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METHOD FOR CHARACTERISING AN
ULTRASOUND WOUND IN ORGANIC
TISSUES

[0001] The present invention relates to the technical field of
high intensity focused ultrasound (HIFU) and it relates more
precisely to characterizing a lesion in organic tissues caused
by applying focused ultrasound waves.

[0002] Inthe treatment oflocalized solid cancerous tumors,
the best therapeutic option usually remains surgical excision.
That enables the cancerous tissue to be removed and, provid-
ing the surgical margins are negative, it also minimizes the
risk of localized metastases.

[0003] Nevertheless, that therapeutic approach presents
two constraints:

[0004] surgery is invasive and can reduce the benefit/risk
ratio of the treatment;

[0005] it is necessary to ensure that the surgical margins
are negative, i.e. that all of the tumor cells have indeed
been removed.

[0006] HIFU therapeutic technology provides an advanta-
geous solution that is minimally invasive. The principle con-
sists in focusing an ultrasound beam on the tumor zone for
destruction that is also referred to as the “target” zone. The
absorption of ultrasound energy by biological tissues leads to
a large increase in temperature that causes immediate and
irreversible necrosis of the tissue at the focal point of the
ultrasound beam while sparing tissues situated intermedi-
ately between the ultrasound transducer and the focal point.
[0007] In contrast, since the treatment is not invasive, the
problem of monitoring the treatment margins is complex.
During excision, the surgeon can take samples of biological
tissues, analyze them, and verify the surgical margins in order
to decide whether or not to extend the intervention (extem-
poraneous analysis). This sample taking and analysis cannot
be done when performing non-invasive HIFU treatment.
[0008] Several solutions can be envisaged for addressing
this problem. They all rely on preoperative or postoperative
imaging of high quality that makes it possible to visualize
accurately the location of the tissue zone for destruction. At
this stage, therapy margins are often established, i.e. some
minimum distance around the target zone over which the
treatment is to be extended. During the treatment, real-time
imaging devices make it possible to image the organ being
treated, to view the target zone, and to position the therapeutic
device relative thereto. At the end of the treatment, several
solutions can then be proposed for monitoring the therapeutic
margins depending on whether or not the biological lesion
that has been made is visible with the imaging means associ-
ated with the treatment device.

[0009] When the biological lesion is not visible (radio-
therapy treatment, focused ultrasound treatment on certain
organs such as the prostate), computer tools (multimode
image merging) are often used for confirming that the thera-
peutic device was properly positioned in compliance with
preoperative planning. Nevertheless, in spite of using such
“retouching” tools, it is appropriate to use therapeutic mar-
gins that are wide enough to be certain that all of the target
zone has been treated.

[0010] When the biological lesion that has been made is
visible, it is possible to observe margins visually and the
operator can verify in various section planes that the biologi-
cal lesion does indeed cover all of the target zone. Neverthe-
less, it is still appropriate to verify that the biological lesion,
as visualized, is indeed representative of the biological tissue
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zone that has been destroyed. By way of example, the image
of the destroyed biological zone may rely on local devascu-
larization of the tissue caused by the therapeutic principle
giving rise to a low-level signal in magnetic resonance imag-
ing (MRI) or in ultrasound imaging. Nevertheless, devascu-
larization is not absolutely representative of cell death and a
risk of local metastases cannot be totally set aside.

[0011] Without having imaging means that are accurately
representative of cell death and compatible with non-invasive
examination, the problem of inspecting therapeutic margins
during minimally invasive treatment remains incompletely
solved.

[0012] New ultrasound imaging techniques, also referred
to as echographic imaging, are being developed in order to
attempt to image tissue lesions that are not observable with
conventional echographic imaging of B-mode type (two-di-
mensional brightness mode).

[0013] Some rely on the difference in elasticity of tissue
after it has been heated by ultrasound treatment (elasto-
graphic imaging). The document: “Performance assessment
of HIFU lesion detection by harmonic motion imaging for
Sfocused ultrasound (HMIFU): a 3-D finite element-based
[framework with experimental validation”, by Gary Y. Hou et
al., Ultrasounds in Medicine and Biology, New York, N.Y.,
US, Vol. 37, No. 12, Sep. 6, 2011, describes such a method.
Those methods are complex and require imaging systems that
are specific and expensive, and that are not universally
deployed.

[0014] Specific image processing algorithms nevertheless
make it possible to enhance the differences in contrast
between treated and non-treated tissues in a conventional
echographic image of B-mode type. Such methods are com-
plex and often lack sufficient robustness for practical clinical
application. The document: “Ultrasound image enhancement
for HIFU lesion detection and measurement” by Sheng Yan et
al., 9th International Conference on Electronic Measurement
& Instruments, 2009-Aug. 16-19, 2009, Beijing, China—
Proceedings, IEEE, pp. 4-193-ISBN: 978-1-4244-3863-1-
Section 11 Experimental result on HIFU monitor image, pro-
poses such a method. Although enhancing contrast
differences makes it easier to distinguish between treated and
non-treated tissues, which is referred to as segmentation, it is
still necessary to have recourse to powerful algorithms in
order to enable outlines of the treated zone to be segmented
automatically. The document: “Ultrasound segmentation: A
survey”, by J. Alison Noble, IEEE Transactions on Medical
Imaging, Vol. 25, No. 8, August 2006, pp. 987-1010, proposes
a review of recent developments in the field of segmentation
and emphasizes the particular difficulty of this problem in the
field of ultrasound imaging.

[0015] Theabove-mentioned methods of image processing
and segmentation remain complex and are still not suffi-
ciently robust to be used on a generalized basis. There thus
appears a need to develop a method of characterizing lesions
in organic tissues treated with methods that are non-invasive
or minimally invasive, such as HIFU treatments.

[0016] The invention thus provides a method of character-
izing an ultrasound lesion in organic tissues, the lesion being
made by applying high intensity focused ultrasound delivered
by a probe having its emission surface presenting a shape that
is toroidal or pseudo-cylindrical.
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[0017] According to the invention, the method consists in:

[0018] after a period of at least two days from the end of

ultrasound application, acquiring at least one character-
ization image of the treated organic tissues;

[0019] detecting the presence of a contrast border in the
image; and

[0020] from the contrast border, determining the extent
of the ultrasound lesion.

[0021] In particular implementations, the method presents
one or more of the following additional characteristics, or
indeed all of them:

[0022] detecting, in the characterization image, the pres-
ence of a contrast border that is closed;

[0023] identifying, in the characterization image, the
ultrasound lesion inside the contrast border;

[0024] acquiring an ultrasound characterization image,
and identifying, within the contrast border of the ultra-
sound characterization image, a high-level echo zone
and a low-level echo zone located close to the high-level
echo zone and the contrast border;

[0025] acquiring areference image of the organic tissues
prior to applying the ultrasound, so as to visualize the
tumor and compare the reference image with the char-
acterization image in order to monitor therapeutic mat-
gins;

[0026] processing the reference and characterization
images in order to determine the extent of the ultrasound
lesion;

[0027] calculating a ratio between the area defined by the
ultrasound lesion in the characterization image and the
area defined by the tumor in the reference image in order
to deduce a margin size for the extent of the lesion;

[0028] using a plurality of characterization images and a
plurality of reference images to calculate a ratio between
the volume defined by the ultrasound lesion in the char-
acterization images and the volume defined by the tumor
in the reference images in order to deduce therefrom a
margin size for the extent of the ultrasound lesion;

[0029] acquiring the characterization image after a
period lying in the range six days to thirty days, and
preferably of about eight days; and

[0030] characterizing the lesion of organic tissues corre-
sponding to liver tissues.

[0031] The above-defined characterization method does
not contain a step seeking to apply high intensity focused
ultrasound, and thus it excludes any step of surgical or thera-
peutic treatment of the human or animal body. It seeks only to
characterize a lesion that is supposed to have been caused by
such treatment. It may comprise one or more steps that are
performed before such treatment, but nevertheless it does not
include the treatment.

[0032] Furthermore, the invention also provides a method
of treating and characterizing biological tissues in a human or
animal body, the method comprising a treatment step includ-
ing a step of applying high intensity focused ultrasound as
delivered by a probe having its emission surface presenting a
shape that is toroidal or pseudo-cylindrical, to biological tis-
sues within a human or animal body, and including the char-
acterization method as defined above.

[0033] Various other characteristics appear from the fol-
lowing description made with reference to the accompanying
drawings, which show implementations of the invention as
non-limiting examples.
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[0034] FIG. 1 shows an ultrasound therapy probe having an
emission surface of toroidal shape.

[0035] FIG. 2is a diagram showing the use of such a probe
for treating organic tissues.

[0036] FIG. 3 is an echographic image of a tumor prior to
HIFU treatment.

[0037] FIG. 4 is an echographic image of a lesion as
acquired at the end of applying ultrasound.

[0038] FIG. 5 is an echographic image of a lesion as
acquired after a period of eight days measured from the end of
applying ultrasound.

[0039] Inthe presentdescription, the invention is described
in its application to characterizing an ultrasound lesion in
organic tissues caused by applying high intensity focused
ultrasound. The ultrasound is delivered by a therapy probe 1
shown in FIG. 1 having an emission surface that is toroidal in
shape. The therapy probe 1 is adapted to treat tissue in a living
being by means of high intensity focused ultrasound (HIFU).
The therapy probe 1 includes in particular a transducer 2
having one or more ultrasound emitters 3 such as piezoelec-
tric elements, for example. These ultrasound emitters 3 are
connected by coaxial cables 5 via an amplifier stage 6 to a
control circuit 7 that delivers signals for activating the ultra-
sound emitters 3. The control circuit 7 is not described in
greater detail since it forms part of the technical knowledge of
the person skilled in the art. The control circuit 7 thus com-
prises in conventional manner a controlled signal generator
that is connected to the ultrasound emitters via the amplifier
stage 6.

[0040] The transducer 2 presents a face 8 for emitting ultra-
sound waves that are focused on a focal zone Z. As shown
more particularly in FIG. 2, this emission face 8 is a surface of
revolution generated by rotating around an axis of symmetry
S a concave or convex curve segment 9 of length 1 presenting
a center of curvature C and located at a distance R from the
axis of symmetry S, where R is not zero. The surface of
revolution 8 is generated by a circularly arcuate segment of
length 1, of radius r, and of center ¢ that lies at a distance R
from the axis of symmetry S, where R is not zero. The shape
of this surface of revolution 8 is considered to be a toroidal
shape.

[0041] In the example shown in FIG. 2, the center of cur-
vature C and the curve segment 9 are located on the same side
of the axis of symmetry S. It should be observed that provi-
sion could be made for the center of curvature C to be situated
on the side of the axis of symmetry S that is opposite from the
curved segment 9. In this variant, the emission face 8 is
considered to be the result of a crossed toroidal shape.
[0042] In the embodiment shown in FIG. 2, the surface of
revolution 8 is generated by a circularly arcuate segment
having its concave side facing towards the axis of symmetry
S. Naturally, the surface of revolution 8 may be generated by
a segment of a curve other than a circular arc. Thus, the
surface of revolution 8 may be generated by a segment of a
curve for which the distance r between each point of the curve
segment and the center of curvature C presents variation that
is continuous (without any point of inflection), e.g. such as an
elliptical curve segment.

[0043] As canbe seen from the above description, the emis-
sion face 8 of the transducer is of toroidal shape. In general
manner, the emission face 8 of the transducer presents a shape
that is a function of the shape of the curve segment generating
the ultrasound emitting surface by being rotated about an axis
of symmetry, which curve segment may present a variety of
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shapes. Thus, by way of example, the emission face 8 may be
generated by moving two symmetrical curve segments in
translation in a direction perpendicular to the profile plane
containing the two curve segments. Each curve segment is
concave in shape and of finite length. In this variant, the
emission face 8 presents a pseudo-cylindrical shape.

[0044] In known manner, the ultrasound probe 1 is posi-
tioned by an extracorporeal, peroperative, or endocavity
approach so that the focal zone Z of the ultrasound waves has
the effect of creating an ultrasound lesion in the organic
tissues in the target or treatment zone T corresponding to the
tumor that is to be treated. FIG. 3 shows an example of an
image Ir of a target zone T corresponding to the tumor to be
treated. This “reference” image Ir is a preoperative or perop-
erative image of the target zone T taken before the HIFU
treatment.

[0045] Conventionally, the focal zone Z of the ultrasound
waves is moved so as to treat all of the target zone T in order
to obtain an ultrasound lesion in the target zone T, i.e. tissue
necrosis in this zone. Such movement is obtained by moving
the ultrasound probe 1 or by electronically controlling the
ultrasound emitters 3. This stage of applying ultrasound
waves by means of a probe 1 is not described in greater detail
since it is well known to the person skilled in the art and does
not form part of the subject matter of the invention.

[0046] The method of the invention thus seeks to charac-
terize such an ultrasound lesion in organic tissues in the target
zone T as obtained by applying high intensity focused ultra-
sound as delivered by the probe having an emission surface
that presents a shape that is toroidal or pseudo-cylindrical.
The invention is described in the description below in its
application to the example of the liver. Nevertheless, it may
also be applied to the tissues of other organs of the human
body, such as, for example: the pancreas, the breasts, the
uterus, the kidneys, or the placenta.

[0047] FIG. 4 shows an “initial” characterization image Ici
of the ultrasound lesion as acquired immediately after apply-
ing the ultrasound. In the described implementation, FIG. 4 1s
an echographic image of the target zone T acquired using an
ultrasound imaging system. Nevertheless, it should naturally
be understood that the invention is not limited to echographic
images, but also covers images obtained by MRI or by scan-
ner.

[0048] FIG. 4 shows a zone 14 generating high levels of
echo that is characteristic of the ultrasound lesion. During the
heating as a result of focused ultrasound, the hepatocytes or
cells of the liver in the focal zone are destroyed. In this
necrosed zone, numerous cavities appear. Each cavity is
located at the center of a liver lobule and coincides with the
central vein. The presence of these cavities or tissue gaps
explains the high level echo appearance of this ultrasound
lesion zone 14.

[0049] Furthermore, the characterization image Ici also
shows a low-level echo zone 15 located close to the high-level
echo zone 14, which zone 15 was subjected during the appli-
cation of ultrasound waves to a rise in temperature to a tem-
perature lower than the temperature in the high-level echo
zone 14. In this low-level echo zone 15, the ultrasound treat-
ment gives rise to cell lysis, with destruction of the cytoplas-
mic organelles that were initially present in the hepatocytes.
The disappearance of these organelles explains the low-level
echo appearance of this lesion zone 15 surrounding the necro-
sed zone 14.
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[0050] The invention thus sets out to characterize the ultra-
sound lesion T corresponding to the high-level echo zone 14
and to the low-level echo zone 15. For this purpose, the
method of the invention consists initially, after a period of at
least two days from the end of applying ultrasound, in acquir-
ing at least one characterization image Ic for characterizing
the organic tissues. The period of at least two days preferably
lies in the range six days to thirty days and typically is about
eight days. This characterization image Ic, shown in FIG. 5, is
an echographic image of the treated zone taken by an ultra-
sound imaging system, however it is clear that such a char-
acterization image could be obtained by imaging systems of
some other type.

[0051] According to an essential characteristic, the method
then consists in detecting the presence of a contrast border 16
in the characterization image Ic in order to determine the
extent of the lesion. The term “contrast border” should be
understood to mean a more or less continuous line of narrow
width that presents light intensity that is greater than that of
the surrounding tissues corresponding to a high-level echo
signal. The contrast border 16 appears pale in the example
shown in FIG. 5. Advantageously, the method consists in
detecting in this image the presence of a contrast border 16
that presents a closed outline.

[0052] Advantageously, it is found that this border can eas-
ily be detected in an image obtained by conventional ultra-
sound imaging, i.e. of the B-mode type (two-dimensional
brightness mode), of the kind that is presently widely avail-
able at low cost and without needing to have recourse to
complex image processing algorithms seeking to enhance
contrasts that are insufficient between zones that have been
treated and zones that have not been treated. The method
makes it possible to detect a contrast border by detecting a
discontinuity in the acoustic impedance of the analyzed tis-
sues, which acoustic impedance discontinuity is detected
directly and visible in conventional B-mode ultrasound imag-
ing without requiring any particular additional processing.
[0053] TItshould be understood that during HIFU treatment,
the heat delivered by ultrasound emission weakens the
plasma membranes of peripheral cells. Such damaged mem-
branes then become porous. By the osmosis effect, a large
quantity of calcium penetrates into the cytoplasm. If the cell
is still functional, regulation of the intracellular concentration
of calcium is then performed by mitochondria. When the ion
concentration increases, the mitochondria convert the dis-
solved calcium into a solid precipitate. Since this phenom-
enon is permanent, each mitochondrion then becomes a crys-
tal seed enabling crystal growth to be initialized. Thereafter,
amultitude of calcium grains as formed in this way cause the
border 16 to be formed.

[0054] Typically, in the echographic image, the border 16
generates high-level echoes. More precisely, the border 16 is
formed by precipitates of hydroxyapatite. In the characteriza-
tion image, and as explained above, numerous islands of solid
material appear corresponding to agglomerations of precipi-
tated calcium. Between applying the ultrasound and taking
the characterization image, the organism has created a shell of
calcium around the lesion properly speaking. The disconti-
nuity in acoustic impedance caused when ultrasound passes
from liver tissue to the calcified medium leads to a high-level
echo signal being created in the characterization image Ic,
which signal takes the form of the contrast border.

[0055] The appearance of this border 16 over time, after a
period of at least two days and typically of at least six days,
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makes it possible to monitor which zones were destroyed as a
result of the ultrasound treatment. The hepatocytes situated
outside the border 16 are not destroyed irreversibly and
present normal functioning without precipitating calcium.
Conversely, the hepatocytes situated within the border 16
have been subjected to heating due to the HIFU treatment and
are characterized by irreversible coagulation necrosis. Since
their functioning has been destroyed completely, those hepa-
tocyes do not precipitate any calcium. The hepatocytes situ-
ated in the transition zone between healthy tissue and
destroyed tissue are merely weakened, and they conserve
sufficient activity to precipitate calcium and form the contrast
border. The border 16 thus serves to characterize the extent of
the ultrasound lesion T.

[0056] The formation of the high-level echo and low-level
echo zones 14 and 15 and the formation of the border 16 are
the result of the toroidal or pseudo-cylindrical shape of the
ultrasound transducer 2 that was used. In comparison with
present technologies (spherical shape) for focusing ultra-
sound waves in small volumes that are juxtaposed with one
another, toroidal or pseudo-cylindrical shapes enable ultra-
sound energy to be deposited massively in a large volume
creating a vast central zone that has been subjected to intense
insonification and in which cavities form giving the high-
level echo appearance. At the periphery of this zone, insoni-
fication is less intense and leads merely to cell lysis, which
appears in the form of a low-level echo image. The contrast
border 16 1s formed by cells situated at the end of the transi-
tion zone between the lysed cells and healthy cells.

[0057] As can be seen more clearly in FIG. 5, the border 16
surrounds the low-level echo zone 15, which itself surrounds
the high-level echo zone 14, as explained above. The low-
level echo and high-level echo zones 15 and 14 remain
present in the characterization image Ic. Once the border 16
has been detected in the characterization image Ic, the inven-
tion advantageously makes it possible to identify the ultra-
sound lesion T, i.e. the high-level echo zone 14, and the
low-level echo zone 15 that is located close both to the high-
level echo zone 14 and to the contrast border 16.

[0058] Thus, in the invention, it suffices to identify the
presence of the border 16 in the characterization image Ic in
order to determine the extent of the lesion. This identification
of the border 16 in order to determine the extent of the ultra-
sound lesion in accordance with the invention can be per-
formed visually or by using digital image processing. Typi-
cally, detecting the border 16 consists in using image
processing to detect a closed border or a closed loop made up
of a set of points.

[0059] In a preferred implementation of the invention, the
method consists in acquiring a reference image Ir of organic
tissues before applying ultrasound, in order to visualize the
tumor, e.g. such as the image shown in FIG. 3. The method
consists in comparing the reference image Ir with the char-
acterization image Ic in order to verify the size of the margin
and confirm that negative margins are present.

[0060] Furthermore, comparing the reference and charac-
terization images Ir and Ic makes it possible to deduce a
margin size for the extent of the lesion. In the invention, this
can be done merely by calculating a ratio between the area
defined by the ultrasound lesion in the characterization image
Ic and the area defined by the tumor in the reference image Ir
in order to deduce a margin size for the extent of the ultra-
sound lesion. In an advantageous implementation, the inven-
tion consists in taking a plurality of reference images Ir and a
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plurality of characterization images Ic. This makes it possible
to determine firstly a volume defined by the ultrasound lesion
in the characterization images Ic and secondly the volume
defined by the tumor in the reference images Ir, and then to
deduce therefrom a margin size for the extent of the ultra-
sound lesion as a function of the volumes.

[0061] The invention is not limited to the examples
described and shown since various modifications may be
applied thereto without going beyond its ambit.

1. A method of characterizing an ultrasound lesion (T) in
organic tissues, the lesion being made by applying high inten-
sity focused ultrasound delivered by a probe (2) having its
emission surface presenting a shape that is toroidal or pseudo-
cylindrical, the method being characterized in that it consists
in:

after aperiod ofat least two days from the end of ultrasound

application, acquiring at least one characterization
image (Ic) of the organic tissues;

detecting the presence of a contrast border (16) in the

characterization image (I¢); and

from the contrast border (16), determining the extent of the

ultrasound lesion.

2. A method according to claim 1, characterized in that it
consists in detecting, in the characterization image (Ic), the
presence of a contrast border (16) that is closed.

3. A method according to claim 1 or ¢laim 2,

characterized in that it consists in identifying, in the char-

acterization image (Ic), the ultrasound lesion inside the
contrast border (16).

4. A method according to any one of claims 1 to 3, charac-
terized in that it consists in acquiring an ultrasound charac-
terization image (Ic), and in identifying, within the contrast
border (16) of the ultrasound characterization image (Ic), a
high-level echo zone (14) and a low-level echo zone (15)
located close to the high-level echo zone (14) and the contrast
border (16).

5. A method according to any one of claims 1 to 4, charac-
terized in that it consists in:

acquiring a reference image (Ir) of the organic tissues prior

to applying the ultrasound, so as to visualize the tumor
and compare the reference image (Ir) with the charac-
terization image in order to monitor therapeutic margins.

6. A method according to claim 5, characterized in that it
consists in processing the reference and characterization
images (Ir, Ic) in order to determine the extent of the ultra-
sound lesion.

7. A method according to claim 4 or claim 5,

characterized in that it consists in calculating a ratio

between the area defined by the ultrasound lesion in the
characterization image (Ic) and the area defined by the
tumor in the reference image (Ir) in order to deduce a
margin size for the extent of the lesion.

8. A method according to claim 5 or claim 6,

characterized in that it consists in using a plurality of char-

acterization images (Ic) and a plurality of reference
images (Ir) to calculate a ratio between the volume
defined by the ultrasound lesion in the characterization
images (Ic) and the volume defined by the tumor in the
reference images (Ir) in order to deduce therefrom a
margin size for the extent of the ultrasound lesion.

9. A method according to claims 1 to 8, characterized in
that it consists in acquiring the characterization image (Ic)
after a period lying in the range six days to thirty days, and
preferably of about eight days.
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10. A method according to claims 1 to 9, characterized in
that it consists in characterizing the lesion of organic tissues
corresponding to liver tissues.

11. A method of treating and characterizing biological
tissues in a human or animal body, the method comprising a
treatment step including a step of applying high intensity
focused ultrasound as delivered by a probe having its emis-
sion surface presenting a shape that is toroidal or pseudo-
cylindrical, to biological tissues within a human or animal
body, and including the characterization method according to
any of the above characteristics.

® 0% % % %
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