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Description

[0001] The field of the invention is that of phantoms needed for calibrating and evaluating the performance of medical
imaging instruments and the algorithms used for processing the images produced.

[0002] These phantoms are used to simulate the optical and/or acoustic properties of an organ and its environment.
They also make it possible to simulate diseased organs containing, for example, tumours. They are manufactured in a
reproducible and controlled manner.

[0003] However, most of the time these phantoms are dedicated to single-modality (monomodal) imaging, which may
be optical or acoustic. However, recently, multi-modality (multimodal) imaging has experienced considerable growth in
the medical diagnostic field. This is because it makes it possible to obtain both morphological and functional information.
The morphological information is obtained by the use of x-rays or ultrasound. The functional information is obtained by
using PET (positron emission tomography), MRI (magnetic resonance imaging) or fluorescence techniques. In particular,
coupling ultrasonic imaging with fluorescence imaging seems to be particularly relevant for certain medical applications,
such as mammography or diseases of the brain, prostate or testicles, since these two imaging techniques are compatible
in terms of cost, size of the probes and depth of penetration. In this case, the phantom must enable both optical properties
and acoustic properties to be simulated. The optical properties to be simulated are the light absorption (p.a) and the light
scattering (us’) by the organ. The ultrasonic properties to be simulated are the power backscattered by the organ, which
may be determined by measuring the average intensity of the signal coming from one or more sensors constituting an
echographic probe. These ultrasonic parameters are also statistical parameters of the signal, such as the signal-noise
ratio, or indicators determined by processing the acoustic signal such as, for example, the effective density of the
scatterers present.

[0004] The literature describes phantoms for simulating the ultrasonic characteristics of living tissue. In particular,
mention may be made of the following publications: de Korte, C. L., Pasterkamp, G., van der Steen, A. F. W., Woutman,
H. A. and Bom, N. (2000), "Characterization of Plague Components With Intravascular Ultrasound Elastography in
Human Femoral and Coronary Arteries In Vitro", Circulation 102(6), 617-623; Ryan, L.K. and Foster, F.S. (1997) "Tissue
equivalent vessel phantoms for intravascular ultrasound." Ultrasound in Medicine and Biology 23: 261-273 and also
Madsen, E.L., Berg, W.A., Mendelson, E.B. and Frank, G.R., "Anthropomorphic breast phantoms for qualification of
Investigators for ACRIN Protocol 6666", Radiology, 2006 June, 239(3):869-74.

[0005] There are also publications on the simulation of optical characteristics, such as scattering and absorption. The
following publications may be mentioned: Hebden, J.C., Price, B.D., Gibson, A.P., et al. "A soft deformable tissue-
equivalent phantom for diffuse optical tomography", Physics in Medicine and Biology, Volume: 51 Issue: 21 Pages:
5581-5590 and Baeten, J., Niedre, M., Dunham, J., et al., "Development of fluorescent materials for diffuse fluorescence
tomography standards and phantoms", Optics Express Volume: 15 Issue: 14 Pages: 8681-8694.

[0006] In publication Yang Sun, Kuo-Chih Liao, Yingshua Sun, Jesung Park, Laura Marcu (2008): "Novel tissue phan-
tom for testing a dual-modality diagnostic system: time-resolved fluorescence spectroscopy and high frequency ultra-
sound", Proc. of SPIE Vol. 6780, a phantom for medical imaging instrumentation is disclosed. Said phantom comprising
a hydrogel matrix which contains fluoroscein isothiocyanate and silicon dioxide particles for simulating the optical and
acoustic properties of a living organ or tissue.

[0007] In publication Gloria M Spirou et al (2005): "Optical and acoustic properties at 1064nm of polyvinyl chloride-
plastisol for use as a tissue phantom in biomedical optoacoustics; Optical and acoustic properties of PVCP", Physics in
Medicine and Biology, Vol. 50, No. 14, N141-N153 an optoacoustic phantom made of polyvinyl chloride-plasticol which
contains both titanium dioxide and black plastic colour as additives is disclosed.

[0008] Also found are bimodal phantoms for other imaging modes. Thus, Bronskill's team describes, in the reference
publication McDonald, M., Lochhead, S., Chopra, R. and Bronskill, M.J. (2004), "Multi-modality tissue-mimicking phantom
for thermal therapy."Physics in Medicine and Biology 49: 2767-2778, a phantom mimicking the ultrasonic and optical
properties of living tissue. However, this phantom represents only the light absorption characteristic and not the essential
scattering characteristic

[0009] The phantom according to the invention is defined in independent claim 1 and dependent claims 2-14, and
makes it possible to simulate all the optical and acoustic properties of an organ that are necessary for bimodal medical
imaging. It also makes it possible to simulate a diseased organ or the surrounding tissue. The method of obtaining it
comprises a certain number of simple steps for obtaining a high-quality standard that remains constant over time. By
varying the concentrations of the various components and the durations and parameters of the various steps or phases
of the method, a large number of possible configurations may be simulated.

[0010] More precisely, one subject of the invention is a phantom for medical imaging instrumentation, comprising at
least a first hydrogel matrix, said matrix containing additives for simulating the optical and acoustic properties of a living
organ or tissue, characterized in that the additives are an absorbent liquid, silica powder and titanium dioxide powder.
[0011] Advantageously, the hydrogel consists of a mixture of water and PVA (polyvinyl alcohol); the volume concen-
tration of PVA is between 5% and 20% of the volume of water; the absorbent liquid is Indian ink or haemoglobin; the
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volume concentration of the absorbent liquid is between 0% and 0.25% of the volume of water; the weight concentration
of silica powder is between 0% and 4% of the weight of water and the weight concentration of titanium dioxide powder
is between 0.0025% and 0.25% of the weight of water.

[0012] Advantageously, the phantom contains a tumour simulator in solid or in liquid form. In the latter case, said
simulator may comprise at least one envelope containing the liquid, which liquid may be bovine haemoglobin or Indian
ink, the concentration of which is greater than that of the absorbent liquid of the phantom, the envelope possibly being
a polystyrene bead or a glass or Teflon (PTFE) capillary tube.

[0013] Advantageously, the phantom comprises several hydrogel matrices, each matrix containing additives for sim-
ulating the optical and acoustic properties of a different living organ or tissue so as to simulate an organ and its envi-
ronment, the additives being Indian ink, silica powder and titanium dioxide powder in different concentrations depending
on the simulated organ or tissue.

[0014] In one particular application, the simulated organ is a prostate gland.

[0015] Another subject of the invention, which is defined in independent claim 15 and dependent claims 16-17, is the
method of producing said phantom, the latter comprising at least a first hydrogel matrix produced according to at least
the following steps:

- distilled water is poured into a container;

- Indian ink is added to this distilled water;

- PVA powder is added;

- the above components are mixed together in a container of the beaker type with magnetic stirring, the mixture being
thermostatically controlled;

- silica powder is added during mixing;

- titanium dioxide is added during mixing;

- the mixture is heated and stirred;

- the mixture is subjected to a vacuum; and

- freeze-thaw cycles are carried out

[0016] Advantageously, the number of freeze-thaw cycles is between 1 and 10, preferably between 2 and 6.

[0017] The matrices may be moulded in nylon moulds having the shape of the simulated organ.

[0018] The invention will be better understood and other advantages will become apparent on reading the following
description given by way of non-limiting example and by examining the appended figures in which:

- Figure 1 shows the variation in the ultrasonic parameter p. (apparent integrated backscatter or AIB) as a function of
the number of freeze cycles;

- Figure 2 shows the variation in the optical scattering coefficient us’ as a function of the number of freeze cycles;

- Figure 3 shows the variation in the optical scattering coefficient us’ as a function of the amount of TiO,;

- Figure 4 shows the variation in the ultrasonic parameter . (AIB) as a function of the amount of TiO,;

- Figure 5 shows the variation in the effective amount of scatterer a as a function of the amount of TiO,;

- Figure 6 shows the variation in the ultrasonic parameter p (AIB) as a function of the amount of SiO, given as a
percentage of the weight of distilled water;

- Figure 7 shows the variation in the ultrasonic parameter . (AIB) as a function of the amount of SiO,, without TiO,
and with TiOy;

- Figure 8 shows the variation in the ultrasonic parameter . (AIB) as a function of the freeze cycles and the amount
of SiO, as a percentage of the weight of water;

- Figure 9 shows a first set-up for characterizing the optical properties of the phantom by a photon counting system;

- Figure 10 shows a second set-up for characterizing the optical properties of the phantom by a fluorescence tomog-
raphy system; and

- Figure 11 shows a perspective view of a prostate phantom and its environment according to the invention.

[0019] The objective of the invention is to produce a low-cost phantom for obtaining, within as wide a range as possible,
the optical and ultrasonic properties of the organ that it is sought to simulate and as simply as possible. To be able to
be easily exploited, this phantom must have a certain consistency and must not be degraded over time, thus avoiding
any sedimentation effect.

[0020] The method of production according to the invention essentially consists in producing a hydrogel matrix into
which additives are successively incorporated, which give said matrix ultrasonic and optical properties as close as
possible to living tissue. Finally, the matrix undergoes physical treatments, such as a vacuum treatment and low-tem-
perature cycles so as to perfect the characteristics of the phantom.

[0021] Itis also possible to add one or more inclusions to this matrix that simulate one or more labelled tumours. The
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phantom may comprise several matrices, each matrix containing additives for simulating the optical and acoustic prop-
erties of a different living organ or tissue so as to simulate an organ and its complete environment.

[0022] The method of production according to the invention consists in producing a matrix filled with additives. Several
types of hydrogel may be used. Notably, the following may be mentioned: agar-agar, a product extracted from certain
algae; agarose gel, which is purified agar-agar; animal gelatin; or combinations of these components. The most appro-
priate is a PVA hydrogel, PVA having the advantage of being stable over a long time. It is largely insensitive to thermal,
humidity and light variations. It is insensitive to photo-bleaching. lts optical refracted index of 1.36 is also close to that
of human tissue, which varies between 1.33 and 1.55. By applying freeze/thaw cycles to the hydrogel, it goes from a
viscous consistency to a firmer, more consistent and stronger state thus approaching the biological media to be simulated.
Finally, additional molecules may be added without difficulty thereto during its preparation.

[0023] To give an example, for a PVA-based matrix having a volume of about 200 ml, the protocol for forming the
matrix is the following:

- inafirst step, Indian ink and demineralised water are mixed together;

- next, the PVA powder is diluted in the water-ink mixture. The molecular weight of the PVA may vary from 1000 g/mol
to more than 100 000 g/mol. A molecular weight of 72 000 g/mol may be chosen;

- after a first step of heating and mixing with a magnetic stirrer, the solution is then kept mixed so as to avoid any
solid residue;

- next, mixing continues for one hour thirty minutes at a temperature of approximately 80°C with a heating magnetic
stirrer, adding the various additives that will give the optical and ultrasonic properties. Once the mixture is homoge-
neous, it is poured into a solid mould and then degassed using a vacuum pump. The gel is then kept under a vacuum
of about 510 mm of mercury for about 30 minutes; and

- finally, the gel is placed in a freezer programmed to carry out freeze-thaw cycles.

[0024] It should be noted that, to avoid difficulties associated with preparing greatly different volumes, mixtures cor-
responding to a given amount of distilled water may be systematically prepared, whatever the final volume of the simulated
organ. This thus avoids having to adjust the amounts, the temperatures and the cycle times. Only the useful amount of
gel is then kept.

[0025] The additives for simulating the optical properties are Indian ink and titanium oxide (TiO,) powder. Adding ink
to the distilled water serves to simulate light absorption characterized by the absorption coefficient pa. The TiO, particles
serve to simulate optical scattering characterized by the reduced scattering coefficient us’. The additives for simulating
the ultrasonic properties are particles small enough in size in comparison with the wavelength of the emitted ultrasonic
wave for simulating the acoustic scattering property. To give an example, silica (SiO,) particles with a mean size of 10
microns are chosen. This compound has already been used previously in the production of ultrasonic phantoms. In this
regard, the following publication may be mentioned: J. Fromageau, E. Brusseau, D. Vray, G. Gimenez and P. Delachartre,
"Characterization of PVA cryogel for intravascular ultrasound elasticity imaging", IEEE Trans. Ultrasonic, Ferroelectric
and Frequency Control, 50(10):1318-1324, 2003.

[0026] The freeze-thaw cycles have an important effect on the optical properties of the matrix. To give an indication,
a cycle lasting one day may comprise a freeze phase of about 10 hours at a temperature of -15 °C followed by a thaw
phase of 14 hours at room temperature 20°C. Both the freezing and the thawing must be complete. Therefore, the
freezing and thawing times must be adapted to the size of the gels. Preferably, the temperature is periodically checked
during these cycles.

[0027] To summarise, in order to obtain the optical and ultrasonic properties of the simulated organ, it is possible to
vary four parameters of the matrix, namely:

- the number of freeze-thaw cycles;

- the density of silica (SiO,) particles, which mainly acts on the acoustic scattering;

- the density of titanium oxide (TiO,) particles which mainly acts on the optical scattering; and
- the volume of Indian ink, which acts mainly on the optical absorption.

[0028] These parameters may be interdependent.
[0029] The optical properties of the phantom that are measured and have to have values close to the organ simulated

by the phantom are the following:

- s’ (in cm1), namely the reduced scattering coefficient; and
- ua (in cm '), namely the absorption coefficient.

[0030] These parameters vary with wavelength. It is usual to work with wavelengths lying in the red or near infra-red,
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in the 650 to 900 nanometre range.
[0031] Theultrasonic properties of the phantom that are measured and have to have values close to the organ simulated
by the phantom are the following:

-, namely the apparent integrated backscatter (AIB) calculated from the average intensity of the scattered signal;
- SNR, namely the signal/noise ratio;
- o, namely the effective density of scatterers.

[0032] It is very difficult to ensure reproducibility of the p measurement between several echographs, as p. depends
on the operating conditions, the probe used and post-treatments carried out. Thus, it is preferable to work in a relative
manner on this parameter, hence the name "apparent" backscatter power. The parameter . is a dimensionless quantity,
namely the ratio of the measured average to the average of a reference phantom. Since a region of interest is examined,
it is an "integrated" backscatter power. Thus, in the end, the parameter . is called the apparent integrated backscatter
or AIB.

[0033] Inorderto give anidea of the orders of magnitude of the optical and ultrasonic characteristics of human organs,
the example of the prostate and its environment, comprising the rectal wall and surrounding tissue, may be taken. Among
the articles in the literature, the paper by Svensson, T., et al., "In vivo optical characterization of human prostate tissue
using near-infrared time-resolved spectroscopy". Journal of Biomedical Optics, 2007. 12(1) gives the optical character-
istics of the prostate at red wavelengths.

[0034] As regards the ultrasonic properties, the three parameters measured on the prostate and described in the
literature are very variable. However, representative ranges of these parameters may be determined.

[0035] Tosummarise, the values of the optical and ultrasonic parameters of the prostate and its environment are given
in Table | below, the values in square brackets indicating the extreme values found:

Table |
Parameter Rectal wall Prostate Surrounding tissue
pa (cm ) 0.1 0.4 0.4
ps’ (cm 10 7 7
B 3u(P)-1.5-3u(P)] w(P)* 3u(P)-[1.5-3u(P)]
SNR 1.4-[1.3-1.7] 1.5-[1.3-1.7] 1.4-[1.3-1.7]
o 1.5-[1-4] 2.5-[1-4] 1.5-[1-4]
*The prostate is the organ taken as reference for calibrating the rectal
wall and the surrounding tissue.

[0036] These various optical and ultrasonic parameters are measured and monitored by means of monitoring equip-
ment.

[0037] As a first example illustrated in Figure 9, the equipment for optically characterizing a phantom 10 consists of
a preferably wavelength-tuneable pulsed laser source 11, optical transmission fibres 12 and 13 and a time-resolved
detection system 14, 15. The light output by the source 11 is injected into the phantom 10 via a first, excitation fibre 12.
After propagation and scattering in the phantom, the light is collected by a second, detection fibre 13 that sends the light
to a time-resolved measurement device consisting of a photomultiplier 14 and a TCSPC (time-correlated single-photon
counting) system 15 connected to a computer 16. A high-speed photodiode 17 takes off part of the pulsed optical system
emitted by the source 11 and ensures synchronization with the counting system. The detection system makes it possible
to obtain, after integration over a large number of emission pulses, reliable photon arrival time statistics. By comparing
the experimental data with a model, these statistics may be used to obtain an approximate value of the absorption
coefficient pa and scattering coefficient ps’ of the object studied.

[0038] As a second example, the ultrasonic characterization is carried out by means of an echograph, comprising an
ultrasonic probe that generates raw RF (radiofrequency) images. These raw images are acquired at the output of the
probe before the transformations necessary for adjusting the display, such as the amplification or variable gain as a
function of the depth. This data is used to calculate the envelope that will produce the resulting image, which is displayed
on the screen of the echograph. To measure the characteristics of the medium, which are independent of the adjustments
ofthe imaging system, itis necessary to analyse the RF image. By statistically analysing the RF images and the envelope,
it is possible to differentiate the various types of biological tissue, as demonstrated in the publication by J.M. Thijsen,
"Ultrasonic speckle formation, analysis and processing applied to tissue characterization", Pattern Recogn. Lett. 24
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(2003) 659-675. A K distribution model may be used to estimate the various parameters that account for the echogenicity,
the local heterogeneity or the volume texture of tissue. "Echogenicity" is understood to mean the capability of organs to
produce images of different tonality when ultrasonic waves pass through them. This model has the advantage of including
the other ultrasonic statistical models, for example of the Rayleigh type. To give an example, the article by O. Bernard,
B. Touil, J. D’hooge and D. Friboule, "Statistical modeling of the radio-frequency signal for partially and fully developed
speckle based on a generalized Gaussian model with application to echocardiography”, IEEE Trans. Ultrason. Ferroe-
lectr. and Freq. Control, 54(10):2189-2194, 2007 gives information about this type of model.

[0039] To measure these parameters, the phantom is placed in water. The ultrasonic probe is placed above the
phantom and several images are acquired after the probe has been moved transversely along the phantom. The signal
is analysed in a small region around the focal spot, which is placed at the centre of the phantom.

[0040] The average and the standard deviation of these parameters are calculated over all the images acquired during
the transverse scanning of the phantom, so as to improve and determine the measurement precision. It is preferable to
carry out a large number of discrete acquisitions so as to obtain good measurement statistics.

[0041] Figures 1 to 8 show the variation in the various optical and ultrasonic parameters as a function of the four
principal parameters of the matrix, these being the number of freeze-thaw cycles, the density of silica (SiO,) particles,
the density of titanium oxide (TiO,) particles and the volume of absorbent liquid, in this case Indian ink. Of course, the
ranges of each parameter are chosen so as to give optical and ultrasonic characteristics representative of the simulated
organs.

[0042] Figures 1 and 2 show that the ultrasonic parameter . or AIB and the optical parameter ps’ increase very
significantly with the number of freeze-thaw cycles of a cryogel phantom containing no additive.

[0043] Figures 3, 4 and 5 show that adding TiO, has an influence not only on the optical parameter us’ (Figure 3) but
also on the ultrasonic parameters p and o (Figures 4 and 5).

[0044] Figure 6 shows that the addition of SiO, has an influence on the ultrasonic parameter p..

[0045] Figure 7 shows that the addition of SiO, has an influence on the ultrasonic parameter p. and that this influence
is different depending on whether or not the phantom contains TiO,. Thus, the lower curve in this figure represents the
variation in the ultrasonic parameter p as a function of the amount of SiO,, with no addition of TiO, powder - itis identical
to the curve shown in Figure 6. The upper curve represents the variation in the ultrasonic parameter . as a function of
the amount of SiO, with a set amount of TiO, present.

[0046] Finally, Figure 8 shows the mutual influence of the parameters, as may be seen in the set of curves, when
SiO,, TiO, and ink are present. These curves are plotted as a function of the number of freeze-thaw cycles, varying
between 1 and 6. In the first curve on the left, the SiO, and TiO, concentrations are zero. For the other three curves,
the amount of TiO, is fixed at 80 mg/200 ml of water and the amount of ink at 40 /200 ml, the amount of SiO, varying
from 0.4 to 1.6%. These curves make it possible to choose the values of the parameters for fixing the desired properties
of the phantoms. It should be noted that with the addition of SiO, and/or TiO,, the number of freeze-thaw cycles has
very little influence on the ultrasonic and optical parameters, whereas without SiO, and/or TiO,, the freeze cycles have
a major influence.

[0047] These measurements show that it is possible, by varying the various parameters, to simulate all of the optical
and ultrasonic properties of organs very appropriately. They also show that there is interdependence between the four
main parameters of the matrix.

[0048] To summarise, in order to produce a phantom representative of an organ, the parameters must lie within the
following ranges:

- number of cycles: between 1 and 10, preferably between 2 and 6;

- PVA concentration: between 5 and 20%, preferably 10%;

- TiO, content: between 5 and 500 mg/200 ml, preferably between 5 and 200 mg/200 ml;
- silica content: between 0 and 4%, preferably between 0.2 and 2%;

- amount of ink: between 1 and 500 /200 ml, preferably between 1 and 100 1/200 ml.

[0049] An alternative to using Indian ink is to use haemoglobin, for example bovine haemoglobin. In this case, the
concentration is similar to the Indian ink concentration specified above.

[0050] To give a non-limiting example, an optical-ultrasonic bimodal phantom F according to the invention simulating
a prostate and its environment is shown in Figure 11. It has the shape of a rectangular parallelepiped, 6 centimetres in
length and 5 centimetres in height and depth, i.e. a volume of about 150 ml. As may be seen in Figure 11, the phantom
comprises three parts, simulating the rectal epithelium R, the surrounding connective tissue S and the prostate gland
tissue P taking the form of a truncated cylinder.

[0051] The material used to produce the phantom was a cryogel, the common name for a polyvinyl alcohol (PVA) gel.
[0052] The concentrations of the additives necessary for simulating the optical and ultrasonic properties of the prostrate
and its surroundings are given in Table Il below:
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Table Il
Parameter Rectal wall | Prostate | Surrounding tissue
Number of cycles 4 2 3
TiO, content (mg/200 ml) 160 80 40
Silica content (%) 1.6% 0.4% 1.6%
Ink (/200 ml) <10 40 40

[0053] As Table Il shows, to be able to produce, in sequence, the various parts and best adapt the characteristics of
the modelled parts to the corresponding tissue, the various layers did not undergo the same number of freeze-thaw
cycles. Thus the matrix simulating the prostate underwent two cycles, the matrix simulating the tissue three cycles and
the matrix simulating the rectal wall four cycles.

[0054] The optical and ultrasonic properties of the prostate phantom obtained from these various parameters are given
in Table Il below:

Table Il
Parameter Rectal wall Prostate Surrounding tissue
pa (cm-1) Not applicable | 0.45 = 0.1 0.5+ 0.1
ps’ (cm™) Not applicable 54 +1 48 =1
B 1.88 w(P) w(P)* 1.72 w(P)
SNR 1.64 1.33 1.63
o 3.51 1.21 3.37
*The prostate is the organ taken as reference for calibrating the
rectal wall and the surrounding tissue.

[0055] When the various values in Tables | and Il are compared, it may be seen that the phantom has characteristics
very close to the actual organ.

[0056] To produce this phantom, a nylon mould was used so as to minimize adhesion of the gel to the walls. The
mould was made up of three interlocking parts necessary for casting and freezing the three layers in succession. The
main portion of the mould has the form of a rectangular parallelepiped 6 centimetres in length and 5 centimetres in height
and depth. The second portion has the form of a thin parallelepipedal block PB, comprising five flat faces and one curved
face. The latter serves to give the part R a curved shape. Finally, the third portion is a truncated nylon cylinder TC,
truncated at two thirds of its diameter over its entire height so as to form the location for the part P.

[0057] In a first step, the matrix simulating the rectal wall was produced. A first gel with its additives corresponding to
the tissue R was poured into the second portion PB of the mould. This first matrix was placed in a freezer so as to
undergo a freeze-thaw cycle.

[0058] Inasecond step, the portion PB was carefully removed, and the gel layer thus formed left in place. The cylindrical
portion TC was placed in the mould against the first gel layer. The second gel, corresponding to the tissue S, was then
poured into the space thus formed. The assembly was then placed in a freezer so as to undergo a second freeze-thaw
cycle.

[0059] In a third step, the portion TC was carefully removed. The location formed by removing the portion TC was
filled with the gel corresponding to the tissue P. The assembly was then placed in a freezer so as to undergo two
successive freeze-thaw cycles.

[0060] At this pointin the production, R therefore underwent 4 cycles, S underwent 3 cycles and P underwent 2 cycles.
[0061] In the foregoing, the aim was to simulate healthy organs. It is of great interest to be able also to simulate
diseased organs, that is to say those containing tumours. Tumours have a higher optical absorption coefficient than a
healthy organ, owing to their high degree of vascularisation. There are many possible ways of simulating an absorbent
tumour. For example, the following may be used:

- anink concentration greater than that of the phantom; and
- bovine haemoglobin: the advantage of this substance is that the wavelength dependence of the absorption by tissue
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can be simulated, but its drawback is that the lifetime of the phantom is reduced.
[0062] These liquids may be encapsulated in:

- polystyrene beads having a fixed diameter, typically of one millimetre;
- glass or Teflon capillary tubes.

[0063] These liquids may also be injected into the phantom, for example using a syringe.

[0064] A tumour may also be simulated by a solid, for example a fluorescent polymer or glass.

[0065] Itis also possible to inject a concentration of ink directly into the phantom, using a syringe. In this way, a pocket
of liquid more absorbent than the surrounding tissue is created locally.

[0066] In an example, it is possible to add a fluorescent inclusion T, represented by a cylinder in Figure 11, to the
phantom F described above, so as to simulate the presence of a labelled tumour. This fluorescent inclusion may also
be absorbentfor applications in which the NIR (near-infrared reflection) technique is used for the detection, i.e. a technique
based solely on the contrast caused by the different absorption coefficient between healthy tissue and cancerous tissue.
[0067] In general, tumours are revealed both by fluorescence imaging and ultrasonic imaging. The objective is to
locate the potentially cancerous zones and thus significantly reduce the number of biopsies necessary for a safe diagnosis.
Ultrasound provides morphological information, such as the contours of the prostate, while fluorescence provides func-
tional information, such as the presence or absence of tumours. In this case, the technique used consists, before the
biopsy, in injecting a fluorescent carrier that concentrates specifically in the cancerous zones of the prostate. The
depthwise search for the fluorescent zone is performed using a fibre-based time-resolved fluorescence tomography
system within the endorectal probe intended for the ultrasound measurement.

[0068] The phantoms according to the invention allow these techniques to be perfectly simulated using both fluores-
cence imaging and ultrasound imaging. The device shown in Figure 10 is used. A pulsed laser 20 scans, using a deflection
system 21, a phantom 10 comprising one or more inclusions simulating fluorescence-labelled tumours. The scan is
performed in a predefined pattern. At each position of the laser, a series of time-resolved images is acquired by a light-
intensifier/camera, comprising a first lens 22, an MCP (microchannel plate) light intensifier 23, a second lens 24 and a
matrix photodetector 25 connected to a microcomputer 26. This camera integrates the light signal only over a very short
time interval, of the order of 300 picoseconds, it being possible for the signal delay to be varied over a wide range, of
the order of several nanoseconds. The stack of images produced makes it possible for the fluorescent inclusion to be
located in three dimensions, after reconstruction using an algorithm based on the zero-order moments that give the
average intensity of the signal and the first-order moments that are representative of the photon time of flight. It should
be noted that for some applications, for example for prostate examination, the light from the laser source to the phantom
and then from the phantom to the detector is generally transmitted via optical fibres.

[0069] These phantoms may thus be used for the purpose of calibrating an ultrasonic/optical bimodal instrument. For
example, implanting thereinto three inclusions, that are both fluorescent and echogenic, it is possible to calibrate the
two imaging modalities one with respect to the other. It is thus possible to determine the mathematical (translational,
rotational and homothetic) transformations necessary for best combining the 3D maps obtained by the optical (fluores-
cence absorption) and ultrasound measurements.

[0070] These phantoms may be produced for simulating various organs and their environment: not only prostates, but
also, non-limitingly, testicles, breasts, brains, etc.

[0071] To summarise, the advantages of the invention are the following:

- better calibration quality: by using a single phantom operating for two imaging modalities, it is thus possible to
calibrate the two images one with respect to the other. In this way it is easy to make the origin and the direction of
the axes of the reference frames coincide or to take account of the distortion between the images acquired with
each of the modalities. This makes it possible to superimpose, later or else in real time, the functional images
provided by the fluorescence technique on the morphological images provided by the ultrasound technique;

- alow cost: it is then possible to produce several sets of phantoms with diverse characteristics and geometries
depending on the intended applications;

- greater measurementaccuracy: a simultaneous ultrasound/fluorescence measurement on a bimodal phantom gives
more accurate results than two measurements on two separate phantoms. This is because, over the period when
switching from one phantom to the other, several measurement biases may appear such as, for example, a change
in the ambient conditions (temperature, relative humidity);

- greater operating simplicity, notably for the end users;

- space saving, when a single phantom is used instead of two phantoms; and

- relatively long storage time, exceeding several months.
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Claims

10.

11.

12.

13.

14.

15.

16.

Phantom (F) for medical imaging instrumentation, comprising at. least a first hydrogel matrix (P, R, S), said matrix
containing additives configured to simulate the optical and acoustic properties of a living organ or tissue, charac-
terized in that the additives are at least one absorbent liquid, silica powder and titanium dioxide powder.

Phantom according to Claim 1, characterized in that the hydrogel consists of a mixture of water and PVA (polyvinyl
alcohol) powder, the volume concentration of PVA being between 5% and 20% of the volume of water.

Phantom according to Claim 1, characterized in that the absorbent liquid is Indian ink.

Phantom according to Claim 3, characterized in that the volume concentration of Indian ink is between 0% and
0.25% of the volume of water.

Phantom according to Claim 1, characterized in that the absorbent liquid is haemoglobin.

Phantom according to Claim 1, characterized in that the weight concentration of silica powder is between 0% and
4% of the weight of water.

Phantom according to Claim 1, characterized in that the weight concentration of titanium dioxide powder is between
0.0025% and 0.25% of the weight of water.

Phantom according to one of Claims 1 to 7, characterized in that it contains a tumour simulator (T) in solid form.
Phantom according to one of Claims 1 to 7, characterized in that it contains a tumour simulator (T) in liquid form.

Phantom according to Claim 9, characterized in that the tumour simulator comprises at least one envelope con-
taining the liquid.

Phantom according to either of Claims 9 and 10, characterized in that the liquid is bovine haemoglobin or Indian
ink, the concentration of which is greater than that of the bovine haemoglobin or of the Indian ink of the phantom.

Phantom according to Claim 10, characterized in that the envelope is a polystyrene bead or a glass or Teflon
(PTFE) capillary tube.

Phantom according to one of the preceding claims, characterized in that it comprises several hydrogel matrices
(P, R, S), each matrix containing additives for simulating the optical and acoustic properties of a different living organ
or tissue so as to simulate an organ and its environment, the additives being at least one absorbent liquid, silica
powder and titanium dioxide powder in different concentrations depending on the simulated organ or tissue.

Phantom according to Claim 13, characterized in that the simulated organ is a prostate gland.

Method of producing a phantom according to one of Claims 2 to 14, the phantom comprising at least a first hydrogel
matrix produced according to at least the following steps:

- distilled water is poured into a container;

- Indian ink is added to this distilled water;

- PVA powder is added;

- the above components are mixed together in a container of the beaker type with magnetic stirring, the mixture
being thermostatically controlled;

- silica powder is added during mixing;

- titanium dioxide is added during mixing;

- the mixture is heated and stirred;

- the mixture is subjected to a vacuum; and

- freeze-thaw cycles are carried out.

Method of producing a phantom according to Claim 15, characterized in that the number of freeze-thaw cycles is
between 1 and 10, preferably between 2 and 6.
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Method of producing a phantom according to Claim 16, characterized in that the matrices are moulded in nylon
moulds having the shape of the simulated organ.

Patentanspriiche

1.

10.

11.

12.

13.

14.

15.

Phantom (F) fir medizinische Bildgebungsinstrumentierung, umfassend mindestens eine erste Hydrogelmatrix (P,
R, S), wobei die Matrix Zusatzmittel enthalt, die zum Simulieren der optischen und akustischen Eigenschaften eines
lebenden Organs oder Gewebes konfiguriert sind, dadurch gekennzeichnet, dass die Zusatzmittel aus mindestens
einer absorptionsféhigen Flussigkeit, Siliciumdioxidpulver und Titandioxidpulver bestehen.

Phantom nach Anspruch 1, dadurch gekennzeichnet, dass das Hydrogel aus einer Mischung von Wasser und
PVA- (Polyvinylalkohol-) Pulver besteht, wobei die Volumenkonzentration von PVA zwischen 5 % und 20 % des
Wasservolumens liegt.

Phantom nach Anspruch 1, dadurch gekennzeichnet, dass die absorptionsfahige Flissigkeit Zeichentusche ist.

Phantom nach Anspruch 3, dadurch gekennzeichnet, dass die Volumenkonzentration von Zeichentusche zwi-
schen 0 % und 0,25 % des Wasservolumens liegt.

Phantom nach Anspruch 1, dadurch gekennzeichnet, dass die absorptionsfahige Flussigkeit Hdmoglobin ist.

Phantom nach Anspruch 1, dadurch gekennzeichnet, dass die Gewichtskonzentration von Siliziumdioxidpulver
zwischen 0 % und 4 % des Wassergewichts liegt.

Phantom nach Anspruch 1, dadurch gekennzeichnet, dass die Gewichtskonzentration von Titandioxidpulver zwi-
schen 0,0025 % und 0,25 % des Wassergewichts liegt.

Phantom nach einem der Anspriiche 1 bis 7, dadurch gekennzeichnet, dass es einen Tumorsimulator (T) in fester
Form enthait.

Phantom nach einem der Anspriiche 1 bis 7, dadurch gekennzeichnet, dass es einen Tumorsimulator (T) in
flissiger Form enthalt.

Phantom nach Anspruch 9, dadurch gekennzeichnet, dass der Tumorsimulator mindestens eine die Flissigkeit
enthaltende Hulle umfasst.

Phantom nach einem der Anspriiche 9 und 10, dadurch gekennzeichnet, dass die Flissigkeit Rinderhdmoglobin
oder Zeichentusche ist, dessen/deren Konzentration héher ist als diejenige des Rinderhdmoglobins oder der Zei-
chentusche des Phantoms.

Phantom nach Anspruch 10, dadurch gekennzeichnet, dass die Hiille eine Polystyrolperle oder eine Glas- oder
Teflon- (PTFE-) Kapilarréhre ist.

Phantom nach einem der vorhergehenden Anspriiche, dadurch gekennzeichnet, dass es mehrere Hyrogelmat-
rices (P, R, S) umfasst, wobei jede Matrix Zusatzmittel zum Simulieren der optischen und akustischen Eigenschaften
eines anderen lebenden Organs oder Gewebes enthalt, um ein Organ und seine Umgebung zu simulieren, wobei
die Zusatzmittel aus mindestens einer absorptionsfahigen Flissigkeit, Siliciumdioxidpulver und Titandioxidpulver
in verschiedenen Konzentrationen, je nach dem simulierten Organ oder Gewebe, bestehen.

Phantom nach Anspruch 13, dadurch gekennzeichnet, dass das simulierte Organ eine Prostatadrise ist.

Verfahren zur Herstellung eines Phantoms nach einem der Anspriiche 2 bis 14, wobei das Phantom mindestens
eine erste Hydrogelmatrix umfasst, die mindestens den folgenden Schritten geman hergestellt wird:

- destilliertes Wasser wird in einen Behalter gegossen;

- Zeichentusche wird diesem destillierten Wasser hinzugegeben;
- PVA-Pulver wird hinzugegeben;
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- die obigen Komponenten werden in einem Behalter des Bechertyps unter Magnetriihren zusammengemischt,
wobei die Mischung thermostatisch geregelt wird;

- Siliciumdioxidpulver wird wahrend des Mischens hinzugegeben;

- Titandioxid wird wahrend des Mischens hinzugegeben;

- die Mischung wird erhitzt und gerihrt;

- die Mischung wird einem Vakuum unterworfen; und

- Gefrier-Tau-Zyklen werden durchgefuhrt.

Verfahren zur Herstellung eines Phantoms nach Anspruch 15, dadurch gekennzeichnet, dass die Anzahl von
Gefrier-Tau-Zyklen zwischen 1 und 10, bevorzugt zwischen 2 und 6 liegt.

Verfahren zur Herstellung eines Phantoms nach Anspruch 16, dadurch gekennzeichnet, dass die Matrices in
Nylonformen geformt werden, die die Gestalt des simulierten Organs aufweisen.

Revendications

10.

11.

12.

13.

Fantéme (F) pour 'instrumentation d’imagerie médicale, comprenant au moins une premiere matrice d’hydrogel (P,
R, S), ladite matrice contenant des additifs configurés pour simuler les propriétés optiques et acoustiques d’'un
organe ou d’un tissu vivant, caractérisé en ce que les additifs sont au moins un liquide absorbant, de la poudre
de silice et de la poudre de dioxyde de titane.

Fantdme selon la revendication 1, caractérisé en ce que I'hydrogel est constitué d’'un mélange d’eau et de poudre
de PVA (poly(alcool de vinyle)), la concentration en volume de PVA étant située entre 5 % et 20 % du volume de I'eau.

Fantdme selon la revendication 1, caractérisé en ce que le liquide absorbant est de I'encre de Chine.

Fantdme selon la revendication 3, caractérisé en ce que la concentration en volume de I'encre de Chine est
comprise entre 0 % et 0,25 % du volume de I'eau.

Fantédme selon la revendication 1, caractérisé en ce que le liquide absorbant est 'hémoglobine.

Fantdme selon la revendication 1, caractérisé en ce que la concentration en poids de la poudre de silice est
comprise entre 0 % et 4 % du poids de 'eau.

Fantédme selon la revendication 1, caractérisé en ce que la concentration en poids de la poudre de dioxyde de
titane est comprise entre 0,0025 % et 0,25 % du poids de I'eau.

Fantdme selon I'une des revendications 1 a 7, caractérisé en ce qu’il contient un simulateur de tumeur (T) sous
une forme solide.

Fantdme selon I'une quelconque des revendications 1 a 7, caractérisé en ce qu’il contient un simulateur de tumeur
(T) sous une forme liquide.

Fantdme selonlarevendication 9, caractérisé en ce que le simulateur de tumeur comprend au moins une enveloppe
contenant le liquide.

Fantdme selon I'une ou l'autre des revendications 9 et 10, caractérisé en ce que le liquide est 'hémoglobine
d’origine bovine ou I'encre de Chine, dont la concentration est supérieure a celle de I’'hémoglobine d’origine bovine
ou de I'encre de Chine du fantébme.

Fantéme selon la revendication 10, caractérisé en ce que I'enveloppe est une bille de polystyréne ou un tube
capillaire en verre ou en Téflon (PTFE).

Fantdme selon I'une quelconque des revendications précédentes, caractérisé en ce qu’il comprend plusieurs
matrices d’hydrogel (P, R, S), chaque matrice contenant des additifs pour simuler les propriétés optiques et acous-
tiques d'un organe ou d’un tissu vivant différent afin de simuler un organe et son environnement, les additifs étant
au moins un liquide absorbant, de la poudre de silice et de la poudre de dioxyde de titane en concentrations
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différentes selon 'organe ou le tissu simulé.
14. Fantéme selon la revendication 13, caractérisé en ce que I'organe simulé est une glande prostate.

15. Procédé de production d’'un fantdme selon I'une quelconque des revendications 2 a 14, le fantdme comprenant au
moins une premiere matrice d’hydrogel produite selon au moins les étapes suivantes:

- de I'eau distillée est versée dans un récipient;

- de I'encre de Chine est ajoutée a cette eau distillée;

- de la poudre de PVA est ajoutée;

- les composants ci-dessus sont mélangés ensemble dans un récipient du type bécher avec agitation magné-
tique, le mélange étant thermostatiquement contrélé;

- de la poudre de silice est ajoutée durant le mélange;

- du dioxyde de titane est ajouté durant le mélange;

- le mélange est chauffé et agité;

- le mélange est soumis a un vide; et

- des cycles de congélation-décongélation sont conduits.

16. Procédé de production d’'un fantdme selon la revendication 15, caractérisé en ce que le nombre de cycles de
congélation-décongélation est compris entre 1 et 10, de préférence entre 2 et 6.

17. Procédé de production d’'un fantdme selon la revendication 16, caractérisé en ce que les matrices sont moulées
dans des moules en nylon ayant la forme de I'organe simulé.

13
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