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Description

FIELD OF THE INVENTION

[0001] The presentinvention is directed to using ultrasound in imaging an object and, more particularly, to initializing
a beamformer for this purpose based on an estimate of the location and/or orientation of the object.

BACKGROUND OF THE INVENTION

[0002] Precise visualization of catheters and needles, and real-time knowledge of their localization with respect to the
anatomy, are needed for minimally invasive interventions. Intra-operative ultrasound is often used for these purposes.
[0003] However, many surgical tools are difficult to image with conventional pulse-echo ultrasound. Also, visualization
is often incomplete or artefact-prone.

[0004] Forinstance, the usability of 3D Transoesophagial Echocardiography (3D-TEE) for guidance of catheter cardiac
interventions is still limited because it is challenging to image catheters reliably with ultrasound.

[0005] Catheters and needles are specular reflectors that reflect the sound away from the imaging probe if the inson-
ifying angles are not favorable.

[0006] As a consequence, a catheter appears on and off on 3D-TEE images during its progression through the cardiac
chambers. It also frequently happens that some parts of the catheter are visible and others not depending on the local
angle between the catheter and the imaging beams. For instance the distal end of the catheter may be invisible and
some point along its shaft may be mistaken as its tip. Also, due to weak reflection, signal from the catheter may be
drowned in signal from the surrounding anatomy.

[0007] Itis also difficult to image intravenous catheters.

[0008] Likewise, needles, often used for biopsy, nerve block, drug delivery, hyperthermic therapy, and radiofrequency
(RF) ablation, etc., are hard to visualize, especially when thin and applied to deep tissue locations. Visibility greatly
improves if the insonifying angle is perpendicular to the needle. However, achieving a favorable angle is usually limited
to shallow needle insertions. In addition, due to tissue heterogeneities and asymmetric needle bevel, the needle often
deviates from its planned trajectory, even when a needle guide is used. If the needle deviates from the imaged plane,
it becomes invisible. Very often, the clinician jiggles the needle to see on the image display where it is located.

[0009] Electromagnetic (EM) sensors have been attached to the interventional tool and the ultrasound probe, to
determine the tool pose, i.e., location and orientation, in the acquired image (SonixGPS Specifications Sheet, UltraSonix,
http://www.ultrasonix.com/webfm_send/117).

[0010] In a technique proposed in a paper entitled "Enhancement of Needle Visibility in Ultrasound-Guided Percuta-
neous Procedures, by Cheung et al., Ultrasound in Medicine and Biology, Vol. 30, No. 5 (2004), the ultrasound probe
is used to determine the tool pose. Beamforming parameters are created, based on the determination, to insonify the
tool at a better angle.

[0011] US 2003/0060700 A1 discloses an imaging ultrasound system that is provided with an ultrasound transducer
and an image processing unit for the acquisition of a three-dimensional ultrasound image of the body of a patient, as
well as with a catheter for carrying out a therapeutic or diagnostic intervention in the body of the patient. The catheter
accommodates, in addition to the customary instruments necessary to carry out its task, three ultrasound receivers that
are mounted at a distance from one another on the tip of the catheter and are capable of detecting the arrival of scan
signals of the ultrasound transducer.

SUMMARY OF THE INVENTION

[0012] The present invention is directed to addressing one or more of the above concerns. The invention is defined
by the claims.

[0013] Details of the novel, tool-pose-based ultrasound beamforming initialization technology are set forth further
below, with the aid of the following drawings, which are not drawn to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]

FIGs. 1A, 1B are conceptual diagrams for comparing between two-way beamforming and one-way only beamforming;
FIGs. 2A, 2B are conceptual diagrams that portray, correspondingly, a synthetic aperture acquisition scheme and
the same scheme using virtual transducers;

FIGs. 3A-3C are schematic diagrams of exemplary ultrasound transducer and shape sensor embodiments;
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FIG. 4 is a schematic and conceptual diagram of beamforming parameter considerations in mitigating or eliminating
visual artefacts;

FIGs. 5A, 5B are schematic diagrams of electromagnetic- and optical-based sensor embodiments;

FIG. 6is a conceptual diagram ofimaging planes formed to contain an interventional tool in a longitudinal direction; and
FIG. 7 consists of three flow charts on beamformer initialization, imaging data acquisition, and imaging data display,
respectively.

DETAILED DESCRIPTION OF EMBODIMENTS

[0015] According to one embodiment for imaging an interventional tool, ultrasound transducers attached to the tool
are used in one-way only beamforming.

[0016] FIGs. 1A, 1B offer, by way of illustrative and non-limitative example, a comparison between two-way beam-
forming and one-way only beamforming. FIG. 1A, representative of two-way beamforming shows an imaging array 102
of N elements 104 issuing ultrasound that impinges on a reflector 106. Since the ultrasound waves go out and back
(from the imaging array to the reflectors and back to the imaging array), this is describable as "two-way" or "round-trip"
beamforming. On receive (of the ultrasound that has reflected back), beamforming determines the reflectivity of the
reflector 106 and the position of the reflector relative to the array 102. Here, it is assumed that the reflector 106 is in the
imaging plane of the array 102, but the same principles apply for three-dimensional beamforming with a two-dimensional
array. The array 102 sends out a beam 108 that reflects off reflector 106 and returns to all elements 104 of the array
102. The flight of the pulse is over a distance r(P) + d(i,P) for element i. Each element 104 measures continually the
amplitude of the return ultrasound. For each element 104, the time until a maximum of that measurement, i.e., the "round-
trip time of flight," is indicative of the total flight distance. From these measurements, the relative position of the reflector
106 is computed geometrically. As to the reflectivity of the reflector 106, it can be indicated by summing the received
traces over all i (i.e., over all elements 104) after applying the adequate time delays corresponding to point P.

[0017] AsseenfromFIG. 1B, ultrasound generated by an ultrasound transducerin one-way only (receive) beamforming
does not take account of an echo. Instead, as illustrated here, the ultrasound transducer acting as a transmitter 110
emits a pulse 112 which is incident on each element 104 of the array 102. Thus, the beamforming is based on ultrasound
that arrives by transmission rather than by reflection. The flight here of the pulsed ultrasound upon which imaging is
based is, in contrast to the two-way beamforming case, over the distance d(i,P). The time from emission of the pulse
112 until the maximum amplitude reading at an element 104 determines the value d(i,P) for that element i. Thus, the
position of the transmitter 110 can be derived geometrically, and the reflectivity calculated by summing the received
traces over all i after applying the adequate time delays.

[0018] Although one-way beamforming is implementable in the time domain via delay logic, as discussed hereinabove,
it can also be implemented in the frequency domain by well-known Fourier beamforming algorithms.

[0019] FIGs. 2A, 2B portray, respectively, a synthetic aperture acquisition scheme and the same scheme using virtual
array elements. Both schemes are utilizable in aspects of the invention.

[0020] Turning now to FIG. 2A, for an imaging array 202, each of the N elements 204 sequentially sends out an
impulse, i.e., pulse, into the medium. Let riip(t) be the temporal signal received by the receiver P (on a catheter, needle,
or other interventional tool) when element i fires an impulse. (The origin of time is taken each time an element is fired.)
It is assumed that the receiver P is in the imaging plane of the array, but the same principles apply for three-dimensional
beamforming with a two-dimensional array. The travel time from ito P is

tip = d(i,P)/c (equation 1)

where d(i,P) is the distance between element i and receiver P, and ¢ is the medium’s speed of sound. Thus r; p(t) has
its maximum at t; . An image of the receiver in space is formed by, for each point Q inside the field of view, taking the
summation:

$(Q) = Z rip(tio) (equation 2)

over i = 1 to N. Apodization functions may optionally be used as is standard practice in the art.

[0021] The quantity s(Q) will be maximized for Q = P; that is, at the location of the receiver.

[0022] Referring now to FIG. 2B, the retrospective dynamic transmit (RDT) with virtual array elements scheme shown
is similar to above-described synthetic aperture scheme - the imaging array is replaced by a "virtual array" made of
"virtual elements." Each virtual element is the focal location of one focused beam emanating from the real (physical)
imaging array. There are as many virtual elements as there are focused beams from the imaging array. The imaging
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array sends out N beams into the medium, sweeping the field of view. Let r; p(t) be the temporal signal received by the
receiver P in the medium when the beam number i is fired into the medium (i.e., the virtual element i emits an impulse).
The origin in time is now taken when the beam is emitted. The travel time from virtual element i to P is

tip = d(i,P)/c (equation 3)

The time it takes for the transmitted beam to focus at the location of the virtual array element is

ti=d(@)/c (equation 3)

where d(i) is the distance between the center of the imaging array’s active aperture and the focal point of transmit beam
i (i.e., the virtual transducer i). In usual transmit schemes, all transmits are focused at the same depth, so d(i) does not
depend on i; let us call it d4 and

ty=di/c (equation 4)

It thus takes the time t; + t; p between the emission of beam i and reception of the corresponding impulse at point P.
The quantity r; p(t) thus has its maximum at t; + t; p.
[0023] Animage of the receiver in space is formed by, for each point Q inside the field of view, doing the summation:

s(Q) = Z rip(t1 + tig) (equation 2)

overi=1toN.

[0024] The quantity s(Q) will be maximized for Q = P which is the location of the receiver. As in the synthetic aperture
case described earlier, weights can be applied to the different terms of the sum of equation (2), giving more importance
to some beams and less importance to others. The optimal weight design is well-known in the art.

[0025] In reality, since the virtual array elements are not punctual and have a certain directivity that is governed by
the shape of the actually transmitted imaging beams, it is necessary, as well-known in the art, to perform some transmit
beam simulations to compute the exact theoretical arrival times of each beam i at each point Q.

[0026] Use of retrospective dynamic transmit (RDT) with virtual array elements affords optimal (diffraction-limited)
resolution of the tracked object at all depths.

[0027] FIG. 3A depicts, by way of illustrative and non-limitative example, an ultrasound imaging device 300. It includes
anultrasound imaging probe 302; ultrasound sensors (i.e., electronic devices that include transducers acting as receivers)
304, 306. The sensors 304, 306 are external to, i.e., separate and apart from, the probe. The device 300 also includes
a beamformer 308; a catheter, needle or other tool 310 along which the sensors are attached or otherwise placed; an
estimation and initialization module 311 for making or calculating a tool pose estimate and supplying it to the beamformer
308 to initialize the beamformer; and wire inputs 312, 314 from the sensors to the module 311. Alternatively, the sensors
304, 306 and the module 311 might be implemented for communicating wirelessly with each other. The probe 302
includes a transducer array 316 which operates with the beamformer 308 in imaging. The probe is two-dimensional
(2D), or 1.75D, and is capable of three-dimensional (3D) imaging, although a one dimensional array can be used for 2D
imaging. The lateral direction, denoted "x", and the axial direction, denoted "z", are in the plane of the drawing.

[0028] The beamformer 308, or a component thereof which may operate according to RDT discussed above, provides
one-way-only beamforming of signals that arrive from the wire input 312, 314. The one-way beamforming is represented
in FIG. 3 by the arrow 318 from the transducer array 316 to the ultrasound sensor 304 shown on the left, and by the
arrow 320 from the array to the other sensor 306. The one-way beamforming is based for example on element-by-
element emission in scanning the transducer array 316 and the arrival of the emitted ultrasound at the sensors 304, 306.
[0029] The beamformer 308 also performs two-way beamforming which is 2D here, but may be 3D. In the lateral
direction, 2D imaging provides a "slice" referred to herein as the target plane. A transmit beam 321 is represented by
the arrow from the array 316 to a point 322 in a region of interest 324. The corresponding receive beam 326 is represented
by the arrow back to the array 316.

[0030] All points 322 in a 3D region of interest 324 are insonified and processed in the imaging.

[0031] Likewise, all sensors, here both sensors 304, 306, are utilized in respective one-way beamforming operations.
[0032] Within the region of interest 324 is a tip 328, of the catheter 310, which resides, at any given moment, at a
respective location 329 and orientation 330 (only one angular component being shown in this drawing view), i.e., a point



10

15

20

25

30

35

40

45

50

55

EP 2 725 984 B1

and a direction, respectively, in 3D space. The location 329 and orientation 330 (or "pose") are determined on-the-fly
based on the known attachment points of sensors 304, 306 to the tool, and on the spatial positions of the sensors
calculated by the beamformer 308 based on the one-way only beamforming. A separate one-way beamforming result
is obtained for each of the sensors 304, 306. The beamforming localizes the sensor 304, 306 in the region of interest
324 in the same coordinate system as the regular pulse-echo image of the region of interest. By inclusion within the
catheter 310, the sensors 304, 306 are disposed with respect to it for sensing its location and/or orientation. Optionally
for instance, merely the location 329 of the catheter 310, for example of the tip 328, may be derived from the output of
a given sensor 304, 306 onboard the catheter. Notably and in any event, the pose estimate is made without the need
for a result of any imaging based on data arriving by reflected ultrasound.

[0033] In one embodiment, tissue-specific frames (with beamforming and other parameters (pulse length, frequency,
filters...) optimized for viewing the anatomy are alternated, or otherwise interspersed, with tool-specific frames (with
adaptively determined optimal beamforming parameters optimized, by the novel techniques herein, for the tool content
of the frame). Both types of frames fall under the category of pulse-echo acquisition (or "imaging") frames.

[0034] An initialization frame, on the other hand, is acquired by scanning the transducer array 316 with the sensors
304, 306 switched into receive mode at the appropriate moments, as described in further detail below. These frames
are used to make the tool pose estimate for initializing the beamformer 308 with respect to tool-specific frames.
[0035] Initialization and pulse-echo image acquisition are separated by means of frequency or by means of timing
(e.g., alternating, or otherwise interspersing, imaging frames with initialization frames). The sensors 304, 306 are triggered
active in receive (to, in other words, start the clock at time zero in measuring the one-way delay) by the line trigger of a
scanner (not shown) that incorporates the probe 302 and the beamformer 308. A trigger signal is emitted each time the
probe 302 emits a different transmit beam. The tissue-specific and tool-specific frames are combined, as discussed in
more detail further below, in forming one or more display images. The dynamic range of the initialization frame can be
made half that of the imaging frame to take into account one-way beamforming only that induces sidelobes roughly twice
as high as conventional two-way imaging.

[0036] Although the ultrasound imaging device 300 is described herein above as implemented with ultrasound sensors
304, 306 as receivers, the transducers can alternatively be configured as ultrasound transmitters 110, although this
example is outside the scope of the invention. They operate electromechanically, as in the case of a piezoelectric element,
and are as omnidirectional as possible. The same separation, by time or frequency, of tool-pose-estimation (or "initial-
ization") acquisition and imaging acquisition mentioned above in connection with receivers applies also in the case of
transmitters. As to frequency separation, the transmitter (or "tracked source") 110 is able to emit short pulses (optionally,
more complicated waveforms with transmit codes) which can (but do not necessarily) have a frequency band different
from that of the imaging pulses of the intra-operative imaging ultrasound, in order to avoid interference between the
initialization and imaging pulses. Reception of initialization and imaging pulses may be differentiated either simply with
receive filters or more sophisticated pulse signature identification algorithms.

[0037] In addition, in the case of transmitters 304, 306, they are also separated, for initialization frame purposes, by
time or frequency. The separation distinguishes the radiofrequency data of one transmitter from the other, for their
separate localizations.

[0038] Propagation of sound occurs from the transmitter 110 to the individual elements 102 of the transducer array
316. Because of reciprocity, the transmitter 110 that sends signals toward individual elements 104 of the ultrasound
scanner can, in an analogous sense, replace the ultrasound receiver, discussed in the previous embodiment, that
receives signals from individual elements of the ultrasound scanner, without changing the signal processing for its
localization. The transmitter 110, like the receiver 304, 306, can be precisely imaged by adjusting the ultrasound scanner’s
beamforming delays to account for the one-way only propagation of transmissive ultrasound between the tracked ultra-
sound transmitter(s) 110 and the transducer array 316. The device used to sense signals from the transmitter 110 is the
same ultrasonic probe 302 (e.g., a 2D probe for 3D tracking) and scanner that are used to make the intra-operative
ultrasound anatomical images that are obtained from some combination of the tissue-specific and tool-specific frames.
[0039] The scanner triggers emission of sound from the transmitter(s) 110 with its line trigger (which is designed to
be fired upon emission of each beam) or frame trigger (which is designed to be fired upon emission of each frame),
propagation of sound then occurring from the transmitter(s) to the individual elements 104 of the transducer array 316.
[0040] Alternatively, the transmitter 110 can be the one that triggers image acquisition by the ultrasound scanner. This
might be desirable in the case where the duty cycle and on/off times of the transmitter(s) on the surgical tool 310 have
been optimized for best treatment safety and efficacy (in the case where the transmitter is actually used for treatment).
In effect then, the ultrasound imaging device 300 is configured for an ultrasound scanner triggering, by a line trigger or
by a frame trigger, emission of sound from the transmitter(s) 110 and/or for the transmitter(s) triggering the scanner
active for image acquisition.

[0041] The ultrasound scanner can be modified for tracking the transmitter 110 by adjusting its receive beamforming
delays, e.g., [r(P) + d(i,P))/c as in FIG. 1, to account for the one-way only ultrasound propagation (from the transmitter(s)
to the probe 302).
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[0042] The ultrasound scanner alternates imaging frames (active ultrasound emission from the imaging probe 302,
the transmitter(s) 110 on the interventional tool 310 are turned off, and conventional two-way beamforming is performed
for pulse-echo imaging) with initialization frames (emission from the imaging probe is turned off, the transmitter(s) on
the interventional tool are turned on, one-way only beamforming is performed). Optionally, if the transmitter(s) 110 are
designed with a different frequency from the imaging frequencies, there is no need to turn on/off the transmitter/imaging
probe during the imaging or initialization frames: for the initialization frames, the temporal receive filters are just modified
to take into account the different nominal frequency of the transmitter(s) 110.

[0043] In an alternative, manual example outside the scope of the invention of the ultrasound imaging device 300, the
pose estimate can be derived, instead of on-the-fly, responsive to selection by the user from among candidate poses.
Each candidate is associated by software inthe beamformer 308 with preset beamforming parameters. The user manually
chooses the candidate that is thought to best match the current intervention geometry. The chosen candidate is supplied,
and derived by the estimation and initialization module 331 for subsequent output to the beamformer 308.

[0044] The estimation and initialization module 311 may be implemented as one or more integrated circuits for deriving
the estimate and using the derived estimate to initialize the beamformer.

[0045] For easier visualization, an imaging plane or slice 330 may be acquired, as seen in FIG. 3B which shows a
side view of the x/z plane. In this example, the tip longitudinally extends within the imaging plane 330.

[0046] For display, the tissue-specific and tool-specific frames can be fused together. A weighted average of the two
frames may be used. Or, the tool-specific frame may be overlaid in a different color. Alternatively, in a dual display, the
left screen could show the tissue-specific frame, with the right screen showing the tool-specific frame.

[0047] If the tip 328 is oblique to the imaging plane 330, one or more planes that contain the tip can be imaged, as
discussed in an example further below, to afford more accurate display of the anatomy immediately surrounding the
distal end of the tip.

[0048] FIG. 3C illustrates an exemplary use of shape sensors 334, such as fiber Bragg gratings that are either stretched
or compressed by an external stimulus, as an alternative or complement to the ultrasound sensors 304, 306. Here, the
shape sensors 334 exist along optical fibers that run longitudinally along the catheter or other tool 310. The fibers, at a
proximal end of the catheter 310, are connected to an optical frequency domain reflectometer (OFDR) (not shown) which
is communicatively connected to the beamformer 308. Examples of shape sensors for medical instruments such as
catheters are provided in U.S. Patent 7,772,541 to Froggatt et al. (hereinafter "Froggatt"). As in Froggatt, the shape
sensors 334 conform to at least a portion of the catheter 310 for sensing a shape of the portion. They also allow detection
of positions, i.e., locations, at the sensors. Based on these measurements, the location 329 and the orientation 330 of
the catheter 310 in the imaging space of the probe 302 are calculated. The beamformer 308 uses the estimate of the
location 329 and orientation 330 in forming transmit foci 338 along the catheter 310. If the orientation of the catheter
310 is such that its image depth varies along the catheter, the transmit foci 338 are at different depths to conform to
catheter. The transmit beam 344, 346 has the richest angular spectrum content at its focal depth, thus maximizing the
probability of ultrasound reflection toward the probe 302. Beamforming is accordingly being optimized based on the
pose estimate. Although the foci 338 are shown in FIG. 3C as existing on the exterior of the catheter 310, they may be
placed elsewhere, in the radial center for example.

[0049] The spacing 342 between two transmit beams 344, 346 is shown in FIG. 3C. Interruptions, i.e., interruption
artefacts, are sometimes visible along the elongated tool 310, such as a catheter or needle, and can be caused by
destructive interference due to echoes from neighboring parts of the tool. The artefacts can be mitigated or eliminated
by making spatial sampling of the transmit and/or receive beams finer, as shown by example further below.

[0050] Steered beams that insonify an imaged tool 310 with an angle of 60 to 90 degrees with respect to the tool’s
body, i.e., angle of incidence of 30 degrees or under, generate good reflections toward the probe 302. As seen in FIG.
3C, the angle of incidence 350 is within the 30 degree range. The good reflection toward the probe 302 provides an
easily visible ultrasound image. The transmit and receive beam angles are optimized for tool reflectivity. The optimizing
can include maximizing the coherence factor, i.e., ratio of coherently summed signals to incoherently summed signals,
to thereby enhance visibility, reduce sidelobes and increase signal-to-noise ratio (SNR). Wiener filtering can be used in
low SNR cases. Coherence factor and Weiner filtering techniques are discussed in U.S. Patent No. 7,744,532 to Ustuner
et al. and "Weiner Beamforming and Coherence Factor in Ultrasound Imaging", IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, Vol. 57, No. 6, June 2010.

[0051] The avoidance of a normal angle, i.e., exactly 90 degrees, between the tool body and the ultrasound beam can
prevent or mitigate visual artefacts, as shown by example in FIG. 4. The beamformer 308 is accordingly configured for
limiting an angle of incidence 408 of a transmit beam, a receive beam, or both, to a nonzero value to avoid sidelobe and
reverberation artefacts. Thus, reverberation and sidelobe artefacts 410 are prevented or mitigated, this being represented
by the circled "x."

[0052] In addition, receive beams 402, 404 are spaced apart by a spatial interval 406. The beam spacing 406 is
spatially fine enough to mitigate or eliminate imaging artefacts discernible as interruptions 412, 414, 416 along the
interventional tool 310. This is represented in FIG. 4 by the replacement of the interruption 412 with the missing image 418.
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[0053] FIG. 5A illustrates an (electromagnetic) EM sensing-based ultrasound imaging device 500. It includes an ul-
trasound probe 502, an EM sensor (or "transducer") 504 attached to a needle 506 or other interventional medical tool,
an EM sensor 508 attached to the probe, an EM field generator 510, abeamformer 512, and an estimation and initialization
module 513 . The EM field generator 510 generates a field that induces a current in the EM sensors 504, 508. The EM
sensors are configured for wirelessly communicating a measure of the induced current to the EM field generator 510,
which, in turn, is designed for receiving the measure. Based on the induced current, the location and orientation of the
sensors 504, 508 with respect to the EM field generator 510 are calculated. The estimation and initialization module 513
makes this calculation, registers electromagnetic tracking space with an imaging space of the probe 502, and supplies
the results to the beamformer 512. Based on the results, the beamformer 512 performs imaging in conjunction with a
transducer array 514. An example of using EM sensors in tracking a medical tool is provided in commonly-owned U.S.
Patent No. 7,933,007 to Stanton et al. A similar system which also attaches to the tool an optical sensor is disclosed in
commonly-owned U.S. Patent Publication No. 2010/0168556 to Shen et al. Although wireless communication of the
induced current data is described herein above, the data may be conveyed by wires in the ultrasound probe 502 and
wires running down the tool 506. Also, more than one EM sensor may be provided in the probe 502 and in the tool 506.
By ultrasound imaging standards, the EM localization is a rough estimate. However, feedback with enhanced ultrasound
beamforming according to what is proposed herein is used to fine tune the imaging of the object 506.

[0054] Animage-based estimate approach, optionally enhanced by EM sensors, is shown in FIG. 5B. Two cameras
550, 552, serving as optical sensors, are aimed both at the base 553 of a needle 554 and at a probe 556, and are
therefore disposed with respect to the needle for sensing its location/orientation. Indicia are provided around the periphery
of the probe 556, near a transducer array 558, and optionally around the base 553 of the needle 554. The location and
orientation of both cameras 550, 552, and images from the cameras, are supplied to an estimation and initialization
module 563. From the imaged indicia, a location 329 of a rigid tool and the tool’s orientation 330 may be estimated.
Location and orientation data determined based on output of EM sensors 564, 566, as described in connection with FIG.
5A, is also supplied to the estimation and initialization module 563. The image based data may be used to update the
EM-based data, and a pose estimate is registered with an image space of the beamformer 562. An example of this
arrangement is found in commonly-owned U.S. Patent Publication No. 2010/0194879 to Pasveer et al..

[0055] FIG. 6 shows a cross-section 602 of an interventional tool at least a tip of which longitudinally extends in two
separate imaging planes 604, 606. This imaging is particularly useful when the tool extends obliquely to the target plane.
[0056] The oblique planes 604, 606 are acquired by use of an ultrasound probe with elevation steering capability, e.g.,
with a 2D or 1.75D imaging array. Incrementally, in real time, the elevation is varied plane by plane, to create a "thick
slice." Thick slice acquisition is alternated or otherwise interspersed, in real time, with acquisition of the target plane
data. The thick slice is acquired in the tool-specific frame, and the target plane data is acquired in the tissue-specific
frame. From the acquired thick slice, image data corresponding to the oblique plane(s) desired is extracted.

[0057] Tissue-specific content of the target plane can be displayed to the user, with one or more of the oblique imaging
planes 604, 606, specifically the tool-specific content thereof, alongside. Or, a projection of the tool can be overlaid on
the target plane. On the display, an indicator of the relative orientation of the planes can be included. The indicator could,
for example, be a schematic of an imaging probe and, extending from it, the two oblique planes 604, 606, illustrating
their relative positions to each other.

[0058] FIG. 7 consists of flow charts of exemplary processes of beamformer initialization 702, imaging data acquisition
704, and imaging data display 706, respectively.

[0059] According to the beamformer initialization process 702, pose data is acquired (step S708). From the acquired
pose data, the pose, i.e., location 329 and orientation 330, is calculated (step S710). The beamformer is initialized with
the calculated pose (step S712). If initialization is to be updated (step S714), as will typically occurin real time, processing
returns to step S708.

[0060] In the concurrent data acquisition process 704, the estimated pose is used to acquire one or more tool-specific
images (step S716). A tissue-specific image is then acquired (step S718). If imaging data acquisition is to be updated
(step S720), as will typically occur in real time, processing returns to step S716.

[0061] In the also concurrent data display process 706, display is made of the current acquired imaging data (step
S722). The display may include one tool-specific image, alongside a tissue-specific image. If the tool is oblique to the
target plane, one or more tool-containing planes 604, 606, specifically the tool-specific content thereof, may instead be
placed alongside the target plane, specifically the tissue-specific content thereof, along with an indication of the relative
orientations of the planes. If the image display is to be updated (step S724), as will typically occur in real time, processing
returns to step S722.

[0062] Beamforming to image an object, such as an interventional tool, is enhanced by initializing the beamformer
with the object’s location, and optionally its orientation. The initializing uses an estimate of the location/orientation. The
estimate is derived from the output of one or more sensors. These are disposed external to the imaging array that
operates with the beamformer. The estimate is made without the need for a result of any imaging based on data arriving
by reflected ultrasound. One or more of the sensors may be attached to the object, which may be elongated, as in the
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case of a needle or catheter used in medical diagnosis and treatment. In some implementations, one or more of the
sensors are attached to the imaging probe. The sensors may be, for example, ultrasound, electromagnetic, optical, or
shape sensors. Alternatively, ultrasound transmitting transducers may be substituted for the ultrasound sensors.
[0063] The clinical applications of the novel technology discussed herein above include any procedure where deter-
mining the location and orientation of a surgical tool is desirable and cannotreliably be performed with standard ultrasound
imaging alone.

[0064] Although the novel apparatus and methodology can advantageously be applied in providing medical diagnosis
or treatment for a human or animal subject, the intended scope of claim coverage is not so limited. More broadly,
enhanced imaging, in vivo, in vitro or ex vivo is envisioned.

[0065] While the invention has been illustrated and described in detail in the drawings and foregoing description, such
illustration and description are to be considered illustrative or exemplary and not restrictive; the invention is not limited
to the disclosed embodiments.

[0066] For example, the elongated tool may be an applicator for radioactive seed insertion in treating cancer. As
another example, on a tool with multiple ultrasound tracking transducers, the type can be mixed, with some transmitters
and others receivers. Also, mixing of sensor types in a single embodiment can involve ultrasound, shape, EM, optical
or other types of sensors.

[0067] Other variations to the disclosed embodiments can be understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the drawings, the disclosure, and the appended claims. In the claims,
the word "comprising" does not exclude other elements or steps, and the indefinite article "a" or "an" does not exclude
a plurality. Any reference signs in the claims should not be construed as limiting the scope.

[0068] A computer program can be stored momentarily, temporarily or for alonger period of time on a suitable computer-
readable medium, such as an optical storage medium or a solid-state medium. Such a medium is non-transitory only in
the sense of not being a transitory, propagating signal, but includes other forms of computer-readable media such as
register memory, processor cache and RAM.

[0069] A single processor or other unit may fulfill the functions of several items recited in the claims. The mere fact
that certain measures are recited in mutually different dependent claims does not indicate that a combination of these
measures cannot be used to advantage.

Claims

1. An ultrasound imaging system comprising an ultrasound transducer array (316) for imaging tissue and a tool (310)
for probing the tissue, the tool having at least one ultrasound sensor (304, 306) attached to the tool and so external
to said transducer array, a beamformer (308) configured to operate with the ultrasound transducer array in imaging
the tissue and the tool, and a device (311) responsive to outputs from the ultrasound sensor or sensors, in response
to transmissions from the ultrasound transducer array, to derive an estimate of at least the location of the tool (310)
and configured to initialize the beamformer based on said estimate,
characterized in that the system is configured to generate from the ultrasound transducer array, as pulse-echo
acquisition frames, both tissue-specific imaging frames optimized by the beamformer for viewing the anatomy, and
tool-specific imaging frames optimized by the beamformer for viewing the tool, the tool-specific imaging frames
being generated with the beamformer initialized based on said estimate.

2. The system of claim 1, the tool having at least two ultrasound sensors (304, 306) located mutually apart.

3. The system of claim 2, said tool having an elongated body, said ultrasound sensors (304, 306) conforming to at
least a portion of said tool for sensing a shape of said portion in determining the orientation (330) of the tool as well
as its position, the estimate being based on both location and orientation.

4. The system of any preceding claim, wherein the tool (554) is rigid and has a base (553), the system comprising
cameras (550, 552) configured for optically detecting said base to provide an output to the device (311) for estimating
the position of the tool.

5. The system of any preceding claim, said beamformer (308) configured for limiting angle of incidence (350) of a
transmit beam, a receive beam, or both, to a nonzero value to avoid sidelobe and reverberation artefacts.

6. Thesystem of any preceding claim, said beamformer (308) configured for, based on said estimate, placing a transmit
focus (338) at said tool.
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The system of claim 6, said estimate being of said location (329) and said orientation (330), said tool being elongated,
said beamformer being further configured for, based on said estimate, placing a plurality of transmit foci along said
tool at different depths to conform to said tool, said transmit focus (338) being among said plurality.

The system of any preceding claim, said tool being elongated, said beamformer being configured with steering
capability in an elevation direction, said initializing being directed to forming an imaging plane (604) in which at least
a tip (328) of said tool longitudinally extends.

The system of claim 8, said tip (328) currently longitudinally extending within anotherimaging plane (606), the planes
being mutually non-parallel, said beamformer being further configured for imaging both planes for concurrent display
in real time.

The system of any preceding claim, said tool being elongated, said beamformer being configured for beam spacing
that is spatially fine enough to mitigate or eliminate imaging artefacts discernible as interruptions (412-416) along
said tool.

The system of any preceding claim, said estimated location being of the tip of said tool.
The system of any preceding claim, said estimate comprising an estimate of the orientation of the tool.

The system of any preceding claim, further configured for performing said deriving, and beamforming by said beam-
former, in real time (S714, S720) to track said tool.

The system of any preceding claim, said deriving comprising calculating said estimate (S710).
The system of any preceding claim, said tool being a specular reflector of ultrasound.
The system of any preceding claim, the device (311) being configured as one or more integrated circuits.

An ultrasound imaging method using a system comprising an ultrasound transducer array (316) for imaging tissue
and a tool (310) probing the tissue, the tool having at least one ultrasound sensor (304, 306) attached to the tool
and so external to said transducer array, comprising beamforming the ultrasound transducer array to image the
tissue and the tool, using outputs from the ultrasound sensor or sensors, in response to transmissions from the
ultrasound transducer array, to derive an estimate of at least the location of the tool and to initialize the beamforming
based on said estimate,

characterized by generating from the ultrasound transducer array, as pulse-echo acquisition frames, both tissue-
specific imaging frames optimized by the beamforming for viewing the anatomy, and tool-specific imaging frames
optimized by the beamforming for viewing the tool, the tool-specific imaging frames being generated with the beam-
forming initialized based on said estimate.

A computer software product for enhancing visualization of a tool in tissue, said product comprising a computer-
readable medium embodying a computer program that includes instructions executable by a processor in an ultra-
sound imaging system for performing the method of claim 17.

Patentanspriiche

1.

Ultraschallbildgebungssystem, umfassend ein Ultraschallwandlerarray (316) zur bildgebenden Darstellung von Ge-
webe und einem Instrument (310) zum Sondieren des Gewebes, wobei das Instrument mindestens einen Ultra-
schallsensor (304, 306) aufweist, der an dem Instrument und somit aulRerhalb des Wandlerarrays angebracht ist,
einen Strahlformer (308), der konfiguriert ist, um mit dem Ultraschallwandlerarray bei der bildgebenden Darstellung
des Gewebes und des Instruments zusammenzuarbeiten, und eine Vorrichtung (311), die auf Ausgaben von dem
Ultraschallsensor oder den Sensoren als Reaktion auf Aussendungen aus dem Ultraschallwandlerarray reagiert,
um eine Schatzung von mindestens dem Ort des Instruments (310) abzuleiten, und konfiguriert ist, um den Strahl-
former basierend auf der genannten Schatzung zu initialisieren,

dadurch gekennzeichnet, dass das System konfiguriert ist, um aus dem Ultraschallwandlerarray als Impuls-Echo-
Erfassungseinzelbilder sowohl durch den Strahlformer optimierte gewebespezifische Bildgebungseinzelbilder zur
Betrachtung der Anatomie als auch durch den Strahlformer optimierte instrumentspezifische Bildgebungseinzelbilder
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zur Betrachtung des Instruments zu erzeugen, wobei die instrumentspezifischen Bildgebungseinzelbilder erzeugt
werden, wenn der Strahlformer basierend auf der genannten Schétzung initialisiert wurde.

System nach Anspruch 1, wobei das Instrument mindestens zwei Ultraschallsensoren (304, 306) aufweist, die
zueinander beabstandet angeordnet sind.

System nach Anspruch 2, wobei das genannte Instrument einen langlichen Kérper aufweist, wobei die genannten
Ultraschallsensoren (304, 306) mit mindestens einem Abschnitt des genannten Instruments konform sind, um bei
der Bestimmung der Orientierung (330) des Instruments sowie seiner Position eine Form des genannten Abschnitts
zu erfassen, wobei die Schatzung sowohl auf dem Ort als auch auf der Orientierung beruht.

System nach einem der vorhergehenden Anspriiche, wobei das Instrument (554) steif ist und eine Basis (553)
aufweist, wobei das System Kameras (550, 552) umfasst, die konfiguriert sind, um die genannte Basis optisch zu
detektieren, um der Vorrichtung (311) eine Ausgabe zum Schéatzen der Position des Instruments bereitzustellen.

System nach einem der vorhergehenden Anspriiche, wobei der genannte Strahlformer (308) konfiguriert ist, um
einen Einfallswinkel (350) eines Sendestrahlenbiindels, eines Empfangsstrahlenbiindels oder beider auf einen Wert
ungleich Null zu begrenzen, um Nebenkeulen- und Nachhallartefakte zu vermeiden.

System nach einem der vorhergehenden Anspriiche, wobei der genannte Strahlformer (308) konfiguriert ist, um
basierend auf der genannten Schéatzung einen Sendefokus (338) bei dem genannten Instrument zu platzieren.

System nach Anspruch 6, wobei die genannte Schatzung eine Schatzung von dem genannten Ort (329) und der
genannten Orientierung (330) ist, wobei das genannte Instrument langlich ist, wobei der genannte Strahlformer
fernerkonfiguriertist, um basierend auf der genannten Schatzung eine Vielzahl von Sendefoki entlang des genannten
Instruments in verschiedenen Tiefen zu platzieren, um dem genannten Instrument zu entsprechen, wobei der ge-
nannte Sendefokus (338) unter der genannten Vielzahl ist.

System nach einem der vorhergehenden Anspriiche, wobei das Instrument Ianglich ist, wobei der genannte Strahl-
former mit Lenkféhigkeit in einer Elevationsrichtung konfiguriert ist, wobei die genannte Initialisierung darauf gerichtet
ist, eine Bildgebungsebene (604) zu bilden, in der sich mindestens eine Spitze (328) des genannten Instruments
in Langsrichtung erstreckt.

System nach Anspruch 8, wobei sich die genannte Spitze (328) aktuell in Langsrichtung innerhalb einer anderen
Bildgebungsebene (606) erstreckt, wobei die Ebenen zueinander nicht parallel sind, wobei der genannte Strahlformer
ferner konfiguriert ist, um beide Ebenen zur gleichzeitigen Anzeige in Echtzeit bildgebend darzustellen.

System nach einem der vorhergehenden Anspriiche, wobei das genannte Instrument Ianglich ist, wobei der genannte
Strahlformer fiir einen Strahlabstand konfiguriert ist, der raumlich fein genug ist, um Bildgebungsartefakte, die als

Unterbrechungen (412-416) entlang des Instruments erkennbar sind, zu mildern oder zu eliminieren.

System nach einem der vorhergehenden Anspriiche, wobei der genannte geschéatzte Ort der Ort von der Spitze
des genannten Instruments ist.

System nach einem der vorhergehenden Anspriiche, wobei die genannte Schatzung eine Schatzung der Orientie-
rung des Instruments umfasst.

System nach einem der vorhergehenden Anspriiche, ferner konfiguriert zum Durchfiihren der genannten Ableitung
und Strahlformung durch den genannten Strahlformer in Echtzeit (S714, S720), um das genannte Instrument zu

verfolgen.

System nach einem der vorhergehenden Anspriiche, wobei das genannte Ableiten das Berechnen der genannten
Schatzung (S710) umfasst.

System nach einem der vorhergehenden Anspriiche, wobei das genannte Instrument ein Spiegelreflektor von Ul-
traschall ist.

System nach einem der vorhergehenden Anspriiche, wobei die Vorrichtung (311) als eine oder mehrere integrierte
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Schaltungen konfiguriert ist.

Ultraschallbildgebungsverfahren, ein System nutzend, welches ein Ultraschallwandlerarray (316) zur bildgebenden
Darstellung von Gewebe und einem Instrument (310) zum Sondieren des Gewebes umfasst, wobei das Instrument
mindestens einen Ultraschallsensor (304, 306) aufweist, der an dem Instrument und somit auBerhalb des Wand-
lerarrays angebracht ist, umfassend das Strahlformen des Ultraschallwandlerarrays, um das Gewebe und das
Instrument bildgebend darzustellen, das Verwenden der Ausgaben von dem Ultraschallsensor oder den Sensoren
als Reaktion auf Aussendungen aus dem Ultraschallwandlerarray, um eine Schatzung von mindestens dem Ort
des Instruments abzuleiten und um die Strahlformung basierend auf der genannten Schéatzung zu initialisieren,
gekennzeichnet durch das Erzeugen, aus dem Ultraschallwandlerarray, als Impuls-Echo-Erfassungseinzelbilder,
von sowohl durch das Strahlformen optimierten gewebespezifischen Bildgebungseinzelbildern zur Betrachtung der
Anatomie als auch von durch den Strahlformer optimierten instrumentspezifischen Bildgebungseinzelbildern zur
Betrachtung des Instruments, wobei die instrumentspezifischen Bildgebungseinzelbilder erzeugt werden, wenn das
Strahlformen basierend auf der genannten Schatzung initialisiert wurde.

Computersoftwareprodukt zur Verbesserung der Visualisierung eines Instruments in Gewebe, wobei das genannte
Produkt ein computerlesbares Medium umfasst, das ein Computerprogramm verkérpert, welches durch einen Pro-
zessor in einem Ultraschallbildgebungssystem ausfiihrbare Anweisungen zur Durchfiihrung des Verfahrens nach
Anspruch 17 einschlief3t.

Revendications

Systeme d’imagerie par ultrasons comprenant un groupement de transducteurs a ultrasons (316) pour prendre une
image d’un tissu et un outil (310) pour explorer le tissu, I'outil ayant au moins un capteur a ultrasons (304, 306)
attaché a I'outil et ainsi externe audit groupement de transducteurs, un dispositif de formation de faisceau (308)
configuré pour fonctionner avec le groupement de transducteurs a ultrasons en prenant une image du tissu et de
I'outil, et un dispositif (311) sensible a des sorties provenant du capteur ou des capteurs a ultrasons, en réponse a
des émissions en provenance du groupement de transducteurs a ultrasons, pour obtenir une évaluation au moins
de 'emplacement de l'outil (310) et configuré pour initialiser le dispositif de formation de faisceau sur la base de
ladite évaluation,

caractérisé en ce que le systeme est configuré pour produire a partir du groupement de transducteurs a ultrasons,
en tant que trames d’acquisition par impulsion-écho, tant des trames d’'imagerie spécifiques a un tissu optimisées
par le dispositif de formation de faisceau pour visualiser 'anatomie, que des trames d’imagerie spécifiques a I'outil
optimisées par le dispositif de formation de faisceau pour visualiser I'outil, les trames d’imagerie spécifiques a I'outil
étant produits avec le dispositif de formation de faisceau initialisé sur la base de ladite évaluation.

Systeme selon la revendication 1, I'outil ayant au moins deux capteurs a ultrasons (304, 306) situés mutuellement
a l'écart.

Systeme selon la revendication 2, ledit outil ayant un corps allongé, lesdits capteurs a ultrasons (304, 306) se
conformant a au moins une portion dudit outil pour détecter une forme de ladite portion en déterminant I'orientation
(330) de l'outil aussi bien que sa position, I'évaluation étant basée tant sur 'emplacement que sur l'orientation.

Systeme selon n’importe quelle revendication précédente, dans lequel I'outil (554) est rigide et a une base (553),
le systeme comprenant des appareils de prise de vues (550, 552) configurés pour détecter de fagon optique ladite
base pour fournir une sortie au dispositif (311) pour évaluer la position de I'outil.

Systeme selon n'importe quelle revendication précédente, ledit dispositif de formation de faisceau (308) étant con-
figuré pour limiter 'angle d’incidence (350) d’un faisceau d’émission, d’un faisceau de réception, ou les deux, a une
valeur non nulle pour éviter des artefacts de réverbération et de lobe secondaire.

Systeme selon n'importe quelle revendication précédente, ledit dispositif de formation de faisceau (308) étant con-
figuré pour, sur la base de ladite évaluation, placer un foyer d’émission (338) au niveau dudit outil.

Systeme selon la revendication 6, ladite évaluation étant dudit emplacement (329) et de ladite orientation (330),

ledit outil étant allongé, ledit dispositif de formation de faisceau étant en outre configuré pour, sur la base de ladite
évaluation, placer une pluralité de foyers d’émission le long dudit outil a des profondeurs différentes pour se conformer
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audit outil, ledit foyer d’émission (338) étant parmi ladite pluralité.

Systeme selon n’'importe quelle revendication précédente, ledit outil étant allongé, ledit dispositif de formation de
faisceau étant configuré avec une capacité de direction dans un sens d’élévation, ladite initialisation étant dirigée
vers la formation d’'un plan d’'imagerie (604) dans lequel au moins un bout (328) dudit outil s’étend de fagon longi-
tudinale.

Systeme selon la revendication 8, ledit bout (328) s’étendant actuellement de fagon longitudinale a l'intérieur d’'un
autre plan d'imagerie (606), les plans étant mutuellement non paralléles, ledit dispositif de formation de faisceau
étant en outre configuré pour prendre une image des deux plans pour un affichage simultané en temps réel.

Systeme selon n’importe quelle revendication précédente, ledit outil étant allongé, ledit dispositif de formation de
faisceau étant configuré pour un espacement de faisceau qui est assez fin dans I'espace pour atténuer ou éliminer
des artefacts d’'image perceptibles comme des interruptions (412-416) le long dudit outil.

Systeme selon n’importe quelle revendication précédente, ledit emplacement évalué étant celui du bout dudit outil.

Systeme selon n'importe quelle revendication précédente, ladite évaluation comprenant une évaluation de l'orien-
tation de l'outil.

Systeme selon n’'importe quelle revendication précédente, configuré en outre pour effectuer ladite obtention et la
formation de faisceau par ledit dispositif de formation de faisceau, en temps réel (S714, S720) pour suivre ledit outil.

Systeme selon n’importe quelle revendication précédente, ladite obtention comprenant le calcul de ladite évaluation
(S710).

Systeme selon n’importe quelle revendication précédente, ledit outil étant un réflecteur spéculaire d’ultrasons.

Systeme selon n’importe quelle revendication précédente, le dispositif (311) étant configuré comme un ou plusieurs
circuits intégrés.

Procédé d’'imagerie par ultrasons utilisant un systéme comprenant un groupement de transducteurs a ultrasons
(316) pour prendre une image d’un tissu et un outil (310) pour explorer le tissu, I'outil ayant au moins un capteur a
ultrasons (304, 306) attaché a I'outil et ainsi externe audit groupement de transducteurs, comprenant la formation
de faisceau du groupement de transducteurs a ultrasons pour prendre une image du tissu et de I'outil, en utilisant
des sorties en provenance du capteur ou des capteurs a ultrasons, en réponse a des émissions provenant du
groupement de transducteurs a ultrasons, pour obtenir une évaluation au moins de 'emplacement de I'outil et pour
initialiser la formation de faisceau sur la base de ladite évaluation,

caractérisé par

la production a partir du groupement de transducteurs a ultrasons, en tant que trames d’acquisition par impulsion-
écho, tant de trames d’'imagerie spécifiques a un tissu optimisées par la formation de faisceau pour visualiser
'anatomie, que de trames d’imagerie spécifiques a I'outil optimisées par la formation de faisceau pour visualiser
I'outil, les trames d’imagerie spécifiques a I'outil étant produites avec la formation de faisceau initialisée sur la base
de ladite évaluation.

Produit formant logiciel informatique pour améliorer la visualisation d’un outil dans un tissu, ledit produit comprenant

un support lisible par ordinateur incorporant un programme informatique qui inclut des instructions exécutables par
un processeur dans un systéme d’imagerie par ultrasons pour effectuer le procédé selon la revendication 17.

12
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