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METHOD AND APPARATUS FOR
ULTRASOUND IMAGING OF BRAIN
ACTIVITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a national phase entry under 35
U.S.C. § 371 of International Patent Application PCT/
EP2015/074343, filed Oct. 21, 2015, designating the United
States of America and published in English as International
Patent Publication WO 2016/071108 Al on May 12, 2016,
which claims the benefit under Article 8 of the Patent
Cooperation Treaty to European Patent Application Serial
No. 14306768.4, filed Nov. 4, 2014.

TECHNICAL FIELD

[0002] This application relates to methods and apparatuses
for ultrasound imaging of brain activity.

BACKGROUND

[0003] Brain activity can be imaged through imaging of
hemodynamics, based on the phenomenon known as neu-
rovascular coupling, which locally increases blood flow in
an activated region of the brain.

[0004] Such imaging can be obtained by ultrasounds. Such
ultrasound imaging has proved to be very efficient in terms
of resolution, speed in obtaining the images (real-time
imaging is possible), simplicity and cost (the imaging device
is small and of relatively low cost compared to other
methods such as magnetic resonance imaging (“MRI”)).
Ultrasound imaging of brain hemodynamics and brain activ-
ity, i.e., functional imaging, has been described in particular
by Macé et al:

[0005] “Functional ultrasound imaging of the brain:
theory and basic principles,” IEEE Trans. Ultrason.
Ferroelectr. Freq. Control, 2013 March; 60(3):492-
506, and

[0006] “Functional ultrasound imaging of the brain,”
Nature Methods, 8:662-664, 2011.

[0007] Such ultrasound functional imaging is usually
based on ultrasound synthetic imaging as explained in the
above publications and in EP2101191, wherein each ultra-
sound image is computed by compounding several ultra-
sound raw images that are obtained, respectively, by several
emissions of plane ultrasonic waves in different directions.
[0008] The usual methods to detect the blood flow with
ultrasound are the two classical Doppler modes: the color
Doppler and the power Doppler. However, these methods
lack sensitivity to efficiently detect neurovascular coupling.

BRIEF SUMMARY

[0009] This disclosure, in particular, discloses improved
existing imaging methods with improved sensitivity.
[0010] To this end, an embodiment of the disclosure
relates to a method for imaging brain activity, including the
following steps:

[0011] (a) an ultrasound imaging step wherein a set of
ultrasound images I(t) of blood in a brain of a living
subject are obtained at successive times t by transmis-
sion and reception of ultrasonic waves,

[0012] (b) a spectrum computing step wherein a mea-
sured spectrum s(Pt,w) is computed at each point P of
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at least a region of at least some of the ultrasound
images I(t), where o is the frequency,

[0013] (¢) a reference spectrum-determining step
wherein a reference spectrum s(P.w) is determined at
each point P, based on at least one measured spectrum
at point P, the reference spectrum having a high fre-
quency edge decaying in at least a frequency band
(Dmll’l(P) to (DmaX(P)5

[0014] (d) a differential intensity computing step
wherein a differential intensity is computed as:

AP, P AP 0)s(P0)-5Eo)] do

where r is a positive, non-zero number and A(Pw) is a
positive weighting function,

[0015] (e) a brain activity imaging step wherein an
image of brain activity C(P) is determined based on the
differential intensity.

[0016] The above differential intensity exhibits a very
good signal-to-noise ratio and excellent sensitivity, enabling
quick detection and reliable activation of functional zones in
the brain, including under very low stimulus.

[0017] In addition, in various embodiments of the method
of this disclosure, one may use one or more of the following
arrangements:

[0018] at the reference spectrum determining step (c),
the reference spectrum s(P,w) is determined by aver-
aging several measured spectra s(P,t,m);

[0019] at the reference spectrum determining step (c),
the reference spectrum s(P,») is determined by approxi-
mating an average s, (Pt,w) of at least one measured
spectrum s(Pt,w) by a substantially square function
having a flat central portion, a low frequency edge and
a high frequency edge;

[0020] the flat central portion of the substantially square
function is between two frequencies w, and w,, which
are such that s (P, ®) is more than a predetermined
value x between w, and w,, X being a positive number
greater than 0.3 and lower than 0.8, and w,<w,;

[0021] the high frequency edge is decaying such that:
S(Pw)EASu(w-0y/0,) for 0>,
[0022] where:

[0023] Su is the spectrum of the ultrasonic waves,

[0024] o, is a central frequency of the ultrasonic waves,
and

[0025] A is a positive, non-zero scale factor.

[0026] the low frequency edge is decaying such that:

S(Pw)ENH(w) for o<w,
[0027] where:

[0028] H(w) is a transfer response of a filter applied to
the ultrasound images to eliminate the movements of
tissues,

[0029] A is a positive, non-zero scale factor;

[0030] the weighting function A(P,w) is determined as:

o 05(P, w)/dw
AP, w) = —rp
[0031] where o(P) is the standard deviation of s(Pw) at
point P;

[0032] the weighting function A(P,w) is a square func-

tion;
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[0033] w,,,(P)is such that s(P.w,,,,(P))/s,,..(P) is in the
range 0.8 to 1, w,,, (P) is such that s(P,w,, . (P))/s,, . (P)
is in the range 0 to 0.5, and s, (P) is a maximum of
s(Pw);
[0034] w,,,(P)is such that s(P.w,,,,,(P))/5,,,.(P) is in the
range 0.8 to 0.99, w,,,(P) is such that s(Pw,,, (P))/
S,,0(P) 18 in the range 0.01 to 0.3;
[0035] w,,,(P)is such that s(P.w,,,,(P))/s,,..(P) is in the
range 0.85 to 0.95, w,,,.(P) is such that s(Pw,,, (P))/
(P) is in the range 0.01 to 0.1;
[0036] the ultrasound imaging step (a) includes:
[0037] (a2) A raw imaging step in which raw images
1,(t) of the living tissues (1) are taken at successive
times t by transmission and reception of ultrasonic
waves,

[0038] (a2) a filtration step in which each raw image
1,(t) is filtered to eliminate the movements of tissues
and obtain the ultrasound image 1(t);

[0039] the image C(P) of brain activity computed at step
(d) is obtained by correlation with a predefined tem-
poral stimulation signal stim(t) applied to the subject;

[0040] the image C(P) of brain activity is computed as:

Smax

C(P) = fd[norm( P, Dstim(r)dr

wherein:
di(P, 1) = dIO(P)
Ve o - dioeia ’

dinorm(x, 7, 1) =

dib(P) = f di(P,

r=1.

[0041] In addition, another embodiment of the disclosure
relates to an apparatus for imaging brain activity, adapted to:
[0042] (a) take a set of ultrasound images I(t) of blood
in a brain of a living subject at successive times t by
transmission and reception of ultrasonic waves,
[0043] (b) computing a measured spectrum s(Pt,m) at
each point P of at least a region of at least some of the
ultrasound images I(t), where w is the frequency,
[0044] (c) determine a reference spectrum s(P,w), which
is determined at each point P, based on at least one
measured spectrum at each point P, the reference spec-
trum having a high frequency edge decaying in at least
a frequency band ,,,,(P) to w,,,.(P),
[0045] (d) computing a differential intensity as:

APDA 5, 007 AP 5(P1,0)-S(P0) o

m ax(

where r is a positive, non-zero number and A(Pw) is a
positive weighting function,
[0046] (e) determine an image of brain activity C(P)
based on the differential intensity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] Other features and advantages of the embodiments
of the disclosure appear from the following detailed descrip-
tion of one embodiment thereof, given by way of non-
limiting example, and with reference to the accompanying
drawings.
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[0048] 1In the drawings:

[0049] FIG. 1 is a schematic drawing showing an ultra-
sound imaging device according to one embodiment of the
disclosure;

[0050] FIG. 2 is a block diagram showing part of the
apparatus of FIG. 1,

[0051] FIG. 3, Panel a, shows image of blood intensity of
a rat brain and a detail thereof showing one particular
selected micro-vessel, which can be obtained by the appa-
ratus of FIGS. 1 and 2;

[0052] FIG. 3, Panel b, is a spectrogram of the selected
micro-vessel of FIG. 3, Panel a;

[0053] FIG. 3, Panel c, ¢ is a spectrum of the selected
micro-vessel, compared to a theoretical model thereof;,
[0054] FIG. 4, Panel a, is a spectrogram of the selected
micro-vessel showing the evolution of the signal frequency
during a nervous stimulation;

[0055] FIG. 4, Panel b, is spectrum corresponding to the
frequency signal of FIG. 4, Panel a, before and during
stimulation;

[0056] FIG. 4, Panel c, shows the noise as a function of the
frequency in the spectrum of FIG. 4, Panel b;

[0057] FIG. 4, Panel d, shows the intensity as a function
of the frequency in the spectrum of FIG. 4, Panel c;
[0058] FIG. 5, Panels a and b, show, respectively, a map of
intensity and a map of differential intensity computed
according to the disclosure, based on the same ultrasonic
image taken after stimulation by a short pulse.

DETAILED DESCRIPTION

[0059] In the figures, the same references denote identical
or similar elements.

[0060] The apparatus shown in FIG. 1 is adapted for
ultrasound imaging of living tissues 1, in particular, human
or animal tissues. The living tissues 1 may be, in particular,
a brain or part of a brain.

[0061] The apparatus may include, for instance, as illus-
trated in FIGS. 1 and 2:

[0062] an ultrasound transducer array 2 (T,-T,), for
instance, a linear array typically including a few tens of
transducers (for instance, 100 to 300) juxtaposed along
an axis as already known in usual echographic probes
(the array 2 is then adapted to perform a bidimensional
(2D) imaging of the tissues 1, but the array 2 could also
be a bidimensional array adapted to perform a tridi-
mensional (3D) imaging of the tissues 1); the transduc-
ers in the array 2 may, for instance, transmit and receive
ultrasound waves of frequencies usually between 2 and
40 MHz; in the case of the brain, transmission and
reception can be performed through the skull 1a or
directly in contact with the brain tissues 1, e.g., at one
or several aperture(s) provided in the skull;

[0063] an electronic control circuit 3 controlling the
transducer array 2 and acquiring signals therefrom;

[0064] a computer 4 or similar for controlling the elec-
tronic circuit 3 and viewing ultrasound images obtained
from the control circuit 3 (in a variant, a single elec-
tronic device could fulfill all the functionalities of the
electronic control circuit 3 and of the computer 4).

[0065] As shown in FIG. 2, the electronic control ¢ircuit 3
may include, for instance:

[0066] n analog/digital converters 5 (A/D1-A/Dn) indi-
vidually connected to the n transducers (T1-Tn) of the
transducer array 2;
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[0067] n buffer memories 6 (B1-Bn) respectively con-
nected to the n analog/digital converters 5;
[0068] a central processing unit 7 (CPU) communicat-
ing with the buffer memories 6 and the computer 4;
[0069] a memory 8 (MEM) connected to the central
processing unit 7.
[0070] A new method for imaging brain activity, which
may use the above apparatus, will now be described. This
method may include an ultrasound imaging step (a), a
spectrogram computing step (b), a reference spectrogram-
determining step (c), a differential intensity computing step
(d), and a brain activity imaging step ().

(a) Ultrasound Imaging Step:

[0071] (al) Raw Imaging Step:

[0072] A step in which raw images I (t) of the living
tissues (1) are taken at successive times t by transmission
and reception of ultrasonic waves.

[0073] The apparatus of FIGS. 1 and 2 may be adapted to
perform synthetic ultrasound imaging as described by Macé
et al. (“Functional ultrasound imaging of the brain: theory
and basic principles,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, 2013 March; 60(3):492-506, and “Functional
ultrasound imaging of the brain,” Nature Methods, 8:662-
664, 2011), and EP2101191. In that case, each ultrasound
image is computed by compounding several ultrasound raw
images that are obtained, respectively, by several emissions
of plane ultrasonic waves in different directions. For
instance, the several ultrasound raw images can be acquired
at a rate of 2500 raw images per second, with cyclic
variations of, e.g., 5° in the direction of propagation of the
plane waves (=10°, =5°, 0°, +3°, +10%), wherein five raw
ultrasound images are compounded to do one ultrasound
(compounded) image. In that case, the ultrasound (com-
pounded) images are produced at a rate of 500 images per
second.

[0074] Inany case, aset of N ultrasound images I(t;) of the
living tissues is taken at successive times t, (here, for
instance, every 2 ms), by the above method of synthetic
imaging or otherwise. N can usually comprise between 200
and 30,000, for instance, N may be between 1500 and 2500,
e.g., around 2000.

[0075] When the array 2 is linear, each image I(t,) is a
bidimensional matrix 1(t,)=(1,,,,(t,)), where the component
1,,.(t) of this matrix is the value of the pixel 1,m of abscise
x, along the array 2 and of ordinate z , in the direction of the
depth. For instance, the pixels may be 90 spaced every 50
um in depth and 128 spaced every 100 um in abscise.
[0076] In the following, the images I will be indifferently
presented either in the above matrical notation I(t,)=(,,,
(t,)), or in continuous notation 1(x,z,t).

[0077] (a2) Filtration Step:

[0078] The following filtration step is optional only in this
disclosure; it may be avoided or replaced by another filtra-
tion.

[0079] The images I(t,) are the sum of a tissular compo-

nent 1, (t,) and a vascular component 1,,,,At,) due to the
blood flow:

1) = o ) pio0aT) M

[0080] To compute a hemodynamic image of the tissues,
it is necessary to eliminate the tissular component 1, (t,),
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since the tissues have slow movements of similar velocity to
the blood flow in the smallest vessels (capillary and arteri-
oles).

[0081] This filtration process may be carried out, for
instance, in three sub-steps (a21) to (a23) as explained
below. However, any of these sub-steps could be omitted or
replaced by a different filtration.

[0082] (a21) Elimination of the Fixed Tissues:

[0083] In a first substep (a21), a same fixed image 11 (for
instance, I1=I(t=0)) can be subtracted from all images I(t,).
For more simplicity, the image after subtraction of I1 will
still be named 1(t,) hereafter.

[0084] (a22) High Pass Filter:

[0085] In a second substep (a22), a highpass temporal
filter may be applied to the images I(t,). This highpass
temporal filter may have a cut-off frequency less than 15 Hz,
for instance, the cut-off frequency may be 5 to 10 Hz.
[0086] More generally, the cut-off frequency will be less
than 5-107°-f, 5, where f,  is the frequency of the ultrasonic
waves.

[0087] For more simplicity, the image after application of
the high pass filter will still be named I(t,) hereafter.
[0088] The high pass filter eliminates part of the tissular
component I, (t,) of the images I(t,), corresponding to axial
velocities (perpendicular to the array 2) less than 0.5 mm/s
in the case of a cutoff frequency of 10 Hz, as shown in FIG.
3, Panel b. This high pass filter leaves substantially intact the
vascular component I, (t.), specially compared to the
high pass filter of the prior art with a cutoff frequency of 75
Hz, which eliminated all blood flows having a velocity less
than 3.75 mm per s.

[0089] (a23) Spatiotemporal Filter:
[0090] Complete elimination of the tissular component
1,,.,(t,) is done by a spatiotemporal filter applied to the image

1(t,), after substeps (a21) and/or (a22) or directly after step
(a). This spatiotemporal filter is based on a physical differ-
ence between a vascular signal and a tissue movement: the
tissue movement is coherent at least at small scale, whereas
the blood flows are not.

[0091] As a matter of fact, a movement is propagated in
the tissue by mechanical waves whose speeds are ~1 m/s for
the shear waves and 1500 m/s for the compression waves (in
the case of the brain). The wavelength of these mechanical
waves is very high compared to the size of the blood vessels;
for example, a wave of 100 Hz has a wavelength of 1 ¢cm for
the shear wave and 15 m for the compression wave. Accord-
ingly, all the tissue at the scale of 1 cm moves coherently.
[0092] On the contrary, the vascular signal comes from the
movement of red blood cells that flow randomly inside the
vessel and generate a signal that is uncorrelated between two
different pixels.

[0093] Based in this difference, the tissular component
1,;55(t,) can be filtered by determining a spatially correlated
component 1, (t,) corresponding to spatially coherent
movements of the tissues, and the spatially correlated com-
ponent I, (t,) is subtracted from the image I(t,) so as to
determine a filtered image 1(t,)=I(t,)-1,.(ty)-

[0094] To summarize, I, (t,) may be determined such
that:

Lisst=altply @,

wherein a(t,) is a real number function of time and I, is a
fixed image of the tissues.

1iss’
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[0095] For a given point P (pixel) in the image I(t,), the
spatially coherent component I, (t,) may be determined in
an adjacent area A(P) around the given point P, the area A(P)
not covering the whole image I(t,). For instance, the adja-
cent area A(P) may have between 10 and 200 pixels, for
instance, 10*10 pixels.

[0096] The spatially coherent component I, (t,) may be
determined by various mathematical methods, for instance,
by recurring estimates, or by the following method.

[0097] A practical method to determine the spatially
coherent component I, (t,) is to decompose the images,
image I(t,) using a singular value decomposition (SVD).
FIG. 3, Panel a, shows the distribution of the singular values
in a particular example of ultrasound imaging performed on
the brain of a living rat. This distribution is mainly continu-
ous, with 12 exceptional high values that are outside the
main continuous distribution. By eliminating these outside
values or at least the highest one or the N, highest ones (N,
being a non-zero positive integer), the spatially coherent
component I, (t,) can be eliminated.

[0098] More precisely, for each given point P in the image
I(t), the coherent component I, ,(t;) in the adjacent area
A(P) around the given point P, is determined in the form:

Liss sl == ;s (1) 3,

wherein:

[0099] A, are the N, highest singular value(s) of the
images I(t,) in the adjacent area A(P), ordered, e.g.. by
decreasing order,

[0100] m, are constant images covering the area A(P)
and S;(t,) is a complex number function of time, m,;
S,(t) to my, S;(t,) corresponding to the N highest
singular value(s) of the images I(t,) in the adjacent area
A(P).

[0101] In practice, elimination of the highest singular
values can often be limited to N=2 or 3, or even to 1, in
which case:

Lo aB)=hym (1) (39,

[0102] A wvalue in time of 1, (t,) at point P is then
determined as the value of I, ,(t,) at point P. The filtered
image signal of blood at point P is then determined based on
equation (1):

L toodt) =Lt~ Liise.a(t) ().

[0103] To perform the SVD, all the images I(t,) may be
gathered into a single bidimensional matrix M=M(p,k),
wherein M,, =1, ,(t,)), Lm being two indexes representing
the position in the image I(t,), p being an index bijectively
connected to each pair of indexes I,m; p can be computed in
the form:

pl=mn, @,

where n_ is the number of pixels in a line parallel to the array
2 of transducers.

[0104] Thus, the SVD is done on matrix M and N, highest
singular values are eliminated from M to obtain a filtrated
matrix M. The filtrated images I(t;) are then determined
from M, based on the above formula (4), which enables
finding indexes 1 and m based on index p.

[0105] FIG. 3, Panel a, shows one example of Doppler
image of the brain 1 of a living rat, obtainable from the
ultrasound image of step (a). A detail of a region of interest
1a belonging to the cortical part, is also shown in FIG. 3,
Panel a, where a selected vessel 15 can be seen.
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(b) Spectrum Computing Step

[0106] Starting from the set of ultrasound images I(t) of
blood obtained at the imaging step (a), a measured spectro-
gram spg(P,t) can be computed for at least some points P.
FIG. 3, Panel b, shows an example of a measured spectro-
gram spg(P.t) for a particular point P in the vessel 15 of FIG.
3, Panel a.

[0107] A measured spectrum s(Ptw) (where o is the
frequency) is computed at each point P of at least a region
of at least some of the ultrasound images I(t). This spectrum
can be, for instance, a sliding or window spectrum that is
computed in each pixel P(x,z) as:

-\ 5
(P, 1, w):fl(P,f)W(’Z—T)eM & ©)

where W is a square window function and T is the length of
the window.

(¢) Reference Spectrum-Determining Step

[0108] A reference spectrum s(P.w) is determined at each
point P, based on at least one measured spectrum at point P,
the reference spectrum having a high frequency edge decay-
ing in at least a frequency band w,,;,(P) to w,,,.(P).
[0109] The reference spectrum s(P,w) can be determined,
for instance, by averaging several measured spectra s(P,t,m),
for instance, at least 10 measured spectra, usually 10 to 20
measured spectra:

” ©)
s(P, 1;, w),
=1

1
3(P, w) = s (P, 0) = —
n

where n is the number of measured spectra in the average.
[0110] More generally, such mean spectrum may be
expressed as:

_ 1 (62)
S(P, ) = su(P, 0) = T—f[s(P, 1, )]dw

tot

where T, , is the duration of integration of s(P,t,w).

[0111] In a particular case, the mean spectrum s(P,w) can
be simply one of the measured spectra s(Pt0,w) (t0 being
one of the instants of measurement) in the absence of
excitation applied to the considered functional zone of the
brain. Thus, in the most general case, the mean spectrum is
obtained by averaging a group of at least one measured
spectra.

[0112] FIG. 3, Panel ¢, shows in dotted lines a reference
spectrum s(P,0) computed at the above-mentioned point P in
the vessel 15, by the above averaging method. FIG. 3, Panel
¢, also shows in solid line, an example of spectrum com-
puted from a theoretical model as taught by Censor et al.
(IEEE TRANSACTIONS ON Biomedical Engineering, Vol.
35, No. 9, September 1988), which is remarkably in line
with the experimental reference spectrum in dotted lines.
[0113] In a particularly advantageous variant, the refer-
ence spectrum s(P,w) can be obtained by approximating such
mean spectrum s, (P,w) as defined above, by a substantially
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square function having a flat central portion and two edges,
which can be either sharp, or preferably decaying. For
instance, the flat central portion of s(P,w) can be equal to 1.
Advantageously, the flat central portion of s(P,») is between
two frequencies w, and w,, which are such that s (P, w) is
more than a predetermined value x between w, and w,, X
being a positive number greater than 0.3 and lower than 0.8
(for instance x=0.5) and s,,,(P, o, )=s,,(P,w,)=x, and »,<w,.
[0114] In the case of decaying edges, one edge could be
sharp and the other edge decaying; for instance, the high
frequency edge (for w>w,) could be the only decaying edge.
[0115] In the case of decaying edges, one possibility for
the high frequency decaying edge (for ®>107 ,), is to have
the same shape than the spectrum of the emitted ultrasound
signal, with a scale factor. If Su(n) is the spectrum of the
emitted ultrasound signal, the high frequency edge can be of
the shape:

SBo)=MSu(woyo,) for o>, )

where o, is the central frequency of the ultrasounds and A
is a positive, non-zero scale factor, chosen, for instance, such
that $(P,m,)=AA(m,)=x.

[0116] Again, in the case of decaying edges, one possi-
bility for the low frequency decaying edge is to use the
transfer response H(w) of the filter used to eliminate the
signal from the tissues and thus select the blood signal, at
step (a2). Thus, the low frequency decaying edge can be in
the form:

S(Po)=NH(o) for o<w, (8)

where A' is a positive, non-zero scale factor, chosen, for
instance, such that s(Pw,)=A'H(w,)=x.

(d) Differential Intensity Computing Step

[0117] A differential intensity dI(P,t) can then be computed
for at least some instances t, as:

AR ) ™ O AR O)5(P1, 05RO 0 &)
where r is a positive, non-zero number and A(Pw) is a

positive weighting function.

[0118] Advantageously, r=1 (this case will be considered
hereafter in the description). This power r could also be 2,
for instance.

[0119] The weighting function A(P,w) can be determined,
for instance, as:

Is(P,w)j0 w 9
AP, w) = 70_2([)’ @

where o(P) is the standard deviation of s(P,w) at point P:

CPYH(s(Pw,1)-s(Pw,b)?)dt (10)
[0120] The weighting function A(P,w) can be a square
function.

[0121] ®,,,[P) and o, (P) can be determined, for

instance, as follows:
[0122] w,,,(P)is such that s(P.w,,,,(P))/s,,..(P) is in the
range 0.8 10 1,
[0123] w,, . (P) is such that s(Pw,,  (P))s,,..
the range 0 to 0.5,
[0124] 5, _.(P)is a maximum of s(P,m).

(P) is in

Oct. 18, 2018

[0125] 1In a particular embodiment, o, (P) and w,,, (P)
can be determined as follows:
[0126] ,,,,(P)is such that s(Pw,,,,(P))s,,..(P)is in the
range 0.8 to 0.99,
[0127] w,,,(P) is such that s(P,w
the range 0.01 to 0.3.
[0128] In a more particular embodiment,
®,,,.(P) can be determined as follows:
[0129] ,,,,(P) is such that s(Pw,,,,.(P))f5,,..(P) is in the
range 0.85 to 0.95,
[0130] ,,,.(P) is such that s(P,w,,,.(P))/s,,.(P) is in
the range 0.01 to 0.1.
[0131] When the brain is activated, the velocity of blood
increases and modifies the spectrogram as shown in FIG. 4,
Panel a. During the activation, the maximal frequency
increases and the spectrum s is dilated as shown in FIG. 4,
Panel b. The area between the activated spectrum s(P,w) and
the reference spectrum s(P,w) is the above differential inten-
sity dl.
[0132] As shown in FIG. 4, Panel c, one of the advantages
of the differential intensity dI is that it is computed on the
part of the spectrum, which exhibits the least noise, so the
best signal-to-noise ratio.
[0133] FIG. 4, Panel d, shows the optimal weighting
function A(P,w) as explained above

(P)),.(P) is in

max

(P) and

min

J5(P, w)/ﬁw]

(A(P’ T

compared to the cases where velocity of the blood (usually
Doppler, also called color Doppler, corresponding to A(P,
w)=w) or intensity (power Doppler, corresponding to A(P,
w)=1) are used.

(e) Brain Activity Imaging Step

[0134] An image of brain activity C(P) is then determined
based on the differential intensity.

[0135] The image C(P) of brain activity can be obtained
by correlation with a predefined temporal stimulation signal
stim(t) applied to the subject. In particular, the image C(P)
of brain activity can be computed as:

C(P) = f dInorm(P, t)stim{t)dt

wherein:
di(P, 1) - diO(P)

V JI(P, 1) - dIOP) i 7

dinorm(x, z, t) =

[0136] and dIO(P)=~dI(P,t)dt is the continuous component.
[0137] FIG. 5, Panel b, shows an example of such brain
activation image for a very small electrical stimuli in the
forepaw of only 200 ps. The image clearly shows activated
zones 1d.

[0138] FIG. 5, Panel a, shows an activation image com-
puted with intensity according to the prior art, from the same
stimulus and the same measurement: no activated zone can
be seen.

1. A method for imaging brain activity, the method
comprising:
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obtaining a set of ultrasound images 1(t) of blood in a
brain of a living subject at successive times t by
transmission and reception of ultrasonic waves;

computing a measured spectrum s(Pt,m) at each point P
of at least a region of at least some of the ultrasound
images I(t), wherein o is the frequency;

determining a reference spectrogram s(P,w) at each point
P, based on at least one measured spectrum at point P,
said reference spectrum having a high frequency edge
decaying in at least a frequency band; and

computing a differential intensity,

AP ) " DAB ) 5(Pt,0)-5(Bw)] do

wherein r is a positive, non-zero number and A(P,w) is a
positive weighting function,

determining an image of brain activity C(P) based on said

differential intensity.

2. The method of claim 1, further comprising determining
said reference spectrum s(P,w) by averaging a plurality of
measured spectra s(Pt,m).

3. The method of claim 1, further comprising determining
said reference spectrum s(P,m) by approximating an average
s,,(Pt.w) of at least one measured spectrum s(Pit,w) by a
substantially square function having a flat central portion, a
low frequency edge and a high frequency edge.

4. The method of claim 3, wherein the flat central portion
of said substantially square function is between two fre-
quencies w, and w, which are such that s, (P, w) is more than
a predetermined value x between o, and m,, X being a
positive number greater than 0.3 and lower than 0.8, and
0, <0,.

5. The method of claim 4, wherein said high frequency
edge is decaying such that:

S(Po)=ASu(m,my/0,) for m>0,

wherein
Su is the spectrum of the ultrasonic waves,
w, 1s a central frequency of the ultrasonic waves, and
. is a positive, non-zero scale factor.
6. The method of claim 4, wherein said low frequency
edge is decaying such that

SPw)y=NH(w) for o<w,

wherein:

H(w) is a transfer response of a filter applied to the
ultrasound images to eliminate the movements of
tissues,

A is a positive, non-zero scale factor.

7. The method of claim 1, wherein said weighting func-
tion A(P,w) is determined as:

d5(P, w)[dw

AP, w) = TP)’

wherein o(P) is the standard deviation of s(P,w) at point

8. The method of claim 1, wherein said weighting func-
tion A(P,w) is a square function.
9. The method of claim 1, whetein:

©,,,,(P) is such that s(PB,w,,,,(P))s,,..(P) is in the range
0.8 to 1,
©,,,(P) is such that s(P,w,, , (P))/s,,,(P) is in the range 0

to 0.5,
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$,,.(P) is a maximum of s(P,w).
10. The method of claim 9, wherein:
®,,.,,(P) is such that s(P,w,,,(P))s,. . (P) is in the range
0.8 to 0.99,

®,,.(P) is such that s(P,w,, . (P))s,,..(P) is in the range
0.01 to 0.3.

11. The method of claim 9, wherein:

®,,.,(P) is such that s(P,w,,,(P))s,..(P) is in the range
0.85 t0 0.95,

®,,,.(P) is such that s(P,w,, . (P))s,,..(P) is in the range
0.01 to 0.1.

12. The method of claim 1, wherein obtaining a set of
ultrasound images comprises:

taking raw images I (t) of said living tissues at successive

times t by transmission and reception of ultrasonic
waves,

filtering each raw image I (t) to eliminate movements of

tissues and obtain said ultrasound image I(t).

13. The method of claim 1, wherein obtaining the image
C(P) of brain activity is obtained by correlation with a
predefined temporal stimulation signal stim(t) applied to the
subject.

14. The method of claim 13, wherein the image C(P) of
brain activity is computed as:

C(P) = f dInorm(P, n)stim(1)dr

wherein:

dhnom(r. 2.0 di(P, 1) - diO(P)

Jidiep, o - drop)2a ’

di0(P) = f di(P, di -

15. The method of claim 1, wherein r=1.
16. An imaging apparatus for imaging brain activity,
comprising:

an ultrasonic transducer array that is configured to trans-
mit and receive ultrasonic waves; an image processor
coupled to the ultrasonic transducer array and config-
ured to:

take a set of ultrasound images I(t) of blood in a brain of
a living subject at successive times t responsive to the
ultrasonic waves,

compute a measured spectrum s(P.t,w) at each point P of
at least a region of at least some of the ultrasound
images I(t), where o is the frequency,

determine a reference spectrum s(P,w)is determined at
each point P, based on at least one measured spectrum
at each point P, said reference spectrum having a high
frequency edge decaying in at least a frequency band
0,,:,(P) 1o ®,,,.(P),

compute a differential intensity as:

AP, "= DAP)s(Pr0)-5(P)] do

wherein r is a positive, non-zero number and A(P.o) is a
positive weighting function, and
determine an image of brain activity C(P) based on said
differential intensity.
17. The imaging apparatus of claim 16, wherein the image
processor is further configured to determine said reference
spectrum by averaging a plurality of measured spectra.
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18. The imaging apparatus of claim 16, wherein the image
processor is further configured to determine said reference
spectrum by approximating an average of at least one
measured spectrum by a substantially square function hav-
ing a flat central portion, a low frequency edge and a high
frequency edge.

19. The imaging apparatus of claim 16, wherein the flat
cenftral portion of said substantially square function is
between two frequencies w, and w, which are such that s, (P,
) is more than a predetermined value x between o, and w,,
x being a positive number greater than 0.3 and lower than
0.8, and w,<w,.

20. The imaging apparatus of claim 18, wherein said low
frequency edge is decaying such that:

S(Bo)=NH(w) for 0<o,

wherein:

H(w) is a transfer response of a filter applied to the
ultrasound images to eliminate the movements of
tissues,

A 1s a positive, non-zero scale factor.

I I T T
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