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The Invention relates to a thermoacoustic tomographic method and a thermoacoustic tomograph (1), for imaging an object (2) with
at least one source (3), for the thermal stimulation of the object (2) and at least one detector (5), for recording the acoustic waves

C an adg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca

OPIC - C]

PO 191

Y i R
MRARRAANY 5 <0 S\, I
b =y

L) AN
a4 an"ey .
RECANRY




CA 2572296 C 2015/05/26

anen 2 572 296
(13) C

(57) Abrege(suite)/Abstract(continued):
(4) from the object (2) caused by the stimulation, comprising an arrangement (7), for displacing the object (2) and/or the at least

one detector (5) relative to each other and an arrangement (8), for the reconstruction of the object (2) from the recorded acoustic
waves (4), depending on the actual position of the object (2). According to the invention, such a method or arrangement for
reconstruction of the object (2) with the least possible algorithmic complexity but with the highest possible resolution may be
achieved, whereby the at least one detector (5) has a size In at least one dimension of at least v8.d, where d gives the maximum

separation of a point of the object (2) for imaging from the detector (5).
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(54) Title: THERMOACOUSTIC TOMOGRAPHIC METHOD AND THERMOACOUSTIC TOMOGRAPH

(54) Bezeichnung:
GRAPH

THERMOAKUSTISCHES TOMOGRAPHIEVERFAHREN UND THERMOAKUSTISCHER TOMO-

(57) Abstract: The invention relates to a thermoacoustic tomographic method and a thermoacoustic tomograph (1), for imaging an
object (2) with at least one source (3), for the thermal stimulation of the object (2) and at least one detector (5), for recording the
acoustic waves (4) from the object (2) caused by the stimulation, comprising an arrangement (7), for displacing the object (2) and/or
the at least one detector (5) relative to each other and an arrangement (8), for the reconstruction of the object (2) from the recorded
acoustic waves (4), depending on the actual position of the object (2). According to the invention, such a method or arrangement
for reconstruction of the object (2) with the least possible algorithmic complexity but with the highest possible resolution may be
achieved, whereby the at least one detector (5) has a size in at least one dimension of at least v8.d, where d gives the maximum
separation of a point of the object (2) for imaging from the detector (5).

[ Fortsetzung auf der niichsten Seite]
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/M, ZW), eurasisches (AM, AZ, BY, KG, KZ, MD, RU, Veroffentlicht:

TJ, TM), europdisches (AT, BE, BG, CH, CY, CZ, DE, DK, — mit internationalem Recherchenbericht
EE, ES, FI, FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL,

PL, PT, RO, SE, SI, SK, TR), OAPI (BE, BJ, CF, CG, (I,

CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). Zur Erkldrung der Zweibuchstaben-Codes und der anderen Ab-

kiirzungen wird auf die Erkldrungen ("Guidance Notes on Co-
Erklarung gemall Regel 4.17: des and Abbreviations") am Anfang jeder reguldren Ausgabe der
—  Erfindererkilirung (Regel 4.17 Ziffer iv) nur fiir US PCT-Gazette verwiesen.

(57) Zusammenfassung: Die Erfindung betrifft ein thermoakustisches Tomographieverfahren und einen thermoakustischen Tomo-
graph (1) zur Abbildung eines Objekts (2) mit zumindest einer Quelle (3) zur thermischen Anregung des Objekts (2) und zumindest
einem Detektor (5) zur Erfassung der vom Objekt (2) durch die Anregung hervorgerufenen akustischen Wellen (4), mit einer Einrich-
tung (7) zur Bewegung des Objekts (2) und bzw. oder des zumindest einen Detektors (5) relativ zueinander und mit einer Einrichtung
(8) zur Rekonstruktion des Objekts (2) aus den erfassten akustischen Wellen (4) in Abhdngigkeit der jeweiligen Lage des Objekts
(2). Zur Schaffung eines derartigen Verfahrens bzw. einer derartigen Einrichtung durch die das Objekt (2) mit méglichst niedrigem
algorithmischen Aufwand, aber mit méglichst hoher Auflésung rekonstruiert werden kann ist vorgesehen, dass der zumindest eine
Detektor (5) zumindest in einer Dimension eine Ausdehnung aufweist, welche mindestens V8.d betrdgt, wobei d den maximalen
Abstand eines Punktes des abzubildenden Objekts (2) vom Detektor (5) bezeichnet.
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Thermoacoustic tomographic method and thermoacoustic

tomograph

The invention relates to a thermoacoustic tomographic

method for imaging an object, wherein the object 1is
thermaily excited by a source and the acoustic waves
from the object, which are caused by the thermal
excitation, from different directions of the object are
detected using at least one detector and an 1image of
the object 1is reconstructed from the detected acoustic

waves and the positional information.

The invention also relates to a thermoacoustic

tomograph for imaging an object having at least one

source for thermally exciting the object, at least one
detector for detecting the acoustic waves caused by the
object by virtue of the excitation, having a device for
moving the object and/or the at least one detector
relative to one another, and having a device for
reconstructing the object from the detected acoustic

P

waves as a function of the respective position of the

object.

A wide variety of three-dimensional and two-dimensional

shapes fall under the term “object”.

If a semitransparent object is thermally excited using

a short electromagnetic pulse, for example, the sudden
thermal expansion inside the object produces a pressure
distribution which triggers an acoustic wave. The sound
pressure produced in the process 1s proportional to the
spatial distribution of the absorbed electromagnetic
energy. The thermoacoustic tomography reconstructs this
spatial distribution 1in the object from the measured
sound waves outside the object. ©5Since, for example,

carcinogenic tissue and healthy tissue have very

different electromagnetic absorption coefficients, the

thermoacoustic tomography results in good contrast when
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imaging these two types of tissue which could not Dbe
achieved using ultrasound methods, for example.
However, there are also other fields of application
besides medicine for the thermoacoustic tomography. In
previous thermoacoustic tomographic methods, small
acoustic detectors, i1deally acoustic point detectors,
are used for detecting the acoustic waves outside the
object, which detectors are moved relative to the
object, and finally an 1image of the object 1is
reconstructed from the full set of data. All previous
reconstruction methods are based on approximation
models (see, for example, R.A. Kruger, D.R. Relnecke,
G.A. Kruger: Thermoacoustic computed tomography -
technical considerations. Medical Physics, Volume 26,
Issue 9, pp. 1832 - 1837, 1997; R.A. Kruger, W.L.
Kiser, K.D. Miller, H.E. Reynolds: Thermoacoustic CT:

Imaging Principles. Proceedings SPIE 3916, pp. 150 -
159, 2000).

L.l.

US 5,840,023 A describes an optoacoustic i1maging method
for medical applications, in which the human tissue 1s
thermally excited by means of a laser. In order to
detect the acoustic waves emanating from the object, a
small detector or an array of a plurality of small
detectors 1s used. Both piezoelectric and optical

detectors can be used here.

US 6,567,688 Bl shows a thermocacoustic tomographic
method, in which biological tissue 1s thermally excited
with the aid of microwaves and the resulting sound
waves are picked up with the aid of an wultrasonic
transducer. In contrast to the above patent, this 1s a
real time scanning method and not a reconstruction
method. Here, too, a relatively small detector or an
array of a plurality of detectors which can be focussed

synthetically i1is used.
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US 6,633,774 B2 describes a thermoacoustic 1magling
system for the examination of tissue structures, which
tissue 1is thermally excited by an electromagnetic
radliation  source. A rotatable arrangement of a
plurality of detectors detects the acoustic waves
emanating from the object. Arrays of a plurality of
small detectors are used for this purpose. The object
is reconstructed approximately from the recorded data.
A plurality of radiation sources which are synchronized
with one another may also be provided for the

excitation. Piezoelements are used as detectors.

The object of the present invention 1s to provide a
thermoacoustic tomographic method and a thermoacoustic
tomograph, connecting optimum 1mage quality and
resolution wlth acceptable outlay for the
reconstruction of the 1mage data. To this end, known
reconstruction methods should be used where possible.
Disadvantages of known methods and systems should be

avoided or reduced.

The object according to the 1nvention 1s achieved, from

‘a method-related point of wview, 1n that the acoustic

waves detected by the detector are 1ntegrated at least
in one direction over a length of at least \/g-d , where
d denotes the maximum distance from a point of the
object to be imaged to the detector. This means that 1in

the method according to the invention, a detector 1is

—

used which has a size of at least \/g-d at least 1n one

dimension such that the acoustlc waves detected by the
detector are 1ntegrated over this length. On account of
the integration over this dimension of the detector,
calculation methods enabling very high resolution can

P

now be used to reconstruct the image of the object. The

size of the detector enables the measurement of the
entire sound pressure emanating from the object onto

the plane including the detector.
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Depending on the shape o0of the detector with the
dimension  according to  the invention, different
mathematical methods known from other 1imaging methods
can be used. The detector 1s moved 1n a manner KkKnown
per se about the object, or the object about the
detector, and a corresponding amount of data 1s
recorded, which finally permits a reconstruction of the
object. In previous thermoacoustic tomographic methods,
in contrast to the method according to the invention,
the measured data at the acoustic detectors 1is
interpreted as point measured data. This approximation
implies that the resolution of the reconstruction 1s
physically limited by the size of the detectors. This

approximation can be avoided by the use of large-area

integrating detectors. In this <case the spatial
resolution 1is limited only by the maximum detectable

frequency of the acoustic sound waves.

A further feature of the 1invention provides that the
acoustic waves detected by the detector are integrated
in one direction over the length of at least \/g-d . On
account of the use of linear or strip-like detectors of
this type, known mathematical reconstruction methods
can be used. This 1s due to the fact that, as opposed
to flat detectors, linear detectors of this type need
not be rotated 1in all spatial directions, but can be
gulided on a fixed pivot or the object can rotate about

a fixed pivot.

It is, of course, likewlse possible that the detectors

are large-area detectors, wherein the diameter of the
area is at least 8-d.

Provided the detectors have a planar shape, the 1mage
of the object can be reconstructed, for example, with
the aid of i1nverse Radon transformation. The Radon
transformation 18 well known in digital image

processing, which 1s why a series of calculation and
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inversion methods exist which facilitate a
reconstruction of the 1image of the object. The Radon
transformation 1s the 1linear 1integral transformation
which was defined by Johann Radon 1n 1917 and
subsequently named after him. Said Radon transformation
plays a fundamental role 1in computer tomography for the
reconstruction of two-dimensional functions from one-
dimensional projections. The 1inversion of the three-
dimensional wave equation, which 1s applied 1in point
detectors for the reconstruction, can be reduced to the
solution of a system of one-dimensional wave equations
on account of the use of the large-area detectors

according to the invention.

In the abovementioned linear detectors, combinations of

various other reconstruction methods can be used.

For the reconstruction of the image of the object, the
detected wvalues of a plurality of detectors can be
processed. This also reduces the measurement time,
since, on account of the number of used detectors, the
necessary movements of the detectors about the object

Or vice versa are reduced accordingly.

The method 1s predominantly facilitated by virtue of
the fact that the at least one detector 1is moved about
the object. It 1s also possible for the object to
rotate or for the detectors and the object to move

reciprocally with respect to one another.

Advantageously, the reconstructed 1mage of the object

1s displayed on a monitor or the like.

If the acoustic waves from the object, which are caused
by the thermal excitation, are detected 1in the
ultrasound frequency range of up to several GHz,
accordingly suiltable detectors, such as particularly

thin piezoelectric sheets or layers, can therefore be
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used to achleve a positional resolution 1in the
micrometer range. The spatial resolution of the images
of the object 1is limited only by this maximum
detectable wultrasound frequency when corresponding

detectors are used.

For the purpose of achieving improved measurement
results, the object can also be provided with contrast
agents for influencing the absorption response. Here,
as 1n other imaging methods, contrast agents customary

in medicine can be used, for example.

The object according to the invention is also achieved
by an abovementioned thermoacoustic tomograph, in which
the at least one detector has, at least 1in one
dimension, an extent of at least V8-d , where d denotes
the maximum distance from a point of the object to be
imaged to the detector. The use of detectors of this
type having a large dimension achieves the detection of
the entire sound pressure caused by the object onto the
plane of the detector. Therefore, known mathematical
methods, such as the 1nverse Radon transformation, can
be used for the reconstruction of the three-dimensional
object, and therefore stable numerical computer
algorithms can be used wilith, simultaneously,
particularly high resolution of the reconstructed

object.

The detectors can be linear or strip-like detectors

here, with the length of the detector being at least

J8.d .

In the case of the application of elongate detectors of
this type, a plurality of 1linear or strip-1like
detectors can also be arranged parallel with respect to

one another.
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The detector can, of course, likewise be a flat

detector, with the diameter of the area being at least

J8-d .

If the at least one detector has a planar shape,

firstly a simple design of the detectors and secondly

the application of the inverse Radon transformation are

made possible.

On the other hand, it 1is also possible that the at

least one detector is curved and, for example, 1s 1n
the form of a semi-cylinder, wherein, in the
reconstruction method, said shape of the detector must
be taken into account. The advantage of curved
detectors of this type lies in the fact that they have
smaller external dimensions than detectors having a
planar shape, while having the same-size area. However,
this renders the mathematical reconstruction mwmethods

slightly more complicated.

Advantageously, the wupper cut-off frequency of the
detector is several GHz. On account of such a high
upper cut-off frequency, a particularly high resolution

in the micrometer range 1s achieved.

The detector can be 1in the form of a piezoelectric
sensor which, in accordance with the piezoelectric
effect, converts the impinging sound waves directly
into electric signals. Piezoelectric materials are, for
example, PVDF (polyvinylidene £fluoride) or ZNO (zinc
oxide). Such materials are available as sheets or as
layers on substrate material of particularly low
thickness in the micrometer and even to the nanometer
range. A good positional resolution 1s achieved on

account of the particularly low thickness. The sheets

are metallized and contact-connected and therefore can
simply be <connected to the downstream electronic

circuits, in particular amplifiers.



10

15

20

25

30

35

CA 02572296 2006-12-27

WO 2006/007611 - 8 - PCT/AT2005/000244

It is likewise possible to implement the detectors by
means of different devices for the detection of
acoustic sound waves. As an example, optical sensors,
in particular optical waveguides, may be used which are
deformed by the impinging sound waves and thus cause
the signals, which are guided through the optical

wavegulde, to change.

The excitation source can be 1n the form of a laser,

with infrared lasers being particularly suitable.

As an alternative, the thermal excitation of the three-
dimensional object can also be achieved by a microwave

SOUrce.

In order  to ilmprove the sound propagation
characteristics between object and detector, the at
least one detector and the object are arranged
advantageously in a liquid coupling medium. Distilled
water or else mineral oil can be used as said liquid

coupling medium.

For the purpose of its protection, the detector can be
provided with a protective sheet. Care must Dbe taken
here that the sensitivity of the detector 1s not

reduced by this protective sheet.

A stepping motor can be used as movement device for
moving the at least one detector relative to the object

oY VvVice versa.

The reconstruction device 1s commonly 1n the form of a

computer.

Finally, a display for displaying the 1mage of the

object can be provided.
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The present invention 1is explained 1in detail with

reference to the attached drawings, 1n which:

Fig. 1 shows a block diagram of a thermoacoustic

tomograph according to the present invention;

Fig. 2 shows a linear detector according to the present

invention;

Fig. 3 shows a flat planar detector having a circular

cCross gsection:;

Fig. 4 shows a flat planar detector having a square

cross section;

Fig. 5 shows a perspective view of a concavely curved

detector; and

Fig. 6 shows the arrangement of a plurality of linear

detectors in relation to the three-dimensional object

to be imaged.

Fig. 1 shows a thermoacoustic tomograph 1 for 1maging,
for example, a three-dimensional object 2, for example
a tissue sample. The object 2 1s thermally excited Dby
means of a source 3, for example a pulsed laser or a
microwave source. The acoustic waves 4 caused by the
object 2 by virtue of the thermal exciltation are
detected by a detector 5 and the detected signals are
passed to an amplifier 6. In order to achieve a
movement of the object 2 relative to the detector 5, a
movement device 7, for example a stepping motor, 1S
connected to the object 2 or to the detector 5. The
signals originating from the amplifier 6 together with
the control signals of the movement device 7 are passed

to a device 8 for reconstructing the object 2, which

device 8 may, for example, be 1n the form of a

corresponding computer device. At the same time, the
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excitation source 3 18 also connected to the

reconstruction device 8 1in order to correspondingly
control the thermal excltation. Finally, the
reconstructed image of the object 2 can be displayed on
a display 9. In order to improve the sound propagation
characteristics from the object 2 to the detector 5,
the object 2 and the detector 5 are arranged 1n a

container 10 with a liquid coupling medium 11. Said

ligquid coupling medium 11 <can be 1in the form of
distilled water or else a mineral o©i1l having the best
possible sound propagation speeds. According to the |
invention, the detector 5 has a size of at least \/g-d
at least in one dimension, where d denotes the maximum
distance from a point of the object 2 to be 1maged to
the detector 5 (see figure 2). A plurality of detectors
5 can, of course, also be arranged one next to another
in order to reduce the recording time for the

tomographic method (not i1llustrated).

If the object 2 1s a two-dimensional object 2, the

g

rotation about one axis suffices. If a three-

dimensional object 2 1s examined, the detector 5 must
be moved tangentially about the surface of the object 2
in all possible directions or, conversely, the object 2
must be moved 1n relation to the detectors 5. In order
to reconstruct the object 2, wvarious known, new, but
also combinations of a wide variety of methods can be
used. As an example, reference 1s made to the
reconstruction described by Koéstli and Beard (K.P.
Kostli, P.C. Beard: Two-dimensional photoacoustic
imaging by use of Fousotroplc response. Applied Optics,
42 (10), 2003). When planar flat detectors 5 are used,

the reconstruction can be effected 1in a particularly

suitable manner and with little effort by means of the

two-dimensional 1nverse Radon transformation.

Figure 2 shows a perspective detailil of the position of

the detector 5 1in relation to the object 2. The
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detector 5 1is 1in the form of a linear detector, with

the dimension 1 of the detector % 1in one dimension

being at least \[g-d, where d denotes the maximum

distance from a point of the object 2 to be 1maged to
the detector 5.

Figure 3 shows an embodiment variant of a detector 5 1n

the form of a flat planar detector of cilrcular shape,
with the diameter D being at least J8-d .

Figure 4 shows a variant of a detector 5 in the form of
a flat planar detector having a sgquare cross section,
with the length 1 of the square being at least Vgld.

Finally, figure 5 shows a perspective view of a
detector 5 having a curved shape, with the radius R of
the curvature being capable of having various designs
depending on the circumstances and also on the size of
the object 2. The curvature of the detector 5 means
that the external dimensions are smaller, which means
that the detector 5 can be moved about the object 2
more easily. However, the curvature must be taken 1into

account 1n the reconstruction calculation.

p—
p—

Finally, figure 6 shows the arrangement of a plurality

of linear detectors 5 parallel with respect to one
another at a distance from the object 2. In this
embodiment, the object 2 1is rotated, for example, about

a fixed pivot and the acoustic waves emanating from the

object 2 are detected by the parallel detectors 5. For
each rotation angle of the object 2, the acoustic sound
pressure caused by the thermal excitation 1s recorded
by the detectors 5 and finally the image of the object
2 1s reconstructed from the data obtained.

The present method and the present device permit the

reconstruction of particularly highly resolved 1mages

of objects using detectors, such as pilezoelements or

optical sensors having a high cut-off frequency. The



CA 02572296 2006-12-27

WO 2006/007611 - 12 - PCT/AT2005/000244

thermoacoustic tomographic method opens up new

possibilities, in particular in medicine, which could

not be achieved using the prior art i1maging methods.
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Patent claims

1. A thermoacoustic tomograph for imaging an object,

comprising:

at least one excitation source configured to
thermally excite the object;

at least one large-area or 1integrating line

detector for detecting acoustic waves caused by the

H

object upon excitation thereof by said source, sald at

least one detector having a size chosen 1n dependence

on a distance bpbetween sald at least detector and a

-

point of the object that is furthest away from said at

least one detector, wherein d denotes the distance

petween said at least one detector and a point of the

object that 1s furthest away from said at least one

detector, and whereiln said at least one detector has at

least one dimension with an extent of at least v@ld;

a movement device for moving the object and/or the

at least one detector relative to one another; and a

device connected to said at least one detector for

—_——

reconstructing an image of the object from the acoustic

waves detected by said at least one detector in

dependence on a respective position of the object.

2. The tomograph according to claim 1, wherein said

at least one detector 1s a llinear detector or a strip-
shaped detector having a length of at least V@ld.

3. The tomograph according to claim 2, wherein said

ﬁ P

at least one detector 1s one of a plurality of mutually

parallel linear or strip-shaped detectors.

4 . The tomograph according to claim 1, wherein said

at least one detector 1s a flat detector, with a

surface having a diameter of at least v@ld.

5. The tomograph according to c¢laim 1, wherein said

at least one detector has a planar shape.
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0. The tomograph according to claim 1, wherein said
at least one detector 18 concavely curved.,
7. The tomograph according to claim 6, whereln said

at least one detector has a semi-cylindrical shape.

3 . The tomograph according to claim 1, whereln said

at least one detector has an upper cut-off frequency of

severalGHz.

9. The tomograph according to c¢laim 1, wherein said

at least one detector 1s a piliezoelectric sensor.

10. The tomograph according to claim 9, wherein said

at least one detector 1s a polyvinylidene fluoride

sheet or laver.

11. The wherein said

at least

tomograph according to claim 9,
one detector i1s a zinc oxlide sheet or laver.
said

12. The whereiln

at least

tomograph according to claim 1,
one detector 1s an optical sensor.
sald

13. The wherein

at least one detector 1s an optical wavegulde.

tomograph according to claim 12,

14. The tomograph according to claim 1, wherein said
at least one excitation source 1s a laser.

15. The tomograph according to claim 14, wherein said
laser 1s an infrared laser.

l6. The tomograph according to claim 1, wherein said

at least one excitation source 18 a microwave source.

17. The tomograph according to claim 1, wherein said
and the

disposed 1n a liquid couplling medium.

at least one detector object are commonly



5

10
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18. The tomograph according to claim 1, wherein said
at least one detector 1s provided with a protective

sheet.

19. The tomograph according to claim 1, wherein said

movement device 1s a steppling motor.

20. The tomograph according to claim 1, wherein said

reconstruction device 1s a computer.

21. The  tomograph according to claim 1, which

comprlises a display connected to saild reconstruction

device for displaying the image of the object.
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Fig. 3

Fig. 4
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Fig. 6
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