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Sonic boom in soft materials: The elastic Cerenkov effect
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We report an experimental evidence of an elastic sonic boom in soft materials. Our approach is
based on the ultrasonic remote generation, inside soft media, of a supersonic moving source
radiating shear waves in a Mach cone. In analogy with the Cerenkov electromagnetic radiation
emitted by a beam of charged particles moving at a speed greater than the speed of light, an intense
shear wave is radiated in soft materials. Such Mach waves are sensitive to medium elasticity
inhomogeneities and are of great interest for ultrasound-based medical imaging applications.
© 2004 American Institute of Physic§DOI: 10.1063/1.1667613

In seismology, compressionaP] and shear $) waves the components of the mechanical displacement vector. Im-
are commonly used to map the structure of the earth. In sofiging such waves with an ultrasound system is a challenging
materials, i.e., the human body, one usually uses arrays @froblem, as these waves propagate through soft slids
piezoelectric transducers that transmit and receive only ultranyman organsin less than a tenth of a second. In order to
sonic P waves in the MHz range to map the organs. In thisgs|io\y the displacements induced by these waves, an ultra-

frequency rangeS waves cannot propagate due to very highgqic scanner able to reach frame rates of 5000 franieiss

absorption induced by shear viscosity. However, at sonic freFequired(a hundred times faster than conventional scanners

quencies, .SUCS waves can propagatg over long dlstance§ ""rhe 128 multichannel system developed for this research
soft materials and tissues. We report in this letter a technique

allowing the remote generation of a mechanical supersoniEeaChes such high frame rafe@nllkg convgntlonal scanners
source radiating shear waves in soft solids. This effect is thi1at use a sequential mode to build an image, the ultrafast
analog of the Cerenkov electromagnetic radidtiemitted mode is performed by emitting a single ultrasonic pulsed
by a beam of high-energy charged particles passing throughRiane wave at a 5000 Hz pulse repetition rate. Backscattered
transparent medium at a speed greater than the speed of lig¢ghoes(called rf data are stored in individual 2 Mbytes of

in that medium. This well-known effect is used to detectRAM and then transferred to a computer after the acquisition
cosmic rays passing through the atmosphere. In our expersequence. Typically, the acquisition of 200 frames at 5000
ment, the mechanical moving source of vibration is creatediz lasts 25 ms. Then, the echographic images are obtained
remotely with ultrasonic radiation pressure. It generates tranpy beam-forming the rf data in the computer. Finally, con-
sient shear waves, initially propagating in a Mach cone, thagecytive images are compared using one-dimensional cross
are progressively distorted by shear tissue inhomogeneitiegy rajations in order to map axial displacemefettong the

This Mach cone of shear waves propagating in an elastic SOHItrasonic beam axjsbetween each frame. Typically, dis-
solid is analogous to the “sonic boom” induced in the air by '

o . . o placements of a micrometer are measurable by the algorithm.
a supersonic aircraft. Integrating this modality in a new, ul-

trafast ultrasonic scanner (5000 frame$)sallowed us to g.helresultmg ma;gel? CO%S_I',St 0]; a mOV|e of the ;healr wave
follow, with a submillimeter resolution, the motion of these 'SP acements. The feasibility of using a conventional trans-

shear waves in a large region of interest. This concept can HiCer array(128 elements, 4.3 MHZor both generation and
used to deduce quantitative maps of the shear modulus jpltrafast imaging of mechanical shear waves is experimen-
human organs and has a strong potential in medical imagindg@lly demonstrated in a tissue-mimicking phantom: a single
It is well known that focused ultrasonic waves generatedlirasonic focused beam produced by the array insonifies the
by piezoelectric arrays induce, during the insonification timemedium for 300us (corresponding to 1320 sinusoidal oscil-
an acoustic radiation force that can be used to remotely pudhations. Once the pushing sequence ends, the array enters
tissues in the focal zone of the bednt Typically, a 300us  instantaneously into the ultrafast imaging mode and images
duration burst of ultrasound creates locally a transient voluthe medium at 5000 framesduring the shear wave propa-
mic force around 3 kHz. This force acts as a dipolar sourcation. Figure 1 shows axial displacement images at three
of shear waves mainly radiated in transverse directions. Bigjtferent times and clearly emphasizes the dipolar directivity
polar shear waves can be modeled in soft tissues by Batern of the wave. Measurements provided by our tech-

Green's functior? nique are limited to the axial component, as are most of

1 1 r classical ultrasound based motion tracking techniqties
ui(r,t)= W(aij —YY) T 5('[— V_) : (1)  example, the Doppler technigyes
TPVs s The displacements associated with this diverging shear

wherer =|r|, y;=dr/di (i=X, y, orz), §; is the Kronecker ~wave are weaka few micrometersand decrease rapidly
symbol,p the mass density/ the shear wave speed, and  with the propagation distance. In order to increase the shear
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FIG. 1. Ultrafast imaging of the axial displacements induced by a single ¥
shear source, created by an ultrasound beam focused in the middle of the Plane shear waves
imaged area. The experiment was conducted in gelatin-agar elastic phantom.
The wave propagates @ 2 m/sspeed, passing through the medium in
25 ms. (a)

penetration depth and generate high amplitude shear waves
in the body, we propose to introduce a supersonic regime. By
successively focusing the ultrasonic “pushing” beam at dif-

ferent depths, it is possible to create a moving source radiat- 1 %9
ing shear waves in the body. This can be modeled by taking
into account the source movement in Ef):
0
(r,t) - (6 )
i Amo\2 i~ 7i7j
-0.5

X

pPVs
f q(7) 6(t—r—|r_r0(t)|
[r=ro(t)] Vs ®)
whererg(t) is the moving source location arg(t) is the  FIG. 2. The supersonic modé) A shear source activated by ultrasound is
signal emitted by the source. We can show that in the movingnoved along the beam axis at supersonic sp@@dSimulated and normal-

drodT, (2)

source coordinates. the displacement can be WFiHSn ized axial and lateral displacements at a given time induced by a supersonic
! regime.
1
u(r,t)= (8= vyp (o), fore, it is possible to create supersonic shear sources moving

2 M2
4mpVsRV1-M?sirf(0) at incredibly high Mach number&ip to Mach 150R The

@ ability to establish a supersonic regime in soft tissues is ex-

whereM is the Mach numbelR the radial distance from the perimentally demonstrated in a homogeneous phantom. A
observer to the sourcé&) the angle between the observer’s
position and the direction of the moving source, ana
function depending oM, R, Vg, and @. If this source is
moved faster than the shear propagation velocity, a super-
sonic regime is establishe is greater than 1 and, as can
be seen in Eq(3), the displacement field is confined in the
region® <sin }(1/M). As a consequence, all resulting shear
waves interfere constructively along a Mach cone creating
two conical and intense shear wave fronts propagating in
opposite directionfFig. 2(@)]. The angle between both plane
waves is proportional to the ratio between the shear wave @
speed and the speed of the moving source, i.e. to the Mach 2 ms 12
number M. Figure Zb) shows simulated axial and lateral
displacements induced by a Mach 3 supersonic source based
on the Green’s formalism presented in E2). Constructive
interferences between shear waves create a cumulative effect
exclusively along the axial direction making the lateral com-
ponent negligible. Amplitude displacements can be increased
up to 100 um in phantoms and 4@m in human tissues.
Moreover, changing the speed of the moving “pushing”
beam allows us to change the Mach cone angle. Such versa-
tility enables us to insonify the same medium with differentriG. 3. The supersonic mode. Experiments conducted in a tissue-mimicking
steered plane waves, and gather the same mechanical infehantom(agar-gelatift The supersonic mode results in two plane shear
mation from different “points of view.” In soft tissues the waves propagating in a Mach cof@ whose angle is_linkec_i to the shear

. . =~ . . Mach numberfMach 3. (b) Another Mach 3 supersonic regime, generated
ultrasonic P wave velocity (1500 ms') is much higher on the right of the imaged area, in a heterogeneous phantom containing a 20

than the mechanic&@ wave velocity (1-10 m's!). There-  mm hard inclusion.
Downloaded 17 Mar 2004 to 193.54.80.96. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

40 mm
Transducer

40 mm

pum

ety

| 60




2204 Appl. Phys. Lett., Vol. 84, No. 12, 22 March 2004 Bercoff, Tanter, and Fink

shear source moving along the beam axis is induced at mental evidence of such shear waves propagating in a Mach
supersonic speed. In Fig(s8, axial displacements produced cone is given in gelatin phantoms using an ultrafast ultra-
by the shear waves are imaged by the ultrafast scanner at tvgonic imaging system. This innovation could be achieved
different times. We clearly see them interfering along thewith the same ultrasonic probe as the ones used today by
Mach cone. In this experiment, the focused “pushing” beamphysicians. It emphasizes the strong potential of applying
was moved at five successive deptBs 16, 24, 32, and 40 this concept to elasticity imaging for breast and liver cancer
mm) at 6 ms ! speed. As in the simulation above, this par- diagnosis.
ticular experiment corresponds to a Mach 3 supersonic re-
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