumor locations. The image in Fig. 8(c) is based on the backsctite tumor response occurs at (8.0 cm, 2.3 cm). In both Fig. 8(c)
tered signals computed using a model similar to Fig. 4(a) witnd (d), energy levels approximately equal to the energy at the
the 2-mm-diameter tumor located at a depth of only 1.1 crpeak tumor response location occurs three millimeters deeper
In the model associated with Fig. 8(d), the tumor was locatéishn the peak tumor response location.
3.0 cm off the center axis at a depth of 2.1 cm. For the caseFig. 9 depicts the beamformer output energy for two adja-
when the modeled tumor is centered at (5.0 cm, 1.1 cm), tbent 2-mm-diameter tumors separated by 1.5 cm with the deeper
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Fig. 10. Color image of backscattered energy plotted on a dB scale for a model similar to that of Fig. 4(a) with a 6-mm-diameter malignant tumet centered
(5.0 cm, 2.3 cm).

0.025

tumor located at a depth of 3.1 cm. Two distinct scattering ol
jects are clearly evident. The tumor response closer to the sl ooz
has a minimum S/C of 18 dB while the tumor response farth
from the skin has a minimum S/C of 16 dB. This example illus
trates the resolving capability of MIST beamforming. 001
In each of the images of Figs. 8 and 9, the peak of the tum
response occurs 2 to 3 mm deeper than the true center of :
tumor. This small localization error is a consequence of afF 0o oo i ®(l>é T
suming that the scatterer is essentially a point-scatterer in t )
beamformer design and of an inherent bias in the beamformi
method toward deeper locations. This bias is due to the requi  -°°'f
ment that the beamformer compensate for attenuation. The
two effects are also responsible for the high energy levels 3 ir
deeper than the location of the peak tumor response in Fig. 8 %
and (d) and are clearly illustrated by considering the case 0! ;s s . . s s . s . s
larger 6-mm-diameter malignant tumor centered at a depth ° Sample Number
2.3 cm. The corresponding image of beamformer output energy (@)
depicted in Fig. 10 shows that the peak of the tumor respon~.zs
appears approximately 1 cm deeper than the physical tumor
cation. Fig. 11(a) depicts the beamformer output signal for sc.
location (5.0 cm, 2.3 cm), the center of the physical tumor. Tt oosf
samples that fall in the seven-sample window are circled. Ti ool x
finite-sized lossy dielectric scatterer broadens the backscatte |
signal considerably beyond that predicted by the point-scattel ooosf . |
[ I
(L_ i T

0.015

0.005
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model, and the window no longer captures the majority of tr_
backscattered signal energy. Fig. 11(b) depicts the beamforn™
output signal for scan location (5.0 cm, 3.3 cm), the locatio -o.0sf
of the peak of the energy in the image of Fig. 10. While th
beamformer eliminates most of the initial backscattered sign
present in Fig. 11(a), the late-time portion is preserved, ar -0t
is actually amplified relative to that in Fig. 11(a) because ¢ _ | E
the additional gain introduced by the beamformer to compe %
sate for the attenuation associated with a deeper scan locati %% 520 2 s s w0 4% 50 5 &
The seven-sample window captures considerably more eneiyy Sample Number

than that in Fig. 11(a). Note that in spite of the relatively large ()

mismatch between the point-scatterer model and the actualffi- 11. Beamformer output signal for scan location (a) (5.0 cm, 2.3 cm),

nite-sized tumor, the tumor remains clearly detectable. The S ¢enter of a &-mm-diameter malignant lesion, and (b) (5.0 cm, 3.3 cm),
' ' € location of the peak of the tumor energy in Fig. 10. The 7-sample

is 19 dB, 1 to 2 dB larger than that for the 2 mm tumor. rectangular window optimized for the case of smaller (2-mm-diameter) lesions
Finally, we compare the performance of the MIST beanis represented by the circled output signal samples.

forming method with the simple time-shift and sum focusing
scheme presented in [15]. The backscattered signals choserfigr 4 and processed with the idealized skin-breast artifact re-
this comparison are those computed using the breast modefmafval algorithm discussed in the context of Fig. 8(a). The min-
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RANGE OF DIELECTRIC CONSTANT AND CONDUCTIVITY VALUES AT 6 GHz FOR HETEROGENEOUSNORMAL BREAST TISSUE IN 25 DIFFERENT

TABLE |

NUMERICAL BREAST PHANTOMS

1701

Average Dielectric Properties at 6 GHz
Variabilty | ST 9.8 Erag = 15.7 Erag = 21.5 Erag =213 | € =332
Oavg =04 S/m | 0ayg =1.05/m | Oavg =1.7S/m | 0avg =2.3S/m | gayg =2.9S/m
+10% 882<e, <108 | 141<e,<17.2 |194<¢e,<23.7|246<e,<30.0299<¢,<36.5
036<0<044 | 090<0<1.10 | 1.53<0 <187 | 207<0<253 | 261<0<3.19
£90% 7.84<e, <118 | 125<e, <188 | 172<¢, <258 | 21.8< e, < 32.8 | 26.6 <&, < 39.8
032<0<048 | 080<0<1.20 | 1.36<0<2.06 | 1.84<0<2.76 | 232<0<348
£30% 6.86 <e, <128 | 109<¢e, <204 | 1561<6,<279 | 19.1<e, <355 | 23.2< ¢, < 43.2
028<0<052 | 0.70<0<130 | 1.19<0<22]1 | 161<0<299 | 203<0<3.77
L40% 5.88<e,<13.71939<e,<21.9|129<¢e,<30.1 | 164<e, <382 | 199< e, <46.5
024<0<0.56 | 060<0<140 | 1.02<0<238 | 1.38<0<3.22 | 1.T4 <0 <4.06
L50% 490<e, <147 | 783<¢e,<23.5|108<6,<323|13.7<e,<41.0 | 166 <e, <498
020<0<060 | 0.5<0<1.50 [ 0.85<0<255 | 116<0<345 | 145<0<4.35
TABLE 1

S/CAS A FUNCTION OF AVERAGE DIELECTRIC PROPERTIES ANDVARIABILITY OF DISPERSIVENORMAL BREAST TISSUE

Average Dielectric Properties at 6 GHz
L Erave = 9.8 Erevg = 15.7 Ergyg = 21.5 Ergg = 27.3 Erpeg = 33.2
Variability
Oavg = 0.4 S/m | 0avg =1.0 S/m | Oavg =1.7S/m | ayg = 2.3 S/m | Oavg = 2.9 S/m
+10% 18.5 dB 14.6 dB 10.9 dB 4.89 dB 2.82 dB
+20% 14.0 dB 10.7 dB 5.8 dB 1.2 dB N/A
+30% 11.1dB 7.9dB 3.1dB N/A N/A
+40% 9.1dB 5.9dB 1.9dB N/A N/A
+50% 7.6 dB 4.4 dB N/A N/A N/A

imum S/C is 9 dB for the method of [15], compared to the 18 dBnd the degree of heterogeneity will vary from patient to patient
obtained using MIST beamforming. This significant improvewithin a certain margin. Therefore, we investigate the robustness
ment is a consequence of accounting for frequency-dependehour MIST beamforming approach with respect to the hypo-
propagation effects and improved discrimination against clutténetical variations in the characteristics of normal breast tissue.
We consider scenarios where the average dielectric properties
D. Robustness of MIST Beamformer of the normal breast are greater than that suggested by data in
As previously discussed, the beamformers are designed #¢ literature as well as scenarios where the variability about
suming simple propagation models for a homogeneous bretht average dielectric properties is greater than that suggested
medium with frequency-independent average dielectric prop#i-the literature. Tumor detection under these scenarios is inher-
ties. However, the actual backscatter data is acquired either @ly more challenging because of greater signal attenuation,
realistic FDTD simulations as done here or via physical meticreased clutter, and reduced contrast between malignant and
surements as would be done in an actual patient scan. In eithefmal tissue.
case, the breast tissue is heterogeneous and its dielectric prop€eFable | presents 25 different numerical breast phantoms used
ties are frequency-dependent. These represent significant deth@ughout this investigation. A 2-mm-diameter tumor is lo-
tions from the simple propagation physics assumed in the beasated at (5.0 cm, 2.1 cm) in each phantom. The dispersive prop-
former design. Thus, the successful detection of small lesioniriies of normal tissue are incorporated in each numerical breast
the test cases presented here demonstrates that our MIST bgarmantom using (33) and an appropriate set of Debye parame-
forming method is inherently robust to deviation between actuglrs; however, for ease in presentation of the data, Table | dis-
propagation effects and assumed propagation models. plays single-frequency dielectric property values calculated at
Several additional issues related to robustness need to bethd-spectral peak of the input pulse. The cell in the upper left
dressed. In practice, the average density of normal breast tissamer of the table describes the normal-breast-tissue charac-
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TABLE Il
LOCATION OF THEDETECTED TUMOR (SPAN IN CM, DEPTH IN CM) AS A FUNCTION OF THE DIELECTRIC PROPERTIESASSUMED IN THE BEAMFORMER DESIGN AND
THE ACTUAL AVERAGE DIELECTRIC PROPERTIES OF THENUMERICAL BREAST PHANTOM

Dielectric properties Average dielectric properties at 6 GHz of numerical breast phantom
assumed in Erayg = 9-8 Ereeg = 15.7 Eravg = 21.5 Erevg = 27.3 Eravg = 33.2
beamformer design || oayg = 0.4 S/m | Oayg = 1.0 S/m | ayg = 1.7S/m | Oayvg =2.3 S/m | Tavg =2.9 S/m
e =98 :
(5.0,2.0) (5.0,2.6) (5.0,3.0) - (5.1,3.4) (5.1,3.4)
0=048S/m » v
er = 15.7 ‘
(5.0,1.8) (5.0,2.3) (5.0,2.4) (5.0,2.7) (5.0,2.7)
0=1.08S/m
er =215
(5.0,1.6) (5.0,2.0) (5.0,2.0) (5.0,2.3) (5.0,2.3)
oc=17S/m
er =273 .
(5.0,1.4) (5.0,1.7) (5.0,1.9) (5.0,2.0) (5.0,2.0)
0c=23S/m
&r =332 '
(4.6,1.3) (5.0,1.5) (5.0,1.6) (5.0,1.8) (5.0,1.8)
0=29S/m .
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Fig. 12. Color images of backscattered energy plotted on a dB scale for four numerical breast phantoms each with a 2-mm-diameter malignantédmor cente
at (5.0 cm, 2.1 cm). The average dielectric properties of normal breast the first two phantomszagg,(ay 9.8, 0av, = 0.4 S/m and (b)e,,,, = 15.7,
Oavg = 1.0 S/m at 6 GHz. The beamformer is designed assuming= 21.5 ando = 1.7 S/m at 6 GHz.

teristics of the baseline numerical breast phantom employedoroperties for the five scenarios are selected as follows. Starting

Section V-C. with the baseline normal-tissue and malignant-tissue sets of
Each column in Table | represents one of five differeriDebye parameters, we identify six intermediate sets of Debye

scenarios of normal breast tissue density. The average dielegiacameters that are uniformly spaced between the two extremes.
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Fig. 12. (Continued) The average dielectric properties of normal breast for the last two phantoms arg,(C}= 21.5, 0avg = 1.7 S/m and (d)e..,,,, = 27.3,
Oavg = 2.3 S/m at 6 GHz. The beamformer is designed assuming= 21.5 ando = 1.7 S/m at 6 GHz.

Since the malignant tissue properties remain constant in théseised for cases when the peak tumor energy is comparable
investigations, the contrast in the dielectric constant at 6 Gkz the background clutter. The S/C decreases as the degree of
between malignant and average normal breast tissue decreasésrogeneity and/or average dielectric properties are increased,
from 5.2:1 for the baseline scenario to 3.2:1, 2.4:1, 1.9:1, 1.5ds expected. However, the 2-mm-diameter lesion embedded
1.3:1, and 1.1:1 for the six intermediate scenarios. The smallastheterogeneous normal breast tissue is detectable over a
malignant-to-normal contrast in dielectric constant suggesteitie range of phantoms, most of which greatly exceed that
in the literature is approximately 2:1 [12]. Therefore, the firsthich is expected in practice. Thus, the results show that our
four scenarios are sufficient to span the hypothesized rangeMifST beamforming method is effective even when the average
normal breast tissue densities. For completeness, we studydheectric properties of normal tissue and/or the variability are
first five scenarios. substantially greater than that reported in the literature.

Each row in Table | represents one of five different scenariosSecond, we investigate the case where patient-specific
of breast tissue heterogeneity. The upper bound on the variat{phantom-specific) estimates of the nominal dielectric prop-
around the average is increased freth0% to £50%. The in- erties of normal breast tissue are not available. In this case,
creased variability further diminishes the contrast between nthe average dielectric properties assumed in the beamformer
lignant and normal tissue. For example, in the breast phantadesign are not matched with the actual average dielectric prop-
described by the last entry in the first column, the contrast berties of the numerical breast phantom. For this investigation,
tween malignant and normal breast tissue decreases from 5tBgl variability is fixed at+10%, which corresponds to the
to 3.4:1if the tumor is present in the densest region of the breasimerical breast phantoms from the first row of Table I. The

First, we investigate the case where patient-speciftonstant dielectric constant and conductivity values assumed
(phantom-specific) estimates of the nominal dielectric properhen designing the beamformer are varied over the same five
ties of normal breast tissue are available and are incorporasegnarios as the actual average values. In Table Ill, we show the
into the beamformer design process. In this case, the averbmmtion of the peak energy in the resulting image for each com-
dielectric properties assumed in the beamformer design stdmeation of actual and assumed average dielectric properties.
are matched with the actual average dielectric properties of the expected, the table shows that the tumor is most accurately
numerical breast phantom. Table Il shows the S/C obtained focalized when the actual average dielectric properties are equal
the 25 numerical breast phantoms of Table I. Note that “N/Ab those assumed in the beamformer design. Fig. 12(a)—(d)
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show the images of MIST beamformer output energy for the[5] S.C.Hagness, K. M. Leininger, J. H. Booske, and M. Okoniewski, “Di-
results in the first four columns of the 3rd row of Table Ill. In all
cases, the tumor is still clearly detectable. The primary effect of
mismatch between actual and assumed dielectric properties i%] S. C. Hagness, A. Taflove, and J. E. Bridges, “Two-dimensional FDTD
a location bias. This bias is consistent with the corresponding
differences in average speed of propagation.

A space-time beamforming method for imaging backscat- [8]
tered microwave energy is proposed and demonstrated for

electric characterization of human breast tissue at microwave frequen-
cies,” in Proc. 2nd World Congress on Microwave and Frequency Pro-
cessing, Orlando, FL, Apr. 2000.

analysis of a pulsed microwave confocal system for breast cancer de-
tection: Fixed-focus and antenna-array sensdEEE Trans. Biomed.
Eng, vol. 45, no. 12, pp. 1470-1479, Dec. 1998.

[7] A.S. Swarup, S. S. Stuchly, and A. Surowiec, “Dielectric properties of

VI. CONCLUSION

mouse MCAL fibrosarcoma at different stages of developmdig*
electromagn.vol. 12, pp. 1-8, 1991.

K. R. Foster and H. P. Schwan, “Dielectric properties of tissues and bio-
logical materials: A critical review,Critical Rev. Biomed. Engvol. 17,

pp. 25-104, 1989.

detecting millimeter-sized malignant tumors in the breast.[9] A. E. Souvorov, A. E. Bulyshev, S. Y. Semenov, R. H. Svenson, and
Our results show that this method is exceptionally robust

with respect to a number of potential challenges associated
with imaging the inherently heterogeneous breast. Due t@o]

the enhanced synthetic-focusing capabilities of the MIST
beamforming approach, the imaged backscatter from a

2-mm-diameter tumor stands out significantly above the cluttefi1)

generated by the natural variations in the fibroglandular and

adipose composition of the breast. Small lesions can be detect g]

with high sensitivity regardless of location in the breast. The
spatial selectivity of MIST beamforming also overcomes the

challenge of detecting, localizing, and resolving multiple orl
multifocal lesions. Small tumors embedded in heterogeneous
normal breast tissue are successfully detected in a wide ran
of numerical breast phantoms, even when the contrast betwe

malignant and normal tissue is significantly reduced due to

the presence of denser normal breast tissue. Small tumors are t ) o )
5] X.LiandS. C. Hagness, “A confocal microwave imaging algorithm for

also successfully detected even when a significant mismat

exists between the average normal-breast-tissue dielectric

properties assumed in the beamformer design and the actua$!
average dielectric properties of the breast being scanned.

Consequently, patient-specific data on the average dielectrig7
properties of normal breast tissue does not appear to be required
for detection. The dominant backscatter from the skin-breadt®!
interface, which would otherwise overshadow the backscattgtio]

from a malignant tumor in the breast, is effectively suppressed

by the data-adaptive algorithm designed for removing this,,

artifact. This skin-breast artifact removal algorithm uses only
the received backscatter signals and does not requireaany

priori information about the dielectric properties or thickness'??

of the skin.

(22]
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