IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 21, NO. 1, JANUARY 2002 1

Vibro-Acoustic Tissue Mammography

Mostafa Fatemi*Member, IEEELester E. Wold, Azra Alizad, and James F. Greenleaflow, IEEE

Abstract—A novel method for detection and imaging of micro- women beginning at age 40. In women at “high” risk for breast
calcifications in breast tissue is presented. The method, called cancer surveillance may begin at age 35 [3].

vibro-acoustography, uses the radiation force of ultrasound to There exist subsets of women for whom mammographic
vibrate tissue at low (kHz) frequency and utilizes the resulting

response to produce images that are related to the hardness of thescree_r_"r_]g an_d fOIIOW_'Up IS “m'te_d by reduced mammographlc
tissue. The method is tested on human breast tissues. The resultingSensitivity. Fibrocystic change is the most common benign
vibro-acoustographic images are in agreement with corresponding condition of the breast, with the greatest incidence in women
X-ray mammography images of the specimens. The existence 0f30-50 years old [4]. The ACS estimates that about half of
microcalcifications in locations indicated by vibro-acoustography 5| \women in America have fibrocystic breasts and many of
is confirmed by histology. Microcalcifications as small as 11@:m th h diologically d b i For thi
in diameter are detected by this method. Resulting vibro-acous- eém have V_ery radiologically dense breas _'Ssue' or this
tographic images show microcalcifications with high contrast group, the failure rate to detect cancer on their mammogram
with respect to the background soft tissue. Structures such as may be as high as 15%-25% [5], [6]. Mammography is more
de_nse scl_e_roti_c tissue do not seem to interfere with detection of effective in detecting occult malignancy as age increases and
microcalcifications. the breast becomes more fatty. It is the density of the breast

Index Terms—Breast, mammography, microcalcifications, on film screen mammography that most directly affects the

ultrasound, vibro-acoustography. risk for false-negative and false-positive interpretation [7], [8].
Several factors affect breast density. Age is the most significant
|. INTRODUCTION factor, with more premenopausal women, especially in the

) _ ~40- to 49-year age group, having breasts that are denser. For
X'RAY mammography is currently the only imagingsremenopausal women mammographic sensitivity may be
modality clinically used for detection of breast microcalincreased by scheduling evaluation the first two weeks of
cifications. The widespread use of screening mammograpipsir cycle corresponding with the follicular phase [9], [10].
has resulted in the increased detection of microcalcificatiomegnam or lactating women may have extremely dense breast
[1]. A wide spectrum of breast lesions is associated Wifssye, which may affect the sensitivity of mammography;
microcalcifications, ranging from benign (fibrocystic changegsg these conditions are a relative contraindication for X-ray
vascular changes, fat necrosis) to malignant [2]. The mammmmography and, thus, limit its usefulness. Some studies
mographic detection of microcalcifications frequently resuligaye shown hormone replacement therapy, commonly used in
in additional diagnostic studies, including: spot magniﬁcatioﬁostmenopausal patients, reduces the sensitivity of mammo-
mammographic views, stereotaxic biopsy and wire-localizgglaphic screening [11]-[13]. The sensitivity or accuracy of
biopsies. Follow-up of microcalcifications that are not biopfijm screen mammography is also influenced by the experience
sied, or that are benign by stereotaxic biopsy, may requi the radiologist, with experienced radiologists having the
additional mammograms, e.g., at six-month intervals. Thigghest sensitivity in diagnosing breast cancer [14]. Finally, the
results in significant additional costs, discomfort, anxietyonizing nature of the X-ray mammography limits its frequent
and some increase in X-ray exposure [1]. Recent changes,ift.
American Cancer Society (ACS) and National Cancer Institute 1o gvercome some of these problems associated with mam-
(NCI) screening guidelines for women in their forties willyyography, a number of new technologies are currently being
increase both the number of mammograms and the numbeigbored. Investigators have utilized alternative breast imaging
detected microcalcifications, with resultant increased costs ap@thods, such as magnetic resonance imaging (MRI) and
morbidity. The ACS recommends annual mammography fepnventional ultrasound for imaging breast microcalcifications.
Scintimammography and contrast-enhanced MRI are not
Manuscript received April 30, 2001, revised November 20, 2001. This Woﬁyfﬁdently sensitive to detect clinically significant microcal-
was supported by the Army Medical Research and Material Command undifications [15]. Similarly, conventional medical ultrasound
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Fig. 1. Vibro-acoustography system diagram. The system includes a focused confocal transducer, (details shown on the left) consisting akeaoener di
outer ring. Two continuous wave generators drive these elements at slightly different frequencies. The transducer is focused on the objeeamétintieeacting

at the joint focal point to produce an oscillating radiation force on the object at the difference frequency. This force causes the object tal\dbratesnlt an
acoustic emission field is produced in the surrounding medium. This field is detected by the hydrophone and filtered by a bandpass filter tentéfeceate
frequency. The amplitude of the resulting signal, detected by the detector, is used to modulate the intensity of the image at a point corre$popdsitipto of

the beam on the object. The image is formed by raster scanning of the object. The experiments take place in a water tank (not shown) containimggthe transd
hydrophone and the object. The object, such as a tissue specimen, is secured on a latex sheet attached to a bracket for the scanning process.

[22] reported that using high-resolution ultrasound and X-rggt W/ cn?) in breast tissue is too small (less than 0.01) for

mammography as the gold standard resulted in a sensitivitynsistent ultrasound detection.

of 95% and specificity of 87% and accuracy of 91% in the Vibro-acoustography is a new imaging method based on the

detection of microcalcifications when these calcifications aradiation force of ultrasound [41], [42]. This method is par-

within a mass lesion [22]. It should be noted that the presencetiglarly useful in detecting hard inclusions in soft material.

a mass lesion and its appearance in the ultrasound image cdtdd example, vibro-acoustography has been used to image cal-

have been instrumental in the localization and identification offications in human arteries [43]-[45]. A comparative study

microcalcifications in such studies. of vibro-acoustography with other radiation force methods for
Microcalcifications are mainly composed of hydroxyapatitéssue elasticity imaging is presented in [46]. The spatial res-

[18], [23], which is a very hard material compared with breastiution of vibro-acoustography is in the submillimeter range,

tissues. Therefore, an imaging modality that is sensitive to thvhich makes the technique suitable for imaging microcalcifica-

elastic properties of tissues would likely be suitable for detetiens [47], [48].

tion of microcalcifications. This group of imaging techniques is In this paper, we present an application of vibro-acous-

called elasticity imaging [24]—[37]. tography for detection of breast microcalcifications. We may
The general approach in elasticity imaging is to measure tball the new method vibro-acoustic tissue mammography. We

response of tissue to an excitation force. An interesting strateggmpare images of human breast tissue specimens obtained

for producing the necessary excitation is to use the radiatibyp vibro-acoustography with high-resolution X-ray tissue

force of ultrasound. This approach allows one to generate timammography and validate the presence and position of

force directly inside an organ. Several researchers have praélcifications in the tissue histologically.

ously investigated the use of ultrasound radiation pressure for

tissue characterization purposes. Suginetital. [38] presented II. METHODS AND MATERIALS

amethod to measure tissue hardness by using the radiation force L

of a single ultrasound beam. In this method, the impulsive radi: Theory of Radiation Force

ation force was used to generate localized deformation of tissueRadiation force is generated by a change in the energy density

Resulting transient deformation was measured as a functionofifan incident acoustic field. Consider a collimated ultrasound

time by the ultrasound Doppler method. Nightingatal.[39] beam interacting with an object. The radiation force arising from

have studied the radiation force of ultrasound in a method nantéis interaction has a compone#t, in the beam direction. This

“remote palpation” to evaluate lesions in breast. They also useaimponent is proportional to the time average energy density of

the ultrasound pulse-echo technique to detect tissue displat® incident waveé £') and the projected area of the objegtas

ment. None of the above methods [38], [39] are specifically ap-

plied to the detection of breast microcalcifications. Walker [40] ' =d,.5(F) (2)

evaluated the deformation of soft tissues, including breast, by

the radiation force of ultrasound. It should be noted that motiavhered,. is the drag coefficient and is a function of the scat-

detection by ultrasound techniques (at diagnostic frequenciésed and absorbed power by the object. For the simple case

becomes technically difficult if the motion is less thanuth. of a reflecting plane target,. is proportional to the power re-

Walker predicted that the displacement produced by absorptitection coefficient. In vibro-acoustography [17], this force is

of a continuous wave ultrasound beam of moderate intensitged for imaging. This is accomplished by probing the object
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point-by-point. This technique ideally requires the stress fielof the time-varying force on an area eleméstatr = ry with
to be confined to a point, while its amplitude oscillates at se-local drag coefficient,.(r) is
lected frequencies.

To generate a localized oscillatory stress field, two inter- f, (ro,t) = MCOS[AMJFAMT Vdo(r0)dS.

. . . Aw\T0, 2 0 r\"0
secting continuous-wave focused ultrasound beams of different pe ©)
frequencies are used. It is only in the intersection region thatT
the ultrasound field energy density is sinusoidally modulatesqre
and hence, the field can generate an oscillatory radiation forgg
by interacting with the object.

The ultrasound beams can be shaped in a variety of ways
this purpose. An interesting configuration that results in a radi- Faw(ro,t) = |FAL°| cos( Awt + Av) 7)
ally symmetric modulated field is obtained when two coaxial, ~ -
confocal transducer elements are used (Fig. 1). In this casderel ., is the complex amplitude of the total force ang)
we consider a two-element spherically focused annular arrégfhe associated phase. For a well-focused hgagvery small
consisting of a central disc with the radius«f and an outer and hence, the force can be thought of as an oscillating point-like
ring with the inner radius of/, and the outer radius af,. The force applied to the object at the origin.
common focal length of the elements:is We also assume that
the elements are excited by two CW signals at frequengjes B- Vibro-Acoustography System
andw; = w; + Aw. Let us assume that the beams are propa-To explain the imaging method, we consider an oscillating
gating in thez direction with the joint focal point at = 0. The  point force, Fia.,, applied to a point in the object. This force
resultant field on the = 0 plane may be written as vibrates the object. Object vibrations result in the emission of
an acoustic field in the surround energy that can be detected by
a microphone (or hydrophone in water). The system diagram is
p(t) = Pi(r) cos[wit + 31 (r)] + P2(r) cos[wat + t2(r)] (2)  shown in Fig. 1. The complex amplitude of acoustic emission
pressure fieldPa.,, can be written as [17]
whereP; (r) andP»(r) are the pressure radial profilesidirec- -
tion with ¢, () and, () being the associated phase functions Pau = p Haw()QawFau (8)

across the focal plane. For the transducer described above, these ) _ ) )
amplitude functions can be written as [31] whereQ ., is a complex function representing the mechanical

frequency response of the object at this péint.,(!) represents
the combined frequency response of the propagation medium

his function also represents the distribution of force, or the
ss field, on the focal plane. The total force on the object can
found by integrating the above incremental force over the
%cr)jection aresd on the focal plane

ra? . ra; and the microphone located at distariddeom the object. It is
Pi(r) IPCUm)\ . Jinc <)\ . ) (3) assumed that{ A, (1) is unchanged for any target point in the
and L0 10 object. Now, by scanning the object at a fixed-frequefiayand
T recording the acoustic emission signal, one can obtain the spatial

Py(r) =pclog X270 distribution of QA Fa., (within a constant multiplier) which

) o can be mapped into an image, displaying object morphology.
asjinc <ﬂ) — agijinc < 2 )] 4) The point-spread-function (PSF) of this system is defined as
A1z A270 the image of a point target located on the focal plane [17]. This
) function is proportional to the radiation stress field on the focal
where \; = 2r/w; for i = 1,2, are ultrasound wave- pane. This function can be found in an analytical form by com-

lengths at theith transducer elemerlto;, ¢ = 1,2, is the pining (3), (4), and (6). The amplitude of this function can be
velocity amplitude at the corresponding element. AlSQyritten as [17]

jinc(X) = Ji(X)/xX, whereJ;(X) is the first-order Bessel
function of the first kind. For well-focused beam, (r) and h(r) = jinc < ray )
P5(r) diminish quickly away from the origin. a} — a A120

It can be shown that the short time average of the acoustic 9. ras 125 rah N
energy density in the intersection region has slow variations at  * [aﬂmc <)\220> — azjinc <)\220>} exp(jAp). (9)

frequencyAw about its long time average (mean). Denoting this ) ) _
low-frequency component bya..(t), we can write Assuming a 3-MHz-transducer with the outer diameter of 45

mm, inner disk diameter of 29.6 mm, and a gap of 2 mm between
the inner disk and the outer ring and a focal length of 70 mm, the

X

Py (r9)Pa(ro) ) amplitude of the resulting PSF function fdxf = Aw/27 =
eaw(t) = o2 cos[Awt + At (ro)] (5)  7.3kHzis shownin Fig. 2. The spatial resolution of the system,
defined by the diameter of the central lobe, is about 0.7 mm.
wherep is the density¢ is the sound speed amsk) = 1)»(r) — The depth resolution (or the focal depth) of this transducer was

11(r). Now, consider a planar target on the focal plane. Refeexperimentally determined. For this purpose, a small glass bead
ring to (1) and considering that the average energy densitywss scanned at different depths. The depth resolution, defined
position and time dependent in this case, the normal componastthe—6-dB width of the response in the axial direction, was
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Fig. 2. Theoretical point spread function of the vibro-acoustography syste

found to be about 9 mm. The peak response occurred when H};eS Image of glass beads in gel. This image is obtained by scanning the

bead was located at the focal distance from the transducer. gel phantom. This image covers an area of 20 mm by 20 mm, scanned at 0.2
mm/pixel. The beads are located about 10 mm deep inside the gel. The diameter
. of the top bead is about 260m and the diameter of the largest bead is about
C. EXpe”memal Setup 4004:m. The vibration frequency was set at 53.5 kHz.

The experimental setup is shown in Fig. 1. The experiments
were conducted in a water tank. (In a system designed fovo
imaging the transducers can be placed in contact with the s
instead of using water. The hydrophone would also be pIac&l

in contact with the skin. Bepause a.‘t low frquencies the sou oduce an additional variable in the experiments. However,
wave pro_pagates_qlmostumformlym ".’1" dlrec_tlons, hydropho Yecause our main target (microcalcifications) is much harder
position Is not crltlcal,_as long as it is relatively close to th?han the fixed tissue, we did not consider tissue-hardening
exposure site but not in the ultrasound path.) A two-eleme fenomenon as a major problem in our experiments. Patients’

confocal ultrasound transducer array was positioned such t ords were reviewed to identify tissues with high probability

the b.e.am_s meet the ObJECt.at the|r10|_nt focal p_omt. Transduc&r having microcalcifications. Selected tissues were cut into
specifications are as those in the previous section. The eleme@FI
i

were fixed in formaldehyde for at least three days and not
re than six months at the time of experiments. It is known
t formaldehyde tends to harden soft tissue and, thus, may

dri by two stabl dio-f RE thesi Eproximately) 3 3 cm and 3- to 5-mm-thick pieces and
were driven by two stable radio-frequency (RF) synthesizg aged using a high-resolution X-ray mammography machine.

(HP 33120A) at frequencies of 3 MHz aAidHz + A f Sound Therefore microcalcifications were at most 5 mm from the

produced by the object vibration was detected by a submerq;? t surface of the sample. The X-ray mammograms were then

hydrophone (ITC model 680) placed within the water tank. Tl}%ad to identify presence of microcalcifications. Tissue pieces

received signal was filtered and amplified by a programmalﬁlgemiﬁed with microcalcification were each mounted flat with

filter (Stanford Research Systems, SR650) to reject the NOIR&ew droplets of glue on a latex sheet and secured in a scanning

then digitized by a 12-bits/sam_ple digi_tizer (National InStr.Uﬁracket. This bracket is designed to hold the tissue piece in
ments VXI-1000) at a rate sufficiently higher than the Nqu%e water for acoustic scanning. Glue drops were carefully

rate. Data are recorded on a computer disc. placed on areas away from the region with microcalcifications.
Small pieces of suture were sewed to the tissue and used as
identification marks. For this purpose, small knots are placed at
To evaluate the capability of the system for imaging smadlifferent positions on the tissue away from microcalcifications.
particles about the size of a common breast microcalcificatiohhese markers could be seen in vibro-acoustography, X-ray
we constructed a test object comprised of four small glass bea@sdten very dim) and photographic images.
ranging from 260xm to 400 um in diameter imbedded in a Specimen X-ray mammographic images were obtained from
block of tissue- mimicking gel. The resulting vibro-acoustogeach mounted sample. Each X-ray image was used as a ref-
raphy image is shown in Fig. 3, demonstrating the capabiligrence for comparison with the corresponding vibro-acoustog-
of the system in detecting and imaging beads that are at leagihy image. The system illustrated in Fig. 1 was used to ob-
260 m in diameter. tain vibro-acoustography images of tissue samples. The scan-
Tissue experiments were conducted on excised human breasy process was performed by a raster motion of the specimen,
tissue samples. These tissues were obtained postsurgically #meclltrasound beam being perpendicular to the large flat surface

D. Experiment Procedure
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Fig. 4. Vibro-acoustography of the first specimen. (a) Photograph of a breast specimen mounted on the scanning bracket, (b) The X-ray mammogram of the
selected tissue pieces mounted on the scanning bracket. Microcalcifications can be seen on the top left of this X-ray, (c) Vibro-acoustograptineitissge

at 25 kHz. Microcalcifications can be seen in this image as bright spots on the top left and (d) Histology of the tissue specimen around the regien with so
microcalcifications.

Fig. 5. Vibro-acoustography of the second specimen. (a) Photograph of the tissue specimen mounted on the scanning bracket. (b) X-ray mammogram of (a)
showing some microcalcifications at the center of the image. (c) Vibro-acoustography of (a). Microcalcifications can be seen as bright splutsadicsaasein
the X-ray.

of the tissue layer and passing through the 3- to 5-mm-thicleft, by measuring the spot size in the X-ray mammogram and
ness of the tissue. The specimen was placed on the focal pldonand to be approximately 110m in diameter.

such that its entire thickness was within the focal depth of theFig. 5(a) shows the photograph of the second breast tissue
transducer. Experiments were conducted in a water tank at rospecimen mounted on the scanning bracket. Fig. 5(b) is the
temperature (about ZC). Sections of the tissue identified withX-ray mammogram of this tissue and shows the microcal-

microcalcification were then cut for histologic study to identificifications at the center of the image. Fig. 5(c) shows the

microcalcifications and validate the imaging results. vibro-acoustic image of this tissue at 22 kHz. Microcalcifica-
tions can be seen as bright spots at the same location as in the
IIl. RESULTS X-ray. The breast parenchyma histologically showed comedo

e ductal carcinoman situ, with calcifications in regions of
edo necrosis.
0I'Elg 6(a) shows the X-ray mammogram of another breast
ue specimen with a large microcalcification. Fig. 6(b) shows
{

‘corresponding vibro-acoustic image, with the microcalcifi-

The sutures are barely visible. Microcalcifications can be S€€Ltion shown as a bright spot within the relatively dark back-
on the top left of this X-ray in a high-density sclerotic region

round of soft tissue.
This sample was then scanned in the water tank. The vib
acoustography image of the tissuefgt = 25 kHz, is shown in
Fig. 4(c). Microcalcifications can be seen in this image as bright
spots. Note that the number of microcalcifications matches withExperimental vibro-acoustography images presented in this
the corresponding spots in the X-ray mammography. Also neport demonstrate two important facts: 1) The vibro-acoustog-
ticeable is that dense sclerotic tissue appears dim and doesraphy imaging method is capable of detecting small microcalci-
interfere with identification of calcification in the vibro-acoustidications in breast tissue; 2) Microcalcifications can be delin-
image. Microcalcifications identified by vibro-acoustographgated from within dense and sclerotic tissues. Results shown
were verified histologically. Fig. 4(d) shows the histology of théere also indicate that such images have high spatial resolution
region around the calcifications. The breast parenchyma sha@80.m), the capability of detecting small (about 1@ in di-
atypical lobular hyperplasia and microcalcifications in the lokeameter and above) microcalcifications, no speckles, good con-
ules. We measured the size of the microcalcification at the lowteast and high signal to noise ratio.

Fig. 4(a) shows the photograph of a breast specimen mounﬁé
on the scanning bracket. Sutures are knotted on the tissue

identification purpose. Fig. 4(b) shows the X-ray mammogram ¢
of the selected tissue pieces mounted on the scanning braclﬂsé

IV. DISCUSSION
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Fig. 6. Vibro-acoustography of the third specimen. (a) X-ray mammogram of the tissue sample showing a large microcalcification and (b) Vitgcapbgust
image of (a).

A comparison between the vibro-acoustography imal
[Fig. 4(b)] and the corresponding X-ray mammograp
[Fig. 4(c)], reveals an interesting capability of vibro-acou
tography method. High-density sclerotic tissue in the regi
surrounding the microcalcification absorbs a great deal
X-ray energy; hence, the X-ray image shows very low contr
within this region and as a result microcalcifications are bar
visible. However, the vibro-acoustography image delineat
these calcifications with high contrast. This demonstrates tl
some tissues that are radiologically opaque may be transpa
in vibro-acoustography images giving the potential to det
calcification in radiologically dense breasts.

The halo seen around the images of each microcalcificati
is an artifact of the vibro-acoustography system. This effect
seen more clearly in the PSF image shown in Fig. 2. Multip,
rings around the center spot are due to the sidelobes of the Be
functions that appear in the PSF function (9) as discussed in
previous section.

Another artifact is due to the glue used to bond the tiss
specimens to the latex sheet. We used small droplets of ins
glue (Krazy Glue brand, EImers Products, Inc. Columbus, OH)
for this purpose. This type of glue produces a relatively strori
acoustic emission making it visible in vibro-acoustography
images. Fig. 7 shows a vibro-acoustography image of three
droplets of this glue on a latex sheet, resembling images pgnding on the distance between the transducer and the object
breast microcalcification. To avoid mistaking glue dropletgnd the ultrasound- wavelength, those components may interact
for microcalcifications, we marked the glued region of tissueonstructively or destructively. Hence, the field intensity and
and took extra precautions to locate these regions on the resulting image can, therefore, become excessively sensi-
vibro-acoustography images. tive to the transducer-to-object distance. The effect of standing

The choice of vibration frequencsk f used in each exper- wave phenomena on the image diminishes as the ultrasound bath
iment was, to some extent, determined by the resonance f@ss increases. Therefore, it is expected that standing wave ar-
quencies of the water tank. The acoustic emission field resultifiacts would be less of a problem in clinical applications of
from vibrations of microcalcifications is very small. To facilitatevibro-acoustography fan vivo breast imaging.
the detection process, we often chose the vibration frequencyn the present study, we imaged tissue samples only in two
to correspond to one of the resonance frequencies of the walnensions (i.e., a single slice). However, the ultrasound beam
tank. This way, the water tank acts as an amplifier to improwsed here produces a stress field that is confined in three di-
the signal-to-noise ratio (SNR). Because the human body damensions. Therefore, it is possible, in principle, to selectively
not have a regular geometric shape with parallel walls, such resan several slices of the object at different depths to produce a
onance phenomenon is not likely to take place. Therefore, thgee-dimensional (volume) image of the object.
choice of A f may no longer be based on the resonance effect. Application of the vibro-acoustography for breast imaging is

Ultrasound standing waves between the transducer and lweh promising and challenging. An expected difficulty in using
object may cause artifacts in the image. This may happenvibro-acoustography on patients is achieving a high SNR. Sev-
the object reflects a significant portion of the incident beamral factors that can reduce the SNR below what we have in the
back to the transducer. The transducer surface can then aotxgserimental system. These factors include limitation on the ul-
a mirror to re-reflect the reflected field toward the object. Thisasound intensity, body attenuation of the ultrasound beam, de-
process may occur more than once. The resulting field at theeusing of the ultrasound beam due to phase aberrations, and
object is the sum of the incident and all the reflected fields. D#éie biological noise generated by the body. Imaging speed is

. 7. Vibro-acoustography of the instant glue drops. The glue drops (about
m in diameter) are placed on a latex sheet.
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another concern im vivo vibro-acoustography. The scanning
mechanism used in the experiment presented in this paper scan
the object one point at a time, making the data collection a re
atively lengthy process (up to a few minutes per image). A lo
imaging time is not desirable for breast imaging because bo
motions within this period can introduce “motion artifact “ in
the images.

There are several benefits in using vibro-acoustograpﬁ?
for in vivo breast imaging as an alternative, or in parallel, t
X-ray mammography. One advantage of vibro-acoustograp
stems from the fact that it uses ultrasound energy, which c
easily penetrate in dense tissues. Such tissues are normally
radio-opaque and difficult to image with X-ray. Additionally,
the present method is relatively safe and hence, may be useful
in applications where the use of X-ray is limited to its ionizing %
effects. Vibro-acoustic detection and follow-up of microcalcifi-
cations has several clinical potentials, including the following. [2]

 Detection of microcalcifications in the breast of women
who are younger and/or have radiologically very dense [3]
breast. We showed that ultrasound can penetrate radiologr4]
ically dense tissue and detect calcification.

» Detection of microcalcification in pregnant or lactating

women. [5]
» Detection of microcalcifications in women with

radio-opaque breast implants. [6]

[7]

V. SUMMARY [8]

In this paper, we present a noninvasive imaging method for
detecting microcalcifications in breast tissue. This method used®!
ultrasound in a fundamentally new way to image the tissue at
low (kHz range) frequencies, producing high signal-to-noise
and speckle-free images. [10]

The spatial resolution of vibro-acoustic images is determined
by the focal beamwidth of the two-element transducer, which
was in the order of 0.7 mm for the transducer used here. Ex*
periments were conducted on human breast tissue specimens.
X-ray tissue mammography images were used for initial idenf12]
tification of microcalcifications and also as reference images
for comparison with the corresponding vibro-acoustographyzi3)
images. Tissue histology was also used to validate presence of
microcalcification. 14

Results indicate that microcalcifications associated with a va-
riety of breast pathology, including those located in high-density
or sclerotic regions of tissue, can be detected by vibro—acoustogrs]
raphy. Microcalcifications as small as 14 in diameter were
detected by vibro-acoustic tissue mammography.

Further development of vibro-acoustic tissue mammography
may lead to a novel imaging tool for applications. This methodz16]
can be considered as a nonionizing alternative to conventional
X-ray mammography and may be useful for such cases 3%7)
pregnant patients, where the use of ionizing radiation is not
allowed. Also, vibro-acoustography is potentially useful for
. : . 18]
imaging dense breast where the use of conventional X-rag/
mammography may be limited.
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