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Description
FIELD OF THE INVENTION

[0001] This invention relates to a system for monitoring a subject’s condition, based on scattered light distribution
through turbid media. The invention is particularly useful in medical applications.

BACKGROUND OF THE INVENTION

[0002] Non invasive monitoring and imaging using non-ionizing radiation, allows medical professionals to diagnose
and monitor a patient without invasive surgeries, or even without drawing blood. Pulse oximetry is one such revolutionizing
technology, where non invasive monitoring of blood oxygenation using light has replaced blood gas analysis. Thus,
pulse oximetry has become a gold standard monitor in every clinical setting, and has saved millions of lives.

[0003] During non-invasive monitoring, the concentration of certain chromophores (such as oxygenated and deoxy-
genated hemoglobin in oximetry) is calculated by detecting light that escapes the tissue, determining the optical properties
of the tissue, and deriving therefrom the concentrations of the chromophores. Providing the tissue is homogenous,
simple models allow for the calculation of these concentrations. However, as biological tissue is a complex scattering
medium, measuring the local optical properties becomes a challenging task.

[0004] Aslightis highly scattered while propagating through turbid media such as biological tissue, photons that escape
the tissue and reach a detector do not provide information about the path that they followed as they propagated through
the medium. To acquire information about the optical properties of the tissue in the photons’ path, several methods and
algorithms have been developed. Such methods include frequency-domain spectroscopy, and photoacoustic spectros-
copy [D M Hueber et al Phys. Med. Biol. 46 (2001) 41-62].

SUMMARY OF THE INVENTION

[0005] The presentinvention utilizes the principles of ultrasound tagging of light. More specifically, the tagging of light
by acoustic radiation is used to determine the optical response of a region of interest. The invention may be used, for
example, to significantly improve oximetry and pulse oximetry based measurements.

[0006] A system of this kind is known from US 2006/0122475 A1. The system comprises a measurement unit and a
control unit. The measurement unit comprises an optical unit having an illumination assembly configured to define at
least one output port for illuminating light, and a light detection assembly configured to define at least one light input port
for collecting light and to generate measured data indicative of the collected light; and an acoustic unit configured to
generate acoustic waves of a predetermined ultrasound frequency range.

The measurement unit is configured and operable to provide an operating condition such that the acoustic waves of the
predetermined frequency range overlap with an illuminating region within the region of interest and substantially do not
overlap with a region outside the region of interest, and that the detection assembly collects light scattered from the
region of interest and light scattered from the region outside the region of interest. The measured data is thus indicative
of scattered light having both ultrasound tagged and untagged light portions, thereby enabling to distinguish between
light responses of the region of interest and the region outside the region of interest. The control unit is connectable to
the optical unitand to the acoustic unit to operate these units, and is responsive to the measured data and preprogrammed
to process and analyze the measured data to extract therefrom data indicative of a light response of the region of interest
and determine the at least one desired parameter.

[0007] According to the invention, a region of interest in a subject (e.g. human body) is illuminated with at least one
wavelength of light, and is irradiated with acoustic radiation (preferably ultrasound) such that the acoustic radiation
overlaps theilluminated region in at least a part of the region of interest during the duration of illumination and/or detection
of the illuminating light (this overlapping volume is termed "tagged volume "). This acoustic radiation is termed acoustic
tagging radiation. Light scattered from the subject’s body and including photons that are tagged by the acoustic radiation
and those that are not, is appropriately detected.

[0008] Itis a common goal of any optical measurement technique to be capable of providing a high resolution meas-
urement of the local light distribution with an improved signal to noise ratio (SNR). The present invention addresses this
problem by providing a novel method and system based on the principles of acoustic tagging of light, where the acoustic
radiation is appropriately modulated (coded) to provide high-resolution and high-SNR measurement results.

[0009] The main idea of the present invention is based on the following understanding: The effect termed "Ultrasound
Tagging of Light" (UTL) is based on the interaction of acoustic waves with the same tissue volume that is being probed
by light. This interaction causes the light wave to be modulated, or tagged, with the characteristics of the acoustic wave
(i.e. frequency, phase). As the propagation of acoustic waves in tissue is relatively slow (about 1500m/sec in soft tissue),
the location of the interaction of light with the acoustic radiation can be determined. The efficiency and power of the
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interaction of the acoustic waves with the medium affects the spatial and temporal resolution and the SNR of the
measurement. There are three possible modalities for the generation of acoustic waves, a continuous wave (CW), a
short burst of waves (SB), and a pulse. Operation with continuous waves produces a higher SNR. When a continuous
acoustic wave (at a predetermined frequency range) interacts with light, and light is collected throughout the full prop-
agation of the acoustic waves, a higher acoustic energy is available for the interaction, thereby increasing the signal. In
addition, the spectral bandwidth of the continuous acoustic wave can be very narrow, thus reducing noise bandwidth.
Thereby the SNR is greatly improved. However, the spatial resolution of a measurement produced with continuous
acoustic waves is not as high as a measurement produced with short bursts or pulses of acoustic waves. This reduced
spatial resolution is particularly limiting when the measurement geometry calls for propagation of acoustic waves es-
sentially parallel to the direction of light propagation. As for the use of short bursts of waves and pulses, this provides
better spatial resolution, but the acoustic energy of the interaction is lower and the bandwidth is wider as compared to
those of a continuous wave mode, resulting in reduced SNR.

[0010] There is accordingly a need in the art for a measurement technique which can achieve both high spatial
resolution and high SNR. The present invention solves this problem by utilizing generation of continuous acoustic waves
(and therefore improving the SNR), where the continuous acoustic wave is a modulated (coded) signal characterized
by a narrow autocorrelation function, thereby improving the spatial resolution.

[0011] The expression "narrow autocorrelation function" refers to autocorrelation which is negligible for any delay time
larger than the determined time resolution of the system. The latter may for example be determined as the time resolution
of detection of the electromagnetic radiation response, or as the temporal bandwidth of the acoustic excitation of the
ultrasound transducer, or as the required spatial resolution divided by the speed of sound in the media.

[0012] In some embodiments of the invention, a pseudo random sequence, or specially designed sequences such as
Barker codes, or Golay codes (used in radar technology) can be used. A combination of several such arbitrary signals
(having different phases and/or amplitudes) can be used interchangeably. According to one specific but not limiting
example, the modulated signal may be a non-periodic time function with predefined time intervals between such non-
periodic occurrences.

[0013] Insomeembodiments ofthe presentinvention, the coding comprises a series of short pulses with high amplitude,
that are separated by periods of low amplitude (or even zero amplitude). The duration of the high amplitude pulses
depends on the required time resolution of the system. The separation duration between two consecutive pulses is
determined such that the phase of light propagating through the media during the second pulse is independent of the
phase of light during the previous pulse of acoustic radiation. In addition, the consecutive high amplitude pulses may
differ in frequency or may also be chirped.

[0014] The present invention thus provides for a 3D mapping of the light distribution in a turbid medium, obtaining a
non invasive means for collecting data about the structure and composition of the turbid medium. The use of a continuous
acoustic signal utilizes the acoustic and light energy more efficiently, and lower acoustic and optical signals can be used
while maintaining the desired SNR. Thus, the light levels and acoustic levels introduced into the subject are safer.
[0015] According to a broad aspect of the invention, there is provided a system for use in determining one or more
parameters of a subject according to claim 1.

[0016] The generation of such a coded acoustic wave can be implemented as follows:

An arbitrary sequence can be produced and stored, the arbitrary sequence activating an arbitrary waveform gen-
erator. The latter (or an appropriate arbitrary switch) thus generates an arbitrary sequence of electronic signals
which corresponds to the stored arbitrary sequence. Such an electronic signal in the form of an arbitrary sequence
presents a modulating or coding signal for operating an acoustic transducer. The output of the acoustic transducer
thus generated is a corresponding modulated acoustic wave. The arbitrary sequence used for generation of a
modulating signal can incorporate modulations of the original signal in frequency and/or phase and/or amplitude
and/or any other parametric domain. The modulated signal should have a narrow autocorrelation that defines the
time resolution of the detection. As indicated above, this may be a pseudo random sequence, or specially designed
sequences (such as Barker codes, or Golay codes used in radar technology), or a combination of several such
arbitrary signals having different phases and/or amplitudes used interchangeably.

[0017] Thedetection ofthe light response of the medium is implemented using one or more appropriate photodetectors,
each for receiving light returned (scattered) from the medium and generating an electronic output corresponding to the
detected light intensity. Light collected by the detector includes both tagged and untagged photons. The electronic output
signal of the detector is processed by correlating it with the original modulated signal (stored arbitrary sequence).

[0018] According to the present invention, the correlation is done using a cross correlation function to determine the
optical properties of the medium at different depths. To this end, the cross correlation is determined for different time
delays from the onset of the acoustic wave. At each delay, the cross correlation represents the intensity of tagged light
corresponding to a distance from the acoustic transducer (e.g. depth in the subject) equal to the product of the speed
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of sound in the subject’s tissue and the delay time. Since the process of acoustic tagging of light does not have a constant
phase relation with the acoustic tagging signal, a phase matching mechanism is preferably added to the cross correlating
algorithm. The amplitude of the cross correlation at each delay is assumed to correspond to a function of the light
distribution at the corresponding depth and the pressure amplitude of the acoustic wave at that depth. For example, this
function corresponds to the product of the two parameters. The light distribution can be determined by eliminating the
contribution of the acoustic wave distribution to the amplitude of the cross correlation. By fitting the light distribution to
an expected distribution (for example, an exponential attenuation), the optical properties of the layer where the amplitude
of the cross correlation is measured are determined.

[0019] In some embodiments of the present invention, multiple light sources and/or detectors and/or acoustic sources
may be used. Such configurations improve the spatial resolution of the measurements and enable the mapping of a
larger volume of the medium. For the purposes of the present invention, when multiple acoustic sources (i.e. multiple
acoustic waves) are used, all acoustic sources can use either different frequency ranges or the same frequency range,
as long as the modulating sequences of the different acoustic sources have zero or near zero cross correlation. When
the electromagnetic response signal is detected and decoded, each acoustic beam tagging effect can be estimated
separately by correlating the respective received signal with the original modulating sequence for this acoustic source.
The contribution of other acoustic sources to such a correlation is negligible given the zero or near zero cross correlation
between the sequences, as will be described below.

[0020] When multiple acoustic sources are used, they may be arranged and operated such that acoustic radiations
produced by these sources interfere in at least a volume part of the region of interest. By this, the acoustic power in that
volume can be enhanced or nullified according to the desired application. In this case, the different acoustic signals
generated by different acoustic sources are selected such as to provide non-zero cross correlation thereof at a prede-
termined delay. Thus, in the region of interest, the overall acoustic radiation is a combination of several acoustic signals.
[0021] The present invention can be used for various applications, including medical and non-medical ones. Consid-
ering the medical applications, the present invention can be used for example for determining oxygen saturation in blood
and/or tissue, as well as determining concentration of substance(s) in blood and/or tissue such as hemoglobin, glucose,
etc. As an example, the invention is used in the determination of oxygen saturation of the tissue layers, and is therefore
described below with respect to this specific application, but it should be understood that the invention is not limited to
this specific application.

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:

Fig. 1 is a schematic illustration of a measurement system according to an embodiment of the present invention;
Fig. 2A is a block diagram of an example of a control unit for use in the system of the present invention;

Fig 2B is a flow chart of an example of a method related to the present invention;

Figs. 3A to 3C exemplify generation of a phase coded continuous acoustic signal, where Fig. 3A shows a segment
of an exemplary signal, Fig. 3B shows auto correlation of said signal, and Fig. 3C shows the correlation C(7,) for
time delay 1,=10-5 seconds;

Figs. 4A to 4C similarly show an example of generation of a frequency coded continuous acoustic signal;

Fig 5 shows an example of the cross correlation of a synthetic tissue model using phase modulated continuous
acoustic signal for three different light wavelengths;

Figs. 6A-6C and 7A-7B show examples of different configurations of a probe device according to the invention; and
Figs. 8A and 8B show an example of transducer’s assemblies including light guides.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0023] Reference is made to Fig. 1 illustrating schematically a specific but not limiting example of a measurement
system, generally designated 100, configured and operable according to the invention for non-invasive determination
of one or more parameters (properties of tissue components) of a subject, particularly a human or animal body. The
parameter(s) to be determined may include oxygen saturation level, or values/levels of various other parameters such
as the concentration of an analyte in the patient’s blood, or the perfusion of an analyte/metabolite in tissues. The values
of these parameters are derived from the light distribution in a region of interest 200 as will be described below.

[0024] System 100 includes such main constructional parts as a measurement unit 101 and a control unit 120. Meas-
urement unit 101 includes an optical or electromagnetic unit (module) 101C and an acoustic unit (module) 110. Optical
module 101C includes an illumination assembly 101A and a light detection assembly 102A, and acoustic module 110
is configured as an acoustic transducer arrangement including one or more acoustic transducers. Control unit 120 is
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configured to control the operation of measurement unit 101, and to process, analyze measured data generated by
measurement unit 101 (its detection assembly), and display the results of the analysis.

[0025] Illlumination assembly 101A includes one or more illumination sources associated with one or more different
locations with respect to the region of interest. Similarly, detection assembly 102A includes one or more detector units
associated with one or more different detecting locations. It should be noted that the illumination source includes one
or more lighting elements each formed, for example, by a light emitter and possibly also a light guiding unit (e.g., an
optical fiber or fiber bundle). For example, a probe part of the measurement unit by which it is to be brought to the body
part under measurements may carry the light emitter itself, or may carry a distal end of a light guiding unit which by its
opposite end is connected to an external light emitter. The detector unit includes one or more light detecting elements
each formed by a light sensor and possibly also a light guiding unit (e.g., optical fiber or fiber bundle); the probe part by
which the measurement unit is to be brought to the body part may carry the light sensor or a distal end of the light guide
which by its opposite end is coupled to an external light sensor.

[0026] The lighting element(s) and/or detecting element(s) may be incorporated within the acoustic transducer ar-
rangement as will be described further below with reference to Figs. 6A-6C and 7A-7B. The lighting element(s) and
detecting element(s) may be incorporated in one unit and the acoustic transducer arrangement placed to the side of
(and not in between) the detector element(s) and the lighting element(s).

[0027] In the example of Fig. 1, illumination assembly 101A includes a single illumination unit, and light detection
assembly 102A includes a single detector unit. It should be understood that this does not necessarily signify the use of
a single lighting element and/or a single detecting element. Such a single illumination unit, as well as a single detection
unit, may include an array of lighting elements and an array of detecting elements, such that all the lighting elements of
the same illumination unit are associated with the same location with respect to the region of interest, and similarly all
the detecting elements of the same detection unit are associated with the same location relative to the region of interest.
In some other embodiments of the invention, the illumination assembly includes more than one illumination unit and/or
more than one detection unit, as will be described below.

[0028] Optical module 101C and acoustic module 110 are connected to control unit 120, e.g., by cables 105, 106 and
107 as shown in Fig. 1, or using wireless signal transmission (e.g. IR, RF or acoustic signal transmission) as the case
may be.

[0029] Control unit 120 is typically a computerized system including inter alia a power supply unit (not shown); a control
panel with input/output functions (not shown); a data presentation utility (e.g. display) 120A; a memory utility 120B; and
a data processing and analyzing utility (e.g. CPU) 120C. Also provided in control unit 120 are a signal generator utility
122 (e.g. function generator and phase control) configured and operable to control the operation of acoustic unit (trans-
ducer arrangement) 110, and an appropriate utility 123 configured for operating optical unit 101C. Data processing and
analyzing utility 120C is preprogrammed for receiving measured data (MD) coming from detection assembly 102A (via
cable 105 in the present example) and for processing this measured data to identify the detected light distribution
corresponding to measurements locations in the region of interest, thereby enabling determination of one or more desired
parameters of the region of interest, e.g., oxygen saturation level. Also provided in the control unit is a correlator utility
125 (typically a software utility) associated with the signal generator 122.

[0030] Accordingto this example, measurementunit 101 is configured as a probe having a support structure (preferably
flexible) 403 to be put in contact with the body part to be measured. Support structure 403 carries at least part of
illumination assembly 101A and at least part of detection assembly 102A. As shown in the figure, provided on the probe
are: a light output port OP (constituting a lighting element) associated with the illumination source, a light input port IP
(constituting a detecting element) associated with the detector unit, and an acoustic port 245 associated with the acoustic
unit. It should be understood that light output port OP may be integral with the light emitting element(s) or may be
constituted by the distal end of an optical fiber unit connected at its other end to one or more light emitting element(s)
located outside the support structure (e.g., at the control unit). Similarly, light input port IP may be integral with the light
detecting element(s) or may be constituted by the distal end of an optical fiber unit which by its other end is connected
to one or more detecting elements (light sensors) located outside the support structure (e.g., at the control unit).
[0031] Generally, illumination assembly 101A can be configured to produce light of at least one wavelength. According
to an embodiment of the present invention, the illumination assembly generates light of multiple (at least two) different
wavelengths. lllumination assembly 101A may for example be preprogrammed to produce the different wavelength
components at different times, or to simultaneously produce wavelength components with different frequency- and/or
phase-modulation. Accordingly, control unit 120 is preprogrammed to identify, in a signal generated by detection assembly
102A, the corresponding wavelength of light, using time, and/or phase, and/or frequency analysis. The detection assembly
may include an appropriate frequency filter.

- Thus,illumination assembly 101A may include the light emitter(s) carried by support structure 403 and communicating
with control unit 120 (using cables 106 or wireless signal transmission). Alternatively, the light emitter(s) may be
located outside support structure 403 (e.g., within control unit 120) and connection 106 is constituted by a light
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guiding assembly (e.g., optical fibers) for guiding light to light output port OP located on support structure 403.
Detection assembly 102A includes one or more light detectors such as a photomultiplier tube, photodiode or an
avalanche photodiode. The light detector may include an image pixel array, e.g., CCD or other array of photodiodes.
The detector(s) may be accommodated outside support structure (probe) 403, e.g., may be located within control
unit 120, and returned light (light response) may be guided from input port IP of the detection assembly via light
guiding means 105 (e.g., optical fibers). Alternatively, the detector(s) may be located at the support structure and
connection 105 is configured to connect an electrical output of the detector(s) indicative of measured data MD to
control unit 120. As indicated above, detection assembly 102A may include two separate detectors or an array of
detectors. It should also be understood that connections 105 and 106 may be electric wires connecting control unit
120 to the illumination assembly and detection assembly located on support structure, 403, or the connection may
be wireless.

[0032] Thus, generally, the terms "illumination assembly"” and "detection assembly" as carried by a support structure
(probe) which is brought to a body part to be measured, are constituted by at least light transmitting and receiving ports.
Similarly, transducer arrangement 110 may be located on support structure 403 (so as to be brought in acoustic contact
with the skin), and connected to control unit 120 (its signal generator 122 and CPU 120C) using cables and/or optical
fibers 107 and/or using wireless means. Alternatively, connection 107 may constitute an acoustic guiding unit for con-
necting the transducer(s) located outside the support structure (e.g., at the control unit) to acoustic output port 245 on
the support structure.

[0033] Transducer arrangement 110 may be a single acoustic element, configured and operable for emitting focused
or unfocused acoustic beams or for emitting acoustic pulses; or a piezoelectric phased array capable of producing
acoustic beams with variable direction, focus, duration and phase; or may be an array of silicon units or other pressure
generating units configured as a single element or an array of elements (phased array); or a complete ultrasound imaging
probe comprising transmitting and receiving units. The transducer arrangement may be connected to an amplifier (not
shown), e.g. located within control unit 120, operable to amplify electronic signals generated by signal generator 122.
The control unit is preprogrammed to operate transducer arrangement 110 (via signal generator 122) in a predetermined
manner to produce a coded acoustic continuous wave, which is a predetermined function of at least one parameter of
the acoustic radiation varying over time during a measurement time interval. This predetermined function is selected to
have a narrow autocorrelation function (i.e. an autocorrelation which is negligible for any delay time larger than the
determined time resolution of the system, for example, determined as the time resolution of detection of the electromag-
netic radiation response, or as the temporal bandwidth of the ultrasound transducer, or as the required spatial resolution
divided by the speed of sound in the media), as will be described more specifically below.

[0034] Detection assembly 102A generates electronic signals in response to the amplitude and phase of light collected
at input port IP. These electronic signals may be filtered by analog and/or digital filters, for example bandpass filters,
that are appropriately provided being connected to data processing utility 120C of control unit 120 or being a part of this
processing utility.

[0035] Reference is now made to Fig. 2A showing more specifically an example of the functional elements and
operation of control unit 120. As shown, signal generator 122 includes a signal source 124, a modulator 126 and a
sequence generator 128. Also, in the present example, the control unit includes a phase shifter utility 127, as in the
present example phase is a modulatable parameter in a continuous acoustic wave to be generated by the acoustic unit.
However, the invention is not limited to this specific example, and the control unit may include a frequency and/or
amplitude shifter utility, alternatively or additionally to the phase shifter. CPU 120C controls the operation of signal
generator 122 and cross correlator 125, and receives signals from cross correlator 125. CPU 120C also controls signal
source 124 and sequence generator 128. Signal source 124 generates a base signal S, (e.g. a sine wave of a certain
frequency, or a chirped signal, or a train of square waves at a central frequency). Signal S, passes through modulator
126 that controls one or more of its parameters (e.g. at least one of the following: phase, frequency, frequency gradient
(chirp), phase jump, amplitude, duty cycle, chirp gradient) to produce a modulating (or coding) signal S, to operate the
acoustic transducer to produce an acoustic (ultrasound) sequence. Alternatively modulating signal S, comprises a
combination of such sequences. The operation of modulator 126 is controlled by sequence generator 128. CPU 120C
transmits a signal Sy to sequence generator 128, that controls its operation. Sequence generator 128 in turn controls
the operation of modulator 126 according to this signal S;. Modulating signal S, that exits modulator 126 is a result of
the combination of base signal S, with the modulation induced by modulator 128 on this signal. This signal S, is transmitted
to transducer arrangement 110 via connection 107. An additional power amplifier can be used to amplify signal S, before
actuating the transducer. Signal S, is also transmitted to cross correlator 125, which correlates this signal S, with
measured data MD coming from detection unit 102A through connection 105. Alternatively, cross correlator 125 may
correlate a signal S; corresponding to signal S, with the measured data. Corresponding signal S3 is for example the
amplitude of signal S, or its absolute value, or another function corresponding to signal S,. Phase shifter 127 controls
the phase of signal S, such that a phase shiftis generated between signal S, and signal S;. The output of cross correlator
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125 (e.g. the amplitude or phase of the cross correlation at different delays) is processed by CPU 120C and displayed
on display 120A.

[0036] Reference is made to Fig. 2B exemplifying a method of the present invention suitable to be used to extract the
light distribution in the tissue. An arbitrary waveform (GWF) is generated with predetermined characteristics such that
the autocorrelation of GWF is negligible for any delay z larger than the time resolution of the system. This waveform
GWEF is saved to memory. This arbitrary waveform corresponds to the above-described modulating signal S,.

[0037] The GWFistransmitted to actuate an ultrasound transducer (110 in Fig. 1) with aknown bandwidth, for producing
acoustic waves in the form of a non-periodic sequence to irradiate a volume of medium (tissue), at least part of a region
of interest (200 in Fig. 1). Concurrently, the illumination assembly is operated to illuminate the medium with coherent
light of a certain wavelength A. This light propagates through the same volume through which the acoustic waves
propagate (tagged volume), and lightreturned from the medium is detected (representing a light response of the medium).
[0038] Electronic signals generated by the detection assembly in response to the detected light are stored in memory,
using a sampling card with a sampling frequency, which is at least twice the transducer’s bandwidth, thereby enabling
exact reconstruction of a continuous-time signal from its samples. These signals are cross correlated against the GWF
electronic signals, or against a function of the GWF signal as described below, stored in memory with different time
delays as applied. For each delay t, the amplitude of the cross-correlation (CCA(z,4)) is stored in memory. According
to a preferred embodiment of the present invention, CCA(z, 1) represents the light distribution at wavelength A multiplied
by the acoustic power distribution or pressure amplitude, or a function of the acoustic pressure amplitude (PA(z)) at a
distance z corresponding to the product of T and the speed of sound ¢, in the measured tissue (i.e. z=7-cy).

[0039] Pressure profile (PA(z)) may or may not be known. In the case where the overall output light distribution function
is a product of the pressure profile and the light distribution function within the medium, if the pressure profile is known,
the light distribution LD at wavelength X is determined as

LD(z 3)=CCA(z A)/PA(z) (1]

[0040] In case the (PA(z)) is unknown, the measurements are performed using at least two different wavelengths 44,
A, of light providing two corresponding cross-correlation amplitudes CCA(z, 1,) and CCA(,, 4,) respectively. A ratio
between the two measurements is independent of (PA(r)), thus providing the ratio between the light distributions deter-
mined as

LD(z,%) CCA(z,%)
LD(z,4,) CCA(z,A,)

2]

This will be described more specifically further below.
[0041] Anexample of anacoustic sequence used in an embodiment of this invention utilizes arandom number generator
with a long enough period (infinite relative to the used segment). An example of such a function might be:

S, = 4, cos(wt + O(i)) _ [3]

where A; is the amplitude, i = floor(t/z) and O is a sequence of random numbers in the range [0,27] generated by any
rectangular pseudo random generator.

[0042] In this example, the phase of signal S, of angular frequency ® (produced by modulator 126 in Fig. 2A) is
randomly shifted for each segment of duration 1. Here, © determines the width of the auto correlation of the signal around
zero, and hence the spatial resolution of the processed signal. The lowest limit of a range of values of t may be bound
by the bandwidth of the acoustic system, which is proportional to //t.

[0043] Figs 3A and 3B show, respectively, a segment of typical signal S, and its auto correlation. The tagging of
incident light is detected as a result of interaction between acoustic waves and photons whose optical path and conse-
quently phase is modulated by motion of scattering particles in the tissue. The phase of the received signal (corresponding
to the tagged photons) relative to the phase of transmitted signal S, varies with time and depth and is also unknown.
[0044] Hence, processing of the measured data indicative of the detected light response includes processing of the
correlated signal to search for the phase shift that gives the best correlation for each delay. This can be done by correlating
the measured data with a complex phasor representation of the acoustic sequence and taking the absolute value of the
resulting phasor. Considering the above example for signal S,, the complex phasor is Sp = glot+éi) and the correlation
C(7) is to be calculated as



10

15

20

25

30

35

40

45

50

55

EP 2 162 064 B1
C(r)=>.D(0 S ,(t-1) 4]

where Dis the measured data (MD in Fig. 1); S, is an example for signals Sz that can be used to determine the correlation
between S, and the measured data.
[0045] If the signal originates from a known delay ty with arbitrary phase shift ¢, the result would be:

Clz,) = D cos(axt +O) +¢) § (¢ — 7y) 15]

[0046] Fig. 3C illustrates the output C(zy) for 1y =10 seconds and any value of ¢.

[0047] A measurementinterval, i.e. the duration of signal S, in one measurement epoch, should preferably be as long
as possible to enhance the signal to noise ratio (SNR) of the system. This can be implemented under the assumption
that a scattering pattern is constant during the measurement, and therefore a phase relation of the measured data and
the original signal S, is constant (even if such a relation is unknown). The temperature related Brownian motion of the
scattering particles and other effects in a live tissue, such as motion of blood cells, enforce a practical upper limit for the
measurement duration. These motions cause the interference pattern between the different photons on the sensing
surface of a detector (called "speckle pattern”) to be time varying, and cause the phase relation between the measured
data and signal S, to vary with time. The measurement interval is therefore bounded by the speckle correlation time,
defined, for example, as disclosed in Lev et al . in J. Opt. Soc. Am. A Vol. 20, No. 12 (December 2003).

[0048] Signal S, may comprise a sequence of short pulses, that are separated by periods of low (or even zero)
amplitude. The separation period between pulses is determined as the time period where the phase of light that propagates
through the media during the second pulse is independent of the phase of light that propagates through the media during
thefirst pulse. Preferably, the separation time should be longer than the speckle correlation time. As the speckle correlation
time depends on the properties of the media (such as its temperature), the signal S, can be determined according to
the properties of the media being monitored. By another option, a plurality of separation durations can be used, and an
optimal separation duration (providing optimal SNR or an optimized signal parameter) should be selected for measure-
ment. According to yet another option, the optimal separation itself may be monitored, to provide a measure for a property
of the media (such as its temperature or the flow of blood through the tissue).

[0049] In some cases, the above pulses can be replaced each by a set of multiple pulses that are transmitted over
the same phase of light - thus to allow obtaining strong enough signal by means of averaging. The separation durations
between these inner-set of pulses is selected to be large enough so that during the propagation of a single pulse (including
echoes) through the region of interest the pulses do not co-exist inside the region of interest, and to be smaller than the
speckle correlation time.

- Iflonger integration is required to further improve the SNR, averaging can be carried out between separate meas-
urements’ intervals, but this averaging is done after the absolute value of the complex correlation is calculated
separately for each of the measurements. In the case where S, comprises a series of pulses, the averaging may
be performed over the absolute value of the cross correlation for each pulse separately. For example, averaging
can be performed over a predetermined number of measurements that are separated by a predetermined time
delay. This averaging might be advantageous in cases where the measured data is periodic (i.e. changes periodically
as a function of time as in the case of modulation of the blood volume). For example, averaging over different portions
of measured data can be correlated with the peaks/troughs of the blood volume during systolic/diastolic periods in
a pulsating blood volume, having a predetermined delay from each other. In this case, a difference between the
signals corresponds to the oxygen saturation levels of blood (as in the case of pulse oximetry).

[0050] Signal S, can for example include a plurality of different arbitrary signals. These may for example be different
signals having different amplitudes and/or different frequencies and/or different phase variations.

[0051] The above example demonstrates random modulation of the phase of signal S,. As indicated above, other
parameters of signal S, may be modulated according to a predetermined function.

[0052] The following is an example related to a frequency modulation of signal S,. Signal S, can be expressed by

S, =cos(#(?)), 6]
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where ¢ is selected so that % =, and where i = floor(t/7) and wis a random sequence with a square distribution
in the assigned angular frequency range.

[0053] Figs 4A and 4B exemplify, respectively, a segment of signal S, and its autocorrelation. Fig 4C shows the cross
correlation C(t) defined similarly to the above example for phase modulation.

[0054] Itshould be noted that the above description for cross correlation is based on digital signal processing. However,
dedicated analog circuits that perform cross correlation with variable delays can be designed and constructed to provide
a similar functional operation of the system.

[0055] Referring to Fig. 5, there is exemplified a case for the phase modulation of signal S,. The figure shows the
amplitude of C(z) (i.e. amplitude of cross correlation CCA(z, 1), obtained for different values of delay t, as a function of
distance from the acoustic transducer, where this distance equals to the product of © by the speed of sound in the
medium. Three graphs are presented, showing CC/4(z, 4 calculated from experimentally obtained measured data MD
corresponding to a light response at three different wavelengths L1, A2, A3, respectively.

[0056] In this example, three different light sources, at three different wavelengths, illuminate a turbid medium, and a
detection unit generates electronic signals indicative of measured data corresponding to light collected at the input port
of the detector, for each wavelength used. As can be seen in the figure, the amplitudes of cross correlation signals
CCA(5,A1), CCA(7,22), CCA(1,A3), or generally CCA(7,4i), at varying distances is different for the three wavelengths. This
results from the fact that the light distribution of the three wavelengths in the tissue is different, due to differences in
absorption, scattering and index of refraction.

[0057] Signal CCA(z,4)) corresponds to the acoustic distribution or pressure amplitude PA(z), and to the light distribution
LD(\1).

. 1 Z | |
N (‘ NE-7) + 2) [7]

; j . if, i i\ i i ight i i i
where K is a constant, /U’ — \/3#0 (/Ua +ul ) =~ \/3/1a/1s is the effective decay rate of light in the medium, M,
is the absorption coefficient and ,U; is the scattering coefficient at wavelength A’; when near infrared light is used, it can

be assumed that ,,/ ~ /3, i T is either the vector to the source (a = s) or to the detector (« = d), and z is the
7 RVE VTR

direction parallel to the direction of propagation of the acoustic radiation into the medium.
[0058] For example, for a large enough distance z (z= 7-c,, ¢4 being the speed of sound in the medium) from the body

surface (namely larger than the mean free path of light in the medium, and larger than the source detector separation,

Ty - o the light distribution LD(z, ) is proportional to e24Z where CCA(z, 1)) is given by

CCA(ZJJ)E PA(Z)I(;e-ZﬂIZ + Co , where [(; is the initial light intensity upon entry into the medium, and C,, is an

additive constant.

[0059] Thus, turning back to Fig. 2B, if the acoustic pressure amplitude PA(z) is known, for example by measuring it
with a hydrophone in water, the light distribution LD(z, /) can be extracted by dividing PA(z) out of CCA(z, X)), after
eliminating C,,. In many practical cases, however, the pressure profile is unknown, for example when the medium consists
of different layers with different acoustic impedances. Thus, there is no correspondence between measurements of the
pressure profile in water or synthetic phantoms and the correct pressure profile in the measured medium. In such cases,
measurements with at least two or generally N different light wavelengths can be performed, and corresponding CC4(z, /)
are used to eliminate the acoustic contribution PA(z) (after eliminating C,). This is implemented by dividing measured
CCA(z, 2)) by measured CCA(z, 4) for i=j, assuming that the acoustic contribution is the same for all wavelengths, which
is a justifiable assumption. Thus, the ratio of the light distributions can be obtained. This ratio is important for example
for determining the oxygen saturation of a tissue or blood vessel as will be explained below.

[0060] Constant C, corresponds to the noise level of the system at the measured frequency bandwidth. For example,
one possible way to measure C,, is to cross correlate measured data MD with a time-reversed signal Sy(7-f). Such a
correlation results in the same frequency bandwidth, but is completely uncorrelated with measured data MD. Thus,
constant C, for each wavelength of light can be measured independently and eliminated from signal CCA(z, 7). Alter-
natively, C, can be eliminated by performing the measurements at two different amplitudes of acoustic radiation, and
taking the difference between the two corresponding cross correlations.
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[0061] In the case of a medium irradiated by three different wavelengths:

i

~1

~—.=—[i.e'2A”U‘" G
77 I

where i; j= 1; 2; 3 represent the three Iasers,7"=(CCA(z,7J)-CO the amplitude of the signal at distance z, [(; , [({ are the

input intensities of the ith and jth wavelengths respectively and Aud = ui-4.
[0062] Taking a logarithm of the equation above, Apd can be obtained:

18 71’ -
b=~ 2 qnl 2—
Ap? = > In 77 [91

[0063] The saturation s is related to the absorption coefficient .,/ by the following relation:

i i i i i i
Ha = EgpCrb + € poCHbo = Crot (gHb + (gHbO ~Eup )‘) ‘ [10]

where Cy,, Cpypo and Cy; are the concentrations of deoxygenated hemoglobin, oxygenated hemoglobin and the total
hemoglobin, respectively, s is the oxygen saturation defined as the ratio between the concentration of oxygenated
hemoglobin to the total hemoglobin concentration (i.e. $=C,0/Cior), and &y, fpo are the extinction coefficients at the
ith wavelength for deoxygenated and oxygenated hemoglobin, respectively, that are known in the literature.

[0064] Thus, for any saturation s, the theoretical w/, can be calculated using this equation, in order to determine the
saturation at different tissue layers. The decay coefficient w/ can be calculated for example from the graphs presented
in Fig 5. If the scattering coefficient is assumed to be the same for all three wavelengths, the absorption coefficient at

 \2
1
each wavelength equals: ,Ui = ﬁ'y__L , and the ratio a/k can be calculated by:
a ~
34,

if Y i P AP | j
o = Ap™ _ |Em — € +(€Hh0 €0 ~ Enp +£Hb)g [11]
ik i k i k i k 2
Au th_gHb+(gHb0_thO_gHb+gHb)g -

[0065] The following explains how the saturation is calculated by using measured data obtained by three lasers, and
using the differences in An'2 and Ap31 :

The extinction coefficients are known from the literature, so that for Sat =1-100% the theoretical values for
Apen=(Apin'2, Apg, 31) can be calculated up to the multiplicative constant /3. ’u; -C,, . The scattering coefficient

'u; =, is approximated to be the same for the three lasers, however it may vary with time. In order to compare

the experimental value Ap.,, =(Ap12 ex, Ap3! ex) to the theoretical value Ap, the angle between the vectors in the
plane that is spanned by LAp.12, Ap31 1is determined. For each experimental point there is a certain value of Ap,.

The angle between this experimental vector and every theoretical option (corresponding to saturation values of 1%-
100%) is calculated. The saturation value that corresponds to A, which has the smallest angle to Ap.,,, is the

calculated saturation level. Thus, the saturation is calculated without depending on the factor /3 ) ‘u" .C
§

tot *

[0066] Experimental data of the graphs presented in Fig. 5 was collected when the distance between the illumination
and detection units was 3cm. The peak intensity was obtained at about 9mm from the skin (there is a 2-3mm distance
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between the transducer face and the skin surface in this measurement). In order to map the three dimensional light
distribution, different separations between the source and the detectors should be used.

[0067] Once the saturation s is determined, the total hemoglobin concentration C;,; can be determined from meas-
urements of the exponential decay of CCA(z, Al) at the different wavelengths, using the known extinction coefficients for
oxygenated and deoxygenated hemoglobin.

[0068] It should be noted that, in addition to the oxygen saturation level, other parameters of the tissue and blood
composition or parameters can be determined from measurements of CCA(z, 4). Moreover, the present invention
provides for using determination of Au,,, without relying on measuring CCA(z, AJ), for example by using frequency
domain spectroscopy or time of flight based measurements, to determine the following parameters independent of the
measurement method:

For example, total Hemoglobin content C,; can be calculated as follows: Since the angle between the vectors Auy,

and Ap.,, corresponds to the calculated saturation, the multiplicative factors (i.e. /3 ',Ui .C ) thatare neglected
s

tot
in the theoretical calculation of Auy, are of no consequence to the saturation value that results from the disclosed
algorithm. If there is a change in the total blood concentration, C,,;, or the scattering coefficient, g, without changes

in the oxygen saturation level, it will be reflected by the distance of the experimental point from the origin (see Eq.
[10]), but the direction of the vector from the origin to the experimental point will remain the same. Therefore, the
total blood concentration can be measured by determining the distance of the experimental Ap,, point from the

origin. Changes in the scattering coefficient can be extracted using other optical methods, such as time of flight or
frequency domain spectroscopy. Consequently, independent measurements of the total blood concentration C;,;

and the scattering coefficient pg can be made.

[0069] Another parameter that can be determined from measurements of CCA(z, /) is blood flow. In general, the
measured tissue volume contains blood vessels and capillaries. The flow of blood inside these vessels affects the
properties of the measured data. The speckle correlation time is affected by the flow, there is a flow dependent Doppler
shift in the acoustic waves and other effects may exist. Direct measurement of the speckle correlation time is known to
correspond to blood flow velocities [G. Yu et al Journal of Biomedical Optics 2005 10:2]. Thus, the properties of CCA(z,
A), such as the peak amplitude, the noise level Co and other parameters are affected by the flow. By monitoring these
parameters, as a function of time, changes in the flow rates are extracted. In particular, by monitoring these changes
as a function of depth, flow distribution can be determined.

[0070] Yet other measurable parameters include differences between arterial and venous contribution to the signal.
In this connection, the following should be noted: General Near Infrared Spectroscopy (NIRS) measurements do not
distinguish between the arterial, capillary, and venous compartments of blood circulation and thus reflect a weighted
average of Hb concentrations within these different blood compartments in the region sampled. For example, in brain,
the relative distribution of arterial, capillary, and venous compartments in the cerebral blood volume (CBV) is generally
accepted to be approximately 20%, 10%, and 70% respectively. Using this distribution, C;,; in the venous compartment
can be isolated as follows:

Ciot = 0.2[HbJa + 0.1[Hb]c + 0.7[Hb]v

where Cy;, [Hb]a, [Hb]c, and [Hb]v are the concentrations of total Hb, arterial Hb, capillary Hb, and venous Hb, respectively.
Using the assumption that the capillary concentration of Hb is the mean of arterial and venous concentrations, it is
possible to determine [Hb]v, given that C;; can be measured and [Hb]a can be calculated from the arterial saturation
Sa0, using measured Hb content of arterial blood and CBV as a measure of the percentage of blood in a given tissue
volume. Sa02 can be measured using a pulse oximeter. Because Hb is generated in the brain solely through the process
of O, dissociation from HbO, the difference in [Hbja and [Hb]v is identical, although opposite in sign, to the difference
in [HbO,Ja and [HbO,]v, assuming that CBV remains constant during the measurement period.

[0071] Yetanother parameter that can be determined, based on measurements of CCA(z, AJ), is the oxygen extraction
fraction (OEF). OEF is the percentage of oxygen extracted from arterial blood in the tissue:

OEF = (arterio-venous O, diff)/ CaO;, [12]

where CaO,, the arterial oxygen content, can be calculated from the arterial saturation (measured by a pulse oximeter
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for example, as explained by Brown D. W. et al. Pediatric Research Vol 54 No 6 2006 pp 861-867); and

(arterio-venous O, diff)= ([Hb]v - [HbJa) * 1.39 ml O,/gHb [ 13]

where [Hb]v and [Hb]a are defined above.

[0072] Therefore, as the total hemoglobin content C;,; can be extracted as explained above, the oxygen extraction
fraction in the measured tissue volume can be determined using the preferred embodiment.

[0073] Reference is now made to Figs. 6A-6C schematically illustrating three examples, respectively, of the probe
configurations according to further embodiments of the invention. In these examples the probe includes an annular
acoustic transducer unit 110 and light input and output ports IP and OP such that at least one of these ports is located
within an annular aperture of the acoustic transducer module. In the example of Fig. 6A, a common light guiding unit
310 is used through which fibers 105 and 106, associated with the light output and input ports OP and IP (i.e. with the
lighting and detecting elements), pass. In the example of Fig. 6B, the configuration is generally similar to that of Fig.
6A, but utilizes separate light guiding units 312 and 311 located inside the transducer unit's aperture and associated
with lighting and detecting elements, respectively. In the example of Fig. 6C, a light guiding unit 310 carrying an optical
fiber 306 associated with light detecting element IP is located inside the transducer’s aperture, and a lighting element
OP is located outside the transducer unit adjacent thereto being connected to a light source or control unit via an
appropriate connection 105. The location of elements corresponding to lighting elements and light detecting elements
can be interchanged.

[0074] Figs. 7A and 7B schematically illustrate two more examples, respectively, of a probe configuration according
to the invention. In both of these examples, an acoustic transducer unit 110 is configured for passage therethrough of
at least one light guiding unit associated with light detecting element(s), and an illumination unit includes a plurality of
lighting elements located outside the transducer arrangement adjacent thereto. The lighting elements are arranged in
a circular array around the light detecting element(s). In the example of Fig. 7A, a single light detecting element IP is
used being located in an aperture of the transducer and associated with an appropriate light guiding unit 310 (e.g. fiber),
and a circular array of twelve lighting units 320A-320L is used. In the example of Fig. 7B, an illumination unit includes
eight light detecting elements are used located in corresponding spaced-apart apertures of the transducer. The light
detecting elements include a central element 310A and elements 310B arranged in a circular array around element
310A. The location of elements corresponding to lighting elements and light detecting elements can be interchanged.
[0075] Reference is made to Figs. 8A and 8B exemplifying the transducer’s assemblies including light guides.
[0076] Fig. 8A shows a transducer’s assembly 500 that includes a light guiding element in the center. The assembly
may be configured such that there is no acoustic contact between the light guiding element (an optical fiber) and the
piezoelectric element that generates the acoustic waves. Assembly 500 comprises a casing 501 that encapsulates
piezoelectric element 502 and light guide 510. To allow for light delivery through piezoelectric element 502, the piezo-
electric element 502 is formed with an optical window 509 having a diameter large enough to provide light propagation
from/to light guide 510 through this optical window 509. Optical window 509 may be a physical hole, or may be a
transparent opening in the piezoelectric element. Piezoelectric element 502 may also be completely transparent to light,
and therefore optical window 509 may be a part of piezoelectric element 502. In addition, the optical window 509 may
include a transparent optical rod that will allow light propagation through. In case the optical window 509 is a physical
hole, an additional optical window 503 can also be used to seal this hole 509. Further provided is a support 511 configured
to allow aligning of the optical window 509 with the aperture of light guide 510. Electric wires 505 and 506 are coupled
to the two electrodes (not shown) on the piezoelectric element 502, for generating acoustic waves. These two wires are
connected to cable 107 (see Fig. 1) used to deliver electrical signals from the signal generator (125 in Fig. 1).

[0077] Fig. 8B shows an assembly 551 including a casing 501 that encapsulates piezoelectric element 502 and optical
guide 510. Optical guide 510 enters the casing 501 through an opening (not shown) and is supported by a support
structure 515 inside the casing. Another support structure 556, positioned inside the casing, supports a prism 575. The
prism is positioned such that light coupled from optical guide 510 is directed towards a further optical guide 565. This
optical guide 565 is positioned inside a through hole (optical window) 509. The piezoelectric element 502 is supported
by a support structure 555 that prevents acoustic coupling to the casing walls. Electric wires 505 and 506 are coupled
to the two electrodes (not shown) on the piezoelectric element 502, for generating acoustic waves. Alternatively, the
optical guide 510 may be input from the side its end cut at an angle to allow for the light trapped inside the fiber to reflect
at a 90° angle, i.e. a side firing fiber, instead of propagating through the prism 575.

[0078] The above configurations allow for selecting the light input and output ports for use in measurements so as to
provide an optimal distance between the operative input and output ports. This is associated with the following: As the
distance between the light source and light detector is reduced (to ~zero), the contribution of light reflected from superficial
layers to the untagged signal in the detected light is higher than in the case of larger source-detector distance. Therefore,
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in order to detect the tagged light from deep layers, the detection unit preferably includes an electronic filter, one of the
kind that filters the low frequency signals generated in response to untagged light from the signals corresponding to
tagged light (at higher frequency corresponding to the ultrasound bandwidth). Reducing the source-detector distance
also improves the accuracy in calculating the optical properties of the medium, improving the determination of the desired
parameter(s), e.g. calculation of the oxygen saturation level. When the source-detector distance is small, the differences
in the optical paths of the shallow photons and the deep photons (that are used to calculate the optical attenuation
coefficient) depend primarily on the distance traveled in the z direction (along the radiation direction towards the region
of interest). Whereas for larger source-detector distance, the optical attenuation also depends on the differences in the
x and y dimensions, and thus degrades the dependence on the z direction, rendering the calculations more complex.

[0079] As a result of the ultrasound beam interacting with the light, the signal that we obtain includes an integral over

Tof LD( /) within V5 the volume of the ultrasound beam I= IdFLD(Z) + This integral will clearly depend on_r)S and

Yus

7d. The expression for the light distribution LD(z) (Eq [7]) shows that its integral overr depends on the source-detector
distance rgy such that as distance rgydecreases the light distribution LD(z) will depend primarily on the exponential decay.

[0080] In addition, at large source-detector distances, there are many more scattering events of photons reaching the
detector than for small source-detector distances. Thus, as different wavelengths are scattered differently by the tissue
and cells, the difference between the optical paths of the different wavelengths increases as the source-detector distance
increases. Since it was assumed above that the scattering coefficient is the same, the error in making this assumption
increases as the source-detector distance increases.

[0081] Thus, the presentinvention provides for an effective technique for determining one or more desired parameters
of a subject using an acoustic tagging of light, where acoustic radiation is generated in the form of a continuous wave,
which is coded (modulated) to vary in accordance with a predetermined function of at least one parameter of the acoustic
radiation which is non-periodic over a measurement time interval. The invention also provides an optimized probe
configuration to obtain a required distance between the light input and output ports used in the measurements.

[0082] Those skilled in the art will readily appreciate that various modifications and changes can be applied to the
embodiments of the invention as hereinbefore described without departing from its scope defined in and by the appended
claims.

Claims
1. A system (100) for use in determining one or more parameters of a subject, the system comprising:

an acoustic unit (110) for irradiating a region of interest with acoustic tagging radiation, said acoustic unit
comprising a signal generator and an acoustic transducer arrangement,

said signal generator being configured and operable to generate at least one coding signal in the form of an
arbitrary sequence to actuate said acoustic transducer arrangement for generating the acoustic tagging radiation
comprising at least one acoustic tagging beam being a coded continuous acoustic wave in the form of a pre-
determined function of at least one parameter of the acoustic radiation varying over time during a predetermined
time interval used for measurements, said predetermined function having narrow autocorrelation with respect
to a predetermined delay defined by a time resolution of the system;

an optical unit (101C) configured and operable for irradiating at least a portion of the region of interest with at
least one electromagnetic beam of a predetermined frequency range,

detecting an electromagnetic radiation response of said at least portion of the region of interest and generating
dataindicative thereof, said response comprising electromagnetic radiation tagged by the acoustic radiation; and
a control unit (120) being configured and operable for receiving and processing said generated data indicative
of the electromagnetic radiation response at different time delays from a start of the acoustic wave generation,
said processing comprising cross-correlating said coding signal and said received generated data, and gener-
ating output data indicative of the at least one parameter of the subject in a region corresponding to the locations
in the medium at which the electromagnetic radiation has been tagged by the acoustic radiation.

2. The system according to claim 1, wherein said predetermined delay is larger than the time resolution of the system.
3. The system according to claim 2, wherein said time resolution of the system comprises one of the following: 1) time

resolution of detection of the electromagnetic radiation response, 2) temporal bandwidth of acoustic excitation of
the acoustic transducer arrangement, 3) predetermined spatial resolution of detection divided by speed of said
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acoustic radiation in the medium.

The system according to any one of Claims 1 to 3, wherein

the acoustic unit has one of the following configurations: (a) comprises a single acoustic port (245)

for locating it at a certain distance from the region of interest; and (b) comprises a plurality of spaced apart acoustic
ports at different locations with respect to the region of interest; and

the optical unit has one of the following configurations: (1) comprises a plurality of light output ports (OP)

at different locations with respect to the region of interest; and (2) comprises a plurality of light input ports at different
locations with respect to the region of interest.

The system according to any one of Claims 1 to 4, having one of the following configurations:

the acoustic unit has an essentially annular shape, the optical unit comprising at least one of the following: at
least one light input port and at least one light output port, accommodated within an annular aperture of the
acoustic unit; and

the acoustic unit has at least one aperture, and the optical unit comprises at least one light input port located
within said at least one aperture, and a plurality of light output ports arranged in an essentially circular array
around said at least one light input port outside the acoustic unit.

The system according to any one of Claims 1 to 5, wherein said coding signal in the form of the arbitrary sequence
that actuates the acoustic transducer arrangement is configured to modulate output of the acoustic transducer
arrangement in at least one of frequency, phase and amplitude parametric domains.

The system according to Claim 6, wherein said at least one coding signal in the form of an arbitrary sequence is
characterized by at least one of the following: said arbitrary sequence is a pseudo random sequence with the
narrow autocorrelation; said at least one coding signal includes at least one of Barker and Golay codes.

The system according to any one of Claims 1 to 7, wherein said control unit is configured and operable to operate
the acoustic and optical units and for receiving and analyzing said data indicative of the electromagnetic radiation
response to identify the tagged electromagnetic radiation and corresponding locations in the subject.

The system according to Claim 8, wherein said output data is indicative of at least one of the following parameters:
oxygen saturation level, total hemoglobin content, and blood flow; and a data presentation utility for presenting said
at least one parameter.

The system according to Claims 1 to 9, wherein the control unit is configured for determining the cross correlation
at each delay as intensity of the tagged electromagnetic radiation corresponding to a distance from the acoustic
transducer equal to a product of a speed of acoustic signal propagation in the subject’'s medium and the delay time.

The system according to Claims 1 to 8, wherein the control unit is configured for operating the acoustic unit for
generating a plurality of said coded continuous acoustic waves.

The system according to any one of Claims 1- 11, wherein the coding signals is in the form of arbitrary sequences
corresponding to the coded continuous acoustic waves, respectively, having a near zero cross correlation at any
time delay longer than a predetermined time delay.

The system according to Claim 12, wherein the control unit is configured for processing said data indicative of the
detected response by cross-correlating each portion of said data corresponding to the respective one of the coded
continuous acoustic waves with its respective coded signal.

The system according to any one of Claims 1 to 13, wherein said control unitis adapted for using the cross correlation
for determination of at least one of the following parameters: oxygen saturation level; total hemoglobin content; and
blood flow.

The system according to Claim 14, wherein the oxygen saturation is determined by calculating spatial gradient of
logarithm of a ratio of two light distributions obtained by detecting light illuminating the tissue at two different illumi-
nating wavelengths; repeating said calculation by detecting the light illuminating the tissue at two different wave-
lengths, at least one wavelength being different from said two illuminating wavelengths; and determining the oxygen
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saturation by mapping the two calculations to known theoretical or empirical calculations of blood oxygen saturation
levels.

16. the system according to Claim 14, wherein the blood flow is determined by monitoring at least one of peak amplitude

and noise level of the cross correlation signal for at least one wavelength of light, as a function of time, thereby
determining changes in the flow rate, thereby enabling determination of the flow distribution by monitoring said
changes as a function of depth.

Patentanspriiche

System (100) fir den Gebrauch beim Bestimmen eines oder mehrerer Parameter eines Subjekts, wobei das System
Folgendes umfasst:

eine akustische Einheit (110) zum Bestrahlen eines Interessensbereichs mit akustischer Tagging-Strahlung,
wobei die akustische Einheit einen Signalgenerator und eine akustische Transducereinrichtung umfasst,
wobei der Signalgenerator konfiguriert und betreibbar ist, um mindestens ein Codiersignal in der Form einer
willkiirlichen Sequenz zu erzeugen, um die akustische Transducereinrichtung zum Erzeugen der akustischen
Tagging-Strahlung zu betéatigen, die mindestens einen akustischen Tagging-Strahl umfasst, der eine codierte
kontinuierliche Schallwelle in der Form einer vorbestimmten Funktion mindestens eines Parameters der akus-
tischen Strahlung, die mit der Zeit wahrend eines vorbestimmten Zeitintervalls, das fiir Messungen verwendet
wird, variiert, ist, wobei die vorbestimmte Funktion schmale Autokorrelation in Bezug zu einer vorbestimmten
Verzdgerung, die durch eine Zeitauflésung des Systems definiert ist, hat,

eine Optikeinheit (101C), die konfiguriert und betreibbar ist, um mindestens einen Abschnitt des Interessens-
bereichs mit mindestens einem elektromagnetischen Strahl mit einem vorbestimmten Frequenzbereich zu be-
strahlen,

Erfassen einer elektromagnetischen Strahlungsantwort des mindestens einen Abschnitts des Interessensbe-
reichs und Erzeugen von Daten, die diesen angeben, wobei die Antwort elektromagnetische Strahlung umfasst,
die durch die akustische Strahlung markiert ist, und

eine Steuereinheit (120), die konfiguriert und betreibbar ist, um die erzeugten Daten, die auf die elektromag-
netische Strahlungsantwort an unterschiedlichen zeitlichen Verzégerungen ab einem Start der Erzeugung der
Schallwelle zu empfangen und zu verarbeiten, wobei das Verarbeiten Kreuzkorrelation des Codiersignals und
der empfangenen erzeugten Daten umfasst, und Erzeugen von Ausgangsdaten, die mindestens einen Para-
meter des Subjekts in einem Bereich angeben, der den Stellen in dem Medium, an welchen die elektromagne-
tische Strahlung von der akustischen Strahlung markiert wurde, entsprechen.

System nach Anspruch 1, wobei die vorbestimmte Verzégerung gréRer ist als die Zeitauflésung des Systems.

System nach Anspruch 2, wobei die Zeitauflésung des Systems einen der folgenden Aspekte umfasst: 1) Zeitau-
flésung der Erfassung der elektromagnetischen Strahlungsantwort, 2) zeitliche Bandbreite akustischer Erregung
der akustischen Transducereinrichtung, 3) vorbestimmte rdumliche Aufldsung der Erfassung geteilt durch die Ge-
schwindigkeit der akustischen Strahlung in dem Medium.

System nach einem der Anspriiche 1 bis 3, wobei

die akustische Einheit eine der folgenden Konfigurationen hat: (a) einen einfachen akustischen Port (245) zu dessen
Lokalisieren in einer bestimmten Entfernung von dem Interessensbereich umfasst, und (b)

eine Vielzahl beabstandeter akustischer Ports an unterschiedlichen Lagen in Bezug zu dem Interessensbereich
umfasst, und

die Optikeinheit eine der folgenden Konfigurationen hat: (1) eine Vielzahl von Lichtausgangsports (OP) an unter-
schiedlichen Lagen in Bezug zu dem Interessensbereich umfasst, und (2)

eine Vielzahl von Lichteingangsports an unterschiedlichen Lagen in Bezug zu dem Interessensbereich umfasst.

System nach einem der Anspriiche 1 bis 4, das eine der folgenden Konfigurationen hat:
die akustische Einheit hat eine im Wesentlichen ringférmige Form, die Optikeinheit umfasst mindestens eines
der folgenden: mindestens einen Lichteingangsport und mindestens einen Lichtausgangsport, die innerhalb

einer ringférmigen Offnung der akustischen Einheit untergebracht sind,
und
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die akustische Einheit hat mindestens eine C)ffnung, und die Optikeinheit umfasst mindestens einen Lichtein-
gangsport, der innerhalb der mindestens einen Offnung liegt, und eine Vielzahl von Lichtausgangsports, die in
einer im Wesentlichen kreisférmigen Anordnung um den mindestens einen Lichteingangsport auRerhalb der
akustischen Einheit eingerichtet ist.

System nach einem der Anspriiche 1 bis 5, wobei das Codiersignal in der Form der willkiirlichen Sequenz, das die
akustische Transducereinrichtung betatigt, konfiguriert ist, um den Ausgang der akustischen Transducereinrichtung
im Frequenz- und/oder Phasen- und/oder Amplitudenparameterbereich zu modulieren.

System nach Anspruch 6, wobei das mindestens eine Codiersignal in der Form einer willkirlichen Sequenz ge-
kennzeichnet ist durch: die willkirliche Sequenz ist eine pseudozufallige Sequenz mit schmaler Autokorrelation
und/oder das mindestens eine Codiersignal weist einen Barker- und/oder Golay-Code auf.

System nach einem der Anspriiche 1 bis 7, wobei die Steuereinheit konfiguriert und betreibbar ist, um die akustische
und Optikeinheit zum Empfangen und Analysieren der Daten, die die elektromagnetische Strahlungsantwort ange-
ben, konfiguriert ist, um die markierte elektromagnetische Strahlung und entsprechende Lagen in dem Subjekt zu
identifizieren.

System nach Anspruch 8, wobei die Ausgangsdaten auf mindestens einen der folgenden Parameter hinweisen:

Sauerstoffsattigungspegel, Gesamthdmoglobingehalt und Durchblutung, und eine Datenprasentationfunktion
zum Prasentieren des mindestens einen Parameters.

System nach den Anspriichen 1 bis 9, wobei die Steuereinheit konfiguriert ist, um die Kreuzkorrelation an jeder
Verzdgerung als Intensitat der markierten elektromagnetischen Strahlung zu bestimmen, die einer Entfernung von
dem akustischen Transducer gleich einem Produkt aus Geschwindigkeit der Ausbreitung des akustischen Signals
in dem Medium des Subjekts und Verzdgerungszeit entspricht.

System nach den Anspriichen 1 bis 8, wobei die Steuereinheit konfiguriert ist, um die akustische Einheit zum
Erzeugen einer Vielzahl codierter kontinuierlicher Schallwellen zu betreiben.

System nach einem der Anspriiche 1 bis 11, wobei die Codiersignale in der Form willkiirlicher Sequenzen jeweils
den kodierten kontinuierlichen Schallwellen entsprechen, die eine Kreuzkorrelation nahe null an irgendeiner zeitli-
chen Verzégerung haben, die langer ist als eine vorbestimmte zeitliche Verzégerung.

System nach Anspruch 12, wobei die Steuereinheit konfiguriert ist, um die Daten, die die erfasste Antwort angeben,
durch Kreuzkorrelation jedes Abschnitts der Daten, der der jeweiligen einen der kodierten kontinuierlichen Schall-
wellen entspricht, mit ihrem jeweiligen Codiersignal zu verarbeiten.

System nach einem der Anspriiche 1 bis 13, wobei die Steuereinheit angepasst ist, um die Kreuzkorrelation zum
Bestimmen mindestens eines der folgenden Parameter zu verwenden: Sauerstoffsattigungspegel, Gesamthamo-
globingehalt und Durchblutung.

System nach Anspruch 14, wobei die Sauerstoffsattigung bestimmt wird durch Berechnen des rdumlichen Gradi-
enten des Logarithmus eines Verhaltnisses von zwei Lichtverteilungen, erhalten durch Erfassen von Licht, das das
Gewebe mit zwei unterschiedlichen Wellenlangen beleuchtet, Wiederholen der Berechnung durch Erfassen des
Lichts, das das Gewebe mit zwei unterschiedlichen Wellenlangen beleuchtet, wobei mindestens eine Wellenlange
der zwei Beleuchtungswellenldngen unterschiedlich ist, und Bestimmen der Sauerstoffsattigung durch Darstellen
derzwei Berechnungen auf bekannten theoretischen oder empirischen Berechnungen von Blutsauerstoffsattigungs-
pegeln.

System nach Anspruch 14, wobei die Durchblutung durch Uberwachen mindestens einer Spitzenamplitude und des
Gerauschpegels des Kreuzkorrelationssignals wahrend mindestens einer Wellenldnge von Licht als eine Funktion
der Zeit iberwacht wird, wodurch Anderungen der Flussrate bestimmt werden, wodurch das Bestimmen der Fluss-
verteilung durch Uberwachen der Anderungen in Abhéngigkeit von Tiefe erméglicht wird.
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Revendications

1. Systéme (100) pour une utilisation dans la détermination d’'un ou de plusieurs paramétres d’un sujet, le systéme
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comprenant :

une unité acoustique (110) destinée a irradier une région d’intérét avec un rayonnement de marquage acous-
tique, ladite unité acoustique comprenant un générateur de signaux et un agencement de transducteurs acous-
tiques,

ledit générateur de signaux étant configuré et mis en oeuvre pour générer au moins un signal de codage sous
la forme d’une séquence arbitraire pour actionner ledit agencement de transducteurs acoustiques destiné a
générer le rayonnement de marquage acoustique comprenant au moins un faisceau de marquage acoustique
étant une onde acoustique continue et codée sous la forme d’une fonction prédéterminée d’au moins un para-
meétre du rayonnement acoustique variant au cours du temps pendant un intervalle de temps prédéterminé
utilisé pour des mesures, ladite fonction prédéterminée possédant une étroite autocorrélation par rapport a un
délai prédéterminé défini par une résolution temporelle du systéme ;

une unité optique (101C) configurée et mise en oeuvre pour l'irradiation d’au moins une partie de la région
d’intérét avec au moins un faisceau électromagnétique d’'une gamme de fréquences prédéterminées,

la détection d’une réponse de rayonnement électromagnétique de ladite au moins une partie de la région
d’intérét et la génération de données indicatives de celle-ci, ladite réponse comprenant un rayonnement élec-
tromagnétique marqué par le rayonnement acoustique ; et

une unité de commande (120) étant configurée et mise en oeuvre pour la réception et le traitement desdites
données générées indicatives de la réponse de rayonnement électromagnétique a différents délais de tempo-
risation a partir d'un commencement de la génération d’'ondes acoustiques, ledit traitement consistant a effectuer
une corrélation croisée dudit signal de codage et desdites données générées regues, et a générer des données
de sortie indicatives de I'au moins un parameétre du sujet dans une région correspondant aux emplacements
dans le milieu auquel le rayonnement électromagnétique a été marqué par le rayonnement acoustique.

Systeme selon larevendication 1, dans lequel ledit délai prédéterminé est plus important que la résolution temporelle
du systéme.

Systeme selon la revendication 2, dans lequel ladite résolution temporelle du systéeme comprend un des éléments
suivants : 1) une résolution temporelle de détection de la réponse de rayonnement électromagnétique, 2) une bande
passante temporelle d’excitation acoustique de 'agencement de transducteurs acoustiques, 3) une résolution spa-
tiale prédéterminée de détection divisée par la vitesse dudit rayonnement acoustique dans le milieu.

Systeme selon I'une quelconque des revendications 1 a 3, dans lequel

I'unité acoustique posséde une des configurations suivantes : (a) comprend un port acoustique unique (245) pour
la localiser a une certaine distance de la région d’intérét ; et (b) comprend une pluralité de ports acoustique espacés
a des emplacements différents par rapport a la région d’intérét ; et

I'unité optique posséde une des configurations suivantes : (1) comprend une pluralité de ports de sortie (PS) de
lumiere a différents emplacements par rapport a la région d’intérét ; et (2) comprend une pluralité de ports d’entrée
de lumiére a différents emplacements par rapport a la région d’intérét.

Systeme selon I'une quelconque des revendications 1 a 4, possédant une des configurations suivantes :

'unité acoustique posséde une forme essentiellement annulaire, I'unité optique comprend au moins un des
éléments suivants : au moins un port d’entrée de lumiére et au moins un port de sortie de lumiere, hébergés a
l'intérieur d’'une ouverture annulaire de I'unité acoustique ; et

I'unité acoustique posséde au moins une ouverture, et l'unité optique comprend au moins un port d’entrée de
lumiére situé a l'intérieur de ladite au moins une ouverture, et une pluralité de ports de sortie de lumiere agencés
en un réseau essentiellement circulaire autour dudit au moins un port d’entrée de lumiére a I'extérieur de I'unité
acoustique.

Systeme selon 'une quelconque des revendications 1 a 5, dans lequel ledit signal de codage sous la forme de la
séquence arbitraire qui actionne 'agencement de transducteurs acoustiques est configuré pour moduler la sortie
de 'agencement de transducteurs acoustiques dans au moins un des domaines paramétriques de fréquence, de
phase et d’amplitude.
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Systeme selon la revendication 6, dans lequel ledit au moins un signal de codage sous la forme d’une séquence
arbitraire est caractérisé par au moins un des éléments suivants : ladite séquence arbitraire est une séquence
pseudo aléatoire avec I'étroite autocorrélation ; ledit au moins un signal de codage inclut au moins un des codes
de Barker et de Golay.

Systeme selon I'une quelconque des revendications 1 a 7, dans lequel ladite unité de commande est configurée et
mise en oeuvre pour faire fonctionner les unités acoustiques et optiques et pour la réception et 'analyse desdites
données indicatives de la réponse de rayonnement électromagnétique pour identifier le rayonnement électroma-
gnétique marqué et les emplacements correspondants chez le sujet.

Systeme selon la revendication 8, dans lequel lesdites données de sortie sont indicatives d’au moins un des para-
meétres suivantes : le niveau de saturation en oxygéne, la teneur totale en hémoglobine, et le flux sanguin ; et un
utilitaire de présentation de données pour la présentation dudit au moins un paramétre.

Systeme selon I'une quelconque des revendications 1 a 9, dans lequel I'unité de commande est configurée pour
déterminer la corrélation croisée a chaque délai comme l'intensité du rayonnement électromagnétique marqué
correspondant a une distance depuis le transducteur acoustique égal au produit d’'une vitesse de propagation du
signal acoustique dans le milieu du sujet et du délai de temporisation.

Systeme selon I'une quelconque des revendications 1 a 8, dans lequel I'unité de commande est configurée pour
faire fonctionner!’unité acoustique pour la génération d’'une pluralité desdites ondes acoustiques continues et codées.

Systeme selon I'une quelconque des revendications 1 a 11, dans lequel les signaux de codage sont sous la forme
de séquences arbitraires correspondant aux ondes acoustiques continues et codées, respectivement, possédant
une corrélation croisée proche de zéro a n'importe quel délai de temporisation supérieur a un délai de temporisation
prédéterminé.

Systeme selon la revendication 12, dans lequel I'unité de commande est configurée pour le traitement desdites
données indicatives de la réponse détectée en effectuant une corrélation croisée de chaque partie desdites données
correspondant a celles respectives des ondes acoustiques continues et codées avec leur signal codé respectif.

Systeme selon I'une quelconque des revendications 1 a 13, dans lequel ladite unité de commande est adaptée pour
une utilisation de la corrélation croisée destinée a une détermination d’au moins un des parameétres suivants : le
niveau de saturation en oxygéne ; teneur la totale en hémoglobine ; et le flux sanguin.

Systeme selon la revendication 14, dans lequel la saturation en oxygene est déterminée en calculant un gradient
spatial du logarithme d’un ratio de deux distributions de lumiére obtenues par la détection de lumiére illuminant le
tissu a deux longueurs d’onde d’illumination différentes ; en répétant ledit calcul par la détection de la lumiéere
illuminant le tissu a deux longueurs d’onde d’illumination différentes ; et en déterminant la saturation en oxygene
en effectuantle mappage des deux calculs vers des calculs des niveaux de saturation en oxygene sanguin théoriques
ou empiriques connus.

Systeme selon la revendication 14, dans lequel le flux sanguin est déterminé en surveillant au moins une amplitude
de créte et un niveau de bruit du signal de corrélation croisée pour au moins une longueur d’'onde de lumiere, en
fonction du temps, déterminant ainsi des changements dans le taux d’écoulement, permettant ainsi la détermination
de la distribution de flux en surveillant lesdits changements en fonction de la profondeur.
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Generation: generate an arbitrary waveform (GWF) with predetermined
| characteristics (i.e that the autocorrelation of GWF is negligible for delay T
larger than the time resolution of the system)

Save generated waveform (GWF) to memory.

v

Transmit GWF to actuate an ultrasound transducer with a known bandwidth.
Acoustic waves are to irradiate a volume of material (tissue). At the same time
illuminate and detect coherent light at wavelength (1) that propagates through
the same volume through which the acoustic waves propagate (tagged volume).

¥

Store electronic signals generated in response to detected light in memory, using
a sampling card with a sampling frequency at least twice that of the central
frequency of GWF. *

v

Cross correlate electronic signals with GWF (stored in memory) at different
delays. For each delay T, store the amplitude of the cross- correlatlon (CCA(T,L)

in memory.
v

CCA(x,A) represents the light distribution at wavelength A multiplied by the
pressure amplitude (PA(7)) at a distance z corresponding to the product of T by
the speed of sound (i.e. z=t*c).

[ | B

2 —
If the pressure profile (PA(1)) is If the pressure profile (PA(7)) is
known, the light distribution at | unknown, the measurement can be
wavelength A is given by: - performed at two wavelengths of
LD(z, A)=CCA(z,A)/PA(z) light (A, A,) resulting in CCA(t,A,)

; CCA(t,A,) . The ratio between the
two measurements is 1ndependent of
(PA(7)). And we get : 1
LD(z, A,)/LD(z, A,) =CCA(z, A )/ _
CCA(z, A,)

FIG. 2B
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