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Description

FIELD OF THE INVENTION

[0001] This invention is generally in the field of non-invasive measurement techniques, and relates to a process and
apparatus for real-time imaging and sensing (probing) light absorbing agents, such as hemoglobin, in biological tissues.
[0002] The following is a list of some prior art patents, documents and articles which are relevant for the better
understanding of the background of the invention, as will be described further below:

LIST OF REFERENCES

[0003]

1. A. Ishimaru, "Wave Propagation and Scattering in Random Media", Vol. 1, Academic Press (1978)
2. M. Kempe et al., "Acousto-optic tomography with multiply scattered light", J. Opt. Soc. A., 14, 5, 1151 (1997)
3. WO 89/00278
4. US 5,174,298
5. US 5,286,968
6. US 5,212,667
7. US 5,951,481
8. US 6,041,248
9. WO 95/33987
10. Fay A. Marks et al, "Comprehensive approach to breast cancer detection using light: photon localization by
ultrasound modulation and tissue characterization by spectral discrimination ", SPIE, vol. 1888, pp. 500-509.
11. G.D. Mahan et al., "Ultrasonic tagging of light: theory", Proc. Natl. Acad. Sci. USA, 95, 14015, (1998).
12. D.J. Pine et at. "Dynamical correlations of multiply-scattered light ", Scattering and Localization of Classical
Waves in Random Media, Ping Sheng ed. World Scientific (1990).
13. W. Leutz and G. Maret, "Ultrasonic modulation of multiply scattered light", Physica B, 204, 14-19, (1995).

BACKGROUND OF THE INVENTION

[0004] In recent years, much effort has been devoted to find a technique alternative to Magnetic Resonance Imaging
(MRI) or Computed Tomography (CT) for non-invasively probing living biological tissues, such as body organs. MRI
and CT involve long procedures and do not always allow real time analysis of measured data. Low-cost, portable and
easy-to-use devices have been developed based on near infrared spectroscopy of blood (e.g., pulse oximetry). This
technique, however, provides only a global picture of the tissues with a resolution that does not allow functional imaging
of the tissue and a reliable diagnosis.
[0005] It is well-known that hemoglobin can be found in the body in two different oxygenation states - oxyhemoglobin
and deoxyhemoglobin - which have different light absorption spectra (A. Ishimaru, "Wave Propagation and Scattering
in Random Media", Vol. 1, Academic Press (1978)). In the near infrared range, (690-900nm), the absorption coefficients
of both states of hemoglobin are relatively low. At around 804mm, both states have exactly the same absorption co-
efficient, and this point is called "the isosbestic point". Therefore, measurement of blood absorption at this wavelength
gives a direct indication of the blood volume being tested. At longer wavelengths, the absorption is essentially due to
oxyhemoglobin. For example, at or around light wavelengths of 1 micron, the absorption of oxyhemoglobin is more
than three times higher than that of the deoxyhemoglobin. Hence, absorption at these wavelengths (0.804µm and 1µm)
gives a direct indication of the ratio between the two states of hemoglobin.
[0006] Hemoglobin oxygenation provides insight on the proper functioning of many body organs such as the brain,
breast, liver, heart, etc. Other agents, such as indocyanin green, present absorption in a definite region in the near-
infrared range, and can be probed also using infrared light, deeply inside the tissues.
[0007] Light propagating inside a scattering medium has two components - ballistic and diffuse light. The first com-
ponent does not experience scattering, while the second corresponds to strongly multi-scattered light (M. Kempe et
al., "Acousto-optic tomography with multiply scattered light", J. Opt. Soc. A., 14, 5, 1151 (1997)). Ballistic light intensity
decreases with distance in a scattering medium much more than that of the diffuse light. Therefore, diffuse light can
provide information on a scattering medium deep inside it.
[0008] It is known in the art to use the diffuse (scattered) light to obtain information on the optical properties of the
medium. This is implemented by utilizing an ultrasound wave focused on the particular region under examination inside
the medium. Generally, this technique consists of the following: If an ultrasound wave propagates through a region in
a scattering medium and an electromagnetic wave (such as a laser light beam) crosses said region and is strongly



EP 1 303 756 B1

5

10

15

20

25

30

35

40

45

50

55

3

diffused thereby, the electromagnetic wave frequency is shifted by the frequency of the ultrasound wave (acousto-optic
effect) at the location of said region. In other regions, where no interaction between the light and ultrasound waves
occurs, the frequency of light is unchanged, and consequently, the detection of the frequency-shifted electromagnetic
wave gives direct information on the absorption properties of said region.
[0009] WO 89/00278 discloses a technique of ultrasound tagging of light utilizing a continuous ultrasound wave. The
manner in which this tagging of light is to be done is, however, physically difficult to implement, since the light detection
is obtained using a photo-refractive crystal that requires extremely high intensities.
[0010] The ultrasound tagging of light is disclosed also in the following publications: US 5,174,298; US 5,286,968;
US 5,212,667; US 5,951,481; US 6,041,248; WO 95/33987; Fay A. Marks et al, "Comprehensive approach to breast
cancer detection using light: photon localization by ultrasound modulation and tissue characterization by spectral
discrimination ", SPIE, vol. 1888, pp. 500-509; and G.D. Mahan et al., "Ultrasonic tagging of light: theory", Proc. Natl.
Acad. Sci. USA, 95, 14015, (1998).
[0011] U.S. Patent No. 5,286,968 discloses a technique of multi-channel analog signal detection, aimed at obtaining
synchronous detection with a CCD camera. This technique is based on a fast laser modulation.
[0012] U.S. Patent No. 5,212,667 discloses a technique of light imaging in a scattering medium using ultrasound
probing and speckle image differencing. According to this technique, coherent laser light impinges onto a scattering
medium, disposed between two parallel surfaces, in a direction perpendicular to said surfaces. Light emerging from
the medium is a superposition of a multitude of scattered wavelets, each representing a specific scattering part. These
wavelets are projected onto the viewing plane of a two-dimensional photodetector array, where they interfere with each
other, giving rise to a speckle pattern. Ultrasound pulses propagate into the scattering medium in a direction substan-
tially parallel to said surfaces, and are focused onto the probed region, thereby effecting changes in the position of the
scatterers and causing a change in the speckle pattern. This method, however, based as it is on a unidirectional laser
beam, has a limited capability of providing information on the scattering medium.
[0013] US 5,951,481 discloses a technique for non-invasive measurement of a substance using ultrasound for mod-
ulating light that is back-scattered from the region of interest. Here, pulsed ultrasound and a doublet of light pulses are
used, and the detected light is not a diffuse light, but a back-scattered, quasi-ballistic light.
[0014] US 6,041,248 discloses a technique for frequency encoded ultrasound modulated optical tomography of
dense turbid media. This technique utilizes frequency chirped ultrasound and modulated photomultiplier.

SUMMARY OF THE INVENTION

[0015] There is accordingly a need in the art to facilitate two- or three-dimensional mapping of a region of interest
in a scattering medium by providing a novel method and apparatus based on the principle of interaction of diffused
light (light that experienced a large number of scattering events in a medium) with ultrasound radiation.
[0016] The present invention as defined in independent claims 1 and 14 provides for real-time analysis of data in-
dicative of the detected diffused light affected by said interaction to enable real-time imaging (less than a few seconds
per image) and monitoring of a region of interest in the medium (e.g., a blood volume), and/or oxygen saturation, as
well as other light absorbing agents within the medium. This technique is based on time and spatial multiplexing of
light by a plurality of ultrasound waves at differently located sample volumes (points) in a medium, as well as proper
fast signal processing.
[0017] The main idea of the present invention consists of providing an acousto-optic interaction between electro-
magnetic waves (e.g., laser light) and ultrasound pulses in order to localize absorption in a turbid medium (tissues),
and affecting the phase of either one of the light or ultrasound signals, or both. By providing a certain phase relationship
between ultrasound pulses and/or light signals (the so-called "phase coding"), the location of interactions along the
axis of propagation of the ultrasound beam (Z-axis) can be provided. In order to locate these interactions in the X-Y
plane, the ultrasound beams are directed from a plurality of locations in the X-Y plane. By this, a two or three-dimen-
sional image of a region of interest can be obtained. The ultrasound pulses used in the technique of the present invention
are sinusoidal pulses of several (at least one) cycles. An example of such pulses is the Doppler mode used in medical
ultrasonography. These Doppler mode pulses are different from doublet pulses that are typically used for echography.
[0018] The transmission of ultrasound beams to different locations in the X-Y plane can be implemented by using
one or more ultrasound transducers (each operable to periodically transmit ultrasound pulses with a certain phase
delay). If a single transducer is used, the X-Y plane is scanned by displacing the transducer. When using a plurality
(one- or two-dimensional array) of transducers operating in parallel, each transducer transmitting ultrasound pulses of
a frequency slightly different from that of the other transducers, a power spectrum of the temporal trace automatically
gives the signal of all frequencies. It is therefore possible to translate the signal in the frequency domain into the
transducer's position in the X-Y plane.
[0019] Alternatively, a phase-array of ultrasonic transducers, similar to those typically used in ultrasonic medical
imaging, can be used in order to provide the spatial frequency and phase coding. To this end, the electrical signal that
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is sent to each transducer of the phase-array comprises several frequencies, and phase delays are chosen appropri-
ately for each frequency.
[0020] In order to allow identification of the interaction between the electromagnetic and ultrasound radiation com-
ponents that occur at different locations along the Z-axis, the certain phase relationship between the ultrasound pulses
may be obtained by providing different phases of successive ultrasound pulses. Preferably, in order to obtain a sufficient
signal-to-noise ratio (SNR) in the detected signal, different phases of the ultrasound pulses are such that each pulse
presents a different part of a common sinusoidal signal. Alternatively, ultrasonic pulses with an identical temporal profile
may be generated, while the laser intensity is modulated.
[0021] The technique of the present invention provides for obtaining a functional image of the region when utilizing
the combination of electromagnetic and ultrasound radiation. It should be understood that by means of ultrasound
radiation only (i.e., by operating the ultrasound firing unit and a suitable detector), a structural image of the region of
interest can be obtained. Hence, by selectively operating the ultrasound firing unit and the electromagnetic radiation
source with corresponding detectors, both the functional and structural image can be obtained and registered with
each other.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] In order to understand the invention and to see how it may be carried out in practice, a preferred embodiment
will now be described, by way of non-limiting example only, with reference to the accompanying drawings, in which:

Figs. 1A and 1B are schematic illustrations of apparatuses according to the invention, constructed and operated
for affecting the phases of, respectively, ultrasound pulses and light components;
Fig. 2 illustrates an ultrasound pulse sequence (continuous trace) suitable to be used in the present invention, the
trace being obtained by using a DDS (Direct Digital Synthesizer) chip aimed at obtaining the proper signal gener-
ation;
Fig. 3 illustrates a sinusoidal trace comprising discontinuities;
Figs. 4A and 4B illustrate the power spectra corresponding, respectively, to a continuous sinusoidal trace, and to
a sinusoidal trace with phase discontinuities;
Figs. 5A and 5B illustrate the power spectrum with the noise integration over the frequency range where the
intensity peaks take place for, respectively, the case of the continuous sinusoidal excitation, and the case of phase
discontinuities;
Figs. 6A and 6B illustrate the scheme of the ultrasound pulse firing according to the invention;
Figs. 7A and 7B illustrate an example of the present invention, where the technique of the present invention is
applied to a completely homogenous Agar sample (without any absorber inside);
Fig. 8 illustrates an experimental power spectrum collected for each position in the X-Z plane with the example of
Figs. 7A and 7B;
Fig. 9 illustrates the values of the power spectrum at the ultrasound frequency (after background removal) as a
function of the position of the transducer, presenting a map of the absorption in the example of Figs. 7A and 7B;
Fig. 10 illustrates the transversal picture of the photon density obtained with the technique of the present invention;
Fig. 11 illustrates the experimental results in the form of the power spectrum at the ultrasound frequency after
background removal as a function of the position of the transducer, for another example of the invention, where a
small absorbing region made of the Agar gel with the addition of black Agar is introduced;
Figs. 12 and 13 illustrate yet another experiment, where two transducers operated in parallel with different fre-
quencies are used;
Figs. 14A and 14B illustrate, respectively, a structure of a monolithic ultrasound probe (suitable to be used in a
direct transducers' array) utilizing a single transducer, and the typical profile (pulse envelope) of an ultrasound
wave generated by this transducer;
Figs. 15A and 15B illustrate the principles of operation of a phase array based structure, wherein Fig. 15A cor-
responds to the focusing with an array transducer in transmission, and Fig. 15B illustrates the profile (pulse enve-
lopes) of the phase array transducer operating with three frequencies;
Fig. 16 illustrates an example of a transducer arrangement according to the invention aimed at exciting closely
located points in the medium by regular size (large) transducers;
Fig. 17 illustrates the light direction towards the region of interest in the medium utilizing optical fibers;
Fig. 18 illustrates the experimental results showing the signal to noise ratio as a function of the integration time
for both rough data and fitted data with a Rayleigh function;
Fig. 19 illustrates the laser phase modulation scheme;
Fig. 20 illustrates the time dependence of the laser phase;
Fig. 21 illustrates the use of the continuous phase of the light signal;
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Fig. 22 illustrates an example of the phase sequence of the laser modulation scheme;
Fig. 23 illustrates the simulation results of generating different signals corresponding to the different positions of
the ultrasound pulse;
Fig. 24 illustrates the tune variations of the detected light signal; and
Fig. 25 illustrates the resulting spectrum showing the peaks corresponding to the modulated signals at different
locations along the ultrasound propagation axis.

DETAILED DESCRIPTION OF THE INVENTION

[0023] Referring to Fig. 1A, there is illustrated an apparatus 10A constructed and operated according to one em-
bodiment of the present invention for ultrasound modulated light tomography. The apparatus 10 comprises such main
constructional parts as an ultrasound firing unit 12 coupled to an optically turbid medium 13 to be imaged (tissues); an
illuminator 14 (constituting an electromagnetic radiation source) optically coupled to the medium 13; a phase control
utility 16A, which in the present example is associated with the ultrasound firing unit 12; a detector 18; and a control
unit 20.
[0024] The ultrasound firing unit 12 comprises a pulse-ultrasound generator 22 (including an electronic beam forming
unit, and array of amplifiers), and a transducer arrangement 24. The operation of the ultrasound firing unit 12 is aimed
at delivering the proper ultrasound wave within the body.
[0025] A function generator 15 transmits a triggering signal TS to the pulsed ultrasound generator 22 and to an
analog to digital converter (card) 19. Concurrently, the generator 22 transmits an electrical signal to the transducer
arrangement 24 through the phase control utility 16A to thereby actuate one or more transducers to transmit, respec-
tively, one or more ultrasound signals 25 into a region of interest in the medium. Each ultrasound signal 25 is transmitted
in the form of a sequence of ultrasound pulses in a predetermined manner, as will be described more specifically further
below.
[0026] The illuminator 14 comprises one or several laser devices 26 generating incident radiation of at least one
wavelength (preferably in a range of 690-900nm), which propagates towards the region of interest. Laser light is diffused
(scattered) by the medium, and the diffused light 27 interacts with the ultrasound signal 25, and the signal resulting
from this interaction is detected by the detector 18. The electric output of the detector 18 is directed to the analog-to-
digital converter through a band-pass filter and amplifier 28, to thereby produce a corresponding digital signal (pre-
senting measured data) received by the control unit 20. A data processing and analyzing utility 30 of the control unit
applies a power spectrum operation to the measured data, and identifies variations in light intensity at different fre-
quencies to determine the location and nature of objects in the turbid medium. Measurement results are then presented
on a display 32.
[0027] Fig. 1B illustrates an apparatus 10B for ultrasound modulated light tomography constructed and operated
according to another embodiment of the present invention. To facilitate understanding, the same reference numbers
are used to identify the components that are common in the examples of Figs. 1A and 1B. Here, a phase control utility
16B is associated with the illuminator 14, and is a part of the function generator 15. The principles of the operation of
apparatus 10B will be described more specifically further below with reference to Fig. 19.
[0028] The interaction between the light wave and the ultrasound results in that the frequency of light is shifted by
the frequency of the ultrasound, and the amount of absorbing agent can be determined from the change in the absorp-
tion obtained at the frequency shifted light signal. The light source, the probed region, and the detector do not have to
be specifically aligned with each other, and can have any geometric configuration, provided that enough photons reach
the detector. This allows multiple-source/detector configurations, with the increase in the signal to noise ratio and better
light filling of the tissues.
[0029] The interaction is as follows: The light source emits light of frequency ω into the probed region (region of
interest). The ultrasound pulses of frequency ΩUS are transmitted into the probed region. The current location(s) of the
interaction in the X-Y plane is defined by the current location of the transducer(s). The ultrasound modulated light
having a shifted frequency ω+ΩUS, and non-modulated light having the frequency ω are received by the detector, which
mixes them and generates a signal modulated at the ultrasound frequency. Hereinafter, the expression "modulated
signal" will mean the signal detected by the detector and representing the intensity of the ultrasound modulated light
(as a result from said interaction), and the expression "non-modulated signal" will mean the signal detected by the
detector and representing the intensity of the light not modulated by the ultrasound (having no interaction with the
ultrasound signal). The word "signal" without specification will refer to both the modulated and the non-modulated signal.
[0030] Light propagating through the medium (patient's body) experiences the absorption throughout the regions in
the medium. If the ultrasound wave is located in the region of the medium, and the frequency of the light is changed,
detector(s) outside the medium can detect light that has passed through the medium and selectively detect the ultra-
sound-modulated light. The ratio between the modulated signal and the non-modulated signal is mainly determined
by the local absorption changes. Non-modulated light originating from the probed region is detected together with the
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modulated light. This is highly desirable in order to remove the influence of global changes in the probed region.
[0031] The change in the absorption of said ultrasound modulated light in the probed region, due, for example, to
changes in the oxygenation state of the hemoglobin, is represented by an analog signal, that can then be transformed
to a digital signal, be processed, and, if desired, visualized. The modulated signal is proportional to the amplitude of
the light field passing through the probed region, from which the absorption is calculated: the changes in the modulated
signal reflect changes of the intensity of the light passing through the probed region, which, in turn, reflects changes
in the absorption in the probed region. The signal can be processed using an analog-to-digital card with a sampling
cycle, which is high enough to sample effectively the signal at the ultrasound frequency, the digitized signal being
transferred to a memory and then processed using power spectrum techniques, which directly gives the signal at the
ultrasound frequency. By averaging the signal at several frequencies nearby the ultrasound frequency, the average
background noise can be obtained and is then subtracted from the signal at the ultrasound frequency.
[0032] As described above, the basic idea is to use acousto-optic interaction between laser light and ultrasound in
order to localize absorption in the turbid medium. The signal that is detected is a coherent mixing of ultrasound mod-
ulated (USM) and not-modulated light. This means that the laser coherence length must be long enough. A good
number is between 10cm and 3m (path length of the photons in the tissues). The laser coherence causes the creation
of speckle light, which is a characteristic of laser light undergoing a diffusive process caused by the interference between
different wavelets originating from the same laser source. The signal is embedded within the speckle.
[0033] It is known that in order to obtain a good signal to noise ratio (SNR), the number of speckles "seen" by the
detector should be reduced (M. Kempe et al., "Acousto-optic tomography with multiply scattered light", J. Opt. Soc.
Am. A, 14, 5, 1151, (1997)). The speckle decorrelation time τspeckle is the typical time at which the speckle is moving,
or, more precisely, the time at which there is a change in the relative phases of the interfering wavelets. If τspeckle were
infinite, the modulated signal (light signal interacted with the ultrasound signal) would be an infinitely long sinusoidal
signal without any phase and amplitude disruption. However, if this time τspeckle is finite, which is the practical case in
living tissues, then the modulated signal presents phase (and amplitude) disruptions every τspeckle on average. The
signal at the ultrasound frequency increases linearly with the data acquisition duration τacq until τacq is approximately
equal to τspeckle . Then, this ultrasound signal grows only like the square root of the ratio τacq /τspeckle. Since the noise
also grows as the square root of the signal, it means that data acquisition durations longer than τspeckle do not increase
the signal to noise ratio. In practice, the optimum trace duration τ0 can be up to two or three times the speckle decor-
relation time.
[0034] As indicated above, the ultrasound signal 25 is a sequence of pulses, where each pulse is a sinusoidal pulse
composed of several cycles. This means that a small number of periods (between one and a few tens, depending on
the application and frequency) are transmitted, followed by a longer period of silence.
[0035] In order to obtain two-dimensional pictures of the region of interest (of the absorbing agent existing therein),
it is necessary to locate the ultrasound in different zones of the X-Y plane of the probed region. This can be done in
the following different ways:

(1) using a single transducer and scanning the X-Y plane in the region of interest with the ultrasound signal gen-
erated by this transducer,
(2) using a one-dimensional array of transducers aligned along the X-axis, operating the transducers to simulta-
neously transmit ultrasound signals of different frequencies, and scanning the X-Y plane with this array of trans-
ducers; and
(3) using a two-dimensional array of transducers and operating the transducers to simultaneously transmit ultra-
sound signals of different frequencies.

[0036] The scanning can be performed either by displacing the transducers with respect to the medium, or by using
a system of phase-array transducers, where the scanning is performed by electronic means only (namely, changing
the direction of the ultrasound wave).
[0037] In order to obtain in-depth imaging, the interaction zones should be provided at different locations along the
Z-axis, i.e., the axis of propagation of the ultrasound wave. This can be implemented by using ultrasound pulses.
[0038] During the pulse to pulse duration, the ultrasound pulse travels a certain distance, and a unique relationship
exists between the specific pulse' position inside the medium and the time it spent to reach this position. By controlling
the delay between the time at which the ultrasound transducer emits the ultrasonic pulse and the time at which the
pulse reaches the region of interest, it is possible to control longitudinal coordinates (along the Z-axis) of the location
of the ultrasound pulse. For each delay, there is one specific position in the Z-direction (the probed depth z). The probed
depth z is given by the propagation of the pulse of duration τp inside the tissues. If vs is the speed of sound in the
tissues, then the pulse repetition frequency (i.e., the inverse of the time interval between two successive pulses) is
given by PRF=vs/zmax, where zmax is the maximum depth desired. This distance can be divided into nz regions in which
the ultrasound pulse spends a time τb. If the transducer is operated such that 1/PRF is smaller than the optimum trace
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duration τ0, then there is no phase disruption in average during a period of several pulse firings, and the signal at the
detector is continuous during several pulse-to-pulse periods. The effective cumulated time spent by the successive
ultrasound pulses in one of the nz regions during the time τ0 is τeff=τ0/nz. The cumulated signal at the detector corre-
sponding to a given region is formed of nb blocks of duration τb, wherein nb=τeff/τb. This corresponds to a signal (after
power spectrum processing) of bandwidth δf,nz/τ0. However, this bandwidth can be achieved only if the cumulated
signal at the detector is a sinusoid with no phase jump. To this end, the phase control utility is operated to provide a
time delay and a specific phase relationship between successive ultrasound pulses in the sequence.
[0039] According to one embodiment of the invention, scanning along the Z-axis utilizes a fast detector: its response
time is at least twice the highest operated ultrasound frequency. In this specific embodiment, the laser is not modulated
and the ultrasound pulse sequence to be generated by the ultrasound firing unit is programmed in a specific manner,
as will be described below. This technique is aimed at providing maximum SNR and concentrating the signal in the
narrowest frequency peak (or peaks) centered at the ultrasound frequency (or frequencies).
[0040] This is done by artificially creating a long time series of collected data (detected signals) for each location
along the propagation axis (Z-axis). In order to do so, all the data acquired when the successive ultrasound pulses
pass through a given location are concatenated. This time series of data is called a trace. By doing this, several long
sinusoidal traces are obtained at a given frequency, whose power spectrum shows a narrow peak centered at the
ultrasound frequency. Each such trace corresponds to a given location along the Z-axis.
[0041] It is important to note that the phase continuity should be kept. As shown in Fig. 2, this is realized by ensuring
that for every series of ultrasonic pulses, each pulse beginning phase is the same as the preceding pulse ending phase.
[0042] The disadvantages of using a sinusoidal trace comprising discontinuities will now be described with reference
to Figs. 3, 4A-4B and 5A-5B. Fig. 3 illustrates the sinusoidal trace comprising phase discontinuities. The power spec-
trum of such trace obtained by Fourier transformation has a peak centered at the sinusoidal frequency, but with a very
large width (and possibly some lateral lobes) and much smaller amplitude (since the energy is spread over a relatively
large frequency range). As a result, the number of frequencies that can be included within a given frequency range
without cross-talk is much smaller, as compared to the case of phase continuity.
[0043] Figs 4A and 4B illustrate the power spectra corresponding, respectively, to the trace in the form of a contin-
uous sinusoid, and to the trace with phase discontinuity. In the example of Fig. 4A, two peaks at two operating fre-
quencies ω1 and ω2 are completely timely separated. In the example of Fig. 4B, the two peaks at the two operating
frequencies ω1 and ω2 are crossed, and the part of the signal (shown in dashed lines) is lost due to the cross-talk.
[0044] Additionally, since the signal must be integrated over a large frequency range, the noise is also integrated
over a large frequency range, and therefore the signal to noise ratio decreases approximately linearly with the frequency
span. Figs. 5A and 5B illustrate the power spectrum with the noise integration NI over the frequency range where the
intensity peaks take place for, respectively, the case of a continuous sinusoidal excitation (noise integration over a
small frequency range), and the case of phase discontinuities (noise integration over a large frequency range).
[0045] Hence, in order to keep the phase continuity by ensuring that for every series of ultrasonic pulses, each pulse
beginning phase is the same as the preceding pulse ending phase (Fig. 2), the process is as follows:
[0046] The ultrasound pulses are generated at a given repetition rate frequency, such that each pulse beginning
phase is the same as the preceding pulse ending phase. The ultrasound pulse and the continuous wave laser light
propagate within the medium and the interactions between them occurs. The light signals resulting from the interactions
are located outside the medium using one or several fast detectors. Analog data indicative of the detected light is
transformed into digital data using the analog to digital converter (19 in Figs. 1A and 1B). Data indicative of the corre-
sponding location of the ultrasonic pulse (location of interaction) is identified. For each location along the ultrasound
pulse propagation axis (Z-axis), traces of data are created, by concatenating successive data corresponding to the
ultrasonic pulse location. A power spectrum operation is performed on each of the so-obtained traces, and the back-
ground-free peaks' amplitudes are calculated for each of the different peaks and for each location. These data are
further processed and the results are displayed.
[0047] The scheme of the ultrasound pulse firing, and the logical process of the reshaping procedure (performed by
the control unit) will now be described with reference to Figs. 6A-6D. As shown in Fig. 6A, the pulse is launched into
the medium and continuously interacts with photons that are received by the detector. This interaction occurs for each
of the nz locations during a period τb. Since the speed of light propagation is much higher than that of sound, the light
propagation time is negligible. At each relative time from the ultrasonic pulse firing, such an interaction occurs at a
specific position along the ultrasound beam propagation axis (Z-axis). After a time period of 1/PRF, a further (new)
pulse P2 is launched, and so on. The pulse is at the same location in the medium every 1/PRF time. Since the process
is cyclic, it is possible to construct several traces from the acquired data. Each trace corresponds to a given position
along the Z-axis and is obtained by appending the signals of length τb appearing every 1/PRF. Fig. 6B symbolically
represents the signal RS that is received from the detector. Each individual block from blocks B1-B4 corresponds to
the signal coming from the corresponding one of nz regions (nz=4 in the present example) during the duration τb.
[0048] After digitization, the signal is cut into a series of small data series corresponding to a duration 1/PRF, and
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starting at the time when the successive ultrasound pulses are fired. Different rows in Fig. 6C correspond to the different
pulse firings. Obviously, the first block of each row is related to the same position of the ultrasound pulse inside the
medium. Fig. 6D illustrates the fabrication of the different traces corresponding to the different locations performed by
concatenating the different columns obtained in Fig. 6C.
[0049] A critical aspect of this embodiment is that the apparatus is operated so as to ensure that when the blocks
are appended, there is no phase jump. As indicated above with reference to Fig. 2, this is realized by ensuring that for
every series of ultrasonic pulses, each pulse beginning phase is the same as the preceding pulse ending phase. There
are several ways of implementing the same.
[0050] One way is to send the waveform directly from the programmable function generator. Another way is to use
Direct Digital Synthesis DDS technology, according to which a sinusoidal waveform is stored in a look-up table (LUT)
as a vector of numbers (usually with high precision). An internal or external TTL clock is sent to the chip. At each clock
tick, the chip takes a number from the LUT and sends it to a Digital to Analog (D/A) module that transforms the number
into a very precise voltage.
[0051] The clock signal is sent for a period τb to the DDS, which produces a sinusoidal signal during this time period.
Then, the clock is stopped for a time period of 1/PRF-τb, during which the DDS does not send any signal to the D/A
module. Thereafter, the clock again sends a signal to the DDS, which starts at the position at which it was stopped.
The phase of the ultrasound is therefore kept as needed.
[0052] Construction may be such that each transducer has its own clock. Alternatively, a common clock for all the
transducers and one DDS chip per transducer can be used. In this case, each DDS delivers a different frequency using
the same clock. The advantage of this construction is that all the DDS are automatically synchronized.
[0053] The signal from the DDS is sent to the amplifier that matches the transducers' needs. The amplifier has a fast
enough rise time (typically ten times shorter than the inverse of the transducer's frequency). For example, the amplifier
model A078 commercially available from LCF Enterprises Ltd. can be used. The amplified signal is sent to the trans-
ducer.
[0054] As indicated above, in order to localize the ultrasound beam in the X-Y plane (parallel to the surface of the
transducer arrangement by which it is applied to the medium), a two-dimensional array of an ultrasound beam may be
provided, e.g., by using nx time moments of beam transmission by ny transducers. Each transducer has its own fre-
quency. Each frequency corresponds to a position on the X-Y plane. For a total excitability bandwidth ∆f of the ultra-
sound transducer, the maximum total number of transducers is ∆f/δf, wherein δf is the signal peak linewidth for each
frequency. For example, if each ultrasound transducer is of the kind capable of generating pulses with frequencies in
the range 1-1.5MHz, then its bandwidth is ∆f=500kHz. If the signal peak linewidth δf for each frequency is about 1kHz,
then the maximum possible number of transducers operating simultaneously, each at a different frequency, is 500.
Because of the cross-talk effects between the transducers, it is better to choose a smaller number of transducers, e.
g., a maximum value of nmax=∆f/4δf.
[0055] Since a power spectrum operation is performed, all the ultrasound signals will appear as individual peaks at
their respective frequencies. For example, if 16 transducers are working in parallel, 16 different peaks will be present
in the power spectrum. Therefore, the processing time and the signal to noise ratio are not dependent on the number
of transducers. Since the peaks' positions are known, special Fourier transform techniques can be used, e.g., the so-
called zoom Fourier transforms, chirp Fourier transforms, etc.
[0056] In order to improve the signal to noise ratio, it is necessary to average the signal obtained for a given position.
This cannot be done by simply adding the temporal traces, but by adding the power spectra obtained after the power
spectrum operation.
[0057] The entire process consists of the following steps: trace reshaping; power spectrum and background removal;
mathematical processing for signal to noise ratio improvement; reconstruction and visualization. If real-time analysis
is required, then moving average can be used or similar averaging techniques. By using frequencies where there is
no ultrasound signal, the white noise background is detected and subtracted from the signal.
[0058] In order to reduce the constraints on the detectors, and to enable the use of relatively slow detectors, it is
possible to modulate the laser light intensity. If the laser light is intensity modulated at a frequency ΩUS+δω, wherein
ΩUS is the ultrasound frequency and δω is a frequency shift, the signal at the detector has two components: a component
with the frequency ΩUS+δω corresponding to the original (incident) light signal, and a component with the frequency
δω corresponding to the modulated signal. If, for example, δω is chosen smaller than 40kHz, then a simple sound card,
with 16 or more bits, can be used as the A/D card (19 in Figs. 1A and 1B). Moreover, if several lasers are used, the
δω- shift can be chosen different for each laser, and then one single photodetector or photodetector array can be used
for all the wavelengths. Direct laser modulation is in general directly available with diode lasers using a simple current
modulation. In the case of several lasers modulated at frequencies Ω0+δωwli and several transducers emitting ultra-
sound waves at frequencies Ω0+δωusj, the signal from the ith wavelength and the jth transducer is located as the detected
signal with the frequency (δωusj - δωwli).
[0059] Once the signal has been obtained in the frequency domain, the process starts again, and new traces are
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processed in a similar way. All the power spectra are then averaged. The signal to noise ratio grows like the square
root of the number of such power spectra.
[0060] As indicated above, the ultrasound firing unit may utilize a direct array of transducers (using the phase control
utility), or the known phase array transducers' arrangement.
[0061] Experiments have been conducted to obtain two-dimensional transversal and longitudinal pictures in an Agar
gel, tissue-like, phantom. The Agar gel ("regular" Agar gel) was prepared by mixing 2.7% in volume of Intra lipid 20%
(commercially available from B. Braun Melsungen AG) with water with unclear Agar Fluka 05040 (possessing an in-
trinsic scattering coefficient of µs=5cm-1). The amount of 2 droplets/liter of Pelikan 4001 black ink were added in order
to increase the absorption. The optical and ultrasonic properties of the gel have been matched to biological tissues.
[0062] Different cases have been examined. In the first example, the Agar sample AS was completely homogenous,
without any absorber inside. In a second example (experiment), a small absorbing region was introduced, made of
exactly the same Agar gel, but with the addition of carbon black (about 250 mg of carbon black per liter), called "black
Agar". This was done by drilling a 9mm-diameter hole in the Agar block, partly filling this hole with the black Agar so
as to obtain a 1cm-height, and then completely filling the hole with the regular Agar gel. This absorbing region was
index matched to the surrounding medium both for the light and the ultrasound beams.
[0063] In both examples, the experimental set up shown in Figs. 7A and 7B and the following conditions were used:
The ultrasound transducer 24 was V314 model (1.5" effective diameter) commercially available from Panametrics. The
laser was model S2395 (operating wavelength of 695nm), commercially available from Melles-Griot. The detector was
a fiber-coupled photomultiplier R7400U-50, commercially available from Hamamatsu. The analog to digital card was
model PCI9812, commercially available from ADLink. The ultrasound wave was focused at a 1"-distance under the
sample surface, and the light input and output optical fibers F1 and F2 were located 1.8cm apart. The diameter of the
ultrasound waist (at 6dB) was 3mm. The transducer 24 was physically scanned on the surface of the sample. A 14x14
matrix of transducer positions was chosen, the grid size being 3mm. Good coupling was ensured by using an ultrasound
coupling agent (Medi-pharm). At each point, measured data was obtained and power spectrum operations were per-
formed and averaged.
[0064] As shown in the example of Figs. 7A and 7B, the scan in the X-Z plane is performed by physically scanning
the ultrasound transducer in the X-direction and by sending pulses of duration 6.4µs to perform the scan in the Z-
direction. In the specific example, the ultrasound frequency was 1.25MHz. The scan in the X direction comprised 8
locations separated by a 5mm-distance. The scan in the Z-direction comprised 8 locations separated by a 9.6mm-
distance. The sample was made of the regular Agar.
[0065] Fig. 8 illustrates a spectrum as collected for each position in the X-Z plane for the first example (completely
homogenous Agar sample), and Fig. 9 illustrates the values of the power spectrum at the ultrasound frequency (after
background removal) as a function of the position of the transducer, presenting a map of the absorption. This plot is
in the form of a banana-shape that is typical for light transport in a diffusive media. Fig. 10 illustrates the so obtained
transversal picture of the photon density.
[0066] Fig. 11 illustrates the experimental results in the form of the map of absorption (values of the power spectrum
at the ultrasound frequency after background removal as a function of the position of the transducer) corresponding
to the second example, where the presence of the absorbing agent AB is clearly observed.
[0067] As indicated above, in order to get a two-dimensional image of the probed region (in the X-Y plane), it is
possible to operate several transducers operating at different frequencies in parallel. In that case, the optical signal
that is detected carries the information on photons that passed through each of the localized ultrasound waves. The
following experiment was performed. As shown in Fig. 12, two transducers 24A and 24B were operated in parallel with
frequencies lMHz and 1.001MHz, respectively, at fixed positions. The transducers were coupled to a phantom made
of regular Agar gel (index matching gel) that mimics tissues optical and ultrasonic properties. Light was coupled to the
sample in a reflection configuration, similarly to the experiment with scanning ultrasound. Other experimental conditions
were the same as described above. The power spectrum so obtained (after digital processing) is shown on Fig. 13.
Two clear peaks P1 and P2 were detected at the transducers' frequencies. These two peaks represent the signals of
the interaction between light and the localized ultrasound waves within the Agar sample.
[0068] Hence, by combining the use of several transducers arranged in the spaced-apart in the X-Y plane and op-
erating at different frequencies, with the use of phase controlled ultrasound pulses, it is possible to obtain, in real-time,
a three-dimensional picture of the absorbing regions in the tissues. The transducers' array may be of the direct array
configuration or phase array configuration. In the case of a direct array, each transducer is independent and provides
its own beam. Each transducer has its own, independent control channel. This configuration is particularly suited for
a relatively small number of channels. In the case of phase array, all the transducers contribute to all the beams through
a coherent effect. This configuration is particularly suited for a large number of channels. The phase-array concept is
well-known in the medical ultrasound community. According to the present invention, the transducer phase array op-
erates with several frequencies, rather than one frequency as conventionally used.
[0069] Fig. 14A shows a structure 36A of a monolithic ultrasound probe (direct transducers' array). In the example
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of Fig. 14A, a single-element focused transducer 24A accommodated in a transducer housing 37 is shown. The trans-
ducer is operated by electrical signals supplied through an electrical connector 38. The structure 36A makes use of a
piezoelectric element PE as well as an ultrasonic lens and matching layer LM. The typical profile (pulse envelope) PP
of an ultrasound wave generated by the transducer 24A is shown in Fig. 14B.
[0070] Figs. 15A-15B illustrate the principles of operation of a phase array based structure 36B. Fig. 15A corre-
sponds to the focusing with an array of transducers in transmission. The phase array structure uses an electronic delay
scheme. As shown in Fig. 15A, delay lines DL are applied to the transducer elements, respectively, to provide delayed
electrical excitations of the transducer elements to thereby generate a focused waveform of a transmitted wave TW
at a certain location L in the medium. Fig. 15B illustrates the profile (pulse envelopes P1, P2 and P3) of the phase array
probe 24B operating with three different frequencies and creating several spatially resolved focuses along the Z-axis.
[0071] It should be noted that relative delays (or phases) between the different elements of the phase array determine
the spatial shape of the envelope, and not the time variations of the ultrasound wave. In this sense, the time modulation
(and therefore the Z-dependence) and the spatial shape of the ultrasound envelope are independent.
[0072] Both the monolithic ultrasound probe and the phase array structures are operable to perform the same func-
tion: focusing an ultrasound wave in a certain region in the space. The configurations are equivalent in that they are
capable of simultaneously focusing different ultrasound pulses of different frequencies at different locations in the XY
plane. The advantage of using the phase array is that the focus can be electronically adjusted, due to the fact that the
different delays are not fixed but are electronically adjustable.
[0073] The following is the description of the spatial scanning of the X-Y plane by using the direct transducers' array
configuration.
[0074] Each transducer delivers an ultrasound pulse of the form:

wherein fp is the transducer's frequency located at the position (Xp, Yp,0), A is the ultrasound pulse's amplitude, and
ϕp is the phase of the ultrasound pulse. The pulse each channel delivers is a pencil-like beam, with a well-defined
diameter (which gives the resolution in the X-Y plane).
[0075] The transducer array contains closed-packed transducers transmitting pencil-like beams of a diameter defined
by the required resolution. Practically, however, it may be difficult to obtain, since small sized transducers typically
have a large beam divergence.
[0076] Fig. 16 illustrates an example of a transducer arrangement 40 according to the invention aimed at solving
the above problem, namely, at exciting closely located points in the medium by regular size (large) transducers. The
transducer arrangement comprises transducers' array 42 composed of large transducers closed-packed on a plane
surface, and two reflective paraboloids 44A and 44B. The paraboloids are designed such that the focus ratio of the
paraboloids equals the requested size reduction and the foci of the two paraboloids coincide.
[0077] Thus, a plurality of ultrasound beam generated by the transducers form together a tube of a diameter D1. This
tube-like beam impinges onto the concave surface of the paraboloid 44A and, while being reflected therefrom, prop-
agate within a solid angle towards the convex surface of the paraboloid 44B, which reflects the beam and shapes it
like a tube of a smaller diameter D2. The two paraboloids actually act as a reflective telescope. The exact orientation
of the paraboloid axes depends inter alia on the precise size of the transducers' array and the orientation of the exit
ultrasound waves. In order to avoid aberration of each individual ultrasound beam emitted by each transducer, the
paraboloids may be replaced by polyhedrons that maps the paraboloid surface so that each individual beam is reflected
by a plane surface. In order to reduce the travelling distance of the ultrasound beams before they exit the transducer
arrangement, the first paraboloid 44A can be removed, and the set of transducers are located on an imaginary parab-
oloid such that the beams all meet at the focus of the second paraboloid 44B.
[0078] The following is a specific numerical example. Sixteen transducers are used, each having a 1.25"-diameter,
a 200mm curvature. These 16 transducers (arranged at a 4x4 matrix), have an operating frequency of 1MHz. This
corresponds to a beam diameter of 6.5mm at 6dB. The beginning of the focal zone starts at about 77mm from the
transducer and finishes at about 191mm from the transducer. A simple geometric analysis shows that the use of two
paraboloids with focal distances of 10cm and 2cm, respectively, reduces the cross section of the ultrasound beam
generated by the 4x4 matrix of transducers from 15cm to a 5cm-diameter beam exiting from the transducer arrange-
ment.
[0079] The following is the description of the embodiment of the invention where the phase-array transducer config-
uration is used.
[0080] In the phase array configuration, the ultrasound beam delivered by each transducer strongly diverges, so that
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it can interfere with the beams emitted by the other transducers. When using the conventional phase-array one-fre-
quency configuration of n transducers, each transducer emits a wave of the form:

wherein f is the transducer's frequency. The total complex amplitude at the point of coordinates (x,y,z) is:

where

is the distance between the point and the jth transducer with coordinates (Xj, Yj, 0), and v is the speed of sound in the
tissues.
[0081] In order to maximize the intensity at the point z, it is necessary that all the phase terms equal to zero, i.e.:

[0082] This gives (n-1) independent equations that fix the relative phases of all the transducers. When dealing with
the case of multiple frequencies according to the invention, each transducer emits a wave of the form:

wherein P is the total number of frequencies. Hence, the total instant intensity is as follows:

[0083] The oscillating term is not zero in average, only if fp=fq. The average intensity at the point (x,y,z) is therefore
as follows:

dj = (x - Xj)
2 + (y - Yj)

2 + z2

2πf(dj - dk)

ν
------------------------------+ ϕ j - ϕk = 0 for every j, k.
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[0084] The average intensity is maximized, when the term under the exponential is nul, that is:

[0085] For a specific frequency fp, and a given point Mp with coordinates (xp, yp, zp), i.e., a given set of values dj, a
series of (n-1) equations is obtained that fixes the relative values of the phases ϕj,p. It is thus possible to define, for
each frequency, a different point at which the ultrasound intensity will be maximal. The number of frequencies, and
consequently the number of points probed in the sample, can be much larger than the number of transducers. The
same is valid in the case of direct transducers' array. In the case of phase-array, however, the waveform in the LUT is
more complex, and all the DDS are related one to the other. More specifically, the waveform that must be introduced
in the LUT of the jth transducer is not a simple sinusoidal curve, but is as follows:

wherein the frequencies fp are chosen so that there is minimum cross-talk between the signals after the power spectrum
procedure, and the bandwidth of the transducers is optimally filled. The phases are chosen so as to obtain a uniform
array of points in the X-Y plane and to provide scanning of the Z-direction by this plane. This is obtained by solving
the following equations:

for each position. This calculation is made once, and the resulting wavefonns are then stored in the LUT of each DDS.
The rest of the scheme (external clock and phase matching) is identical to the case of the direct transducers' array.
[0086] With regard to array of amplifiers in the phase array case, similarly to the above-described case of the direct
transducers' array, the signal from the DDS is sent to the amplifier that matches the transducers needs. The amplifier
must have a fast enough rise time (typically ten times shorter than the inverse of the transducer's highest frequency).
After the amplifier stage, the signal is sent to the transducer.
[0087] In the case of the phase array, the transducers' array is a two-dimensional flat array of identical, small size
transducers. The larger the number of transducers, the better the resolution. For example, for an array made of 16x16
transducers, assuming that each frequency needs a bandwidth of 1kHz in order to avoid cross-talk, a necessary band-
width for the transducers is about 300kHz, requiring a cavity factor Q of about 3, which is reasonable. The size of each
transducer is smaller than the ultrasound wavelength. The design and fabrication technology of such arrays is known
per se and therefore need not be specifically described.
[0088] With regard to the illuminator, the following should be noted. In order to obtain the oxygen saturation, it is
known to use two or more different wavelengths of incident light. To this end, lasers with several constraints, such as
a long coherence length and sufficient power, are used.
[0089] Different techniques can be used to couple the light in and out the medium (patient's body) such as direct
coupling from the laser (using mirrors and lenses), the use of fibers, etc., provided trespassing of the limit imposed by
biological damages is avoided.
[0090] If coupling of light from the laser to an optical fiber is used, as shown in Fig. 17, such a fiber F can itself be
coupled to a coupler 46 with several branches, generally at 48. This provides better filling of the tissues with light and
reducing the local amount of light delivered to the tissues while keeping an overall larger amount of light. A holographic

2πfp(dj - dk) + ϕj,p - ϕk,p = 0

2πfp (dj - dk) + ϕ j,p - ϕk,p = 0
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diffuser can be attached at the output of each branch in order to control the shape of the input light distribution when
it enters the tissues.
[0091] One of the most important points in any imaging technique is to obtain a good enough signal to noise ratio
(SNR). The improvement of the signal to noise ratio in the detected signals according to the invention consists of
matching the statistical trace length with the speckle decorrelation time τ0, i.e, the phase-shift is only on average
occurring at the time τ0. By introducing a statistical model of the speckle fluctuations, and by fitting the experimental
results with the model, the signal to noise ratio can be significantly improved.
[0092] According to the statistical model, in order to estimate the signal to noise ratio at the detector, the signal
arriving at the detector should be analyzed. The image at the detector is a speckle pattern. This pattern fluctuates in
time, and its probability distribution is well-known. The signal also fluctuates between power spectra. The statistical
model based approach simply averages these spectra. A better alternative is to use the statistical models and fit the
data to the model.
[0093] The advantage of this statistical approach is that it is possible to converge much faster to the signal value.
The procedure consists of the following: A series of n power spectra is obtained. One ultrasound frequency is selected,
and the values of the n spectra at this frequency (signal) are stored. What is then selected are p points around this
frequency, where no ultrasound beam is present. By this, a noise reference is defined. The nxp values of the noise
(background) are stored. The normalized histograms of the noise (background) and of the signal are determined, and
fitted to the Rayleigh distribution. Then, the noise fitted average is subtracted from the signal fitted average.
[0094] Experimental results (taken with an ultrasound probe focused at a distance of 30mm) are illustrated in Fig.
18, showing two graphs G1 and G2 corresponding to the signal to noise ratio as a function of the integration time for,
respectively, the rough data and the fitted data with a Rayleigh function. The fitted data have a higher S/N than the
non-fitted data, up to a 30% factor (in these data, the background has been removed).
[0095] The measurement that is performed by the apparatus of the present invention is a measurement related to
the local light intensity, and not directly to local absorption. In order to retrieve the absorption, it is necessary to perform
a reconstruction procedure. A simple reconstruction procedure is to simply use the known Beer-Lambert law. However
other reconstruction procedures are possible as well (for example, Monte-Carlo simulation, numerical resolution of
Maxwell equations, etc.).
[0096] Once the local absorption is retrieved at several wavelengths, the tissue saturation index can be easily re-
trieved from the ratio of the absorption coefficients at different wavelengths. This procedure is well-known in the art
and has been extensively used in the field of near-infrared spectroscopy.
[0097] The apparatus according to the present invention can be used for diagnostic purposes, namely, for diagnosing
an abnormality, or monitoring a patient in order to detect the appearance of such an abnormality; control of a therapeutic
treatment; diagnostic and monitoring. The device can be used as a monitoring device, for example in the case of brain
trauma, where a secondary injury can appear several hours after the primary injury. In that case, the device maps the
region surrounding the trauma and looks for changes in the absorption that witness changes in the oxygenation of the
tissues. The device can be used for the diagnosis of cancerous tumors. The latter are known to generate a large
number of capillaries that sustain their existence. Therefore, the amount of blood that is present in the area surrounding
a tumor is much larger than in non-cancerous tissues. Tumors can therefore be detected and monitored.
[0098] The apparatus according to the invention can be used for controlling therapeutic treatment. If a therapeutic
treatment generates modifications in the absorption or scattering of tissues locally, either using endogenous or exog-
enous agents, these changes can be monitored using the present invention. For example, local laser ablation or cry-
ogenic treatment of tumors would result in a change in the optical properties that can be detected and monitored using
the device. Other therapeutic means such as chemical or radiation therapy can be monitored in a similar way.
[0099] The technique of the present invention can be used to monitor temperature within the body. It has been
demonstrated that the Brownian motion of particles can be very accurately determined using diffusive light (D.J. Pine
et al. "Dynamical correlations of multiply-scattered light", Scattering and Localization of Classical Waves in Random
Media, Ping Sheng ed. World Scientific (1990)). Early works on diffusive light spectroscopy have shown that it was
possible to differentiate between the Brownian motion of the particles and the motion occurring due to the ultrasound
(W. Leutz and G. Maret, "Ultrasonic modulation of multiply scattered light", Physica B, 204, 14-19, (1995)).
[0100] When there is no or very little particle fluctuations, the optical signal obtained at the ultrasound frequency,
using the algorithm described above, has a peak whose full width at half maximum (FWHM) is as narrow as the ultra-
sound peak FWHM. However, when particles are fluctuating, their velocity due to the local fluctuations will be added
to their velocity due to the ultrasound, and the peak FWHM at the ultrasound frequency will increase due to the Doppler
effect. Since the local temperature is proportional to the square root of the local particles velocity, this gives a way to
locally evaluate the temperature.
[0101] A second effect that also contributes to evaluating the local temperature is the fact that when particles fluctuate,
there is a loss of coherence in the signal translated into an increase in the FWHM of the detected signal.
[0102] Both effects go in the same direction (increase in the FWHM with increasing temperature). The precise relation
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between changes in the fluctuations and ∆T can be obtained empirically (for example, by comparing these measure-
ments with measurements obtained by invasive methods). A look-up table (LUT) can then be used for relating the
changes in the FWHM and local temperature. By scanning the ultrasound focus, a temperature map can be obtained.
[0103] In the above-described examples, the location of the interactions between the light and ultrasound radiation
at different points along the Z-axis was achieved by controlling the phase between successive ultrasound pulses.
Alternatively, different Z-points can be located by sequentially affecting the phase of the light signal without the need
of controlling the phase of the ultrasound pulses, and without the need of a fast detector.
[0104] Turning back to Fig. 1B, the function generator may be operable to modulate the output intensity of the laser
using a phase modulation scheme. In this case, the generation and transmission of ultrasound pulses may be imple-
mented in the conventional manner. In order to scan the X-Y plane by the plurality of transducers, the transducers may
be operated either sequentially or with different frequencies of ultrasound pulses. Additionally, in this case, there is no
need for using fast detector(s), but rather a "slow" detector, such as a CMOS camera, which can be used and allows
parallel detection of a plurality of light components (by means of a matrix of pixels). The laser light is modulated with
a fixed frequency and a modulated phase. The fixed frequency can be chosen arbitrarily, for example near the ultra-
sound frequency so that the difference between both frequencies is smaller than 100kHz. The modulated phase is built
so that when successive ultrasonic pulses pass through the same position, the laser phase is slightly shifted, the shift
being different for each different position of the ultrasound pulse.
[0105] When diffuse light passes through the ultrasound pulse, it gets partly modulated and the modulated signal
time dependence is a sinusoidal signal, whose argument is the difference between the ultrasound and laser modula-
tions' arguments. It is therefore composed of a fix frequency and a modulated phase. An optical detector then detects
this optical signal.
[0106] According to one example, the detector response time is smaller than or equal to the ultrasonic pulse-to-pulse
periodicity. Therefore, for a given ultrasonic pulse firing, the detector receives an optical signal that is the time integration
of several signals corresponding to the different spatial positions of the ultrasound pulse.
[0107] For a given ultrasonic pulse position, after a time delay corresponding to the ultrasonic pulse-to-pulse perio-
dicity, a new ultrasound pulse, identical to the previous one, occupies the same spatial position, and so on. Since the
laser modulation is built so that there is a slight phase-shift between two successive ultrasonic pulses, the light-ultra-
sound interaction signal has a phase that is slightly shifted by a constant amount at each pulse firing. After several
firings, for each pulse position a sinusoidal modulation is described. By choosing the laser phase-shift so as to be
different for each spatial position of the ultrasonic pulse, the period of the sinusoid will be different for each ultrasound
pulse position. The light-ultrasound interaction signal therefore is composed of a series of sinusoidal signals whose
frequencies are related with a one to one correspondence with the pulse position, and whose amplitude is proportional
to the photon density at the ultrasound position.
[0108] Referring to Fig. 19, there is illustrated the laser phase modulation scheme. Successive ultrasound pulses
are represented with the same time origin (triggering time). The spatial position of a given ultrasonic pulse is associated
with a given time of pulse propagation, namely, the propagation time divided by the speed of sound in the medium.
For a given position of the ultrasonic pulse, successive pulses experience a different laser phase that is shifted by a
given amount different for each position.
[0109] Fig. 20 illustrates the time dependence of the laser phase without folding. It is represented by a saw-tooth
function with increasing tooth-size, the duration of each such tooth being defined by the ultrasound pulse-to-pule pe-
riodicity Tpp.
[0110] The phase-shift can be chosen so that the end value of the phase is always a multiple of 2π. In this case, the
phase will be continuous, which presents advantages for the electronic implementation. The laser phase can be chosen
so as to be a continuous time function. For example, the laser phase can be chosen to be proportional to t1t, where
t1 is the relative time from the ultrasound pulse firing trigger, and t is the absolute time, from the start of the measurement
session. In this case, the laser phase will have a quadratic dependence with the relative time.
[0111] Fig. 21 illustrates the use of the continuous phase, when both the 2π-shift multiple is described during a pulse-
to-pulse period and the phase is continuous with the time. The total measurement period MP is defmed as the time
necessary to obtain a complete sinusoidal period for the slowest no-null frequency. The total measurement time will
be of the order of magnitude of one to several measurement periods.
[0112] In another example, the detector response time is larger than the pulse-to-pulse time duration Tpp. In this
case, the laser modulation phase may be shifted only every several pulse-to-pulse periods, so that the same signal
reaches the detector during the period of several ultrasonic pulses. This is an averaging operation.
[0113] Fig. 22 illustrates the phase sequence of the laser modulation for the case of integrating a detector and
average signal.
[0114] It should be understood that although the use of a single laser is exemplified, several lasers could be used
in parallel. In this case, the fixed frequency of each laser can be chosen so that, after power spectrum, each laser
occupies a different spectral band. The laser phase may be synthesized in real-time, or may be computed in advance
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and stored in a look-up table for faster access. The laser can be modulated either directly in the case of semiconductor
lasers, through current modulation, or by using an external light modulator (such as an acousto-optics modulator)
[0115] It should also be noted that the light phase modulation concept can be utilized with the transducer arrangement
composed of a single ultrasonic transducer, several transducers, phase-arrayed or not, operating with different fre-
quencies. If several transducers are used, the fixed frequency of each transducer can be chosen so that, after power
spectrum, each transducer occupies a different spectral band, each band corresponding to a different position in the
plane perpendicular to the ultrasound wave propagation axis (X-Y plane).
[0116] Additionally, the modulation scheme of the laser light can be replaced by that of the detector. This includes
the modulation of photomultiplier dynodes, if photomultipliers are used, or a multichannel plate modulation if multichan-
nel plates are used in conjunction with a camera.
[0117] The following is the simulation example:
[0118] The laser modulation is chosen to be proportional to:

wherein ΩUS is the ultrasound central frequency, t1 is the relative time starting from each ultrasonic pulse trigger, t is
the time from the start of the total measurement; α is a positive constant; and β is the difference frequency between
the laser frequency and the ultrasound frequency.
[0119] The signal after the ultrasound-light interaction is proportional to

with φL(t1,t) = αt1t + βt.
[0120] In the present example, the values α and β are chosen of the effective frequencies to be: α=3kHz/s and
β=30kHz, and 6 points along the Z-axis (n=6) are supposed to be obtained. The pulse repetition rate is PRF=30kHz.
The averaging is carried out only once for the sake of simplicity. Therefore, the frequency ω0 is ω0=PRF=30kHz. The
difference between two consecutive frequencies (signal frequencies) is 3kHz. The total phase values are:

[0121] Each column corresponds to a new ultrasonic pulse (30 microseconds time difference between two columns).
In the linear form, the same is as follows:

0,0,0,0,0,0,1,1.1,1.2,1.3,1.4,1.5,2,2.2,2.4,2.6,2.8,3,3,3.3 .... for one average, where the time difference between
two points is 5 microseconds.

[0122] In the case of two averages, we have:

0,0,0,0,0,0,0,0,0,0,0,0,1,1.1,1.2,1.3,1.4,1.5,1,1.1,1.2,1.3,1.4,1.5, 2,2.2,2.4,2.6,....

[0123] In the process of simulation, the sinus of the phase is performed and multiplied by a coefficient that simulates
the local absorption (coefficients 1 to 6 for the positions 0 to 5 respectively).
[0124] Reference is made to Fig. 23, illustrating the different signals corresponding to the different positions of the
ultrasound pulse. The summation of the contributions of all the frequencies gives the integrated signal received by the
detector at each sampling time.
[0125] The time difference between the consecutive data is 30 microseconds. In case of two averages, the time

Position in the Z
axis\Time (x 30µs)

0 1 2 3 4 5 6 7 8 9 10 11

0 0 1 2 3 4 5 6 8 9 10 11

1 0 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 9.9 11 12.1

2 0 1.2 2.4 3.6 4.8 6 7.2 8.4 9.6 10.8 12 13.2

3 0 1.3 2.6 3.9 5.2 6.5 7.8 9.1 10.4 11.7 13 14.3

4 0 1.4 2.8 4.2 5.6 7 8.4 9.8 11.2 12.8 14 15.4

5 0 1.5 3 2.5 6 7.5 9 10.5 12 13.5 15 16.5

sin(ΩUSt + αt1t + βt)

sin(φL(t1,t))t
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would be 60 microseconds. Fig. 24 illustrates the time variations of the signal. This summation has been calculated
for 256 sampling points. This is the slow signal detected by the detector. It should be understood that, in order to obtain
the right time-scale, the time axis data must be multiplied by 30 microseconds. A power spectrum is then applied to
the data and the resulting spectrum is illustrated in Fig. 25, showing 6 clear peaks, whose magnitude is proportional
to the coefficients introduced (1,2,3,4,5,6).
[0126] Those skilled in the art will readily appreciate that various modifications and changes can be applied to the
embodiments of the invention as herein before exemplified without departing from its scope defined in and by the
appended claims.

Claims

1. A method of detecting an effect of interactions of electromagnetic radiation with ultrasound radiation pulses at
different locations within a region of interest in a scattering medium to thereby enable imaging of said medium, the
method comprising:

(i) generating a plurality of sequences of ultrasound pulses;
(ii) generating incident electromagnetic radiation of at least one wavelength;
(iii) transmitting the plurality of sequences of said pulses towards a plurality of locations, respectively, in said
region of interest within an X-Y plane perpendicular to axes of propagation of the ultrasound pulses, while
illuminating said region of interest with the incident electromagnetic radiation, to thereby produce signals of
the electromagnetic radiation, each being frequency modulated by a frequency of the ultrasound radiation and
allowing identifications of said interactions that occur at said plurality of locations in the X-Y plane and in a
plurality of locations along the Z-axis;
(iv) detecting the modulated signals of the electromagnetic radiation and generating data indicative thereof,
the analysis of said data enabling the imaging of the region of interest

the method being characterized in that:

each of said generated ultrasound pulses comprises at least one sinusoidal cycle and said generated elec-
tromagnetic radiation is in the form of a modulated continuous wave, the method thereby enabling control of
a phase of either the ultrasound or the electromagnetic radiation to provide a phase continuity of the detected
modulated signals.

2. The method according to Claim 1, wherein, in step (iii), said plurality of sequences are transmitted to the different
locations in the X-Y plane by scanning the X-Y plane with a single transducer.

3. The method according to Claim 1, wherein, in step (iii), said plurality of sequences are transmitted to the different
locations in the X-Y plane by scanning the X-Y plane with a one-dimensional array of transducers aligned along
the X-axis.

4. The method according to Claim 1, wherein, in step (iii), said plurality of sequences are transmitted to the different
locations in the X-Y plane by means of a two-dimensional array of transducers aligned along the X- and Y-axes.

5. The method according to Claim 1, wherein said sequences of pulses have different frequencies.

6. The method according to Claim 3 or 4, wherein said array of transducers is a multi-frequency phase array, the
method comprising electronically controlling the phases of the ultrasound pulses.

7. The method according to Claim 1 comprising controlling the phase of the ultrasound radiation by timely separating
pulses of different phases in the sequence of pulses, the pulses presenting different parts of a common sinusoidal
signal, such that each pulse starts with the ending phase of the preceding pulse.

8. The method according to Claim 1, comprising controlling the phase of the electromagnetic radiation.

9. The method according to Claim 1, wherein the analysis of the data comprises the steps of converting data indicative
of the analog detected signals into digital data, reshaping the digital signal to thereby obtain a proper time series
of data for each location, and performing a power spectrum operation on the time series.
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10. The method according to Claim 1, wherein the analysis of the data enables determination of information on ab-
sorbing substances in said region of interest.

11. The method according to Claim 1, enabling monitoring of a temperature within the medium.

12. The method according to Claim 11, wherein said monitoring comprises
analyzing the data indicative of the detected modulated signals and generating data indicative of temperature

mapping of the region of interest.

13. The method according to Claim 1, wherein the imaging of the region of interest utilizing the interacting ultrasound
and electromagnetic radiations enables obtaining a functional image of the region of interest, the method compris-
ing:

- transmitting ultrasound radiation to different locations inside the region of interest and detecting ultrasound
radiation returned from said locations, to thereby obtain a structural image of said region of interest registered
with the functional image.

14. An apparatus for detecting an effect of interactions of electromagnetic radiation with ultrasound radiation at different
locations within a region of interest in a scattering medium to thereby enable imaging of said medium, the apparatus
comprising:

(i) an ultrasound firing unit comprising a transducer arrangement operable to transmit a plurality of sequence
of pulses of ultrasound radiation to a plurality of locations in said region of interest with an X-Y plane perpen-
dicular to the axes of propagation of the ultrasound pulses; and an electromagnetic radiation source operable
to illuminate said region of interest with incident electromagnetic radiation of at least one wavelength, to thereby
produce signals of the electromagnetic radiation, each being frequency modulated by a frequency of the ul-
trasound radiation;
(ii) a phase control utility operable to affect the phase of the generated radiation;
(iii) a detector unit operable to detect said modulated signals and generate data indicative thereof; and
(iv) a control unit for operating said ultrasound firing unit, said electromagnetic radiation source, and said
phase control utility, the control unit comprising a data processing and analyzing utility for analyzing the data
generated by the detector to enable said imaging;

the apparatus being characterized in that:

said ultrasound firing unit is operable to provide each of said pulses of ultrasound radiation in the form of at
least one sinusoidal cycle, said electromagnetic radiation source is operable to produce said incident electro-
magnetic radiation in the form of a modulated continuous wave, and the control unit is operable to affect the
phase of either the ultrasound radiation or the electromagnetic radiation to provide a phase continuity of the
frequency modulated signals.

15. The apparatus according to Claim 14, wherein said transducer arrangement comprises a single transducer dis-
placeable within the X-Y plane.

16. The apparatus according to Claim 14, wherein said transducer arrangement comprises a one-dimensional array
of transducers aligned in a spaced-apart relationship along the X-axis, and being displaceable along the X-axis.

17. The apparatus according to Claim 14, wherein said transducer arrangement comprises a two-dimensional array
of transducers aligned in a spaced-apart relationship along the X- and Y-axes.

18. The apparatus according to Claim 17, wherein said sequences of ultrasound pulses have different frequencies.

19. The apparatus according to Claim 14, wherein said phase control utility is operable to control the phase of the
ultrasound radiation such that the sequence of pulses comprises timely separated pulses of different phases.

20. The apparatus according to Claim 19, wherein the pulses present different parts of a common sinusoidal signal,
such that each pulse starts with an ending phase of a preceding pulse.
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21. The apparatus according to Claim 16 or 17, wherein said transducer arrangement comprises a multi-frequency
phase array.

22. The apparatus according to Claim 16 or 17, wherein said ultrasound firing unit comprises a beam shaping unit
accommodated in the path of the ultrasound radiation for reducing a diameter of a spot excited in the medium by
the ultrasound radiation, as compared to a diameter of a beam formed by all ultrasound radiation components
generated by the transducers.

23. The apparatus according to Claim 14, wherein said phase control unit is operable to control the phase of the
electromagnetic radiation.

24. The apparatus according to Claim 14, wherein said control unit comprises an analog to digital converter for process-
ing analog output of the detector, and a data processing and analyzing utility operable to reshape a digital signal
indicative of the detected signals to thereby obtain a proper time series of data for each location.

25. The apparatus according to Claim 14, wherein the control unit is operable to selectively actuate the ultrasound
firing unit, and both the ultrasound firing unit and the electromagnetic radiation source, signals detected during the
operation of the ultrasound firing unit only being indicative of a structural image of the region of interest, and said
modulated signals being indicative of a functional image of the region of interest.

26. The apparatus according to Claim 14, wherein the detector unit comprises a CMOS camera for parallel detection
of a plurality of the electromagnetic radiation components.

Patentansprüche

1. Ein Verfahren zum Bestimmen einer Wirkung von Interaktionen elektromagnetischer Strahlung mit Ultraschall-
Strahlungsimpulsen an verschiedenen Orten innerhalb eines Bereichs von Interesse in einem Streumedium, um
dadurch die Abbildung des Mediums zu ermöglichen, wobei das Verfahren folgendes umfasst:

(i) Erzeugen einer Vielzahl von Sequenzen von Ultraschall-Impulsen;
(ii) Erzeugen einfallender elektromagnetischer Strahlung von mindestens einer Wellenlänge;
(iii) Übertragung der Vielzahl von Sequenzen der Impulse an eine Vielzahl von Orten, jeweils in dem Bereich
von Interesse innerhalb einer X-Y-Ebene, die rechtwinklig zu Achsen der Ausbreitung der Ultraschall-Impulse
ist, und zwar bei gleichzeitiger Beleuchtung des Bereichs von Interesse mit der einfallenden elektromagneti-
schen Strahlung, um dadurch Signale der elektromagnetischen Strahlung zu erzeugen, wobei jedes von einer
Frequenz der Ultraschall-Strahlung frequenzmoduliert ist und Identifikationen der Interaktionen ermöglicht,
die an der vielzahl von Orten in der X-Y-Ebene und an einer Vielzahl von Orten entlang der Z-Achse auftreten;
(iv) Detektieren der modulierten Signale der elektromagnetischen Strahlung und Erzeugung von Daten, die
diese bezeichnen,

wobei die Analyse der Daten die Abbildung des Bereichs von Interesse ermöglicht,
wobei das Verfahren dadurch gekennzeichnet ist, dass:

jeder der erzeugten Ultraschall-Impulse mindestens einen Sinus-Zyklus umfasst und die erzeugte elektroma-
gnetische Strahlung in Form einer modulierten kontinuierlichen Welle vorliegt,

wobei das Verfahren so die Steuerung einer Phase von entweder dem Ultraschall oder der elektromagnetischen
Strahlung ermöglicht, um eine Phasen-Kontinuität der detektierten modulierten Signale zu liefern.

2. Das Verfahren nach Anspruch 1, wobei in Schritt (iii) die Vielzahl von Sequenzen an die verschiedenen Orte in
der X-Y-Ebene durch Abtasten der X-Y-Ebene mit einem einzigen Transducer übertragen wird.

3. Das Verfahren nach Anspruch 1, wobei in Schritt (iii) die Vielzahl von Sequenzen an die verschiedenen Orte in
der X-Y-Ebene durch Abtasten der X-Y-Ebene mit einer eindimensionalen Anordnung von Transducern übertragen
wird, die entlang der X-Achse angeordnet sind.

4. Das Verfahren nach Anspruch 1, wobei in Schritt (iii) die Vielzahl von Sequenzen an die verschiedenen Orte in
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der X-Y-Ebene mit Hilfe einer zweidimensionalen Anordnung von Transducern übertragen wird, die entlang den
X- und Y-Achsen angeordnet sind.

5. Das Verfahren nach Anspruch 1, wobei die Sequenzen von Impulsen verschiedene Frequenzen haben.

6. Das Verfahren nach Anspruch 3 oder 4, wobei die Anordnung von Transducern eine Mehrfrequenz-Phasen-An-
ordnung ist, wobei das Verfahren die elektronische Steuerung der Phasen der Ultraschall-Impulse umfasst.

7. Das Verfahren nach Anspruch 1, das die Steuerung der Phase der Ultraschall-Strahlung durch zeitliches Trennen
von Impulsen verschiedener Phasen in der Sequenz von Impulsen umfasst, wobei die Impulse verschiedene Teile
eines herkömmlichen Sinus-Signals darstellen, so dass jeder Impuls mit der Endphase des vorhergehenden Im-
pulses beginnt.

8. Das Verfahren nach Anspruch 1, das die Steuerung der Phase der elektromagnetischen Strahlung umfasst.

9. Das Verfahren nach Anspruch 1, wobei die Analyse der Daten die Schritte der Umwandlung von Daten, welche
die analogen detektierten Signale bezeichnen, in digitale Daten umfasst, das Umformen des digitalen Signals, um
so eine korrekte Zeitfolge von Daten für jeden Ort zu erhalten, und das Durchführen einer Leistungsspektrum-
Operation auf der Zeitfolge.

10. Das Verfahren nach Anspruch 1, wobei die Analyse der Daten die Bestimmung von Informationen über die Ab-
sorption von Substanzen in dem Bereich von Interesse ermöglicht.

11. Das Verfahren nach Anspruch 1, das die Überwachung einer Temperatur innerhalb des Mediums ermöglicht.

12. Das Verfahren nach Anspruch 11, wobei die Überwachung folgendes umfasst:

Analyse der Daten, welche die detektierten modulierten Signale bezeichnen, und Erzeugung von Daten, die
die Temperatur-Abbildung des Bereichs von Interesse bezeichnen.

13. Das Verfahren nach Anspruch 1, wobei die Abbildung des Bereichs von Interesse unter Verwendung der intera-
gierenden Ultraschall-Strahlung und elektromagnetischen Strahlung das Erhalten eines funktionellen Abbilds des
Bereichs von Interesse ermöglicht, wobei das Verfahren folgendes umfasst:

- Übertragung von Ultraschall-Strahlung an verschiedene Orte innerhalb des Bereichs von Interesse und De-
tektierung von Ultraschall-Strahlung, die von den Orten reflektiert wird, um so ein strukturelles Abbild des
Bereichs von Interesse zu erhalten, das mit dem funktionellen Abbild registriert wird.

14. Eine Vorrichtung zur Detektierung einer Wirkung von Interaktionen elektromagnetischer Strahlung mit Ultraschall-
Strahlung an verschiedenen Orten innerhalb eines Bereichs von Interesse in einem Streumedium, um dadurch
die Abbildung des Mediums zu ermöglichen, wobei die Vorrichtung folgendes umfasst:

(i) eine Ultraschall-Auslöse-Einheit, die eine Transducer-Anordnung umfasst, die betreibbar ist, um eine Viel-
zahl von Sequenzen von Impulsen von Ultraschall-Strahlung an eine Vielzahl von Orten in dem Bereich von
Interesse zu übertragen, mit einer X-Y-Ebene, die rechtwinklig zu den Ausbreitungsachsen der Ultraschall-
Impulse ist; und eine Quelle für elektromagnetische Strahlung, die betreibbar ist, um den Bereich von Interesse
mit einfallender elektromagnetischer Strahlung von mindestens einer Wellenlänge zu beleuchten, um dadurch
Signale der,elektromagnetischen Strahlung zu erzeugen, wobei jedes von einer Frequenz der Ultraschall-
Strahlung frequenzmoduliert ist;
(ii) ein Phasen-Steuer-Gerät, betreibbar, um die Phase der erzeugten Strahlung zu beeinflussen;
(iii) eine Detektor-Einheit, betreibbar, um die modulierten Signale zu detektieren und Daten zu erzeugen, die
sie bezeichnen; und
(iv) eine Steuer-Einheit zum Bedienen der Ultraschall-Auslöse-Einheit, der elektromagnetischen Strahlungs-
quelle und des Phasen-Steuer-Geräts, wobei die Steuer-Einheit ein Datenverarbeitungs- und Analysegerät
zum Analysieren der Daten umfasst, die vom Detektor erzeugt werden, um die Abbildung zu ermöglichen;

wobei die Vorrichtung dadurch gekennzeichnet ist, dass:
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die Ultraschall-Aus-Löse-Einheit betreibbar ist, um jeden der Impulse von Ultraschall-Strahlung in Form min-
destens eines Sinus-Zyklus bereitzustellen, wobei die Quelle für elektromagnetische Strahlung betreibbar ist,
um die einfallende elektromagnetische Strahlung in Form einer modulierten kontinuierlichen Welle zu erzeu-
gen, und wobei die Steuer-Einheit betreibbar ist, um die Phase von entweder der Ultraschall-Strahlung oder
der elektromagnetischen Strahlung zu beeinflussen, um eine Phasen-Kontinuität der frequenzmodulierten
Signale zu liefern.

15. Die Vorrichtung nach Anspruch 14, wobei die Transducer-Anordnung einen einzigen Transducer umfasst, der
innerhalb der X-Y-Ebene verschiebbar ist.

16. Die Vorrichtung nach Anspruch 14, wobei die Transducer-Anordnung eine eindimensionale Anordnung von Trans-
ducern umfasst, die in einer beabstandeten Beziehung entlang der X-Achse angeordnet und entlang der X-Achse
verschiebbar sind.

17. Die Vorrichtung nach Anspruch 14, wobei die Transducer-Anordnung eine zweidimensionale Anordnung von
Transducern umfasst, die in einer beabstandeten Beziehung entlang der X- und Y-Achsen angeordnet sind.

18. Die Vorrichtung nach Anspruch 17, wobei die Sequenzen von Ultraschall-Impulsen verschiedene Frequenzen
haben.

19. Die Vorrichtung nach Anspruch 14, wobei das Phasen-Steuer-Gerät betreibbar ist, um die Phase der Ultraschall-
Strahlung so zu steuern, dass die Sequenz von Impulsen zeitlich getrennte Impulse verschiedener Phasen um-
fasst.

20. Die Vorrichtung nach Anspruch 19, wobei die Impulse verschiedene Teile eines herkömmlichen Sinus-Signals
darstellen, so dass jeder Impuls mit einer Endphase eines vorhergehenden Impulses beginnt.

21. Die Vorrichtung nach Anspruch 16 oder 17, wobei die Transducer-Anordnung eine Mehrfrequenz-Phasen-Anord-
nung umfasst.

22. Die Vorrichtung nach Anspruch 16 oder 17, wobei die Ultraschall-Auslöse-Einheit eine strahlformende Einheit
umfasst, die im Pfad der Ultraschall-Strahlung angebracht ist, um einen Durchmesser eines Punktes zu reduzieren,
der im Medium von der Ultraschall-Strahlung angeregt wird, im Vergleich zu einem Durchmesser eines Strahls,
der von allen Ultraschall-Strahlungs-Komponenten geformt wird, die von den Transducern erzeugt werden.

23. Die Vorrichtung nach Anspruch 14, wobei die Phasen-Steuer-Einheit betreibbar ist, um die Phase der elektroma-
gnetischen Strahlung zu steuern.

24. Die Vorrichtung nach Anspruch 14, wobei die Steuer-Einheit einen Analog-Digital-Wandler zum Verarbeiten der
analogen Ausgabe des Detektors und ein Datenverarbeitungs- und Analysegerät umfasst, das betreibbar ist, um
ein digitales Signal umzuformen, das die detektierten Signale bezeichnet, um dabei eine korrekte Zeitfolge von
Daten für jeden Ort zu erhalten.

25. Die Vorrichtung nach Anspruch 14, wobei die Steuer-Einheit betreibbar ist, um selektiv die Ultraschall-Auslöse-
Einheit und um sowohl die Ultraschall-Auslöse-Einheit als auch die Quelle für elektromagnetische Strahlung zu
aktivieren, wobei Signale, die während des Betriebs der Ultraschall-Auslöse-Einheit detektiert werden, nur ein
strukturelles Abbild des Bereichs von Interesse bezeichnen, und die modulierten Signale ein funktionelles Abbild
des Bereichs von Interesse bezeichnen.

26. Die Vorrichtung nach Anspruch 14, wobei die Detektor-Einheit eine CMOS-Kamera zur parallelen Bestimmung
mehrerer Komponenten der elektromagnetischen Strahlung umfasst.

Revendications

1. Procédé de détection d'un effet d'interactions de rayonnement électromagnétique avec des impulsions de rayon-
nement d'ondes ultrasonores en différentes localisations au sein d'une région d'intérêt dans un milieu de diffusion
pour permettre par ce moyen une imagerie dudit milieu, le procédé comprenant des étapes consistant à :
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(i) engendrer une pluralité de séquences d'impulsions ultrasonores;
(ii) engendrer un rayonnement électromagnétique incident d'au moins une longueur d'onde ;
(iii) transmettre la pluralité de séquences d'impulsions susdites vers une pluralité de localisations, respective-
ment, dans ladite région d'intérêt au sein d'un plan X-Y perpendiculaire aux axes de propagation des imposions
ultrasonores, tout en illuminant ladite région d'intérêt avec le rayonnement électromagnétique incident, pour
produire par ce moyen des signaux du rayonnement électromagnétique, chacun étant modulé en fréquence
par une fréquence du rayonnement ultrasonore et permettant des identifications desdites interactions qui se
produisent en ladite pluralité de localisations dans le plan X-Y et dans une pluralité de localisations le long de
l'axe Z ;
(iv) détecter les signaux modulés du rayonnement électromagnétique et engendrer des données indicatives
de ceux-ci, l'analyse desdites données permettant l'imagerie de la région d'intérêt ;

le procédé étant caractérisé en ce que :

chacune desdites impulsions ultrasonores engendrées comprend au moins un cycle sinusoïdal et ledit rayon-
nement électromagnétique engendré prend la forme d'une onde continue modulée, le procédé permettant par
ce moyen un contrôle d'une phase du rayonnement soit ultrasonore ou électromagnétique pour procurer une
continuité de phase des signaux modulés détectés.

2. Procédé selon la revendication 1, dans lequel, dans l'étape (iii), lesdites séquences sont transmises aux différentes
localisations dans le plan X-Y en balayant la plan X-Y avec un unique transducteur.

3. Procédé selon la revendication 1, dans lequel, dans l'étape (iii), lesdites séquences sont transmises aux différentes
localisations dans le plan X-Y en balayant le plan X-Y avec un réseau unidimensionnel de transducteurs alignés
selon l'axe X,

4. Procédé selon la revendication 1, dans lequel, dans l'étape (iii), lesdites séquences sont transmises aux différentes
localisations dans le plan X-Y au moyen d'un réseau bidimensionnel de transducteurs alignés selon les axes X et Y.

5. Procédé selon la revendication 1, dans lequel lesdites séquences d'impulsions ont différentes fréquences.

6. Procédé selon la revendication 3 ou 4, dans lequel ledit réseau de transducteurs est un réseau de phase multi-
fréquence, le procédé comprenant une étape de commande électronique des phases des impulsions ultrasonores.

7. Procédé selon la revendication 1, comprenant une étape consistant à commander la phase du rayonnement ul-
trasonore en séparant en temps les impulsions de différentes phases dans la séquence d'impulsions, les impul-
sions présentant différentes parties d'un signal sinusoïdal commun, de sorte que chaque impulsion commence
avec la phase finale de l'impulsion précédente.

8. Procédé selon la revendication 1, comprenant une étape consistant à commander la phase du rayonnement élec-
tromagnétique.

9. Procédé selon la revendication 1, dans lequel l'analyse des données comprend les étapes consistant à convertir
les données indicatives des signaux analogiques détectés en données numériques, à remettre en forme le signal
numérique pour obtenir par ce moyen une série temporelle correcte de données pour chaque localisation, et réa-
liser une opération d'analyse spectrale en puissance sur la série temporelle.

10. Procédé selon la revendication 1, dans lequel l'analyse des données permet une détermination d'informations sur
les substances absorbantes dans ladite région d'intérêt.

11. Procédé selon la revendication 1, permettant une surveillance de température au sein du milieu.

12. Procédé selon la revendication 11, dans lequel ladite surveillance comprend des étapes consistant à :

analyser les données indicatives des signaux modulés détectés et engendrer des données indicatives d'une
cartographie de température de la région d'intérêt.

13. Procédé selon la revendication 1, dans lequel l'imagerie de la région d'intérêt utilisant l'interaction des rayonne-
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ments électromagnétiques et ultrasonores permet d'obtenir une image fonctionnelle de la région d'intérêt, le pro-
cédé comprenant des étapes consistant à :

- transmettre un rayonnement ultrasonore en différentes localisations à l'intérieur de la région d'intérêt et dé-
tecter le rayonnement ultrasonore retourné par lesdites localisations, pour obtenir par ce moyen une image
structurelle de ladite région d'intérêt enregistrée avec l'image fonctionnelle.

14. Appareil pour détecter un effet d'interactions de rayonnement électromagnétique avec des rayonnements ultra-
sonores en différentes locations au sein d'une région d'intérêt dans un milieu de diffusion pour permettre par ce
moyen une imagerie dudit milieu, l'appareil comprenant :

(i) une unité de tir d'ultrasons comprenant un agencement de transducteur pouvant être mis en oeuvre pour
transmettre une pluralité de séquences d'impulsions de rayonnement ultrasonore vers une pluralité de loca-
lisations dans ladite région d'intérêt selon un plan X-Y perpendiculaire aux axes de propagation des impulsions
ultrasonores ; et une source de rayonnement électromagnétique pouvant être mise en oeuvre pour illuminer
ladite région d'intérêt avec un rayonnement électromagnétique incident d'au moins une longueur d'onde, pour
produire par ce moyen des signaux de rayonnement électromagnétique, chacun étant modulé en fréquence
par une fréquence du rayonnement ultrasonore ;
(ii) des moyens de commande de phase pouvant être mis en oeuvre pour affecter la phase du rayonnement
engendré ;
(iii) une unité de détection pouvant être mise en oeuvre pour détecter lesdits signaux modulés et engendrer
des données indicatives de ceux-ci ; et,
(iv) une unité de commande pour la mise en oeuvre de l'unité de tir d'ultrasons, ladite source de rayonnement
électromagnétique et lesdits moyens de commande de phase, l'unité de commande comprenant des moyens
d'analyse et de traitement de données pour analyser les données engendrées par le détecteur et permettre
ladite imagerie ;

l'appareil étant caractérisé en ce que :

ladite unité de tir d'ultrasons peut être mise en oeuvre pour fournir chacune desdites impulsions de rayonne-
ment ultrasonore sous forme d'au moins un cycle sinusoïdal ladite source de rayonnement électromagnétique
peut être mise en oeuvre pour produire ledit rayonnement électromagnétique incident sous forme d'une onde
continue modulée, et l'unité de commande peut être mise en oeuvre pour affecter la phase de soit le rayon-
nement ultrasonore ou du rayonnement électromagnétique pour fournir une continuité de phase aux signaux
modulés en fréquence.

15. Appareil selon la revendication 14, dans lequel ledit agencement de transducteur comprend un unique transducteur
pouvant être déplacé selon le plan X-Y.

16. Appareil selon la revendication 14, dans lequel ledit agencement de transducteur comprend un réseau unidimen-
sionnel de transducteurs alignés dans une disposition séparée-espacée le long de l'axe X, et pouvant être déplacé
le long de l'axe X.

17. Appareil selon la revendication 14, dans lequel ledit agencement de transducteur comprend un réseau bidimen-
sionnel de transducteurs alignés dans une disposition séparée-espacée le long des axes X et Y.

18. Appareil selon la revendication 17, dans lequel lesdites séquences d'impulsions ultrasonores ont différentes fré-
quences.

19. Appareil selon la revendication 14, dans lequel lesdits moyens de commande de phase peuvent être mis en oeuvre
pour commander la phase du rayonnement ultrasonore de sorte que la séquence d'impulsions comprend des
impulsions séparées en temps de différentes phases.

20. Appareil selon la revendication 19, dans lequel les impulsions présentent différentes parties d'un signal sinusoïdal
commun, de sorte que chaque impulsion débute avec la phase finale de l'impulsion précédente.

21. Appareil selon la revendication 16 ou 17, dans lequel ledit agencement de transducteur comprend un réseau de
phase multifréquences.
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22. Appareil selon la revendication 16 ou 17, dans lequel ladite unité de tir d'ultrasons comprend une unité de mise
en forme de faisceau ajustée sur le trajet du rayonnement ultrasonore pour réduire le diamètre d'un spot excité
dans le milieu par le rayonnement ultrasonore, par comparaison au diamètre d'un faisceau formé par toutes les
composantes de rayonnement ultrasonore engendrées par les transducteurs.

23. Apparell selon la revendication 14, dans lequel ladite unité de commande de phase peut être mise en oeuvre pour
commander la phase du rayonnement électromagnétique.

24. Appareil selon la revendication 14, dans lequel ladite unité de commande comprend un convertisseur analogique
à numérique pour traiter une sortie analogique du détecteur, et des moyens d'analyse et de traitement de données
pouvant être mis en oeuvre pour remettre en forme un signal numérique indicatif des signaux détectés pour obtenir
par ce moyen une série temporelle correcte de données pour chaque localisation.

25. Appareil selon la revendication 14, dans lequel l'unité de commande peut être mise en oeuvre pour actionner de
manière sélective l'unité de tir d'ultrasons, et à la fois l'unité de tir d'ultrasons et la source de rayonnement élec-
tromagnétique, les signaux détectés pendant la mise en oeuvre de l'unité de tir d'ultrasons étant seulement indi-
catifs de l'image structurelle de la région d'intérêt, et lesdits signaux modulés étant indicatifs de l'image fonctionnelle
de la région d'intérêt.

26. Appareil selon la revendication 14, dans lequel l'unité de détection comprend une caméra CMOS pour une détec-
tion parallèle d'une pluralité de composantes de rayonnement électromagnétique.
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