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(7) ABSTRACT

A method for ultrasonic detection and imaging of hemody-
namic information includes the steps of transmitting ultra-
sonic pulses into a body, which are generated by an array of
electro-acoustic transducers arranged in a predetermined
order and design; receiving reflected pulses with an array of
receiving electro-acoustic transducers, which generate
receive signals upon stimulation of the reflected pulses, the
suiccession of pulses transmitted to or received from the body
being focused along one or more scan lines; generating a
Doppler frequency shift signal resulting from the reflection of
pulses transmitted by a blood flow into a vessel intersected by
the scan line, in a point and along the scan line, or along a
direction of propagation of a pulse; determining the direction
of blood flow velocity from the average frequency value of
Doppler shift frequencies; and displaying the direction of
blood flow velocity by graphical and/or chromatic represen-
tation differentiating opposite directions.
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METHOD AND APPARATUS FOR
ULTRASONIC DETECTION AND IMAGING
OF HEMODYNAMIC INFORMATION,
PARTICULARLY VENOUS BLOOD FLOW
INFORMATION

[0001] The present invention relates to a method for ultra-
sonic detection and imaging of hemodynamic information,
particularly venous blood flow information, which method
comprises the steps of acquiring and displaying Doppler data
from a subject under study in an vltrasound system,

[0002] Ultrasound beams for non invasively detecting
velocity information of moving reflectors in a body under
study is a well known technique. Several alternative ways are
known and currently used for determining the velocity of a
scatterer from the frequency or phase shift which affects a
back-scattered ultrasound beam according to the Doppler
effect.

[0003] One of these method is the so called Multigate Dop-
pler processing method this method comprising the steps of:

[0004] a) transmitting ultrasound waves into the subject
under study;

[0005] b) generating back-scattered signals in response
to the ultrasound waves back-scattered from the subject
under study;

[0006] c¢) generating a plurality of Doppler signal
samples representing a predetermined range of depth
increments within said subject in response to said back-
scattered signals;

[0007] d) generating a plurality of Doppler frequency
signals representing said predetermined range of depth
increments in response to said Doppler signal samples;

[0008] e) displaying a first Doppler graph representing
said Doppler frequency along a first axis and said range
of depth increments along a second axis in response to
said Doppler frequency signals;

[0009] Indeed Multigate Doppler processing is a particular
PW Doppler technique which allows to divide in a predefined
range several smaller sample volumes corresponding to a
certain number of successive depths increments along a trans-
mitted beam a bigger sample volume (gate) within a subject
under study in which Doppler frequency shift profile has to be
determined. Doppler frequency profiles as a function of the
said depths increments means the velocity profiles of moving
particles within the said succession of smaller sample vol-
umes. The processing of the Doppler signal samples back-
scattered from the subject at each of the said smaller samples
volumes, i.e. the depths increments is carried out essentially
in parallel.

[0010] Concerning the above equivalence between sample
volumes and depth increment along a transmitted beam this is
due to the fact that in order to acquire Doppler data witha PW
technique a pulsed ultrasound beam has to propagate along a
certain direction preferably at an angle relatively to the direc-
tion of motion of the reflectors.

[0011] A number of further different methods for ultrasonic
detection of hemodynamic information are known and
widely used in the art, which allow determination of the
average Doppler shift frequency and hence the average blood
flow velocity in a predetermined point or the spectral repre-
sentation of Doppler shifts in a predetermined point and show
the distribution of the velocities of the blood particles of said
flow in said point.
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[0012] A method commonly known as CFM (Color Flow
Mapping), which is used for determining the average Doppler
shift frequency and hence the average velocity of a blood
flow, consists in determining, for a predetermined point at one
vessel, the mean of the spectral distribution of Doppler shift
frequencies of ultrasonic pulses in said point. As an acquisi-
tion and processing method, CFM is known and widely used.
See for instance U.S. Pat. No. 5,246,006. The ultrasonic sig-
nals are transmitted, received and processed to detect, for
predetermined points along a predetermined scan line, the
average spectrum frequency value in said point. Said average
frequency is an estimate of the average displacement velocity
of the reflector that moves through said point and hence of
blood flowing through said point.

[0013] The visual result of the CFM method includes indi-
cation of the flow direction by one of two different colors,
each being uniquely associated with one ofthe two directions,
towards and away from the probe. Furthermore, the hue of
said color indicates the intensity of the signal and hence the
flow and/or the modulus of the average velocity.

[0014] As arule, at the same time as Doppler processing of
ultrasonic signals a morphological (anatomic) image is also
generated along a scan plane in the so-called B-Mode, par-
ticularly along a scan plane that contains the scan line/s used
for CFM detection. The signals required for generation of the
B-mode image are generally transmitted, received and pro-
cessed in alternation to transmission, reception and process-
ing of Doppler signals.

[0015] Colors are added to the pixels of the B-mode image
that coincide with the area or point at which the Doppler
frequency shift has been detected.

[0016] As well known furthermore since a pulse of finite
length is transmitted the pulse will have a certain bandwidth
and not only the fundamental frequency. Furthermore within
each sample volume (gate) several different kinds of moving
reflector can be provided so that the backscattered wave have
a certain bandwidth and a certain spectral distribution of the
frequencies within the said bandwidth.

[0017] In addition to the determination of the average
velocity value, 1.e. the component of the mean frequency of
the spectrum of Doppler frequency shifts, Doppler techniques
are known in which the whole spectrum of Doppler frequen-
cies associated with a given sample point or volume is
extracted. As already indicated above t these methods, known
as Pulsed Wave (PW) methods require more complex pro-
cessing of ultrasonic signals, due to the much larger amount
of information to be processed as compared with CFM. An
extension of the PW technology is the so-called Multigate
which includes sequential Doppler spectrum detection
through multiple sequential points (known as gates), arranged
along a scan line, ora part ofit, for reconstructing the velocity
profile along said line.

[0018] The Multigate method is described in detail in the
following documents:

[0019] P. Tortoli, G. Manes, C. Atzeni, Velocity profile
reconstruction using ultrafast spectral analysis of Doppler
ultrasound, IEEE Transactions on Sonics and Ultrasonics,
Vol. SU_32, N4, pp. 555_561, July 1985.

[0020] P. Tortoli, F. Andreuccetti, G. Manes, C. Atzeni,
Blood Flow Images by a SAW-Based Multigate Doppler sys-
tem, IEEE Transactions on Ultrasonics, Ferroelectrics & Fre-
quency Control, vol. 35, n. 5, pp. 545-551, September 1988.
[0021] P. Tortoli, F. Guidi, G. Guidi, C. Atzeni, Spectral
velocity profiles for detailed ultrasound flow analysis, [IEEE
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Trans. on Ultrasonics, Ferroelectrics & Frequency Control,
vol. 43, n.4, pp. 654-659, July 1996.

[0022] AnFFT-Based Flow Profiler for High-Resolution In
Vivo Investigations, Piero Tortoli et al. Ultrasound in Med. &
Biol. Vol. 23 No. 6 pp. 899910, 1997,

[0023] U.S. Pat. No. 6,450,959.

[0024] Further details of the CFM and PW methods may be
found in the following documents:

[0025] U.S. Pat. No. 4,913,159, U.S. Pat. No. 4,817,618,
U.S. Pat. No. 5,724,974 and WO 01/71376.

[0026] As shown by the above documents, whose disclo-
sures are incorporated herein by reference, the above tech-
niques have been long known and widely used. The technol-
ogy known as Multigate or Multigate Spectral Doppler allows
quick real-time determination of the spectral profile of Dop-
pler shifts according to the depth of penetration of ultrasonic
pulses into the body under examination, with no excessive
burden on processing units. The spectra of Doppler frequen-
cies and/or the corresponding velocities are represented as
frequencies or corresponding velocities along a first axis and
as depths along a second axis of a Cartesian coordinate sys-
tem.

[0027] As clearly shown by the description of the above
techniques, all these techniques are based on the Doppler
effect and do not allow assessment of the direction of a mov-
ing reflector and the direction of the blood flow when the axis
of the beam of acoustic pulses, i.e. the direction of propaga-
tion thereof are perpendicular to the displacement direction of
the reflector. Indeed the frequency shift according to the Dop-
pler effect depends from the angle of propagation of a beam
impinging against a moving reflector and the function in a
cosine which gives a zero factor when the angle of incidence
of the beam is 90°.

[0028] In PW Doppler in general, and particularly in Mul-
tigate technologies the whole frequency content of the
received echo signals corresponding to the back-scattered
ultrasound beam by a certain sample volume is determined.
When the direction of propagation of ultrasounds is perpen-
dicular to the moving reflector and in the specific case of
application of the present invention to the blood flow direc-
tion, the spectral frequency distribution at the sample volume
(gate or depth increment) is symmetric with respect to the line
that corresponds to the zero Doppler frequency shift and
hence to the zero velocity. On the other hand since in such
kind of representation the brightness of the image corre-
sponds to the intensity of the received signal and thus to the
number of moving reflectors which are present in a certain
sample volume, in the image displayed in which the Doppler
frequency signals of each sample volume are depicted one
adjacent to the following sample volume according to the
order of sequence of the said sample volumes, using the entire
frequency content of the Doppler frequency signals at each
sample volume will a better determination of the sample
volumes in which the flow is considerable and also the deter-
mination of axis of propagation of the flow. On the other hand
when the incidence angle of the beam relatively to the flow
direction is 90° or approximately 90° it will not be possible to
determine the direction of the flow since the Doppler fre-
quency distribution within the spectrum of the Doppler fre-
quency signal is symmetric being composed of specular posi-
tive and negative spectral components.

[0029] Multigate technology can be used for simulta-
neously highlighting and imaging multiple vessels at differ-
ent penetration depths, i.e. at different distances from the
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origin of the ultrasonic pulses, within the overall range of
penetration depth increments of the Multi-gate process.
[0030] In short, with prior art technologies, when the dis-
placement direction of the reflector, and hence of a blood
flow, is perpendicular to the direction of the axis of propaga-
tion of the incident beam of ultrasonic pulses, neither the
CFM method, nor the PW, and particularly the Multi-gate
method, allow assessment of the blood flow direction.
[0031] Otherwise than what it might appear, the above con-
dition in which the displacement direction of the reflector and
hence of a blood flow, is perpendicular to the direction of the
axis of propagation of the incident beam of ultrasonic pulses
is not a rare condition in diagnostic imaging. For example, in
hemodynamic imaging of cerebral vessels in the cranium,
there are only a few windows through which the ultrasonic
beam can be directed to said vessels. Unfortunately, the direc-
tion of the ultrasonic pulse beam is often oriented perpen-
dicular to the flow in said vessels.

[0032] Furthermore, it is often needed or desired to simul-
taneously image the flow conditions in adjacent or parallel
vessels at different penetration depths of the ultrasonic beam,
whereby the direction of the beam axis or the direction of
propagation of the acoustic front is fixed and determined by
the requirement that all the vessels to be images must be
intersected thereby.

[0033] Further difficulties arise if Doppler imaging is used
with venous blood flow. Here, vessels have a small size and
the venous blood flow is relatively slow. Furthermore blood
flux is not constant but varies according to the heart cycle and
to the inspiration expiration cycle, so that for each sample
volume the blood flow can vary its velocity from a maximum
velocity to nearly zero or even to a negative velocity, i.e. to an
opposite flow direction. This has the effect that the frequency
signal will pass from a maximum value to a value which can
be approximately zero or negative and the displayed signal
will blink or even change color in the displayed Doppler
graph. The variation of the status of appearance of the pixels
in the image representing the value of the frequency signals
will change from a certain color and brightness when a flux is
detected, i.e. when there are moving blood particles to a quite
black and/or very low brightness status of appearance when
the flux is absent or very slow.

[0034] A particular application in which these conditions
occur is simultaneous determination of blood flow character-
istics in Galen’s vein, middle internal cerebral vein and
Rosenthal’s vein. The determination of venous blood flow in
these veins seems to have a considerable clinical and diag-
nostic relevance for early diagnosis of multiple sclerosis, as
reported in Chronic Cerebrospinal venous insufficiency in
patients with multiple sclerosis, Paolo Zamboni etal., J. Neu-
rol. Neurosurg. Psychiatry, 5 Dec. 2008. Now, in this case the
cranial windows through which ultrasonic pulses are trans-
mitted for acoustic treatment of the deep regions containing
the veins whose blood flow has to be controlled for diagnostic
purposes are such that the above unfavorable condition occurs
and the direction of blood flows is not currently detectable.
[0035] Therefore, the invention is based on the problem of
providing a method for detection and imaging of hemody-
namic information, particularly venous blood flow informa-
tion, which allows assessment of blood flow direction even in
the most unfavorable conditions, especially in the condition
in which the blood flow direction is perpendicular to the axis
of the ultrasonic pulse beam transmitted into the body under
examination.
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[0036] A further object of the invention is to ensure the
aboveresult without requiring longer times for Doppler mode
acquisition and processing of ultrasonic diagnostic images.
[0037] The present invention fulfils the above objects by
providing a method for ultrasonic detection and imaging of
hemodynamic information, particularly venous blood flow
information, as described herein before, which is a method
for for acquiring and displaying Doppler data from a subject
under study in an ultrasound system, the said method com-
prising the following steps:

[0038] a) transmitting ultrasound waves into the subject
under study;

[0039] b) generating back-scattered signals in response
to the ultrasound waves back-scattered from the subject
under study;

[0040] c) generating a plurality of Doppler signal
samples representing a predetermined range of depth
increments within said subject in response to said back-
scattered signals;

[0041] d) generating a plurality of Doppler frequency
signals representing said predetermined range of depth
increments in response to said Doppler signal samples;

[0042] e) displaying a first Doppler graph representing
said Doppler frequency along a first axis and said range
of depth increments along a second axis in response to
said Doppler frequency signals;

[0043] ) generating Doppler mean frequency signals at
each of the said range depth increments from the said
Doppler frequency signals;

[0044] g) displaying a second Doppler graph represent-
ing said Doppler mean frequency along the said first axis
and said range depth increments along the said second
axis by setting the parameters defining a status of
appearance of the pixels forming the displayed image of
the said second Doppler graph in such a way as to visu-
ally differentiate the said pixels from the pixels of the
image of the said first Doppler graph;

[0045] h) repeating the above sequence of steps with a
certain repetition frequency;

[0046] 1) setting the persistence of the status of appear-
ance of the pixels forming the image of the said second
Doppler graph in such a way that the said pixels main-
tains their status of appearance regardless of any attenu-
ation or termination of the said Doppler frequency sig-
nals for a predetermined period of time and/or until new
Doppler signals with greater absolute mean frequency
values are generated from Doppler signal samples
acquired during at least one of the said repetitions steps
h);

[0047] j) the said new values of the said Doppler mean
frequency signals being used to upgrade the displayed
image of the said second Doppler graph by setting the
status of the appearance of the pixels forming the said
image.

[0048] According to a first improvement of the above
method a further step is provided of filtering out the low
frequency component of the Doppler frequency signals
before generating the Doppler mean frequency signals.
[0049] This allows to enhance the polarisation effect of the
mean Doppler frequency values relatively to the direction of
the flow.

[0050] According to one embodiment the above mentioned
step g) consist in enhancing the brightness of the pixels form-
ing the image of the said second Doppler graph.
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[0051] This step can be provided either alone or in combi-
nation with a further step consisting in reducing the bright-
ness of the pixels forming the image of the first Doppler
graph.

[0052] In order to further enhance the indication of the
direction, which is the fact that a trace of brightness enhanced
pixels is either on the left or on the right side of the zero value
for the Doppler frequency or velocity in a graphic represen-
tation in a Cartesian system with one axis representing Dop-
pler frequencies or velocities and the other axis the depths
increments or sample volumes, a step of changing the fre-
quency scale along the corresponding axis representing the
values of the Doppler frequency is carried out.

[0053] The different scale can be chosen in such a way that
it enlarges the dimensions of the image of the said second
graph in relation to the dimensions of the said first graph
along the said first axis.

[0054] The same effect could be obtained by providing an
enhancing parameter which is multiplied to the determined
values of the mean Doppler frequencies.

[0055] As already indicated above the method is particu-
larly dedicated a subject under study comprising at least a
blood vessel and blood flux in the said vessel having a flux
velocity varying in time between a maximum velocity and a
velocity which is approximately zero or in the opposed direc-
tion. In this case the predetermined range of depth increments
being set in order to cover the entire cross section of the said
al least one vessel, the Doppler frequency signals and the
Doppler mean frequency signals being representative of the
velocity of the blood flux in the vessel at the said depth
increments. Furthermore the method is applied in a manner
that the persistence of the status of appearance of the pixels
forming the image of the said second Doppler graph being
maintained until new Doppler signals with greater absolute
mean frequency values are generated from Doppler signal
samples acquired during at least one of the said repetitions
steps h) coinciding with a greater, in absolute value, blood
flux velocity.

[0056] Furthermore the method according to the invention
can be applied to back-scattered signals which are received
from a first region of interest within said subject resulting in
said Doppler signal samples and from at least second or more
further regions of interest within said subject.

[0057] If possible in the above case, the transmitted ultra-
sound waves comprises an ultrasound beam optimized for
Doppler data acquisition which is directed along a direction
crossing at least two or more of the said region of interests.

[0058] Also in the case of this embodiment the said regions
of interests are different blood vessels and a plurality of
Doppler signal samples being generated in response to said
back-scattered signals representing a predetermined ranges
of depth increments each one of which crosses at least par-
tially one of the said vessels.

[0059] As usual in may methods of displaying echographic
Doppler data the present method comprises further steps con-
sisting in acquiring and displaying B-mode data from the
subject under study in an ultrasound system.

[0060] As known the said steps consists in generating
B-mode data for a region of interest containing the subject
under study and displaying the B-mode image and displaying
in a superimposed way on the said B-mode image the scan
line along which the Doppler beam is focussed and the range
of depth increments on the corresponding region of interests.



US 2012/0089027 A1l

[0061] Themethod according to the above invention allows
to extract direction information of the blood flows based on
the fact that in practical cases it will be very improbable that
the transmitted beams will have an angle of incidence rela-
tively to the flux direction which is perfectly 90°, which is the
condition in which no frequency shift will be generated.
Under normal practical conditions it is more probable that the
angle of incidence will be very near to the 90° but not quite
90° and will vary also within a certain tolerance in time due
for example of the motion of the body under study or the
motion of the person holding and orienting the ultrasound
probe. In this condition, there will be a very low Doppler
frequency shift of the backscattered waves relatively to the
frequency of the transmitted waves. So the Doppler frequency
shift spectrum at a certain sample will contain direction infor-
mation due to very small frequency shifts either positive or
negative and the processing and displaying steps of the Dop-
pler frequency signals according to the present invention
helps in enhancing and displaying such frequency shifts in
order to extract and indicate also the direction of the moving
scatterer, i.e. the blood flux in a vessel.

[0062] According to a further improvement of the inven-
tion, the above method steps can be provided in combination
with further steps allowing to further differentiate the angle of
incidence of the transmitted ultrasound waves relatively to the
direction of motion of a moving scatterer, such as the direc-
tion of flow of a blood flux.

[0063] According to these further steps a transmit and a
receive array of ultrasound transducers is provided, respec-
tively for emitting ultrasound waves upon excitation by
means of excitation signals the said emitted waves being
transmitted to the subject under study and for detecting the
ultrasound waves backscattered from the subject under study
and generating corresponding receive signals the said arrays
of transducers having a certain aperture. The method accord-
ing to the invention provides that the ultrasound waves are
transmitted using a first sub-array of the transmit array of
transducers, the said sub-array being formed by only a part of
the ultrasound transducers of the transmit array and having a
first aperture different from the aperture of the said transmit
array and generating an ultrasound beam having a direction of
propagation which is different from the direction of propaga-
tion which would have had an ultrasound beam generated by
the complete transmit array of transducers, the said direction
of propagation of the ultrasound beam emitted by the said
sub-array being defined in order to at least partially cross one
or more region of interests within the subject under study;
[006d] While the back-scattered ultrasound beams are
received by a second sub-array of the receive array of trans-
ducers or by the complete array of transducers.

[0065] The second sub-array of receive transducers may be
different from the first sub-array of receive transducers.
[0066] According to a further improvement the transmit
and receive array of transducers consist of the same array of
transducers in combination with a switch connecting alterna-
tively the transducers of the array to a generator of excitation
signals of the transducers and to a processing device of the
receipt signals generated by the backscattered ultrasound
waves impinging on the said transducers

[0067] Thanks to the above method steps during transmis-
sion only some of the transmitting electro-acoustic transducer
elements are used, which forms a sub-array of transducers
which is eccentric relatively to the central axis perpendicular
to the complete array of transducers. The central axis of the
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said sub-array of transducers being thus laterally off-set rela-
tively to the central axis of the complete array. When trans-
mitting, electro-acoustic elements of the sub-array are excited
in such a manner that the transmit pulse beam is focused
against a subject. The above introduced eccentricity of the
sub-array of transducers relatively to the said central axis of
the entire array of a probe, determine a slight steering of the
beam generated by the subarray in the direction towards the
center axis of the entire array.

[0068] Considering the situation in which the entire array is
excited in order to generate a transmit beam focused on a
volume sample, it appears clearly that the beam generated by
the eccentric sub-array and focused on the same volume
sample would have a different angle of incidence than the
beam generated by the entire array and if the angle of inci-
dence of the beam generated by the entire array is 90°, than
the angle of incidence of the beam generated by the sub-array
is different from 90° so that Doppler frequency signals would
be enhanced.

[0069] Thebackscattered ultrasound waves can be received
by means of a sub-array which can be a different sub-array as
the one for transmitting the ultrasound beam or by the entire
array in order to have as much signal intensity as possible for
the receipt signals.

[0070] As an alternative to the above, eccentricity may be
specularly obtained by operating on the receiving elements
instead of the transmitting elements. Nevertheless, this will
require the use of a smaller number of receiving elements, and
hence cause a reduction of sensitivity, that cannot be easily
compensated for. Conversely, any reduction in the number of
transmitting elements may be compensated for by pulsing a
higher voltage.

[0071] Double eccentricity may be also provided, with
respect to the center line, by using a first sub-array of trans-
ducers determining a first aperture which are on one side of
the center of the entire array at least along one dimension of
the array for generating the ultrasound transmit beam and a
second sub-array of transducers determining a second aper-
ture which are on the other side of the center of the entire array
at least along one dimension of the array for receiving the
backscattered ultrasound beams

[0072] The first and second sub-array and the correspond-
ing first and second apertures can be symmetric relatively to
the center of the entire array of transducers at leas relatively
one of its dimensions.

[0073] Indeed transducers can be linear transducer or two
dimensional transducers. In one case the center of the trans-
ducer and the symmetry relatively to it is clearly defined. In
the case of a two dimensional array, different alternatives can
be chosen since the center of the transducer is the point which
is at the center of the two directions along which the trans-
ducers are aligned and the definition of the position of the
sub-array relatively to the center depends on the position
along each one of the said two directions.

[0074] Nevertheless, the above alternative embodiment in
addition to reduced sensitivity, as mentioned above, this
causes excessive displacement of the window of view from
the orthogonal position, which would prevent simultaneous
imaging of vessels disposed substantially parallel to the
probe, like in the case of the above mentioned cerebral ves-
sels. However, in certain other cases this receiving mode
might be used.

[0075] In a variant embodiment of the invention, the first
and second sub-array and the corresponding first and second
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apertures can be asymmetric relatively to the center of the
entire array of transducers at leas relatively one of its dimen-
sions.

[0076] Considering a one dimensional array of transducers
among the transducers those that are used for beam genera-
tion are eccentric to the direction of propagation of the ultra-
sonic pulse beam which corresponds to the one that would
have had an ultrasonic beam generated by all the elements of
the array of electroacoustic transducers. By providing the
focusing point/s on said direction of propagation, to focus an
ultrasonic beam generated only by part of the transducers of
the array positioned in an area of the array, which is eccentric
relatively to the direction of propagation, direction of propa-
gation of the beam shall necessarily be laterally offset thereby
introducing the above mentioned slight steering. The above
arrangement allows to obtain angles of incidence of the trans-
mitpulse beam relative to blood flow direction of about 87° to
85° when the angle of incidence of the beam generated by the
entire probe would have been of 90°.

[0077] Inpractice, considering a phased array probe which
comprises a linear array of 128 elements, the direction of
propagation of the beam is the center axis, which separates
the array of adjacent electro-acoustic elements into two
halves, each comprising 64 elements. The center axis of the
sub-array consisting in one of the two halves of the linear
array of electro-acoustic elements, is provided at the 32nd or
96th element, whereby if the ultrasonic transmit pulse beam is
focused to one or more points along said central axis of the
entire array the direction of propagation of the beam gener-
ated by the sub-array will be inclined relatively to the said
central axis and intersect it at the focusing points.

[0078] Thus the above described improvement of the
present invention combines the method steps improving the
multigate processing of PW Doppler data acquisition and
display in which, a plurality of points or sample volumes are
defined along at least one scan line, which points or sample
volumes are represents a range of increments of the penetra-
tion depth of ultrasonic pulses into the body under examina-
tion along said at least one scan line;

[0079] whereas the backscattered ultrasound beams are
processed in order to generate Doppler frequency signals for
each of said points or sample volumes and the said Doppler
frequency signals are displayed in a graph as a function of
penetration depth in which graph

[0080] said increments of penetration depth being repre-
sented along one axis and the Doppler frequencies being
represented along a second axis perpendicular to the former
and

[0081] and further Doppler mean frequency signals are
generated which are also displayed in a superimposed way on
the said Graph by enhancing the appearance of the pixels
representing the said mean frequency values relatively to the
pixels representing the Doppler frequency signals as a func-
tion of depths increments

[0082] with the steps of providing at least for the generation
of the transmit bean a different aperture of the array such that
the direction of propagation of the ultrasound beam 1s stirred
relatively to the one which would be obtained under tradi-
tional ways of driving the array.

[0083] This features in combination also with the further
features disclosed in the above allows to further enhance the
detection of the direction of the moving scatterers such as
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blood flux also when the angle of incidence of the transmit
ultrasound waves is perpendicular to the direction of move-
ment of the scatterers.

[0084] In a particular application, designed for Doppler
imaging of internal cerebral veins, particularly for simulta-
neous Doppler imaging according to the method of the
present invention, 8 equally spaced foci are provided on the
first axis of the ultrasonic pulse beam, which correspond to a
limitation of successive penetration depth increments,
located at the following penetration depths: 25, 40, 55, 70, 85,
100, 115, 130 mm.

[0085] Advantageously, a phased array probe is used in the
method of the present invention.

[0086] According to a variant embodiment, the method of
the present invention may include parallel acquisition and
overlapped or side-by-side display of the B-mode gray-scale
image of the area that contains the vessels whose blood flow
has been detected.

[0087] As it appears from the previous disclosure, the Mul-
tigate-based method of the present invention, as compared
with the traditional CFM method, allows simultaneous CFM
imaging with both low PRF (involving high sensitivity but
excessive aliasing, i.e. identification of vessels. but not their
direction) and high PRF (involving low sensitivity, but iden-
tification of flow direction), which would not be feasible with
the use of the CFM method only. This will simultaneously
afford the same sensitivity as the one provided by the CFM
method with low PRF and the same flow direction identifica-
tion ability as the one provided by the CFM method with high
PRF.

[0088] The invention also relates to an ultrasound imaging
system for implementing the method for ultrasonic detection
and imaging of hemodynamic information, particularly
venous blood flow information, which system comprises:
[0089] anultrasonic probe comprising an array of transmit-
ting and receiving electro-acoustic transducers, which ele-
ments are arranged according to a predetermined order and
design;

[0090] each transmitting electro-acoustic transducer ele-
ment having its own independent line for connection to a unit
for generating and transmitting electric excitation signals for
the corresponding electro-acoustic transducer element;
[0091] each receiving electro-acoustic transducer having
its own independent line for connection to at least one pro-
cessing unit;

[0092] at least one unit for Multigate processing of image
data, for generating Doppler frequency signals from the Dop-
pler signal sample received from the sample volumes at the
different depths increments at least one processing unit for
calculating the average frequency of signals of the Doppler
frequency signals relating to at least some of the sample
volumes;

[0093] means for displaying a first Doppler graph repre-
senting said Doppler frequency along a first axis and said
range of depth increments along a second axis in response to
said Doppler frequency signals;

[0094] and for displaying a second Doppler graph repre-
senting said Doppler mean frequency along the said first axis
and said range depth increments along the said second axis by
setting the parameters defining a status of appearance of the
pixels forming the displayed image of the said second Dop-
pler graph in such a way as to visually differentiate the said
pixels from the pixels of the image of the said first Doppler

graph;
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[0095] According to an improvement, the apparatus may
further comprise:

[0096] means for transmission and reception of electro-
acoustic pulse beams for anatomic B-mode imaging;

[0097] and a receive signal processing unit for generating
B-mode image data and means for displaying the B-mode
imageinside-by-side relation with theimage that displays the
average frequencies of the spectral profiles of Doppler shift
frequencies and the spectral profiles of Doppler shift frequen-
cies as a function of the penetration depth of the transmit
ultrasonic pulse beam.

[0098] Inthis case the system may further comprise means
for graphically drawing a line on the B-mode image and for
selecting the said line as the line along which a beam for
Doppler data acquisition has to be focused,

[0099] Means for selecting a predetermined range of depths
increments along said line at one or more regions of the said
line;

[0100] Means for calculating the beam focusing parameters
for driving the transducers of the array of the probe in such a
way as to focus the beam at the said line and for setting a
receive signal processing unit of an ultrasound apparatus in
such a way as to extract and process the receipt signal contri-
bution relating to the ultrasound beams backscattered from
each of the sample volumes corresponding to the said depths
increments;

[0101] Means for tracking the position and orientation fo
the probe and determining the orientation of the line along
which the ultrasound transmit beam will be focused and for
displaying the said line on the be mode image;

[0102] Means for triggering the transmission of the ultra-
sound beam when the line on which the beam is focused
coincides with the line drawn on the B-mode image.

[0103] As a further improvement the system is provided
with switching means for connecting to the unit for generat-
ing and transmitting electric excitation signals a number of
selected transducers less than the total numbers of transduc-
ers of the array, the said number of transducers being selected
in such a way to form a sub-array of transducers having a
aperture which is different from the aperture of the complete
array of transducers and eccentric relatively to the center of
the said array of transducers

[0104] And with switching means for connecting to the unit
for processing receipt signals a number of selected transduc-
ers of the array of receipt transducers, the said number of
transducers being selected in such a way that the said number
of transducers can vary from the total number of transducers
to a number less than the total number of the transducers in
order to form a sub-array of transducers having a aperture
which is different from the aperture of the complete array of
transducers and eccentric relatively to the center of the said
array of transducers.

[0105] According to a further improvement, the said
switching means are automatically driven by control means
which vary the number of selected transducers of the array of
transmit transducers and/or of the array of receipt transducers
by computing the corresponding aperture from the data deter-
mined by the physical law of propagation of acoustic waves
and the orientation of the line drawn on the b-mode image
along which the transmit beam has to be focused and the
position on that line of the sample volumes defined by the said
range of depth increments.

[0106] According to a further improvement further means
can be provided which vary the number and the position on
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the array of the said transmit and or receipt transducers to be
selected for maximizing the value of the maximum mean
Doppler frequency detected.

[0107] Further improvements of the invention will form the
subject of the dependent claims.

[0108] These and other features and advantages of the
present invention will appear more clearly from the following
description of a few embodiments, illustrated in the annexed
drawings, in which:

[0109] FIG. 1 shows an example of the screen that shows
hemodynamic information concerning deep cerebral veins,
and particularly Galen’s vein, the middle internal cerebral
vein and Rosenthal’s vein, as simultaneously detected by the
method and apparatus of the present invention, reproducing
the velocities ofthe flows as derived from the spectral profiles
of Doppler frequency shift and the average frequency of said
spectral profiles in penetration depth ranges corresponding to
the above veins.

[0110] FIG. 2 schematically shows a phased array ultra-
sonic probe having 64 elements, and the transmission of an
ultrasonic pulse beam according to the method of the present
invention.

[0111] FIG. 3 is a view like FIG. 1 that shows how the
receive ultrasonic pulse beam is focused.

[0112] FIG. 4is a block diagram of an apparatus for imple-
menting the method of the present invention.

[0113] According to the present invention, Doppler signals
are processed using a Multigate spectral Doppler technique,
which provides spectral profile information as a function of a
certain depth of penetration. This is achieved by defining a
plurality of focusing points along a line of view at different
penetration depths increments of the ultrasonic pulse beam in
asubject under study. The said focussing points are defined as
volume samples which correspond to the said depths incre-
ments and this definition is coherent since each ultrasonic
beam has a transverse pattern and also an axial pattern which
have finite dimensions.

[0114] Here, the Doppler frequency signals generated by
the multigate processing have a certain spectral frequency
distribution within a certain bandwidth and the frequency
which are present in the spectrum of each Doppler frequency
signal relative to each sample volume or depth increment are
displayed as a function of the said penetration depth incre-
ments of the beam, which is represented by the y-axis of a
Cartesian coordinate system, whereas the x-axis represents
the Doppler shift frequencies, i.e. flow velocities (see image
on the left of FIG. 1).

[0115] As it appears from FIG. 1 the first graph, this means
the Doppler frequencies at the sample volumes are repre-
sented by the two vertical grey stripes divided by a black area
centered on the Y-axis at the zero velocity. Since the angle of
incidence of the ultrasound beam indicated by LV in the
B-mode image on the right-hand side of the image of FIG. 4
is about 90° relatively to the direction of flow in the vessels,
the multigate processed image data is symmetric relatively to
the y-axis crossing the x-axis at zero velocity value. The only
information which can be obtained is the information rela-
tively to the depth increments or sample volumes which coin-
cides with the different vessels. This is show by the higher
brightness of the pixels at the level of certain depth incre-
ments. So in the special condition of a beam which has an
angle of incidence of 90° or quite 90° relatively to the flow
direction the traditional multigate Doppler processing and
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display can only give information to the position along the
direction of propagation of the ultrasound transmit beam of'a
blood flux.

[0116] According to the method of the present invention in
order to extract also information about the direction of the
blood flow the Doppler frequency signals are processed for
determination of average frequency values at least for the
sample volumes at certain penetration depth of the ultrasonic
pulse beam. Especially the said penetration depths are the
ones at which the brightness of the pixels in the Doppler graph
reveals the presence of a flux.

[0117] Since it is highly improbable that the angle of inci-
dence of the ultrasound beam relatively to the direction of the
blood flux is precisely 90°, the Doppler frequency signals
must contain signal contribution which relates to the direction
of the said flux but which are very small and cannot be
revealed with traditional way of processing and displaying
the said signals. The present method has shown that the said
mean Doppler frequency signals enhances the indication of
the direction of the flux, since the spectral components of the
Doppler frequency signal which are symmetric about the zero
Doppler frequency will reciprocally cancel. Here it is clear
that the term Doppler frequency in the present description and
in the claims means Doppler frequency shift which is equiva-
lent with Doppler phase shift or velocity. Indeed by determin-
ing the mean Doppler frequency for the Doppler frequency
signals related to the sample volumes or depth increments
coinciding with the position of the blood fluxes in the right
hand part of FIG. 1, and displaying the said values as a pixel
trace in a superimposed way on the Doppler frequency graph
representing the spectral components of each Doppler fre-
quency signal by using the same coordinate system the Dop-
pler frequency profiles, i.e. the blood flux velocity profile
within each vessel appears as a pixel trace only on one side of
the line passing through the zero frequency or velocity value
thus indicating the direction of the flux and also the velocity
distribution of the flux within the lumen of the vessel. This
images are represented by the arched lines indicate by M.
[0118] As shown the combination of Multigate techniques
and the calculation of the average frequency of Doppler shift
spectral profiles caused by the blood flows under examina-
tion, can overcome the limitations of prior art technologies as
briefly described above, namely the limitations of the Dop-
pler imaging technique known as Color Flow Mapping,
which are caused by the contrasting requirements of achiev-
ing sufficient signal sensitivity and detecting flow direction,
in setting the pulse repetition frequency (PRF).

[0119] FIG. 1 relates to Doppler imaging of deep cerebral
veins, particularly Galen’s vein, the middle internal cerebral
vein and Rosenthal’s vein.

[0120] Ultrasound Doppler imaging of these veins is par-
ticularly indicative of the problems that this invention is
designed to solve, because intracranial ultrasound imaging is
limited by the presence of very few ultrasonic beam penetra-
tion windows in the cranium. Using these windows, the above
mentioned vessels are located in a position, relative to the
lines of view, in which the flow is actually perpendicular to the
direction of penetration of the acoustic front and hence of the
axis of ultrasonic pulse beams, if traditional techniques are
used.

[0121] On the left side of FIG. 1, a diagram in which the
y-axis represents penetration depths and the x-axis represents
Doppler shift frequencies, i.e. blood flow velocities, shows
the spectral profiles as determined at the different the pen-
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etration depth increments along the line of view LV on which
the foci 2 of ultrasonic pulse beams are located. The spectral
profiles are given by the areas of varying brightness. It may be
observed that the spectral profiles clearly highlight denser
and brighter zones that correspond to the three vessels, i.e.
Galen’s vein, the middle internal cerebral vein and
Rosenthal’s vein, which are substantially parallel to each
other and perpendicular to the possible line of view, consid-
ering the small size of the windows designed for the passage
of ultrasonic pulses that are available in the cranium.

[0122] The graphs M of the mean Doppler velocity or fre-
quency as a function of the depth increment shows that the
flows of the two vessels at lower depths are oriented in the
same direction, whereas the flow of the third vessel, the one at
higher depths, is directed opposite to those of the other two
vessels.

[0123] According to a further improvement that is shown in
FIG. 1, parallel to Doppler imaging, anatomic B-mode imag-
ing is performed, and the B-mode image is displayed adjacent
to the one of spectral profiles and Doppler shift averages. This
is shown on the right side of the image of FIG. 1. The B-mode
image is typically a gray-scale image. Furthermore a Color
Flow Mapping Doppler image, also obtained parallel to the
others, may possibly be displayed thereon.

[0124] The B-mode image shows the vessels, with the line
of view LV and the focusing ranges 2 possibly set thereon.
[0125] For minimized processing burden and real-time
imaging, a certain limited number of foci may be reset along
the line of view, to define a predetermined number of range
gates within a penetration depth increment or sample volume
in which the maximum and minimum end values can be also
set. The number of foci along the line of view and the pen-
etration depth range, i.e. the minimum and maximum end
values of said range may be set according to anatomic con-
ditions and relevant requirements.

[0126] As a rule and particularly for intracranial Doppler
imaging of deep cerebral veins, a number of eight foci has
been selected to define a penetration depth range from 25 to
130 mm, said foci being located at the depths 0f25, 40, 55, 70,
85, 100, 115 and 130 mmn.

[0127] During reception, the number of foci is the tradi-
tional number of 32 foci, which are dynamically focused.
[0128] The method of the present invention includes addi-
tional improvement steps which assist enhancement obtained
by the generation and display of the mean frequency signals,
i.e. the direction of blood flow in the corresponding vessel in
the image of FIG. 1.

[0129] Concerning the image, according to a first improve-
ment of the invention, the brightness of the image of the first
graph relating to the display of the frequency components of
the spectrum of each Doppler frequency signal at the different
depth increments is attenuated with respect to commonly
used values. Such attenuation may be selected by users in a
customized manner and/or according to predetermined fixed
levels.

[0130] A further feature consists in that the low frequency
components of the spectrum of each Doppler frequency sig-
nal are massively filtered out, whereby the average obtained
there from is more significant in terms of flow direction
information.

[0131] According to still another improvement the bright-
ness and/or color of the image (pixel trace M) relating to the
graph representing the mean Doppler frequency as a function
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of the depth increments can be incremented in order to be
highlighted relatively to the image on which it has been
superimposed.

[0132] This enhancement can be carried out in an automatic
way by determining the brightness of the pixels in the sur-
rounding of the pixel representing the values of the mean
frequency.

[0133] Furthermore in order to have a more clear indication
of the direction of flow, the values of the mean frequency cam
be rescaled. A new scale can be defined for the x axis which
allows zooming of the trace of pixels so that it ranges wider in
the x direction. Alternatively or in combination the scale can
be maintained the same and the values of the mean frequency
can be multiplied by an enhancing factor.

[0134] A further arrangement concerning the displayed
image consists in providing an asymmetric persistence of the
spectral average image. This is relevant for blood flows and
particularly for venous flows which occurs during inspiration.
Upon inspiration, the Doppler frequency signals and hence
their representation is at a maximum, whereas intensity
decreases with time, substantially disappears during expira-
tion and reaches the maximum value again during the next
inspiration step. This physiological condition would involve
progressive reduction of the spectral average plot in the dis-
played image. In order to prevent such fluctuation, at least the
mean frequency signals but also the Doppler frequency sig-
nals are displayed and maintained at the maximum level
throughout each entire inspiration and expiration cycle and is
replaced by the display of the new Doppler frequency signals
and the corresponding mean frequency signals relatively to
the backscattered beams received during the new subsequent
inspiration. Thus, signal persistence is asymmetric with ref-
erence to the inspiration and expiration cycle.

[0135] The said feature can be applied for every kind of
moving scatterer which velocity varies cyclically upon time
between a maximum and a minimum valuve. In this case the
displayed signals are relative to the ones determined during
the phase in which the velocity is a maximum and the said
image is maintained throughout the following phases of the
cycle till the next phase the velocity of the caterer is again at
its maximum value, the new signals are then generated and
displayed in substitution to the previous ones.

[0136] Referring to the present disclosure, ultrasound
imaging is deemed to be part of the base knowledge of the
skilled person, both in terms of anatomic ultrasound imaging,
particularly using B-mode, and in terms of Doppler and color
Doppler ultrasound imaging, i.e. spectral Doppler imaging
and Doppler color flow imaging, such as Color Flow Map or
the like.

[0137] Besides the above mentioned documents, B-mode
and Doppler ultrasound imaging has been long known in a
number of different variants. A summary of Doppler imaging
techniques has been published and is available for download
from http://echoincontext.mc.duke.edu/doppler04.pdf that is
part of an educational web site of Duke University. The
authors of this summary are also the authors of the book
Doppler color flow imaging by J A Kisslo, D B Adams, R N
Belkin—1988—Churchill Livingstone.

[0138] Special reference will be made herein below for
simplicity, clarity and brevity to the inventive method
arrangements, which surpass the technical basics of common
prior art methods and apparatus.

[0139] Concerning blood flow detection technologies, as
anticipated above a technology known as Multigate has been
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known for about ten years. The theoretical bases of this tech-
nology are described in the following documents:

[0140] P. Tortoli, F. Guidi, G. Guidi, C. Atzeni, Spectral
velocity profiles for detailed ultrasound flow analysis, IEEE
Trans. on Ultrasonics, Ferroelectrics & Frequency Control,
vol. 43, n.4, pp. 654-659, July 1996.

[0141] AnFFT-Based Flow Profiler for High-Resolution In
Vivo Investigations, Piero Tortoli et al. Ultrasound in Med. &
Biol. Vol. 23 No. 6 pp. 899-910, 1997;

[0142] Detection of vascular hemodynamics through a
high-speed velocity profiler, Piero Tortoli et. Al. Furopean
Journal of Ultrasound 9 (199) 231-244,

[0143] and WOO01/71376, which addresses a particular
method of displaying flow velocity information.

[0144] As it will appear more clearly from the following
description of FIGS. 2 and 3 the effect obtained by means of
the above disclosed method can be enhanced applying
improvements at the stage of transmission and or receipt of
the ultrasound signals.

[0145] According to these improvement further steps are
provided according to which a transmit and a receive array of
ultrasound transducers is provided, respectively for emitting
ultrasound waves upon excitation by means of excitation
signals the said emitted waves being transmitted to the subject
under study and for detecting the ultrasound waves backscat-
tered from the subject under study and generating corre-
sponding receive signals the said arrays of transducers having
a certain aperture. The method according to the invention
provides that the ultrasound waves are transmitted using a
first sub-array of the transmit array of transducers, the said
sub-array being formed by only a part of the ultrasound trans-
ducers of the transmit array and having a first aperture differ-
ent from the aperture of the said transmit array and generating
an ultrasound beam having a direction of propagation which
is different from the direction of propagation which would
have had an ultrasound beam generated by the complete
transmit array of transducers, the said direction of propaga-
tion of the ultrasound beam emitted by the said sub-array
being defined in order to at least partially cross one or more
region of interests within the subject under study while the
back-scattered ultrasound beams are received by a second
sub-array of the receive array of transducers or by the com-
plete array of transducers.

[0146] The second sub-array of receive transducers may be
different from the first sub-array of receive transducers. The
transmit and receive array of transducers may consist of the
same array of transducers in combination with a switch con-
necting alternatively the transducers of the array to a genera-
tor of excitation signals of the transducers and to a processing
device of the receipt signals generated by the backscattered
ultrasound waves impinging on the said transducers.

[0147] Thanks to the above method steps during transmis-
sion only some of the transmitting electro acoustic transducer
elements are used, which forms a sub-array of transducers
which is eccentric relatively to the central axis perpendicular
to the complete array of transducers. The central axis of the
said sub-array of transducers being thus laterally off-set rela-
tively to the central axis of the complete array. When trans-
mitting electro acoustic elements of the sub-array are excited
in such a manner that the transmit pulse beam is focused
against the said subject. The above introduced eccentricity of
the sub-array of transducers relatively to the said central axis
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of the entire array of a probe, determine a slight steering of the
beam generated by the sub-array in the direction towards the
center axis of the entire array.

[0148] Considering the situation in which the entire array is
excited in order to generate a transmit beam focused on a
volume sample, it appears clearly that the beam generated by
the eccentric sub-array and focused on the same volume
sample would have a different angle of incidence than the
beam generated by the entire array and if the angle of inci-
dence of the beam generated by the entire array is 90°, than
the angle of incidence of the beam generated by the sub-array
1s different from 90° so that Doppler frequency signals would
be enhanced.

[0149] Thebackscattered ultrasound waves can be received
by means of a sub-array which can be a different sub-array as
the one for transmitting the ultrasound beam or by the entire
array in order to have as much signal intensity as possible for
the receipt signals.

[0150] Then above general principle is explained with a
simplified special example of a linear array illustrated in the
FIGS. 2 and 3. The skilled person will be able to extend the
teaching of the said example to the general case depicted
above.

[0151] FIG. 2 shows an array 1 of electro-acoustic trans-
ducer elements which is composed of individual electro-
acoustic transducer elements 101. In the illustrated embodi-
ment, 64 transducer elements are provided, the first of which
is designated by numeral 101(1) and the last by numeral
101(64).

[0152] The probe is preferably of the phased array type,
such as the probe PA240 manufactured by Esaote S.p.A. Each
transmitting transducer element has an independent line for
feeding electric excitation pulses which are supplied thereto
from an excitation section as described below.

[0153] Considering the line of view LV which coincides, in
this example, with the center axis of the array 1 of the trans-
ducerelements 101(1) to 101(64) and divides said array 1 into
two halves, each with 36 transducer elements, from 101(1) to
101(36) and from 101(37) to 101(64) respectively, this line of
view LV is orthogonal to the direction of the flows F1 and F2
in the two vessels V1 and V2 intersected by said line of view.
Therefore, by successively focusing the beam of transmit
ultrasonic pulses generated by the whole array 1 of transducer
elements to said line of view LV at the depths defined by the
focusing points 2 arranged along said line of view LV, no flow
direction information can be retrieved from Doppler fre-
quency shift data. As shown in FIG. 1, the line of view LV
forms angles OLV of 90° with the flows F1 and F2 in the
vessels V1 and V2.

[0154] A schematic and simplified representation of beam
focusing would be similar to the one as shown in FIG. 2 which
is a simplified and schematic example of focusing during
reception.

[0155] In order to introduce an angle of incidence of the
transmit ultrasonic pulse beam which is other than 90°,
according to the present invention, only some of the 64 elec-
tro-acoustic transducer elements 101 are used, which form a
sub-array of transmitting electro-acoustic elements in direct
side-by-side relation and whose transmitting surface is eccen-
tric to the center axis of the overall array 1 of electro-acoustic
transducers, i.e. the overall transmitting surface. In the illus-
trated embodiment, said sub-array of electro-acoustic trans-
ducer elements comprises the electro-acoustic transducer ele-
ments of one of the two halves of the array 1 on one of the two
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sides of the center axis LV. Particularly referring to FIG. 1,
said sub-array comprises the electro-acoustic transducer ele-
ments 37 to 63, designated by numerals 101(37) to 101(64).

[0156] In this case, the axis of the transmit pulse beam is
defined as the axis that starts from the center point of the
transmitting surface of the electro-acoustic transducer ele-
ments of said sub-array, with the center axis AC (shown as a
broken line) of said sub-array, designated as 1' in FIG. 1,
passing through said point.

[0157] It will be appreciated that, assuming a line of view
LV and the foci 2 thereon, focusing of the beams of transmit
ultrasonic pulses transmitted by the electro-acoustic trans-
ducer elements of the sub-array 1'only, causes the direction of
propagation of the acoustic front, i.e. the axis AF of each of
the beams of transmit ultrasonic pulses successively focused
to said foci 2 on the line of view LV, to form an angle BAF with
the directions of blood flows F1 and F2 which is other than
90° and in this case smaller than 90° when the line of view LV
is perpendicular to the directions of the blood flows F1 and
F2.

[0158] During reception, as shown in FIG. 3, the whole
array 1 is used and the receiving electro-acoustic transducer
elements are actuated in such a manner as to focus the receive
ultrasonic pulse beams to the axis that coincides with the line
of view LV, here coinciding with the center axis perpendicular
to the transmitting surface of the whole array 1. Alternatively
a sub-array having a different aperture as the sub-array used
during transmission or the aperture of the entire array cam be
used also for receiving the back-scattered ultrasound beams.

[0159] By this arrangement, slight steering of transmit
pulse beams is introduced, and causes a further polarization
of Doppler information as a function of the direction of the
blood flow under examination.

[0160] Steering angles are relatively small, of the order of
83 to 87°, or (180-83)° to (180-87)° a slight Doppler fre-
quency shift occurs whereby, using prior art technologies
such as Color Flow Mapping or spectral Doppler technolo-
gies such as Multigate, flow direction information will be
difficult to be extracted.

[0161] In the case of Color Flow Mapping technologies
which determine the average frequency value at one point, in
order to reach sufficient signal sensitivity, the pulse repetition
frequency (PRF) shall be maintained at a low value, whereas
retrieval and display of flow direction information introduced
by the above described steering would require a high pulse
repetition frequency (PRF), which would cause an excessive
sensitivity reduction and hence signal losses.

[0162] In the case of spectral Doppler imaging technolo-
gies, such as the one known as Multigate, the above described
steering is of no use in making spectral profiles asymmetric
with respect to the zero axis, i.e. to a zero shift or a zero flow
velocity.

[0163] On the contrary using the said steering method of
the transmit and/or backscattered beam in combination with
the method according to the present invention consisting in
extracting the mean Doppler frequency from the Doppler
frequency signals and representing the said mean Doppler
frequency as a function of the corresponding sample volume
along the penetration depths of the transmit beam by enhanc-
ing the appearance of the said image provides improved and
clear indication of the direction of motion when the angle of
incidence of the transmit beam is very close to 90° relatively
to the said direction of motion.
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[0164] FIG. 3 schematically shows an ultrasound imaging
system adapted for implementing the method of the present
invention.

[0165] Also in this case, the functional sections provide
features and constructions known per se and widely used.

[0166] An ultrasonic probe comprises an array 1 of electro-
acoustic transducer elements. The probe is preferably of the
phased array type and the transducers are each connected
separately from the others and via a switch 12 alternately to a
transmit beamformer 16 and a receive beamformer 13. The
transmit beamformer 16 receives electric excitation pulses for
the electro-acoustic transducer elements of the array 1 from a
pulse generator 17. The pulses are fed to the individual trans-
ducers according to a particular mode, i.e. with excitation
delays set for each electro-acoustic transducer element, so
that the pulse beam is focused along a predetermined line of
view or successively along a plurality of adjacent lines of
view to cover a two-dimensional area. Selection is dependent
upon the desired imaging mode.

[0167] Excitation pulses are also repeated with a predeter-
mined frequency, also in this case according to known meth-
ods, widely used in current ultrasound imaging apparatus. In
FIG. 3 two sections 18 and 19 are indicated in differentiated
manners to show that forming and excitation of electro-
acoustic transducer elements for Doppler imaging are differ-
ent from those traditionally used and particularly from those
as used for generation of anatomic or B-mode images. Par-
ticularly, such excitation methods are those as previously
described with reference to FIG. 1. The one or more lines of
view and the foci of the transmit ultrasonic pulse beams on
said line/s of view may be manually selected in a user-cus-
tomized manner. Otherwise, the user may select among dif-
ferent combinations of fixed settings, which are stored for
selection, or the apparatus automatically sets said parameters
when the Doppler imaging feature is set. The above is embod-
ied by section 20, which may be a data input interface for a
user or a memory that automatically provides the parameters
for setting the line of view and the foci.

[0168] During reception the beamformer 13 is also con-
trolled by a section that supplies the focusing data as
described above. Particularly, as shown by the two sections 14
and 15, the methods for focusing the receive pulse beam may
be different for Doppler imaging according to the method of
the present invention and for parallel B-mode imaging.

[0169] The receive signals that come out of the receive
beamformer are processed in a known manner to obtain the
desired image. Processing for retrieving image data and con-
verting it into images to be displayed on the screen 27 is
known per se and will not be described in further detail,
because the knowledge of such processing is part of the
know-how of a person of ordinary skill in the art.

[0170] The receive signals are processed by a Multigate
Doppler processor designated by numeral 21, which retrieves
spectral profile information from Doppler shifts at various
penetration depths. As shown by the functional unit 24, image
data is generated for display of said spectral profiles, as shown
in FIG. 3 and FIG. 4, whereas numeral 25 designates a section
for determining the average frequency from the spectral Dop-
pler shift profiles for at least some penetration depth ranges
and particularly for those that coincide with the flows
detected from spectral profiles. An image processing section
26 converts said spectral profile data and spectral average data
for said profiles into images to be displayed.
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[0171] The sections 24 and 25 and, concerning the image,
the section 26 also carry out one or more processing steps of
those provided and listed above and particularly perform the
steps of:

[0172] attenuating the display of the spectral profile, as
compared with standard display, to enhance the overlapped
average;

[0173] strongly filtering out the low frequency components
of the spectrum to extract a more significant average;

[0174] enhancing the average components in terms of
range to give clear direction information;

[0175] introducing an asymmetric persistence, that
enhances flow arrival (typically during forced inspiration)
and “maintains™ it as it decreases.

[0176] A B-mode image processor 23 may be provided and
may allow the B-mode image to be displayed adjacent to
Multigate Doppler images, through the image processing sec-
tion 26.

[0177] Possibly,as shownby abox outlined by broken lines
22, an image processing unit may be provided for generating
Color Flow Mapping (CFM) images, which may be displayed
over the B-mode image.

[0178] The means 20 for the input of line of view of focus
parameters may be equipped with a graphical user interface,
which allows both the line of view and the individual foci
therealong to be plotted on the B-mode image. The graphical
input data are both displayed and converted into parameters to
be fed to the transmit beamformer 16 through the focusing
control sections 19.

[0179] According to a further improvement the system of
FIG. 3 is further provided with a Graphic user interface and
means such as a mouse or similar for drawing a Line off view
LV on a B-mode image. Furthermore the system can be pro-
vided with means for graphically drawing on the said Line LV
several depths increments such as the ones indicated with
numeral 2 on FIG. 1. The image processor 26 determines the
geometric parameters such as orientation and position rela-
tively to the B-mode image of the drawn lines and depths
increments. These data may be converted by the scanline and
range gate input data unit 20 in corresponding settings of the
ultrasound systems relatively to the transmit beamformer 16
and to the multigate processor 21.

[0180] Furthermore depending on the orientation of the
Line of view LV and the position of the chosen depth incre-
ments on said line, the system can determine automatically
which of the single transducers of the array of transducers 1
has to be activated as an element for a sub-array of transmit
and or receipt transducers in order to enhance polarization of
the flow direction information in the Doppler signal samples.
[0181] The above determined settings and the selected
transducers for forming transmit and/o receipt sub-arrays
having different apertures can be changes automatically dur-
ing scanning operations if a reduction in the polarization of
the direction information is determined. This could be evalu-
ated by monitoring the maximum mean frequency across the
lumen of a vessel or an average value of the mean frequency
profile across the lumen of a vessel.

[0182] As a further improvement the system according to
FIG. 3 could be provided with means fro tracking the position
and orientation of the probe carrying the array of transducers.
This means that the position and orientation of the array of
transducers and ofthe beam generated by the said array can be
tracked. Thus the system allows to trace an optimal whished
line of view by the graphic user interface and also to track fi
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the probe is held by the user in a correct way so that the beam
transmitted is oriented along the chosen line of view. The line
of view generated by the probe can be displayed on the
B-mode image helping the user to displace the probe and thus
the array of transducers in such a way that the ultrasound
beam generated is oriented along the Line of view chosen.
When the two lines come to coincide the image processor can
be designed to generate a trigger output signal which starts the
imaging process for transmitting and receiving the ultrasound
signals and displaying the Doppler velocity information.

1. A method of acquiring and displaying Doppler data from
a subject under study through an ultrasound system, the
method comprising the following steps:

a) transmitting ultrasound waves into the subject under

study:

b) generating back-scattered signals in response to a back-
scattering of the ultrasound waves from the subject
under study;

¢) generating a plurality of Doppler signal samples repre-
senting a predetermined range of depth increments
within said subject in response to said back-scattered
signals;

d) generating a plurality of Doppler frequency signals rep-
resenting said predetermined range of depth increments
in response to said Doppler signal samples;

e) displaying a first Doppler graph representing said Dop-
pler frequency along a first axis and said range of depth
increments along a second axis in response to said Dop-
pler frequency signals;

f) generating Doppler mean frequency signals at each of
the range depth increments from the Doppler frequency
signals;

2) displaying a second Doppler graph representing said
Doppler mean frequency along the first axis and said
range depth increments along the second axis by setting
parameters defining a status of appearance of pixels
forming a displayed image of the second Doppler graph
that visually differentiates the pixels from pixels of an
image of the first Doppler graph;

h) repeating steps a) through g) with a certain repetition
frequency; and

1) setting a persistence of the status of appearance of the
pixels forming the image of said second Doppler graph
such that the pixels maintain their status of appearance
regardless ofany attenuation or termination of said Dop-
pler frequency signals for a predetermined period of
time, or until new Doppler signals with greater absolute
mean frequency values are generated from Doppler sig-
nal samples acquired during at least one repetition in
step h),

wherein said Doppler mean frequency signals are used to
upgrade the displayed image of said second Doppler
graph by setting the status of the appearance of the pixels
forming said displayed image of said second Doppler
graph.

2. The method according to claim 1, further comprising the
step of filtering out a low frequency component of the Dop-
pler frequency signals before generating the Doppler mean
frequency signals.

3. The method according to claim 1, wherein the step g)
comprises enhancing brightness of the pixels forming the
image of the second Doppler graph.
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4. The method according to claim 3, further comprising the
step of reducing brightness of the pixels forming the image of
the first Doppler graph.
5. The method according to claim 1, further comprising the
step of changing frequency scale along the first axis repre-
senting the values of the Doppler mean frequency of the
Doppler mean frequency signals.
6. The method according to claim 5, wherein the scale is
enlarged in order to enlarge dimensions of the image of the
second graph in relation to the dimensions of the first graph
along the first axis.
7. The method according to claim 1, wherein the subject
under study comprises at least a blood vessel and blood flux in
the blood vessel having a flux velocity varying in time
between a maximum velocity and a velocity which is approxi-
mately zero or in and opposed direction,
wherein the predetermined range of depth increments is set
to cover an entire cross section of the at least one vessel,

wherein the Doppler frequency signals and the Doppler
mean frequency signals are representative of the veloc-
ity of the blood flux in the vessel at the depth increments;
and

wherein the persistence of the status of appearance of the

pixels forming the image of the second Doppler graph is
maintained until new Doppler signals with greater abso-
lute mean frequency values are generated from Doppler
signal samples acquired during at least one of the rep-
etitions in step h) coinciding with a greater, in absolute
value, blood flux velocity.

8. The method according to claim 1, wherein said back-
scattered signals are received from a first region of interest
within said subject resulting in said Doppler signal samples
and from at least second or more further regions of interest
within said subject.

9. The method according to claim 8, wherein said trans-
mitted ultrasound waves comprise an ultrasound beam opti-
mized for Doppler data acquisition which is directed along a
direction crossing at least two or more of the regions of
interest,

10. The method according to claim 8, wherein the regions
of interests are different blood vessels, a plurality of Doppler
signal samples being generated in response to said back-
scattered signals representing a predetermined range of depth
increments each one of which crosses at least partially one of
the blood vessels.

11. The method according to claim 1, further comprising
the steps of:

generating B-mode data for a region of interest containing

the subject under study;

acquiring and displaying the B-mode data from the subject

under study; and

displaying a B-mode image and further displaying, in a

superimposed way on the B-mode image, a scan line
along which a Doppler beam is focussed and the range of
depth increments on corresponding regions of interest.

12. The method according to claim 1, further comprising
the step of providing a transmit and a receive array of ultra-
sound transducers, the array having a certain aperture, the
ultrasound waves being transmitted using a first sub-array of
the array of ultrasound transducers, the sub-array being
formed by only a part of the ultrasound transducers of the
array and having a first aperture different from the aperture of
the array of ultrasound transducers and generating an ultra-
sound beam having a direction of propagation which is dif-
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ferent from the direction of propagation of an ultrasound
beam generated by the complete array of transducers, the
direction of propagation of the ultrasound beam emitted by
the sub-array being defined in order to at least partially cross
one or more region of interests within the subject under study,
wherein back-scattered ultrasound beams are received by a
second sub-array of the receive array of transducers or
by the complete receive array.

13. The method according to claim 12, wherein the second
sub-array is different from the first sub-array.

14. The method according to claim 13, wherein the trans-
mitand receive array of transducers comprises a same array of
ultrasound transducers in combination with a switch connect-
ing alternatively the ultrasound transducers of the array to a
generator of excitation signals of the ultrasound transducers
and to a processing device of receipt signals generated by
backscattered ultrasound waves impinging on the ultrasound
transducers.

15. An apparatus for carrying out the method for ultrasonic
detection and imaging of hemodynamic information, particu-
larly venous blood flow information, as claimed in claim 1,
the apparatus comprising;

an ultrasonic probe comprising an array of transmitting and

receiving electro-acoustic transducers, the transducers
being arranged according to a predetermined order and
design, each transmitting electro-acoustic transducer
element having its own independent line for connection
to a unit for generating and transmitting electric excita-
tion signals for a corresponding electro-acoustic trans-
ducer element, each receiving electro-acoustic trans-
ducer having its own independent line for connection to
at least one processing unit;

at least one unit for multigate processing of image data, the

at least one unit being configured to generate Doppler
frequency signals from the Doppler signal sample
received from sample volumes at different depths incre-
ments;

at least one processing unit for calculating an average fre-

quency of signals of the Doppler frequency signals relat-
ing to at least some of the sample volumes; and

means for displaying a first Doppler graph representing

said Doppler frequency along a first axis and said range
of depth increments along a second axis in response to
said Doppler frequency signals, and for displaying a
second Doppler graph representing said Doppler mean
frequency along said first axis and said range depth
increments along said second axis by setting the param-
eters defining a status of appearance of the pixels form-
ing the displayed image of said second Doppler graph in
such a way as to visually differentiate said pixels from
the pixels of the image of said first Doppler graph;

16. The apparatus according to claim 15, further compris-
ing:

means for transmission and reception of electro-acoustic

pulse beams for anatomic B-mode imaging;

a receive signal processing unit for generating B-mode

image data; and

means for displaying the B-mode image in side-by-side

relation with the image that displays average frequen-
cies of spectral profiles of Doppler shift frequencies and
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the spectral profiles of Doppler shift frequencies as a
function of the penetration depth of the transmit ultra-
sonic pulse beam.

17. The apparatus according to claim 15, further compris-
ing:

%neans for graphically drawing a line on the B-mode image
and for selecting said line as the line along which a beam
for Doppler data acquisition has to be focused,;

means for selecting a predetermined range of depths incre-
ments along said line at one or more regions of said line;

means for calculating the beam focusing parameters for
driving the transducers of the array of the probe to focus
the beam at said line and for setting a receive signal
processing unit of an ultrasound apparatus to extract and
process a receipt signal contribution relating to ultra-
sound beams backscattered from each of the sample
volumes corresponding to the depths increments;

means for tracking position and orientation of the probe
and determining the orientation of the line along which
an ultrasound transmit beam will be focused and for
displaying the line on the be mode image; and

means for triggering the transmission of the ultrasound
transmit beam when the line on which the beam is
focused coincides with the line drawn on the B-mode
image.

18. The apparatus according to claim 17, further compris-

ing:

switching means for connecting to the unit for generating
and transmitting electric excitation signals a number of
selected transducers less than a total numbers of trans-
ducers of the array, the number of transducers being
selected to form a sub-array of transducers having an
aperture which is different from the aperture of the com-
plete array of transducers and eccentric relatively to a
center of the array of transducers; and

switching means for connecting to the unit for processing
receipt signals a number of selected transducers of the
array of receipt transducers, the number of transducers
being selected to vary the number of transducers from
the total number of transducers to a number less than the
total number of the transducers in order to form a sub-
array of transducers having an aperture which is differ-
ent from the aperture of the complete array of transduc-
ers and eccentric relatively to the center of the array of
transducers.

19. The apparatus according to claim 18, wherein the
switching means are automatically driven by control means
which vary the number of selected transducers of one or more
of the array of transmit transducers or the array of receipt
transducers by computing corresponding aperture from data
determined by a physical law of propagation of acoustic
waves and orientation of a line drawn on the B-mode image
along which the transmit beam has to be focused and a posi-
tion on that line of sample volumes defined by the range of
depth increments.

20. The apparatus according to claim 15, further compris-
ing means which vary number and position on the array of the
transmit and or receipt transducers to be selected for maxi-
mizing the value of a maximum mean Doppler frequency
detected.



THMBW(EF)

RiES

[PRIER 1 (Z R A(F)
R (TR AGE)
HAT R E (TR AGE)

FRI& B A

RHA

IPCH &

CPCH %S

L5
H AT SO
S\EREERR

BEG®)

FRERFIRAE S | PR BRI R 15 B S e
HRAESERE B 4 I B A IR S R AL SRR B O R ST RO | HERIER WATHE [ Pase
SBOPINEERKES | RS HRMSRERN — RABRRRE—
KESRARLRE LS EHINBES | RESRANRARESH
BAMETWNEROROPORE , E— SR BAKE |, SURERORE |5 [ -ﬁ%aiw

— M AT I DR ELWES RR ARG 5% | DI SRR Bk oy heT
isshia | )f

& 1E 73 [0 £ B, N2 B $ 50 00 1SR R B 18 TE MR IR E 89 75 @, 7 B8 I\O LI

— — N Ry BMODE
SRS HER S BN B/ RYBRFRERORREN . Focss | [ e

patsnap

ATmAENZEEL , 3 R KIRE SH BB RN REN 5 EMRE

US20120089027A1 NI (»&E)B 2012-04-12
US13/322544 RiEH 2010-08-27
B MR

ESAOTE S.P.A.

ESAOTE S.P.A.

ANDREUCCETTI FABIO
TORTOLI PIERO

ANDREUCCETTI, FABIO
TORTOLI, PIERO

A61B8/14

A61B8/06 A61B8/13 A61B8/463 A61B8/488 A61B8/0816 G01S15/8913 G01S15/8927 G01S15/8984
G01S7/52066

102009901761418 2009-08-31 IT

US8672849

Espacenet USPTO

)

TXB-CDE
FOCUSSING

, BENERATOR

T Bearnfonner

IMAGE PROCESSOR T £¢

e 3
b |
. HER
DOPPLER HOPPLER SPECTRAL
WG [ SECRAL 1 gy Lge
PROCESSOR PROFILES AN



https://share-analytics.zhihuiya.com/view/efe5ed08-8ce2-4657-ba64-d35fbf574ba1
https://worldwide.espacenet.com/patent/search/family/041467207/publication/US2012089027A1?q=US2012089027A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220120089027%22.PGNR.&OS=DN/20120089027&RS=DN/20120089027

