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BONE SURFACE IMAGE RECONSTRUCTION
USING ULTRASOUND

CLAIM OF PRIORITY

Benefit of pricrity is hereby claimed to each of the following, and cach of
which is hereby respectively incorporated herein by reference in its respective
entirety: U.S, Provisional Patent Application Serial Number 61/479,072, titled
“BONE SURFACE IMAGE RECONSTRUCTION USING ULTRASOCUND”
{Atty. Docket No. MAULDIN-BONEFIT (1830-01}); U.S. Provisional Patent
Appheation Serial Number 61/547,175, titled “BONE SURFACE IMAGE
RECONSTRUCTION USING ULTRASOQUND” (Atty. Docket No.,
MAULDIN-BONEFIT (1830-023); U.S. Provisional Patent Application Serial
Number 61/569,683, titled “BONE SURFACE IMAGE RECONSTRUCTION
USING ULTRASGUND” (Atty. Docket No, MAULDIN-BONEFIT (1830-03));
and U8, Provisional Patent Application Serial Number 61/397,317, titled
“BONE SURFACE IMAGE RECONSTRUCTION USING ULTRASOUND”
{Atty. Docket No. MAULDIN-BONEFIT (1830-04)).

BACKGROUND

Currently, 2D projection X-Ray or X-Ray computed tomography (CT)
are frequently used as imaging modalities for bone maging. However, ionizing
radiation cxposure to patients and caregivers from such medical imaging has
increased dramatically in past decades (estimated at 600% increase since the
19307s). The cumulative effect of such radiation dosages has been hinked o
increased risk of cancer.

U.8. Pat. No. 6,641,537 (Morris et al.) mentions taking quantitative
measuremnents of boue in vive using ultrasoand. ULS. Pat. No. 6,964,639 (Scla et
al.) mentions mapping trregularitios of bone using ultrasound. ULS, Pat. No.

6,106,464 (Bass ct al.) mentions image-guided surgery in the brain, U.S. Pat No.
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7,806,823 (Sakai et al.) mentions an imaging techmique for mechanical testing of

bone.

OVERVIEW

4]

Neuroaxial anesthesia blocks (e.g., epidural anesthesia or spinal
anesthesia blocks) and related spinal anesthesia procedures are presently
performed in approximately 18 million procedures per year in US hospitals,
Numerous clinical indications for such procedures include anesthesia during
pregrancy, chronic pain, or hip or knge replacement surgery,

10 In one approach, a “blind approach” (¢.g., including no medical imaging
guidance} can be used where needie insertion is performed afier locating spinal
bone landmarks using manual palpation, As a result, failure rates for such a
“blind approach” have been historically cited as between 40%-80% in patient
populations exhibifing landmarks that are absent, indistinet, or distorted. A

15 significant and growing population sogment exhibiting these characteristics is
the obese, currently 33.9% of the total US population, with more than 50% of
joint replacement patients inchided 1n this segment. Tn obese individuals,
{andmarks arc not palpable due to thick overlaying layers of fat. Failures
generally result in multiple needle sticks, which are correlated with poor health

20 outcomes such as an increased risk of spinal headache or hematoma. In

addition, other serious complications can occur from failed veurcaxial anesthesia

including back pain (~30%}, or vascular puncture (3.8%), as well as more severe

complications including pleural puncture (1.1%)}, pneumothorax {0.5%), or

paralysis (rare).

[
L

In another approach, fluoroscopy can be used fo guide spmal needle
placement with high success. However, the risk of tonizing radiation, in
addition to high cost and lack of portabality of fluoroscopy equipment, make
thuoroscopy an unattractive option for a high-volume procedure.

In contrast to the “blind approach” or techniques mvolving flucroscopy,

30 ultrasonography can be a low-cost, non-ionizing

fa)

and portable solution for

guidance to, or location of, anatomical features such as bone, such as usedina

s
Lt
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neuroaxial procedure. However, fatiure rates can still remain high, and the
suceess of ultrasonic techniques has generally been highly dependent on user
familiarity with ultrasonography.  For example, interpretation of bone images

with ultrasound at large scan depths can be challenging due to several factors

4]

including tissue attenuation or off-axis specular reflection artifacts. In addition,
central neuroaxial procedures are generally performed multiple times per day by
regional anesthesiologists. Thus, arranging access to the hospital scanner for
such high-frequency procedures can be cumbersome or impossible in many
hospital settings.
10 Bone fractures are common musculoskeletal injuries n the US, presently
ranking second only behind sprains, and presently accounting for approximately
16.2 mullion injuries per vear. The cost of bone fractures in the US is currently
$29.2 Blyr, representing 90% of al musculoskeletal injury costs. While the
elderly only represent < 13% of the total US population, they are responsible for
15 approximately 36% of all bone fractures with a fracture incidence rate of 9.7%
Additionally, the elderly are more hikely to require hospital admissions, sufter
limitations in their ability to perform daily acuvities, have significantly longer
hospital stays, and have a higher mortality rate as a result of bone fractures.
Poor patient outcomes have been strongly correlated with treatment
2% delays (especially in the elderly). For example, long waiting times are especially
prevalent as a result of overcrowded emergency departments (ED) and lack of
effective means o friage patients either off-site or on-site of injury.
Thus, the present inventors have recognized, among other things, that a

low-cost, portable technology for triage of elderly patients at the site of mjury or

[
L

upon presentation to the ED could sigmficantly reduce poor paticnt oulcomes by
reducing wait times, and could thus enable more rapid diagnoses and treatment
decision making.

The present mventors also recognize that such specular reflections (e.g.,
predominantly specular reflections) can occur from bone-soft tissue mnterfaces or
30 from soft tissue-soft tissue interfaces such as between boundaries of different

organ types, blood vessel walls, or other targets, so such imaging techniques are

SUBSTITUTE SHEET (RULE 26)



WO 2012/148985 PCT/US2012/034945

applicable for detection of other interfaces or edges, such as for medical
diagnostic purposes.
Similarly to imaging fot nouroaxial anesthesia, X-Ray-based medical

imaging, such as fixed X-Ray, flucroscopy, or computed tomography (CT), is

4]

generally used for diagnosis of bone trauma. The use of X-Ray for patient triage
in the ED {o direct treatment has been proven effective tor reducing waiting
times in patients with fractures requiring surgery {e.g. hip fractures), thus
reducing mortality and hospital stays. However, again, the lack of portability for
X-Ray-based irmaging inhibits its use in the ED for triage as time on the scanner
10 roust be arranged and the patient must be transported to the machine, which can
be cumbersome in an overcrowded ED setting, Moreover, the lack of portability
entirely precludes X-Ray use as a tool for rapid assessment and treatment at the
stte of injury such as during triage in mass trauma incidents. Radiation exposure
due to medical tmaging has increased approximately 600% since the 1980°s, and
15 recent studies have demonstrated that as many as 2% of all cancers are caused
from medical imaging radiation exposure - equating to 11,000 additional deaths.
Ultrasound has been proposed for bone irmaging in several applications,
including spimal ancsthesia, diagnosis of bone fractures, and guidance of
orthopedic surgery. Ultrasound offers several benefits compared to X-Ray-
23 based imaging inchuding lack of ionizing radiation, superior portability, low cost,
and real-time imaging. However, generally-available ultrasound apparatus and
techniques have been enginecred to image soft tissue, rather than bone, with the
consequence that bone 1s imaged poorly due to several sources of image

degradation such as off-axis reflections, reverberation effects, single channel

[
L

saturation, or insufficient penetration depth,

The present mventors have, among other things, recogmzed the need for
reduced-artifact images of bone with sharper delineation of bone surfaces from
surrounding tissue in order to use ulfrasound apparatus and techniques
effectively as a safe, portable, inexpensive tool to assess and direct treatment for

30 bone trauma patients or to provide detailed depictions of bone anatomy for
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needle or probe insertion guidance, without requiring ionizing radiation exposure
to the patient or caregiver.
Various techniques and apparatus can be used for such imaging, such as

ultrasound (US), which can provide real-time imaging along with equivalent or

4]

superior resolution as compared to imaging techniques involving lonizing
radiation, and without the risk of such iomzing radiation. Generally-available
US systerss are enginecred to reage soft tissue rather than bone structures, with
the consequence that bone is imaged poorly by such systems. For example, US
images are often degraded by a number of noise sources including speckie noise,
10 reverberations, or off-axis scattering, particularly when bone is present, making
detailed visualization of the bone surface challenging, Thus, the efficacy of
generally-available non-bone imaging ultrasound systems is hmited and
dependent on the user’s familiarity and skill with ultrasonography.
The present mventors have developed techniques to mitigate or reduce
15 off-axis-derived artifacts that can corrupt visualization of bone anatomy or one
or more other tissue interfaces when such anatomy is to be imaged using an
ultrasound diagnostic scanner. In an example, an infuitive display can be
provided such as by estimating one or more of a location, shape, or orientation of
the bone surface using such artifact-reduced echo data. For example, such echo
2% data can be enhanced via probabilistic model-fitting of the echo data - or a
parameterized version of the echo data - o a model,
This overview is intended to provide an overview of subject matter of
the present patent application. It is not intended to provide an exclusive or

exhaustive explanation of the invention. The detailed description is mcluded to

[
L

provide further mformation about the present patent application,
BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 1 illustrates generally an example of an apparatus, such as a hand-

held apparatus, that can include an ultrasound transducer and a display.
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FIGS. 2A and 28 illustraie generally respective views of an illusirative
example of an apparatus, such as a hand-held apparatus, that can mchide an
ultrasound transducer and a display.

FIG. 3 illustrates generally an illustrative example of an ultrasound

4]

imaging technique.

FI1G. 4A illustrates generally an illustrative example of a three-
dimensional representation of an ex vivo spine, and F1G, 48 illustrates a
corresponding illustrative example of a B-mode ulirasound image.

FIG, S iltustrates generally an ifhustrative example of an ultrasound
10 techuigue including using a model to estimate an anatomical target location,

shape, or orientation .

FIG. 6 illusirates generally an illustrative example of an ultrasound
technigue meluding using a model to estimate an anatomical target location,
shape, or orientation .

5 FI1G. 7A illustrates generally an illustrative example of an animal spine,
FIG. 7B tllustrates generally an illustrative exanple of a two-dimensional
representation of the spine of FIG. 7A, and FIG. 7C illustrates generally a
corresponding ultrasound tmage of the animal spine obtained using a
commercially-available ultrasound system.

24} FIG. § illustrates geverally an illustrative example of an ulirascund

imaging techmique.

FI1G. 9 illustrates generally an illustrative example of acoustic field
amplitudes that can be obtaimed via simulation.

FIG. 10 illustrates generally an fluatrative exarple of a photograph of an

[
L

antmal sping, a three-dimensional ropresentation of the spine, and an overlay
showing the animal spine photograph and the three-dimensional representation.
F1G. 1 llustrates generally an illustrative example of an ulirasound
irnaging techmique.
FIG. 12A illustrates generally an illustrative example of an ultrasound
30 image of a phaniom obtained using a fundamental frequency techmique, FIG.

128 illustrates generally an illustrative example of an ultrasound image of the

5
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phantom obtained using a tissue-harmonic-imaging techmque, and FIG. 12C
ihustrates generally an tustrative exampie of an ultrasound image of the

g ¥
phantora obtained using a principal-harmonic-imaging technique,

FIG. 12D illustrates generally an itlustrative example of an ultrasound

4]

image of an i» vive elbow joint obtained using a imdamental frequency
technique, FIG. 12E tustrates generally an illustrative example of an ultrasound
image of the in vivo elbow joint obtained using a tissue-harmonic-imaging
technique, and FIG. 12F illustrates generally an illustrative example of an
ultrasound fmage of the in vive elbow joint obtained nsing a principal-harmonic-
10 imaging technigue.

FiG. 13 illustrates generally an illustrative example of angled and non-
angled A-lings that can be used for estimation of translation or orientation using
an echo decorrelation motion estimation technique.

F1G. 14A illustrates generally an dlustrative example of a parametric

15 curve fitusing simmtated A-line information in an eche decorrelation motion
estimation technique, and FIG. 148 illustrates generally an illustrative example
of a parametric curve fit using experimentally-obtamed A-line information in an
echo decorrelation motion estimate fechnique.

FIG. 15A illustrates generally an illustrative example of an azimuthal

20 shift motion estimation determined asing various techniques, FIG. 158
Ulustrates gengrally an illustrative example of an elevation shift motion
estimation determined using various techniques, and FIG, 15C illustrates
generally a rotational shift estimation determined using vartous technigues,

FIG. 16 illustrates gencrally an llustrative exarple of g needle-guide

[
L

fechnique that can include using a hand-held ultrasound imaging apparatas,
FIG. 17 illustrates generally an illustrative example of a shape-modeling
technigue.
F1G. 18 llustrates generally an illustrative exanple of a shape-modeling
technique.
30 FI1G. 19 iltustrates generally an iltustrative example of a shape-modeling

technique.
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FIGS. 20A through 200G llustrate generally a technigue that can include
identifying a needle insertion site such as for use in an epidural anesthesia
procedure.

FIGS. 21A through 21E illustrate generally a fochnique that can include

4]

identitying a needle insertion site and performing a needle msertion, such as for

use n an epidural anesthesia procedure.

DETAILED DESCRIPTION
The present inventors have recognized that diagnostic ultrasound
10 imaging can include tracking the position or orientation of one or more
ultrasound transducers via an accelerometer, via an optical sensor, via using
ultrasound motion tracking methods, or via one or more other techniques. Such
technigues can be used to provide a position or orientation estimate for eithera
portion of the ultrasound apparatus (¢.g., one or more transducer locations), or an
15 estimate for the position of one or more anatomical features, such as bone,
relative to the ultrasound apparatus, using information about a position, and
orientation, or a change in orientation or position of the ultrasound apparatus. Tn
an cxample, such a position or orientation determination can be performed on or
within the ultrasound apparatus, or at least using one or more sensors of
2% transducers located on or within the ultrasound apparatus.
In an example, apparatus or techniques can be used for diagnostic bone
imaging via ulirasound. The present inventors have recognized, among other
things, that grating lobes, side lobes, and lack of sufficiently tight focus in one or

more dimensions can make generally-available wedical ultrasound echniques or

[
L

apparatus susceptible to off-axis reflection from bone leading. Such reflections
can cause artifacts or poor image quality. For this reason, in generally-available
diagnostic medical ultrasound imaging applicabions, bone imaging is generally
avoided. Instead, X-Ray-based imaging modalitics are generally used for such
bone imaging.

30 The present inventors have developed techniques and apparatus for

effective bone imaging using ultrasound, such as raitigating off-axis scattering-
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derived artitacts that can corrupt estimates of bone depth from echo data in
existing generatly-available ultrasound imaging. In an example, tmages can be
constructed from echo data such as through rendering of one or more estimates

of bone surface distance from the transducer rather than using beamforming,

4]

envelope-detection, and log-compression.
FI1G. 1 illustrates generally an example of an apparatus 100, such as a
hand-held apparatus, that can mnclude an ultrasound transducer 112 and a
position tracking circuit 106, In the example of FIG. 1, one or more ultrasound
transducers, such as the firstultrasound transducer 112, can generate ultrasonic
10 energy 11R8A to be directed into a subject (¢.g., insonifying a region of interest
within the subject). Some of the ultrasonic onergy 118A can be reflected by the
{arget 120, such as providing reflected ultrasonic encrgy HISB. In an example,
the ultrasonic transducer 112 can be included as a portion of an ultrasonic
transducer array, and can be placed n contact with a surface (e.g, skin) of a

15 patient.

In an example, the reflected ultrasonic cnergy 1188 can be received by
the tirst ultrasonic transducer 112, or by one or more other ultrasonic
fransducers, The first ultrasonic transducer 112 can be coupled to an ultrasonic
signal conditioning circuit 110, such as coupled to a processor circuit 102 or a

20 memory circuit 104 via abus 116, The ultrasonic signal conditioming circuit 110
can inchide bearm-forming circuitry or other processing circuttry, For example,
the ultrasonic signal condition circuit can be configured to amplify, phase-shift,
time-gate, filter, or otherwise condition received ultrasonic information {(e.g.,

echo information}, such as provided to the processor cireuit 102,

[
L

For example, the recetve path from cach element in a transducer array,
such as an array including the first ultrasonic transducer 112, can include one or
more of a low noise amplifier, a main-stage amplifier, a band-pass or a low-pass
tilter, or an analog-to-digital converter. In an example, one or more signal
conditioning steps can be performed digitally, such as using the processor circuit
30 102, The term processor is used to generically refer to digital circuitry that can

be used to manipulate ultrasound information obtained from the ultrasound
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10

20

[
L

transducer 112, Such circuitry can include one or more of a field-programmable
gale array {(FPGA) or other progranynable logic devices (PLIs), a
maicroprocessor, a systern-on-chip meluding one or more execution cores ot
other circuitry, a microcontroller, or one or more or other circuits.

In an example, the apparatus 100 can be configured to obtain ultrasonic
echo information corresponding to one or more planes perpendicular {o the
surface of an array of ultrasound transducers {e.g., to provide “B-mode” imaging
information}. In an example, the apparatus 100 can be configured to obtain
information corresponding to one or more planes paratlel to the surface of the
array of ultrasound fransducers (e.g., to provide 8 “C-mode” ultrasound image of
loci in g plane paraliel to the surtace of the transducer array at a specified depth
within the tissue of the subject},

In an example, the processor circuit 102 can be coupled to one or more
processor readable media, such as the memory circnit 104, a disk, or one or more
other memory technology or storage devices. In an example, a combination of
one or motre of the first ullrasonic transducer 112, the signal conditioning circuit
110, the processor circait 102, the memory circuit 104, a display 114, or a user
input can be included as a portion of a hand-held ultrasound imaging apparatus.
The hand-held apparatus can include one or more piston-type transducers, such
as configured to obtain depth information via reflections of ultrasonic energy

get such as bone,

from an echogenic targ

In an example, the processor circuit 102 {or one or more other processor
circuits} can be communicatively coupled to one or more of a user nput, or the
cisplay 114, such as via the bus 116, For example, the user input can include
one of mote of a keypad, a keyboard (e.g., located near or on a portion of
ultrasound scanning asserubly, or included as a portion of a workstation
configared to present or manipulate ultrasound imaging information), a mouse, a
touch-screen control, a rotary control (e.g., a knob or rofary encoder), or a soft-
key aligned with a portion of the display 114, or including one or more other

conirols.

0
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In an example, the processor circuit 102 can be configured to construct
ONie OF MOoe coOMposite images (e.g., a set of two-dimensional or three-
dimensional representations of the location, shape, orientation, ot depth of the

target 120), such as using imaging information obtained using the first ultrasonic

4]

transducer 112 (or an array). The processor cirowit 102 can present the
construcied image to the user via the display 114, such as presenting an image
including one or more features or indicia as shown in the exaraples below
In an example, information can be obtained or sampled, the information
indicative of ultrasonic energy reflected from the target 120 as the apparatus 100
10 is swept or moved across a range of locations, A composite can be constructed
such as using information about the position of at least the transducer 112 of the
hand-held apparatus 100 {or the entire apparatus). such as providad by the
posttion tracking circuit 106, and information about reflected ultrasonic energy
obtained by the ultrasonic transducer 112,
i5 For example, the position tracking circuit can be coupled to one or more
sensors, such as an accelerometer configored to sense acceleration i one or
more axes, or an ophical sensor. The position tracking circuit 106 can use one or
more other fechniques to determing a relative motion or absolute position of the
apparatus 100 or one or more transducers included as a portion of the apparatus
20 100, such as using electromagnetic, magnetic, optical, or acoustic techniques, or
a gyroscope, such as independently of the received ultrasound imaging
information {¢.g., without requiring motion tracking based on the position of
imaged cbiects determined accordimg to recetved ultrasonic information), or at

least i part using received ulirasound mformation. For example, the position

[
L

fracking cireuit 106 can mchude using one or more processors configured to
perform instructions, such as a method, including using information about
transducer motion {e.g., either a detected transdacer motion, or using g prior!
information about a transducer’s postiion such as in the case of a mechanically-
scanned fransducer).

30 The apparatus 100 can include one or more transducers that can be

mechanically scanned, such as to provide tmaging information similar to the

i1
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information provided by a two-dimensional array, but without requiring the user
to manually reposition the apparatus 100 doring a medical procedure. The
apparatus 100 can be sruall and portable, such that a user {e.g., a physician or

nurse} can easily transport it throughout healtheare facilities. The present

4]

inventors have also recognized other advantages to the apparatus 180, such as

that it can provide imaging using non-iomzing energy, it can be safe, portable,

hand-held, low cost, and can provide an apparatus or techuique to align a

location or insertion angle of a probe to reach a desired target depth or

anatomical location,

10 FIGS, 24 and 2B illusirate generally respective views of an illustrative
example of an apparatus, such as a hand-held apparatus 200, that can include an
ultrasound transducer 136 and a display 114, such as including one or more
portions of the example of FIG. 1. The apparatus 200 can inchids one or more
user mputs such as a fivst keypad 124, a trigger 108, or one or more other inputs

15 (e.g, the display 114 may include a touch-screen or one or more soft-keys). The
apparatas 200 can include one or more indicia to aid in alignment ot the
apparatus with a specified anatomical feature, location, or region. Such
alignment idicia can include one or more displayed indicia presented on the
display 114, or one or more fixed indicia located on 2 housing 126, suchas a

20 first indicium 1304, a second indicium 1308, or a third indicium 130C. One or

more electrical ports can be included, such as for conumunication or recharging

of a power source internal to the apparatus 200, such as including a port 140,

The present inventors have also recognized, among other things, that

computational cost of use of a model-based tmage reconstruction can be a

[
L

signtficant consideration when implementing such a technigue on hand-held or
portable apparatus. For example, such techniques {or other technigues discussed
above) can be implemented on a cell-phone class “Open Multimedia Apphication
Platform” (OMAP) microprocessor, such as available from Texas Instruments
Inc., Dallas, Texas, USA, to provide a real-time display of a bone location,

30 shape, or orientation, or other information on a hand-held apparatus. Such

model-based techniques can be enabled at lower computational cost such as
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using parameterized versions of echo data {¢.g. bone depth estimates) rather than
operating on the echo data itsclf.

In an illustrative example, such as including one ot more techniques
described in examples abave or below, such as inchiding use of one or more
transducers (e.g., 4 transducers and a 50 mm x 90 mm sampled signal model
with | mm spacing (e, a2 4500 x 10400 signal model matrin}), a dot product
calculation can be the roost conputationally intenstve step and can involve
approximately 94 million floating point operations (MFLOPS). In contrast, in
another ithistrative example, if data is parameterized by depth estimates across
four channels, the computational expense reduces to 0.036 MFLOPS, For an
OMAP3500 processor used in apparatus of FIGS. 2A and 2B, approximately
2400 MFLOPS/s of computational power can be available, thus respective frame
rates for the two dot product steps can be achieved at 25.5 Hz using the full
technigue and 66.6 kHz using the parameterized technique. 1t s belicved that
drop-in replacement processors with significant increases in computational speed
{e.g. > 2x improvement) and marginal additional cost could enable even higher
frame rates.

The present inventors have also recognized, among other things, thata
ultrasonic transducer apparatus can use an increased excitation voltage (e.g. from
+ 32 volts (V) to +/-128 V or more}, such as inchuding an active protection
circuit, in order to provide 12 dB gain from increased excitation voltage and 6
dB gain from active protection, respectively, for a total of I8 dB improvement in
round-trip signal-to-noise ratio {SNR). In addition, coded excitation can be
implemented to yield further SNR gains of as nuch as 22 dB without requiring

additional fransmit pulses.

An llustrative example that can include one or more lares transducers

FI1G. 3 illustrates generally an tlustrative exanple of an ulirasound
imaging technique 300, such as can include apparatus and techniques that can
involve independently operating, large, approximately circular uitrasound

elements, such as including tracking one or ruore of the position or motion of a

[
LS
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portion of the apparatus, and coupled to a processing circuit configured to one or
more of compile echo data, compile position data, or provide image mformation
for display of bone surfaces.

One or more transducer elements can be positioned arbitrarily along two

4]

spatial dimensions, such as tor obtaining ultrasound information for rendering

intuitive images of bone surfaces. Such a transducer can include any device that

can convert clectrical energy to ulirasound coergy — or vice versa. Exanmples of
such transducers can include piczoelectric-based transducers or clectrostatic-
based transducess, or one or more other transducer types,

10 In an example, the transducer element can be approximately circular or
symmetrical such as having an area greater than 43", where “A” can represent the
wavelength of the ultrasound pulse. Approximately circular canrefertoa
transducer element shape that 1s polygonal sach as with an aspect ratio
approximately equal to 1 (e.g., a transducer having an active surface including a

15 dimension in length that is approximately the same as a dimension in width, in
the plane of the transducer active surface). For example, the transducer element
can include a square shape, or one or more other shapes such as having two or
more axes of syrametry. The arca criterion that the transducer arca is greater
than 43 can be derived from a square aperture assumption. A lateral resolution

2% can be approximately equal to z/L where “L” can represent the length of the

aperture,

For bone imaging, in an illustrative example, a desired maximum
resoliution of 5A can be specified at a shallowest maximum focal depth, 'z, of

10A. Such a constraint can thus provide that L should be greater than 20 {e.g.,

(10 A/ 5A)" &) and therefore a corresponding fransducer area can be 4A7 or

[
L

greater to meet the constraint. Transducer element lengths (e.g., an active
surface of an element) are generally less than 24 in existing uitrasound imaging
systems. Thus, the present inventors have also recognized that transducer
clement sizes including a length or aperture having a dimension larger than 24
30 (e.g., larger than existing generally-available ulfrasound imaging systems) can be

used such as to achieve a desived or specified resolution.

{4
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Linear arrays are used in generally-available diagnostic medical
ultrasound imaging. Tn contrast, the present mnventors have developed apparatus
and techniques that can include the use of independently operating transducer

clements {e.g., independently excited or receiving) including approximately

4]

circular elements. Independently operating elements that are approximately
citcular can be used to mitigate off-axis scaticring artitacts that can corrupt bone
images. Such mitigation or reduction can maclude 1) chiminating grating lobes or
2} providing resolution in the clevation and lateral dimensions that arc similar

e.g., approximalely equal), as opposed to generally-available 1-dimensional

S

10 lincar arrays that exhibit good azimuthal resolution, but poor elevational
resolution.
In an example, to develop a 2D or 3D image reconstruction of a target
{e.g., bone} with an element as described above, the element can be displaced
{e.g., mechanically scanned) and the position of the clement can be tracked
15 before, during, or after such displacement. Echo data can be used, such as to
provide bone depth estimates corresponding to specified element positions, such
as compiled to provide a rendering of an image. The position or orientation of
individual elements can be determined such as using the position or orientation
of an imagine assembly housing such elements, such as along with element
20 positions or orientations relative to the apparatus.
At 302, acoustic cuergy can be transmitied from an ultrasound transducer
element. At 304, a first reflocted echo can be received using the ultrasound
transducer element. At 306, a bone surface depth can be estimated at least in

part using the received echo, At 308, acoustic energy can be transmitied from a

[
L

next ulirasound fransducer {or the first ulirasound transducer can be repositioned
either mechanically or via motion of the handheld assembly actuated by a user).

At 314, a reflected echo can be recetved in response to the energy transmitted at
308. At 316, a bone surface depth can be estimate at least i part using the echo
recetved at 314,

30 At 318, if there are additional ultrasound elements to be used, then the

technique 300 can inchide respectively transmiiting, receiving, and estimating as

1)
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shown in 308, 314, and 316, At 324, a position of one or more vltrasound
transducers can be estivnated. T no additional uitrasound transducers are to be
used, at 310, a bone depth estimate can be made and a position estimate can be
made for one or more ultrasound transducers, and, at 312, information can be
presented to a user about a location of the bone with respect to a portion of the
imaging apparatus (¢.g., the apparatus of FIG. 1, FIG. 2, or one or move other
examples).

At 322, the one or more ultrasound clements can be moved to a new
position, Displacement of an element can be achieved via mechanieally
sweeping the element inside the apparatus or moving the clement manually and
estimating displacement using one or more of position or orientation sensing
mcthods. For example, tracking of transducer position to determing a position of
the transducer beam can alse mclude tracking orientation of the transducer, as
both can affect the transducer beam.

In an example, independent motion estimates can be obtained from one
or more seusors included in an ultrasound imaging assemibly, such as via
obtaining information from a 1, 2 or 3-axis accelerometer, a gyroscope, an
optical motion sensor (¢.g., as used in optical finger navigation, for example by
Avago Technology — avagotech.com), amongst other motion sensing
technologies.

In addition, or instead, motion of one or more of a transducer or the
ultrasound imaging apparatus can be tracked using ultrasound echo data such as
via template maiching or decorrelation measurement. Such motion estimation
can nclude aggregation of sensed information from one or more sensors, such as
using mformation obtained frome sensors having different sensing modalities
{optical, acceleration, ultrasonic, or the like}. For example, different motion
estimates defermined from different sensors can be combined in a statistical
manner o produce a more robust {e.g., less arabiguous or less erroncous)
position cstimate as compared to an estimate derived from an individual sensing
modality. A median or other central tendency of received estimates can be used.

For example, a weighted average can be used where such a weighting can be

6
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derived from a measure of contidence or accuracy in an individual estimate (2.2
avatio of a correlation “peak™ to an RMS signal level).
Two ot more motion sensors can be positioned at separate locations on

the imaging apparatus. The sensor information obtained from the two sensors

4]

can be combined to calculate the position or rotational orientation of the

apparatus. This can be used to caleulate in turn, the positions of the transducers

as the apparatus is rotated or franslated. Using per-transducer position estimates,

the information from the ultrasound echoes or bone depth estimates as the

apparatus moves around the spine can be combmed to produce an image on a

10 display screen. Such an image can be persistent, such as updated as the
apparatus is moved across the skin, such as {o maintain a location of the image
relative 1o one or more actual anatomical feature locations, or fo form a
composiie image.

F1G., 4A iHustrates generally an dlustrative example of a three-

15 dimensional representation of an ex vivo spine 402, and FiG. 4B illustrates a
corresponding itlustrative example of a B-mode ultrasound image 404.

As an ultrasound 1maging apparatus s translated across the surface (e.g.,
manually moved across the skin of a patient), a build up of a 3D bone surface
can be determined, such as rendered on the display. Such an operating mode can

20 produoce an image equivalent to or mimicking one produced by a large array of
transducers such as without the extra associated cost and complexity of such an
array. Such a built-up display can be more mtuitive than generally-available 3D
echo-daia rendering as such generally-available rendering contains speckie or

other noise sources. In an example, surface samples (e.g., 3D information

[
L

sampled via ulirasound) can be retired (e.g., omitied from the display or the
modeling process} or can be reduced i brightness or significance after a
specified duration of time (e.g., updating the display to incorporate temporally
newer data and retire temporally older or “stale” data). The one or more
ultrasound clements can include clements used for imaging, clements used for

30 position sensing, or elements used for both.

fu—
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An tHustrative example of the techniques of FIG. 3 can include collecting
echo data on 3 channels and translating the device with a motion stage of a 2D
region of terest spanning approximately § cmox 10 cro. For example, FIG. 4A

inctudes 31 images obtained by processing echo data off-line using the imaging

4]

techniques described above. By comparison, FIG. 4B illustrates an ultrasound
B-mode image of the same spine in a sinular imaging environment obtained
using the Ultrasonix RP (Ultrasonix, Richmond, BC, Canada) with a 128-
clement lincar array operated at 6.67 MHz center frequency. The present
inventors have recognized, among other things, that the 3D image obtained from
10 a4-chamnel device as shown in the illustrative example of FIG. 4A can be more
intuitive fo the user and can oxhibit much lower levels of noise and artifacts as
compared to the image obtained using the apparatus of FIG. 48,
For purposes of modeling or discussion, bone surfaces can be referred to
as specular reflecting surfaces. However, 1o practice, bone surfaces can exhibit
15 characteristics of specular and diffuse reflection. For example, aimost all of the
incident ultrasound encrgy msonitying the bone 1s reflected, but the ronghness
can cause some energy to be reflected at a variety of angles, which is not strictly
specular reflecting behavior. However, such a specularity assumption can still
be valid as the reflection from bone much closer to specular in nature than
20 reflections from soft tissues, which are much weaker reflectors, and which in
general appear to have random divectivity, as compared to bone. Thus, in the
examples herein, ultrasound apparatus and techniques referring to imaging
specular reflecting targets can be used to image targets that retlect the bulk of

ultrasound energy direcied at them, with some bulk divectivity, but the targets

[
L

can also include some diffusivity in their reflectivencss, reflecting some of the
incident energy in a variety of directions.

FI1G. 5 llustrates geverally an illustrative example of an ulirasound
technique 500 that can mclude using a model to estimaie an anatorsical target
location, shape, or orientation . At 502, acoustic energy can be transmitted from
30 an ultrasound transducer clement. At 504, a first reflected echo can be received

using the ultrasound transducer element. At 506, a bone surface depth canbe
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estimated al feast in part using the received echo. Al 516, acoustic energy can be
transimitted from a vext ultrasound transducer {or the first ultrasound transdocer
can be repositioned cither raechanically or via motion of the handheld assembly

actuated by a usor). At 518, a reflected ccho can be received in response to the

4]

energy transmitted at 516. At 520, a bone surface depth can be estimate at least
in part using the echo received at 518.

At 522, if there are additional ultrasound elements to be used, then the
technique 500 can include respectively transmitting, receiving, and estimating as
shown in 516, 51&, and 520, At 524, a position of one or more uitrasound
10 transducers can be estimated. At 526, the one or more ultrasound elements ¢an

be moved to a new position,

If no additional ultrascund transducers are to be used, at 508, a position
estimate can be made for one or more ultrasound transducers, and, at 310, &
probabilistic fitting of echo data can be roade to a statistical roodel, At 312,

15 bone depth information and position estimates can be compiled corresponding fo
one or more ultrasound clements. At 514, information can be presented to a user
about a location of the bone with respect to a portion of the imaging apparatus

{c.g., the apparatus of FIG. 1, FIG. 2, or onc or more other examples).

2{ An Hlustrative example that can include an array of fransducers

I another iHustrative example, apparatus and techniques can include
using a 2D grid of ultrasound clements spaced at less than about 1/2 A piteh,
such as including approximately circular subapertures, such as including

tracking one or more of the position or motion of a beam axis corresponding to

[
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one o mote subaperture positions, and coupled fo a processor circunt configured
to one or more of compile echo data, compile position data, or provide image
information tor display of bone surfaces. In this llustrative example, mitigation
of off-axis artifacts can be achieved such as using a 213 array with less than 1/2 3,
piich such as to reduce or climinate grating fobes. One or more transducer

30 clements in the array can include approximately circular subapertures such as fo

i9
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provide reasonable resolution in both axes parallel to the transducer element

face,

An itlustrative example that can include a model-fitting technigue

4]

In another itiustrative example, apparatus and techniques can include

using the apparatus or techniques of the examples above or below, along with a

bone surface location estimation determined such as by fitting the received echo

data, or a parameters version of the received echo data, to a model.
The present inventors have developed apparatus and techniques for

10 rendering of bone surfaces from recetved ultrasound data such as using
ultrasound mformation acquired as described in the examples above. Rather than
{or in addition {0} estimating an on-axis bone depth to construct a bone surtace
display, the present inventors have also developed apparatos and technigues that
can inchude a reconstruction method that estimates bone surface location,

15 position, or orientation, such as by performing a fitting of echo data, or a
parameterized version of the echo data, to amodel. Such echo data can be
obtained using one or more tranaducer elements, information about the one or
more clement positions, or using subaperture techniques.

A model-fitting scheme can be used to infer bone surface locations

2% outside of the regions mterrogated by the ultrasound beam. Such estimation

technigues can be used in combination with a reduced repetition rate of

ultrasound transmit/roceive cvents as compared to generally-available B-mode

imagine technigues, and thus such an estimation technique can provide a

comparably higher frame update rate. Medel-fitting techniques can provide

[
L

bone surface location estimates with improved bias or vaniance as compared to
generally-available wmage reconstruction techniques.

Echo data obtained such as using the apparatus or techniques shown
above and below can be it to a parametric model. Such a model can include an
anatomical feature of inferest, such as a portion of the spinal anatomy (c.g., a
30 “candidate” target). Such a model can be used to estimate a relative position,

orientation, or size of the feature with respect to the apparatus. For example,

20
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signal processing techniques, such as including statistical technigues, can be
used to it the received echo data to a parameter model according to specified
criteria {e.g., to reduce, enhance, maximize, minimize, or otherwise meet a
specified criterion or metric).

For example, a maximum likelihood estimate of the spinal anatomy
posttional parameters can be determined such as using a priori information
concerning the spinal anatomy, the geometry ot arrangement of acoustic sensors,
or the noise statistics of the system, among other information. Other metrics can
be used to yield estimates, and such metrics may be selected based on
computational burden or noise immuntty depending on system specifications
such as frame rate, noise environment, power longevity or size for a hand-held
assembly, etc.

A model-fitting approach can operate by fithing observed received echo
data from one or more ultrasonic transmit-receive {TXA/RX) events to a systern
model describing hypothetical {or previously-measured) received echoes from an
array of different hypothetical bone surfaces {(as discussed below). Such a
model-based image reconstroction technigque can use or can be seeded with RF
echoes from some or all potential TX/RX clement combinations for the array,
such as to adjust (e.g., increase} the dimensionality or information content of the
system model {e.g., to refine the model).

Defocused transducer elements can be used to give a large field of view
such as using a relatively small number of transducer ¢lements.  For example,
defocusing can be achieved by using a convex transducer surface or by using a
defocusing lens. A defocusing lens can be designed using the Lensmaker’s
Equation. In an example, a convex lens surface can be used when the lens
material provides a sound velocity greater than that of sound in tissue {c.g. a lens
material such as including TPX® disinbuted by Westlake Plastics). Inan
example, a concave lens surface can be used when the lens matenial provides a
sound velocity lesser than that of sound tissue {c.g. a lens material such as

including RTV 560 distributed by Momentive). Defocusing can reduce SNR as
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compared o using focused transducers, but this effect can be mitigated at least in
part by the +35dB relative brightness of bone echoes,
Following acquisition of echo data usimg all of, or a subset, of the full set

of TX/RX combinations including an a transducer clement array, image

4]

reconstruction can be performed, such as using o priori knowledge of spinal
bone anatomy statistics and a signal model. Using such a model (e.g., a system

ge of bone surfaces can be inferred from a probabilistic model-

model), an imag

titting approach instead of traditional beamforming.
In one approach, a linear observation model can be used, such as used
10 clsewhere for sound navigation and ranging (SONAR) ot radar image
reconstruction, For example, "N time samples can correspond to “M received
echoes for all or a subset of TX/RX combinations included in a transducer array,
and “P” can represent a hypothetical coliection of bone surfaces. A lincar
observation model can be represented by:
5 x =3y (1)
where “x 7 of dimt NM x [ can represent a vector of observed echo data from all
TX/RX combinations on the array, and § of dim NM x P can represent a signal
model matrix with each column representing a model of received echoes from a
set of hypothetical bone surtaces {e.g., spinal bones) at particular positions in
23 space.
A target veetor, “y” of dim £ x 7 can correspond o actual weightings
applied to each column of 5. A priori information, such as the fact that
individuals possess only one, unique spine, can be used to place constraints on

the solution to EQN. {1). For example, only one non-zero entry in “y” can be

[\
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possible i reality. Thus, instead of finding the precise weightings of all entries
in “v", the problem can be described as determining which entry of *y " is non-
zero {e.g., which spine location, shape, and oricntation, as raodeled by the
colunmns of §, is the most likely given observed data, “x 7).

Various techniques can be used, such as determining which combination

30 of the hypothetical spines has the highest likelihood given the presently-obtamed
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echo data and a priort knowledge of the likelthood of various spine models. For
example, the spine that has the highest weighting in the oulput can be
deternined as the spine representation o display, or can correspond to a
specified spine representation to display. Such a determination can be made
using a pseudoinverse operation, such as yiclding the maximum likelihood
solation given the model assumptions. However, once the mutual exclasivity of
different spine mstances is added to the model, the system can degenerate into a
maxinum normalized and weighted correlation (MNWC} approach. Sucha
MNWC approach can avoid problems associated with ill-conditioned inverse
problems, The MNWC approach can include correlating the data set from the
real spine with a set of hypothetical spincs, normalized to remove offects due to
some hypothetical spines’ echoes being “brighter” than others, For example, a
weighting can be applied to a correlation, to take into account an a priont
probability of a particular hypothetical spine, as some hypothetical spines can be
more likely candidates than others, such as ropresenting a maximuni-likelihood
technique.

Sinnilation can be used to assess the bias and variance of a model-based
technigue, such MNWC model-fitting technique above. The human spine
geometry can be shifted laterally or in the depth dimension, or the amount of
additive electrical notse can be varied. Stmudated echo information from such
scenarios can be obtained using FIELD H software, Bone surface estimates can
be determined using the MNWC model-fitting approach, for a variety of lateral
offsets, depths, and SNRs.

Probabilistic model-fitting technique can be enhanced i a number of
ways, If the variable “x 7 is formed from parameterized, or pre-processed, echo
data such as a vector of the estimated bone surface depths for each TX/RX
event, computation complexity can be reduced as compared fo using raw or

unparametenized echo information.

[
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An iHustrative example that can include

a sub-unit probabilitv estimation technique

Another enhancement can include modifying the system model to

include a series of hypothetical spine sub-unifs rather than hypothetical whole

4]

spines. Such a sab-unit approach can provide estimates for spine anatony as a

combination of several different spine sub-units. The spine sub-units can inchude

the spinal bone associated with a single vertebra, or other, smaller sub-units such
as the spinous processes, or portions of the transverse processes that extend
laterally from the spine, or one or more other sub-unit configurations. A sub-

10 umit modeling spproach can yield more complicated statistical propertics, which
can be used fo increase the accuracy of the spine estimate. One such statistical
property can mclude mutval exclusivity between sub-units that occupy the same
three dimensional space. Another statistical property can include the spacing
between adjacent spinal sub-units; for example, miter-vertehral distance has a

15 statistical distribution.

An imnage representing a bone surface can be rendered via &
superimposition or other combination of model-fitting and other bone surface
location cstimation techniques. For instance, bone surface location, shape, or
orientation can be estimated from each echo individually, and then also from a

24 model-fitting approach using a set of echo data, or using a parametric model of

echo data, Color or other indicia can be used to identify image fnformation

corresponding to one of more construction techniques. For example, using
different colors can help to Hlustrate which parts of a displayed image

correspond Lo renderings of ultrasound echoes as compared to enhanced tmages

[
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nferred or otherwise constructed using a model-fitting technigue.

In an example, estimation techniques can be employed that combine
bone depth estimates acquired from recetved echoes on an individual basis with
model-based iterative probabilistic statistical signal processing techniques. For
example, one approach can mclude using a priori probability intormation fo
30 produce initial estimates of the spinal sub-units using a subset of the information

available, such as using these estimates to produce an updated probability based

24
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on the estimates. Such updated probabilitics information can be passed around
the model as ‘beliet” messages, in order to re-compute the answer o the problem
iteratively. Such techniques are generally referred to as “loopy belief

propagation,” and have beon shown to converge in practical situations, such as

4]

producing better estimates at lower computational cost than other estimation

techniques. Tn an example, such a technique can inclade:

(1) Assuming a spine model with a number of sub-units (e.g. different
locations along the spinous process and transverse process) such as
corresponding to ditferent positions and orientations,

10 (2) Assuming that reflections from bone surfaces greatly reduce the
amplitude of reflections from surfaces beneath bone (e.g., obstructed by the
bone). Initial preprocessing of the received echo data can utilize the bone
reflection propertics to identity the most likely posttion of first bone reflection
on each fransmit/recetve combination, reducing the size of the data set.

15 {3) Using the bone reflection data set and a priori probabilities for cach
sub-unit, providing an initial estimate for cach sub-unit’s probability or
likelithood, using a weighted pscudoinverse for example. Such an estimate can
be used to determine probabilitics for cach possible spinal sub-unit.

{4} Propagating a probability of a spinal sub-unit, in the loopy belief

2% propagation techuique, such as to modify the probability of other sub-units

using, for example, a “suru-product” technique, or a lingar or non-lingar

variation thercot. If a sub-unit at one position is likely, this can greatly reduce
the fikelihood of other sub-umits that occupy some of the same space. Sub-units

that are adjacent to the original sub-unit, such as forruing a larger portion of

[
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continuous spinal bone from two or more sub-untts, becone rore likely if the
original sub-unit has a high probability. The original sub-unit can also affect the
likehhood of similar sub-units that are separated in the direction of the spinal
lomg axis by a typical vertebral separation distance. In these ways, the sub-unit’s
initial probability can be passed to the other sub-unit estimators gs additional a
30 priosi information, which leads to sub-unit likelihood estimates with iteratively-

improved accuracy. Collectively the additional probability information can

[
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improve signal-to-noise ratio tor the spine estimate, such as if the model also
takes into account electronic and other error sources such as speckle arising frov
overlying Hssue.

In the examples above, the original echo data can be converted to bone
surface depth estimates, betore entering the loopy belief propagation stage. It is
also possible to use information from the current step of the iterative spine sub-
unit estimation to refine the estimation of the bone refiection positions, as the
estimation of bone surface reflection position is itself a stochastic operation. For
example, if a spinal sub-unit is postulated by the sub-unit iterative estimator with
tugh likelihood, then bone surface positions that would likely arise from this
sub-unit are more likely. Thus, probability information can propagate iteratively
between the echo data domain and the bone surface domain. Loopy belief
propagation can be used to exploit the statistical properties of sping topology and
wltrasound imaging physics, giving traproved accuracy m spine position
detection, and enhanced robustness to noise sources.

FIG. 6 illustrates generally an ifhustrative example of an ultrasound
technique 600 that can inclode using a model to estimnate an anatomical target

[Tk

location, shape, or orientation. In the illustrative example of FIG. 6, at 604,
can represent the spine sub-unit probabilities. “S” can be a vector of the
existence probabilities of various spine sub-units, which are hypothetical spine
fragments, for example picces of the spinous processes or ransverse processes.
The sub-units can form a library of parts that can be used to form any realistic
spine. Therefore, this vecior can provide a readout of the estimation technique.

(19 Y

At 606, “B” can represent bone surface position estimates. canbea
set of posttion estimates for the depth of bone surface at various positions in the
X-Y plane paraliel to the device surface applied to the skin. In an example, for
an X-Y posttion, the bone surface estimate may consist ot a Gaussian probability
distribution, such as parameterized fully by a mean and variance. The set of bone
position cstimates, “B” can provide another readout of the estimation technique.
At 608, “X” can represent a noiscless RF signal that would be expected

o

from a transmit-receive event located at a specified X-Y location, containing the
’ D

26
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echo data from a bone surface, if such a bone surface were present below the
transducer. The noiseless RF echo can arise from the bone surfaces “B,” and can
also be modified by the bone roughness at the corresponding bone surface

clement, as mdicated in FIG. 6.

4]

At610, “Y” can represent the measured RF with noise, such as obtained
from a transmit-receive event at a specific tocation in the X-Y plane. This can be
equivalent to the noiseless RF, “X,” but with added electronic noise and speckle
artifact. The clectronic and speckle “noise” have statistical properties, shown as
inputs to the Y variable,

10 The overall problem statement can be to cstimate “S” or *B,” given the
measured RF signals and the propertics of the system model comprising how
sping sub-units in "N map to bone surfaces in “B,” and how these bone surfaces
map to RF signals with noise effects. Such a problem can be solved, such as in
one step, to produce a maximum likelihood estimate of *87 given ©Y.”

15 Howoever, such a single-step solution can be computationally inefficient, and
some of the system model may imvolve non-hinear mappings, making sohution
ditficult. Instead, as shown in FIG. 6, the overall problem can be broken down
inte two sub-problems, providing a simpler and more computationally efficient
iterative belief propagation approach:

20 (1) Bone Surface Position Estimation 612 can include the estimation of

the bone surface positions given the received R¥ signals in “Y.” Such an

estimate can take into account the noise arising from electronic sources, speckle
and bone roughness, plus information about the probability distribution of the

spine sub-umits i 8.7 The information about “S” can be combined with the

[
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information from the measured RF to produce enhanced estimates of the bone
surfaces.

(23 Spine Sub-unit Probabihity Estimation 602 can include the estimation
of the spine sub-unit probabilities *S,” such as given the bone surface position
estimates “B." A hypothetical spine sub-unit can include a reflecting bone
30 surface at a location in space, therefore given “B” probabilities, “S” can be

estimated, and given “S” probabilities, “B” can similatly be estimated.

b
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A technigue for iterating such an estimate can mclude:
Dy Filling ©S” with initial apine sub-unit probabilitics based on the a prion
probability of spine sub-unit existence in a general population of spines.
2} Using Y and the prior probabilitics for the different spine sub-units in
“8,” estimating the position of bone surfaces “B,” such as producing a
mean and variance for bone surface eleraent positions. This generally
mvolves using knowledge of the transnut/receive system, statistical
models of clectronic or speckle noise, bone roughness, and using
information about how the spine sub-units in $ map to bone surfaces in
B.
3} Using B and the prior probabilities of the spine sub-units, estimating “8”
given the prior probabilities and “B.” This generally includes taking into
account how different bone surfaces arise from the spinal sub-units, and
producing new probabilities for S, such as meorporating mformation
from the ultrasound echoes.

4}y For the elements in “5," determining a new probability based on the
existing probability (ncluding information from received ultrasound
echoes} and the probabilities of all other clements in “S.”" Such
estimation of the new probability takes into account two features of the
spine sub-unit model, first that a sub-unit at a specified location, it
exists, greatly reduces the likelihood of adjacent sub-units that overlap in
3D space. Secondly, if a sub-unit from one vertebra exists, then other
sub-units are more fikely to exist, including corresponding sub-units from
the next and provious vertebrae, adjacent sub-units forming a connecled
picee of bone, and sub-units from the other symunetric side of the spine.
Thus a probabilistic topological model of the spine can be used to refine
the probability estimates of 8. This operation may be a linear or
nonlingar step.

5} A single iteration can be complete, and a new ieration can be started at
(2}, above, such as using the revised probability estimates for “5” and

“B.” Iteration can continue until changes in the estimates for § and B are

[
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relatively siable between iterations (2.g., meeting one or more spacified

criteria).

The iterative techmque described above can use information abouta
probabilistic spine topology model that relates the probabilities of different spine
sub-units to each other, and a spine sub-unit topology that relates different spine
sub-units to the corresponding bone surfaces that are produced. 1t 1s believed
possible fo encode the probabilistic spine topology as one or more covariance
matrices, describing the reinforcement, mutual exclusiveness and other
probabilistic relations between the spine units. However, a procedural process
can also be used to encode the probability dependence between sub-units, such
as incorporating nonlinear elements. Nonlincarity can arise if the probabilistic
sping topology incorporates both positive reinforcement elements and negative
reinforcoment elements.

The spme sub-unit topology can include a mapping between the ditferent
sping sub-units and the corresponding bone surface positions. Thiscanbe a
deterministic bidirectional mapping. A single sub-unit corresponds to a location
in space that can map to a series of bone surface elements with distinct positions
in the X-Y planc and a depth in the Z dimension. However, each bone surface
element in B can correspond to a probability distribution parameterized by a
mean and variance. A marginal probability of a sub-unit can be updated using
information about its existing probability and the probability information about
its constituent bone surface elements in B, Similarly, given that a sub-unit can
exist with a certain probability, ifs constituent bone surface element probability
parameters can be updated, such as incorporating their expected posilions given
the sub-unit, and the sub-unit’s probability of existence.

An output of the tterative technique can be a set of spinal sub-unit
likehhoods, plus a sct of estimales of boue surface positions. Thus, an tmage
reconstruction for display can be formed using either one of these variables, ora
combination of the two. Incorporation of the probabilistic spine topology can
increase the accuracy and robustness of the final image formation as compared

to generally-available B-mode imaging techniques.
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Hustrabive examples that can include determinine and oresenting 3 two-

dimensional or three-dimensional representation of a tareet

Apparatus and techniques can include rendering of bone surfaces, such as

4]

using portions of one or more of the examples discussed above or below, to
provide a low-cost, portable, and intuitive-to-use apparatus that can provide
higher success rates than a “blind approach” fechmique, and can do so at lower
cost than using fluoroscopic or generally-available ultrasound techniques.
FIG. 7TA illustrates generally an illostrative example of an animal spine
10 702, FIG. 78 dlustrates generally an illustrative exarple of a two-dimensional
representation 704 of the spine of FIG, 7A, and FIG, 7C illustrates generally a
corresponding ultrasound image 706 of the animal spine obtained using a
commercially-available ultrasound system.
In an ustrative example, an apparatus can be configured to provide
15 pulse-echo ultrasound imaging such as using four channels and display data in
real-tirne with automated bone depth detection, such as mchiding a liqquid-crystal
display (LCD) touch-screen and Google Android user interface {or one or more
other operating systerns, interfaces, or displays). In an tllustrative example,
such as for comparison, such an apparatus (e.g., as shown in FIGS. 2A and 2B,
2% or in other examples) and a commercially-available Ultrasonix RP system
{(Ultrasonix, Richmond, BC, Canada) can cach be used to image an andimal spine
in a water tank across a 90 mm x 50 mm 2D plane to produce 3D volume image
data. Such experimental ex vive imaging can be rendered in 2D or 3D, such as

the two dimensional representation 704 wuchuded n the example of FIG. 7B, For

[
L

example, tmages in FIGS, 78 and FIG. 7C generally demonsirate good
agreement with simulations depicted i the llustrative example of FIG. 9 where
elimination of grating lobes using a piston transducer generally results in lower
levels of imaging artifact.

FIG. 8 illustrates gencrally an iflustrative exanple of an ultrasound

30 imaging technique 800 that can be used to render an image of an anatomical
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target, such as bone, such as with avtomated determination and identification to
a user of a needle insertion site {¢.g., an interlaminar space).

In an example, images of spinal bone anatomy can be rendered using a
low number of large (i.e. > 2 A diameter), circular, single-clement transducers
such as shown in FIG. 8§ at 802 or 812, and using a multi-modality device
posttional estimation techuique shown i FIG. § at 804 or 814, The technique of
FiG. 8 can provide several advantages over generally-available techniques. For
example, the large, circular transducer elements can mitigate off-axis specular
reflection artifacts that occur in generally-available ultrasound due to grating
lobes and broad focus i the elevation dirnension that are characteristic of linear
array transducers. Also, the transducer geometry can, at least in part, mitigaie
artifacis that are prevalent from imaging of specular reflecting surfaces.

Additionally, the combination of single-element transducers with multi-
modality position sensing technology can be lower cost than generally-available
ulirasound apparatus, or lower cost and less complex than a mechanically-
scanned transducer. In an example, an image display approach can be used to
autornatically determine and identity fo a user an appropriate needle insertion
site such as by fitting underlying ultrasound echo data to a spinal bone model.
Such approaches help to simplify user interpretation of the underlying ultrasound
data, and reduce or ehinuuate the need for specialized training n ultrasound
irage inferpretation,

At 802, a predominantly specular target, such as a spine, can be imaged
using four single-clement ultrasonic transducers. At 804, a multi-modality
position estimale can be determined (e.£., using information about received
ultrasound energy, and information obtained from one or more other sensors or
techniques, such as optical, magnetic, or acoustic information). At 808, an
initial, coarsely sampled spinal bone tmage is shown such as after the fivst
ultrasound A-hnes are collected. At 810, the device (e.g., a handheld apparatus)
can be moved to improve the image or align needle insertion indicia. As at 802,
at 812, the spine can be imaged from the new position of the apparatus. At 814,

a new mult-modality position estimate can be determined. At 816, one or more

o
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displayed indicia can be updated, such as an estimate of a needle insertion
location.
For example, a user {¢.g., a physician) can manipulate the device such as

by translating it across the imaging arca to improve tmage resolution until red

4]

needle insertion Hnes (e.g., a displayed indicium) are aligned with one or more
device case markings {¢.g., one or more fixed indicia}, such as shown at 818, or
using one ot reore other indicia. The user can then mark the patient’s skan at
locations adjacent to the device case markings, such as similarly to markings that
can be provided in general practice for ultrasound guidance of central neuroaxial
10 ancsthesia.

FIG. 9 dlustrates generally an illustrative example of acoustic ficld
amplitudes 900 that can be obtained via simmlation, In an illustrative example,
wltrasound imaging sumilations can be performed using FIELD 11 sottware, such
as to guantity off-axis reflection artifacts from a piston transducer having a 3/8”

15 diameter, SMHz center frequency, with 5 cm focus, and as compared to a
simulated Ultrasonix RP L14-5 lincar array at 5 MHz center frequency, 300
micron pitch, and 5 cm focus, the array obtamnable from Ultrasonix, Richmond,
BC, Canada. For cxample, Specular reffection surfaces can be simulated such
as by placing targets at uniformly spaced intervals along the simulated specular

20 reflecting surface. On axis and off-axis sarfaces can be simulated at varied

imaging depths and angles.
For example, in oft-axis specular reflection sinwulations, a focused piston
transducer can suppress grating lobes and exhibit tighter focus in the elevation

dimension. Conseguently, use of such a piston geometry can provide less image
o8

[
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artifact from off-axis specular reflections as corapared with the linear array to
vield an on-axis to off-axis reflection amplitade contrast improvement of more
than 10 dB. In general, performance deferiorates with the linear array at higher
trequencies where grating lobes can become more pronounced.

FIG. 9 iltustrates gencrally an ilustrative exanmple of an effect of grating
30 lobes from a lincar array on the ratic of on-axis to off-axis retlection energy.

Sirnulations can be performed in FIELD II as described above using the L14-5

¥
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simulated Hnear array operating at 10 MHz and the above-mentionad piston
transducer operating at 10 MHz such as mcluding both transducers focused at 3
et The first and second columms of images in FIG. 9 illustrate generally the
propagation of the acoustic waves against on-axis and off-axis specular
reflecting surfaces at various times.

For example, acoustic energy outside of the main lobe of the acoustic
beam can be larger in the hnear array than in the piston transducer due to grating
lobes. Coherent reflections of grating lobe energy against off-axis specular
surfaces can thus result o a significant increase off-axis reflection signal when
using the lincar array compared with the piston transducer, The present
mventors have recognized that g high on-axis to off-axis reflection ratio is
preferred for imaging as such a ratio is indicative of lower levels of image
artifact. Tt is belicved that grating lobes or insufficiently tight focus n the
elevation dimension can be climinated or reduced such as by using a piston
transducer such as to image bone using ultrascund with substantially mitigated
artifact as cornpared to using generally available hinear arvays.

FIG. 10 iltustrates generally an ifhustrative example of a photograph ot an
animal spine 1002 a three-dimensional representation of the spine 1006 (c.g.,
such as determined using one or more approaches above or below, such as can
be presented to a user), and an overlay 1004 showing the animal spine
photograph and the three-dimensional representation. The image rendering of
FIG. 10C generally illustrates high correlation with an optical image of the
spinal bone as shown m FIG, 10A, and an overlay of such a2 rendering and such

an optical image is shown for comparison in FIG, 108,

An tHustrative example that can include a principal harmonic imaging technigue

AG. T llustrates generally an iustrative example of an ultrasounc

FIG. 1 illustrates g ily an tllustrat le of £ 1
iraging techmique 1100 that can include rendering of bove surfaces from
received ultrasound data using one or more portions of the techniques described

in the examples above or below and that can include a technique for
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reconstructing ultrasound images that can be referred to as principal harmonic
imaging (PHI}.

In an example, a portable medical ultrasound-based bone imaging system
with 3D imaging capabilities can be provided at fower cost {e.g., < 81K cost-of-
goods-sold (COGSY) and in a2 more compact form than generally-available X-
Ray or generally-available oltrasound equipment. Such a portable apparatus can
be configured to perform techniques such as principal harroonic imaging (PHI).
The present inventors have recognized, among other things, that PHI can, at least
in part, reduce or suppress image artifacts, improve image resolution, or enhance
delineation of bone surfaces from surrounding tissue and noise as compared with
generally-available ultrasound imaging at the fundamental frequency.

Apparatus such as configured to provide bone surface imaging using a
PHI technigue could shift clinical practice and assist in assessment of bone
trauma, such as in EDJ triage upon patient arrival. For example, by addressing
the himitations of X-Ray-based imaging and generally-available medical
ultrasound, the present inventors have also recognized that the present imvention
could increase the use and cthicacy of medical imaging for triage of paticnis with
bong trauma cither at the site of mjury or inumediately upon presentation to the
ED. Triage of patients with bone trauma has been shown to decrease waiting
times, which in turn, improves patient recovery times, decreases hospital stays,
and decreases mortality rates. Because the elderly are more likely to fracture
bones and more likely to require invasive treatment as a result of fracture, the
elderly segment of the population could benefit most from triage using poriable,
low-cost bone surface imaging apparatus and technigues.

In an example, principal harmonic imaging (PHI) imaging can be used to
reconstruct ultrasound images. Such a PHI reconstruction technique can be
implemented to render ultrasound images, sach as including apparatus, such as a
hand-held apparatus, configured to one or more of:

(1) collect an image frame of complex echo data;

(2) sclect 2 windowed region of echo data spanning a half of a

wavelength such as 1102;

o
o
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(3) perform singular spectrum analysis on the windowed region of echo
data to obtain principal components (PCs) at 1104, mchuding forming a Hankel
matrix at 1106;

{4} project original data onto the Znd PC {e.g., a most energetic PC

5 describing signal outside the fundamental band at 1108;

(5) store the Hiltered pixel of mierestat 1110;

{6y move the window to a new pixel of interest at 1118;

{7y repeat (1) through (6) and compile filtered outputs from (4), such as if
additional filter locations exist at {112;

10 (8) bandpass filter an cutput of {7) at the st harmouie, such as at 1114;

and

(93 envelope detect, log compress, and display a PHI image, such as at
t1le.

An illustrative example of af least a portion of such a PHI technigue 1s iilustrated
15 generally in FIG. 11. In an illustrative example, PHI can be used for 2D or 3D
image reconstruction of a target (¢.g., bone) as deseribed in the examples above.
As an example, PHI can be applied to recetved echo data, such as the
received echo data, to improve a position estimate of a target, such as a bone
surface. For example, PHI filtering of the data can take place upon receiving the
20 echo data on an ultrasound transdacer, such as prior to estimating a bone depth
or other information (e.g., one or more of a location, shape, or ovientation), The
present inventors have also recognized, among other things, that 2D ulirasound
images can be rendered using PHI as a replacement for tissue harmonic imaging

(THI). For example, PHI can be used to image bone or any other soft fissug

[
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anatomy such as heart, blood vessel, breast, liver, kidney, for example.

In an example, real or complex echo data can be used with PHY, and a
windowed region of echo data can range any number of samples > 1. Inan
example, singular spectrum analysis (SSA) can be performed as a portion of
PHI, such as where 3 Hankel matrix is formed from a windowed region of echo
30 data. The Hankel matrix can be mean reduced, and PCs can be computed from

the mean-reduced Hankel matrix. A Hankel matrix can tepresent a matrix with

L]
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constant skew diagonals. In an example, PCs can be computed via a singular
value decomposition (SVD) of the Hankel matrix, an ergenvalue decomposition
of the covanance or autocorrelation matrix of the mean-reduced Hankel matrix,

or using one or more other techniques of computing the PCs of the mean-

4]

reduced Hankel matrix.

In an example, any number of pixels of interest from any number of echo
samples can be used in PHILL For exanmple, the original data can be projected
onto any number of PCs. In an example, only the 2nd PC is retained as it is most
likely to deseribe energy in the 1st hammonic when using a window length of a
10 half of a wavelength, Reconstruction using the second principal component can

be achieved such as using the relation:

Y=Huyw 2)

where /1 can represent the Hankel matrix, p,can represent the 2 PC vector,

and ¥ can represent the reconstructed Hankel matrix obtained such as via
15 filtering the 2™ PC. Tn an example, PCs can be determined from a mean reduced
Hankel matrix, and thus, the mean vector can be determined such as by taking
the mean of columns in /{ and adding such means to cach row 1n ¥ after
determining Y via equation (2).

In an example, PCs may be selected adaptively from characteristics of

20 the PCs such as the singular value spectrum properties or frequency properties of
the PCs. For example, adaptive selection of PCs can inchude: the original data is
projected onto all PCs that include frequency content in the 1st harmonic band
above a specified threshold value. An output matrix can be formed, such as
including elements determined using information from one or more

25 reconstructed matrices, Y, such as corresponding to one or more pixels of
nterest i an image frame to be displayed. Tn an example, any form of bandpass
filter can be used such as a3 filter spanning the fundamental frequency, st
harmonic, or any combination of frequencics, such as applhied to the output

matrix {e.g., applied to one or more colunms of the output matrix). For example,

o
N

SUBSTITUTE SHEET (RULE 26)



WO 2012/148985 PCT/US2012/034945

such bandpass {or other) filtering can be applied to the output matrix and then
such a filtcred output can be envelope detected, log-compressed, or otherwise
conditioned such as for display o a user.

An tmage display method can be used to render an ultrasound image

4]

from echo data processed with the PHI technique. For example, PHI processed

echo data can be envelope detected such as via computing the absolute value of

the complex representation of such echo data, then log compressing the
envelope-detected data, such as for display using a linear or non-linear gray
scale mapping,

10 PHI can be compared to tissue harmonic frnaging (THI); however, PHI
can use a principal component analysis (PCA) technigue to separate signal
components at the harmonic frequencies. PHI exhibiis advantages over THI that
can inchude: signal components with overlapping frequencies can be separated
{e.g., mformation corresponding {0 tissue can be separated from information

15 corresponding to bone structure}, in-band notse can be separated from signal,
and the PHI technique can be adaptive to local spatial variations in the data.
Thus, PHI can provide similar resolution improvernents as can be provided by
THI, such as compared with imaging at the fundamental frequency, but PHI can
provide better reverberation reduction, sharper contrast of bone structures, or

20 lower noise than THI or imaging at the fundamental frequency.

I an example, in addition to using PHI, mechanically scanned, circular,
single clement fransducers with large diameter (1.¢. > 2 wavelengths) can beo
used. [n an dhustrative example, PHI can be used on received echo data from

any transducer geometry including, for example, a lincar array, 2 1.5D array, a

[
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V75D array, a 2D array, an annular array, or one or more other arrays.
Ultrasound targets such as bone can be imaged using PHI operating on

received echo data such as obtained from large, approximately circular

transducers as described 1o oxamples. As discussed above, such single element

transducers can nutigate varicus artifacts in bone imaging. While 2D arrays

30 with <% wavelength pitch would also mitigate off-axis reflection artifacts, such

systems can be expensive and are generally not capable of being implemented in

L
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hand-held apparatus. In contrast, use of relatively large transducers can be
performed in combination with one ot ywore of multt-modality position
estirnation and PHI, such as in a hand-held assembly.

As an illustrative example, ultrasound images can be rendered using PHI

4]

as described above and illustrated i the example of FIGS. 12A through 12F.
FI1G. 12A ilhusirates generally an illustrative example of an ultrasound
image 1202 of a phantom obtained using a fundamental frequency technique,
FiG. 12B ilustrates gencrally an illustrative example of an ultrasound image
1204 of the phantom obtained using a tissue-harmonic-tmaging technigue, and
10 FIG. 12C dlustrates generally an illustrative exaruple of an ultrasound 1mage
1206 of the phantom obtained using a principal-harmonic-imaging technigue,
FiG. 12D illustrates generally an tlustrative example of an ultrasound
image 1208 of an in vive clbow joint obtained using a fundamental frequency
technigue, FI1G. 12E illustrates generally an illustrative exarple of an ulirasound
15 image 1210 of the in vivo clbow joint obtained using a tissuc-harmonic-imaging
technique, and FIG. 12F tlustrates generally an iltustrative example of an
ultrasound image of the in vive elbow joint obtained using a principal-harmonic-
imaging technique 1212,
For example, raw radiofrequency ultrasound echo data can be acquired
28 from an Ultrasonix RP scauner and an L14-5 linear array transducer when
irnaging an RMI 404GS phantom (as shown n the illustrative examples of
FIGS. 12A through 12C) or an in vivo elbow joint (as illustrated in the
llustrative examples of FIGS. 12D through 12F). In these illustrative examples,

the center frequency was 4 MHz for the Ultrasonix RP scanner. PHI, THI, and

[
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fundamental image reconstraction techniques can be compared.

In phantom images of FIGS. 12A through 12C, PHI can provide > 3 dB
improverent in cystic contrasi-to-noise ratio (CNR) over THI with greatly
erthanced detection of wire targets located at about 45 vun depth. Sioular trends
can observed in in vive images FIGS. 12D through 12F where sharper contrast
30 and reduced clutter and noise can be observed for bone structures where images

can be reconstructed with PHI. Compared with imaging at the fimdamental

o
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frequency, both PHI and THI can yield comparable gains in resoiution,
However, PHI can additionally reduce reverberation clutter artifact, mmprove
resolution, and can provide sharper delincation of bone surfaces, and piston

tfransducer geometries can be demonstrated fo additionally reduce off-axis

4]

specular reflection artifact. Thus, in an example, a combination of large,
approximately circular transducer geometry and PHI as dlustrated in examples
above, can provide improved bone imaging with ultrasound as compared fo
using an array, using THL, or using fundamental frequency imaging.
In an ilhustrative example, a nuilti-modality position sensing approach
10 can be used m combination with one or more of the techniques or apparatus
discussed above. For example, an approach can combing estimates from one or
more of optical finger navigation (OFN) and ultrasonic position estimates. Such
combined estimates can be used to vield a new estimate with lower bias and
variance such as via determining a maximum bkelthood estimate assuming
15 independently Gaussian-distributed ervors. In an illustrative example, custom
electronics can for two OFN sensors that can be mtegrated into apparatus as
apparatus shown m FIGS 2A and ZB.
In an illustrative example , the bias and standard deviation from a multi-
modality position sensing technique using OFN and ultrasound measurements
20 can provide bias and standard deviation at 0.037 muw and 0.189 mm respectively,
such as for 2 mm translations, Tn an example, an optical camera can used with
or without OFN and ulirasound measurements to yield a position estimate. One
or more of ilfumination or filtering can be provided to preferentially image the

targct area with specific light wavelengths.

[
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One or more of the apparatus and techniques described in examples
above can include a mechanically scanned piston transducer {e.g., a transducer
configared with a 3/8” diameter, a 5 MHz center operating frequency, anda 3
cra focal depth, or using one or more other center frequencies ot focal depths),

such as a transducer obtained from Interson, Pleasanton, California, USA.

o
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An iflustrative example of motion estimation that can include an ¢cho

decorrelation technigue

Speckle tracking and decorrelation-based methods can be used to track

motion using ultrasound data, for azimuthal and elevational motion respectively.

4]

However, for sector-scan transducers, with azimuthal motion the point spread
tunction {(PSF) can rotate, such as causing rapid decorrelation and degraded
motion estimation. A sector scan transducer can provide two or more differently-
angled scan beams {¢.g., to provide ulirasonic energy in at least two directions),
such as each having a different angle with respect to a divection of tissue (or

10 other target) motion,

A complex RF decorrelation can vary with the angle between the scan
bearn and the tissue motion direction, Thus, the present inventors have
recognized, among other things, that the set of complex RF decorrelation data
from respective scan beams 1o respective direchions can be used o infer the

15 direction and magnitude of tissue {or other target) motion relative to the imaging
apparatus, such as along with transducer orientation.

For example, a Bayesian probabilistic estimator can be constructed, such
as having the capability to estimate motion in-plane or out-of-plane, such as
individually or contemporanecusly, such as along with transducer orientation.

23 Other applications inchide estimation of dynamic rotations, from such complex
decorrelation data, Generally, in various approaches, ultrasound echo
information can be used to track azimuthal and elovational {e.g., cut-of-plane)
motion, such as using speckie tracking and speckie decorrelation methods,

respectively.

[
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However, fracking of azirauthal motion using a sector-scanned speckle
image can be degraded by rotation of the point-spread function with translation.
For instance, rotations of just 2-10 degrees can cause rapid decorrelation.
Tracking axial motion using RF data can provide higher resolution than for
lateral motion, such as due to the higher spatial frequency in the axial dimension,

30 asmaller speckle size for received complex echo RF data in this dimension, and

40
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an ability {o use time-delay estimators that can closely approach the Cramer-Rao
Lower Bound (CRLB).
Tissue motion can be decomposed into orthogonal axial and lateral

components relative to each of the sector scan A-lines (2.g., such “sectors”

4]

corresponding to respective directions of transmission or receiving of ultrasound
energy). Therefore, when in-phase/quadrature (1) signals are used, the complex
inter-frame correlation data for cach A-lime can mchide information from which
one or more of the axial and lateral components of motion can be estimated. In
an example, a probabilistic, Bayesian maximum likelihood estimator of motion
10 and ortentation can use the angular spread of sector-scanned A-Hnes.

For example, when g transducer is moved relative to tissue containing
fully-developed speckle, the correlation between samples from a focused A-line
before and afier the translation 18 governed by the correlation ot the 3-
diraensional PSFs at the start and end locations, Using complex echo RF data,

15 rather than detected signal correlation, can result in increased accuracy in both
lateral and axal directions, with a much greater increase in accuracy in the axial
direction such as due to the presence of phase data.

Generally, sector-scan ultrasound systems have PSFs that are rotated
between different A-lings. For an angled A-line {¢.g., making an angle ¢=0 with

20 respect to an axial or z-dimension), this changes the correlation curves for both
lateral and axial motion due to geometric projection. For example, projection of
a wavevector, “k=2n/1,” onto the axial and lateral axes can introduce a phase
tactor , “expl) 2w/A Ax sin ), fnto the lateral correlation measurement, and can
modity the axial phase factor, “exp(j 27/ Ax cos §),” where Ax can represent a
25 scalar displacement.

This relationship tlustrates that angled A-lines can be used to fncrease
the accuracy of lateral motion estimates. A transducer motion vector with
elevational or lateral components will make a different angle, “¢;,” with cach of
the angled A-lines, providing a diverse set of complex decorrelation curves, as a

30 function of motion, transducer orientation, and A-line geometry. A Bayesian
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maximum likelihood estimator for the motion vector and transducer orientation
can be formed. In this manner, an absolute orientation of the transducer can be
detected durmg motion, rather than just a change m orientation,

FIG. 13 illustrates generally an itlustrative example of angled A-lines (B)
and non-angled A-lines (A) that can be used for estimation of translation or
orientation using an echo decorrelation motion estimation technique. For
example, a lateral shaft complex decorrelation curve can be represented by an
autocorrelation of a PSF, such as an approximately Gaussian-shaped
representation,  For non-angled A-lines (e.g., (B)), a decorrelation can be
complex. For example, phase can be linecar with shift for sroall angles, as
indicated by the phase factors discussed above. Axial and lateral envelopes can
be geometrically projected on a shift direction.

FIG. 14A illustrates generally an tlustrative example of a parametric
curve fit 1402 using simulated A-line information n an echo decorrelation
motion ostimation technique, and F1G. 148 illustrates generally an illustrative
example of a parametric curve fit 1404 using experimentally-obtained A-line
nformation in an echo decorrelation motion eshimate technigue.

In an illustrative example, a mechanical, 60-degree sector-scanned,
piston transducer (Interson, Pleasanton, CA) was simulated and used to capture
cormplex (103} experimental data while translated over a tissue mimicking
phantom, Stmulation in FIELD [l were used to characterize variations in
complex correlation curves with different motion vectors and transducer
grientations.

In this flustrative example, experimental data were used to verify the
simulations and erapirically sample second-order statistics. Bayes® theorem can

,

be used to relate the conditional probability of a motion vector, “m,” such as

s

given a set of observed normalized complex correlations, *t,” such as for 50-
pixel segments of 256 A-lines at a range of six depths, as in EQN. (3). In this
illustrative example, the motion vector m can be defined as a scalar

displacement, “|As,” along with 3 angles describing the orientation of the
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displacement about the axes that can be represented by “8,,” “8,,” and "8, as in
EQN, (4), with the complex correlation vector also shown with (A-line, depth)
indexing. As the evidence probability that can be represented by “F(r)” can be
constant for all values of “m,” the denominator can be replaced with a

5 proportionality operator in the postertor probability as in EQN. (5). This leads to

‘prior’ probability information P(my), shown m EQN. (6},

P{mn=PirimyP(m /P () (3)
i ={{s[0.0,61 .7 =[5, sl Foaselar ™ Toss] (4)
10 F{mlo) o P(rlopP(m) {5}
arg mex (m) [ P(rmP(m) | (6)

In an example, if the probability distributions, “P(r/m),” are normally
distributed with known first order statistics, the maximization of EQN. {6} can
be converted to minimization of a Euclidean distance measure (e.g., a log-

15 likelhood), which can be a computationally sivapler approach, Although the
probability distributions are not strictly normally distributed, approximation with
a normal distribution can be used.
A model can be derived of the complex correlation that can be
represented by “1j;,” such as for a segment of 50 pixels from the A-line acquired
20 atthe ‘¢'-th angle, at depth ), for a translation *'s” making an angle “o” with
the A-Hoe axial direction veetor, shown in EQN. (7). The depth-dependent
elements “a;{cu)” and “b; " can be a function and a depth-related constant
respectively, with “afou)” represented as in EQN. (8), such as jncluding

experimentally-determined constanis “R; ;" and “Ry;.”

-
(o]

s/ 261138 (7)

texplaian)

aloyy =Ry jsmia) - Ry (8}

Using the model and second-order statistics derived from experimentally-
determined data, motion estimation performance was tested using experimental
values for ¢ during known translations in the x-y (azimuthal-elevational plane),

30 A log-likelihood maximization corresponding to EQN, (6) was performed fora
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range of candidate motion vectors f, including x-y motion and rotation about
the v {¢.g., elevation) axis, Tnterpolation was used fo limit the number of
candidate motion vectors.

FIGS. 15A through 15C illustrate generally these experimentally-

4]

determined illustrative examples. FIG. 15A illustrates generally an iflustrative
of an azimuthal shift motion estimation determined using various techniques,
FIG. 15B iHustrates generally an illustrative example of an clevation shift
motion cstimation determined using various techniques, and FIG. 15C illustrates
generally a rotational shift estimation determined using various techniques,

10 In FIG. 13A, azimuthal motion was estimated using a meodel with a fixed
{and erroneous by 3 degrees) rotation about the olevational axis. Poor
performance in this case (denoted by iriangles) indicates that rotational degrees

of freedom can significantly increase cstimation robustness.

15 An tustrative example that can include a shape modeling technigue

FIG. 16 iltustrates generally an illustrative example of a needle-guide
technique 1600 that can inclode using a hand-held oltrasound imaging apparatus,
such as including an optical sensor. At 1602, a two-dimensional B-mode image
can be obtained such as using a piston transducer. At 1604, a position of the

2% ultrasound tmaging apparatus can be estimated using a multi-mode estimate
including information obtained from recetved ultrasound echoes and information
obtained via an optical sensor {¢.g., a complementary metal-oxide-
semiconductor (CMOS) image sensor, a charge-coupled device (CCD), or using

one or mote other optical seusors). At 1606, an active shape model technique

[
L

can be used to delineate a bone surface. At 1608, a coarsely-sample three-
dimensional bone image can be presented to a user.

At 1610, one or more of an ultrasonic transducer or an apparatus
including the transducer can be translated (e.g., a transducer can be mechanical
scanned or 3 fixed transducer can be translated via movement of the assembly,
30 such as movement of a handheld assembly over tissue). At 1612, a new two-

dimensional B-roode image can be obtained such as using a piston transducer at
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the new location. At 1614, a new position of the ulirasound imaging apparatus
can be estimated using a mult-mode estirnate. At 1616, a bone surface can be
estirnated using an active shape model technigue.

At 1618, a needle insertion location can be estimated. At 1620, a more
tinely sampled three-dimensional bone image can be presented to the user,
including an estimate of the needle nsertion location (e.g., a displayed indiciam
stuch as a cross-hairs can be presented to the user). At 1622, if the displaved
indicium of the needle insertion location is not aligned with one or more fixed
indicia located on the housing of the apparatus, the technique 1600 can include
returning to 1610 and the apparatus can be translated {(¢.g., moved slightly) by a
user. At 1624, when the displayed mdicium is aligned with one or more fixed
indicia, a needie can be inserted at a specitied location, such as along or nearby a
tick mark aa shown in the ithustrative example of FIG. 16,

In the example of FIG. 16, a statistical signal processing model-fitting
strategy can be used, and can be referred to as an “active shape model.” Such an
active shape model can be used to automatically segment the surtace of a spinal
bone from a series of obtained 2D images. The segmented bone surface profile
along with the multi-modality position estimates can be used together to build up
a three-dimensional image of the bone.

FIG. 17 illustrates generally an illustrative example 1700 ot a shape-
modeling techmique. The shape model technique 1700 illustrated in FI1G, 17 can
be used in an active shape modeling technique as shown in FIG. 1§, such as to
determine a segmentation profile solution, “y,” that can maximize a strength of
an edge in the image from edge detection, “8,” and can minimize an error

between the profile solution and a statistical shape model fitting, ne:

y= max{_iﬁ(y} ~Cly-m+C,

(9)

Y

where v can represent the segmentation solution, “ B (y} 7 can ropresent

values of an edge detection image at the segmentation solution location, “m”
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can represent a solution from a statistical model fitting applied {o vector v {ora
filtered version of y as in FIG. 18), and ) and {; can be constants.

At 1702, a computer aided design (CAD) can be used as a basis for the
model, such as to provide a candidate “target,” such as at least a portion of a

5 spine. At 1704, 2 number of spine surface profiles can be compiled, such as
corresponding to respective orientations of at least a portion of the spine.

At 1706, a filtering operation can be performed on the respective
profiles, such as including low-pass filtermg. At 1708, one or more profiles can
be aligned or scaled, such as to a common magnitude {¢.g., a normalization of

I the profiles can be performed). At 1710, respective landmark points can be
identified, and corresponding {x,v} coordinates for respective landroarks can be
deformined to provide respective resamplod profiles. At 1712, such resampled
protiles obtained at 1710 can be arranged into a matrix, that can be represented
by X"

15 At 1714, a principal components analysis (PCA) can be performed, such
as to create a statistical shape model. At 1716, such a shape model can include a
“mean” spine shape, at 1718, such a shape model can include respective
eigenvectors, and at 1720, such as shape model can include respective
cigenvalues. At 1722, a subgroup of eigenvectors can be retained, such as

20 corresponding to the largest associated eigenvalues,

FIG. 18 illustrates generally an illustrative example of a shape-modeling
techuique 1800, In the dlustrative example of FIG. 18, at 1802, ultrasound
imaging information can be acquired, and at 1804, an edge detection can he
performed on an acquired image. Generally-available shape modeling

25 technigues can have hinutations such as that (1), they may not generally be
automated; {2) they may assume that the shape of inferest 1s always in the field
of view; (3} they may not utilize prior information; {4} training sets may be
constructed trom a low number of manually segmented images; and (5) they
generally may not be used as one of a plarality of factors in an evergy function,

30 which can be iteratively maximized or minimized to find a segmented profile.
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In contrast, the present inventors have recognized, among other things,
that the active shape modeling technique can overcome such limitations. For
exarople, lirottation (1) can be addressed, such as m FIG. 18 by fully automating

the initialization of the segmentation solution, which can be performed at 1804,

4]

1806, 1808, or 1810, Limitation (Z) can be addressed, for example, by using
1808, At 1808, an additional row can added to the image matnix, which can
represent the location of “no bone” in the image. I no bone 18 1n the twage or if
the model fitting vector does not fit well to the proposed segmentation vector,
then values in a matrix ff can be reduced, and the solution can converge to
10 locations along the artificially created bottom row the matrix, Matrix H can
represent the edge detected image B but with a row added to the end, which can
be set {0 a value represented by “v1.” Thus, the method need not be forced to
“find” or segment a bone struchure when there is none n the image or if the
entfire hone 1s not in the ficld of view.
5 At 1812, a filtering operation can be performed on the segmentation
profile sohution, “y,” At 1814, for respective spine segments, (x,y) coordinates
{e.g., depth and lateral positions) can be determined for landmark points
consistent with a statistical shape model (SSM}. At 1816, respective spine

66,39

segment vectors, “x” can be statistically fitted to vield a statistical shape model

24 fitting, “p.” At 1818, an error matrix can be computed, such as using a
minimum Euclidean distance between the (x,y) coordinates for respective ¢ntries
in“x.” At 1820, respective rows in /4 can be updated such as by penalizing
locations that are not near the model fitting and reinforeing locations close to the

mode! fitting., At 1822, i convergence has not yet been reached and a maximum

[
L

number of Herations has not been met, the technique can retam to 1810,
(rtherwise, one or more of “v,” “b,” or “my,” can be output at 1824,

Limitation {4} can be addressed, for example, by using a CAD model as
discussed in relation to the example of FIG. 17, Limitation (3) can be addressed,
tor example, such as by incorporating prior information info the technique
30 illustrated in FIG. 18, such as shown in FIG. 19, which tllustrates generally an

fllustrative example of a shape-modeling technique 1900.

4
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In the tHustrative example of FIG. 19, at 1902, ultrasound imaging
information can be acquired, and at 1904, an edge deicetion can be performed on
an acquired tmage. At 1906, a value can be determined as a multiple of a
standard deviation of a speckle region. At 1908, an additional row can added to
the image matrix including the value determined at 1906, which can represent
the location of “no boue” in the ymage. At 1910, an ervor can be computed
images. The (, values can be equal for all £z at 1912 or they can depend on the
distance or time from the current image in which the prior data was acquired.
Generally, 1910 and 1912 bias segmentation results toward results achieved
from previous images.

As in the illustrative example of FIG, 18, at 1916, a Giltcring operation
can be performed on the segmentation profile solution, “y,” At 191§, for
respective spine segments, (x,y} coordinates (e.g., a depth and a lateral position)
can be determined for landmark points consistent with a statistical shape model
(SSM). At 1920, respective spinc segment vectors, “x” can be statistically fitted
to yield a statistical shape mode! fiting, “m.” At 1922, an error matrix can be
computed, such as using a mingmum Euclidean distance between the (0,y)
updated such as by penalizing locations that are not near the model fitting and
reinforcing locations close to the model fitting. At 1926, if convergence has not
yet been reached and a meaxiimum number of iterations has not been met, the

2%

technigue can refurn to 1914, Otherwise, one or more of “y,” “b," ot “m
be output at 1928,

Limitation (5) can be addressed such using the techniques of FIGS. 18 or
19, such as including iteratively nunimizing or maximizing an error function.
For example, such technigques can iteratively finds a profile that can minimize
error compared with the shape model and maximizes an edge strength such as

shown in EQN. (9), such as shown at 1820 or 1924, including an imcorporation
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More iflustrative examples of needle isertion site identification that can include

an_wirasound imaging techiique
FIGS. 20A through 206 illustrate generally a technique that can melude

identifying a needle msertion site such as for use in an epidural anesthesia

4]

procedure. In FIG. 20A, an ultrasound imaging apparatus 180 can be coupled to
a patient’s skin, such as in proximity to a hurnbar spine region. Tn FIG. 208, the
wltrasound 1maging apparatus 100 can be translated along a surface of the
patient’s skin, such as to “build up” a three-dimensional representation of the
spine. In FIG, 20C, a cross hairs or other displaved indicia presented (o the user
10 on the handheld apparatus 100 can be aligned to one or more of a marking
instrument guide or g needle guide located on the housing of the apparatus. In
FiG, 20D, a patient’s skin can be marked such as using a marking instrament
{e.g., amarker or pen) guided by one or more of a needle guide or a marking
instrument guide located on the apparatus 100, FIG, 20E dlustrates a side view
15 of the apparatus 100 such as shown in FIG. 20D. In FIG. 20F, the apparatus 100
can be removed from the skin, and one or more lines can be extended, such as
between two or more marks made using respective marking instrument guides or
needle guides, such as shown in FIGS. 20D through 208, In FIG. 20, a necdle
can be inserted, such as at an intersection of two lines respectively extending
2% between marks made at least in part using the apparatus 100 to align a marking
instrument, The three-dimensional representation can be constructed using one
or more techniques discussed in the examples above or below, and the apparatus
can include one or more portions of FIG. 1, or FIGS. 2A through 28, or onc or

more other examples,

[
L

FIGS. 21A through 21E iHustrate generally a technigue that can include
identitving a needle insertion site and performing a needle msertion, such as for
use in an epidural ancsthesia procedure. In FIG. 214, an ulirasound imaging
apparatus 100 can be coupled o a patient’s skir, such as in proximity to a
lumbar spine region. In FIG. 218, the ultrasound imaging apparatus 100 can be
30 translated along a surface of the patient’s skin, such as to “build up” a three-

dimensional representation of the spine. In FIG. 21C, a cross hairs or other
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displayed indicta presented to the user on the handheld apparatus 106 can be
aligned to one or more of a marking fstrument guide or a needle goide located
om the housing of the apparatus. In FIG. 21D, a needle can be mserted into the

pationt’s skin, such as while contemporancously imaging a bone below the skin.

4]

Such necdle insertion can be aligned using information displayed on the
apparatus 100, and using a needle guide included as a portion of the apparatus
100, such as located on the housing. FIG. 21E illustrates a side view of the
apparatus 100 such as shown in FIG, 21D, The three-dimensional representation
can be constructed using one or more techniques discussed in the examples

10 above or below, and the apparatus can include one or more portions of FIG. 1, or

FIGS, 2A through 2B, or one or more other examples,

Various Noies
Example 1 can include or use subjoct matter (such as an apparatus, a
15 method, a means for performing acts, or a device readable medium including
instructions that, when performed by the device, can cause the device to perform

acts}, such as can include or use an ultrasonic transducer element configured to

(2]

generate ultrasonic cnergy to be directed into tissue of a subject and configured
to receive a portion of the ultrasonic energy reflected by a predominantly

28 specular-reflecting target, the ultrasonic transducer element comprising a surface
configured to provide or receive the ultrasonic energy, the surface mehuding an
arca of greater than or equal to about 447, where A is an acoustic wavelength
corresponding to a center frequency of the generated ulirasonic energy, the

surface at least approximately syrametrical in bwo axes, a processor ¢ircuit

[
L

contfigured to control the ulirasome transducer element to generate or receive
ultrasonic energy, and configured to obtain mformation indicative of the
ultrasonic energy reflected by the target, a position tracking circut configured to
provide information mdicative of a motion of the ultrasonic transducer clement,
and a display configured to present information about one or more of a location,
30 orientation, or shape of the target, the information about the location, orientation,

or shape determined by the processor circuit using the obtained fnformation
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indicative of the ultrasonic energy reflected by the target and the mformation
indicative of the motion of the ultrasonic transducer element.
Example 2 can include, or can optionally be combined with the subject

matter of Example 1, to optionally include a display substantially parallel toa

4]

tissue surface, and the information determined by the processor circut including
providing a spatially-registered three-dimensional representation of at least a
portion of the target for presentation via the display.
Example 3 can include, or can optionally be combined with the subject
matter of cue or any combination of Examples | or 2 to optionally include a
10 housing sized and shaped to be held or manipulated using one hand of a user, the
housing including the processor circuit, the position tracking circuit, and the
display, the ultrasonic transducer locaied on or within the housing.
Example 4 can include, or can optionally be combined with the subject
matier of Example 3, to optionally include a bousing mcluding at least one of 2
15 needle guide or a guide for a marking instrument, the at least one of the needle
suide or the guide for a marking instrument located along or near a perimeter of
the display.
Example 5 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 3 or 4 to optionally include a
20 housing including at feast two fixed alignment indicia at locations specified to
align the apparatus with a spectfied region, the specified region determined at
least in part using information about one or more of a location, orientation, ot
shape of an anatomical feature refative to the display.

Example 6 can fnclude, or can optionaily be combined with the subject

[
L

moatter of Example 5, to optionally include at least one of the needle gunde or the
guide for a marking instrument aligned at least in part using at least one of the
alignment indicia.

Example 7 caninclude, ot can optionally be combined with the subject
matter of one or any combination of Examples 3 through 6 to optionally include
30 aprocessor configured to generate an image for presentation via the display

including a displayed alignment tndiciur.
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Example 8 can include, or can optionally be combined with the subject
matter of Example 7, to optionally include a housing inchuding at teast one fixed
alignment mdictum, and apparatus configured to provide an mdication that the
apparatus is aligned with a specified rogion when the displayed alignment
indiciumm 1s in a specified location relative to the fixed alignment indicium, the
specitied region determined at least in part using information about a location of
an anatomical feature within the tissue relative to a surface of the fissue region,

Example 9 can include, or can optionally be combined with the subject
raatter of one or any combination of Examples | through 8 to optionally include
a processor circuit is configured to wdentify, via the display, an estimate of one or
more of a location, orientation, or shape of a specified anatomical feature.

Example 10 can include, or can optionally be combined with the subject
matter of one or any combination of Examples | through 9 to optionally include
a target comprising bone, and a processor eircuit
configured to estimate one or more of a location, shape, or orientation of the
bone using a model including ioformation about a candidate target,

Example 11 can include, or can optionally be combined with the subject
matter of one or any combination of Examples | through 10 to optionally
include one or more of an optical imaging sensor or an accelerometer, and a
posttion tracking circuit configured to determine the information indicative of a
motion of the ulirasonic transducer clernent using inforroation obtained via one
or more of the optical imaging sensor or the accelerometer, and information
about the received ultrasonic energy.

Example 12 can include, or can optionally be cornbined with the subject
moatter of one or any combination of Examples | through 11 to optionally
include a position tracking circuit configured to estimate one or more of an out-
of plane or in-plane motion of the ultrasonic transdocer element at least i part
using information obtained via the correlation between two or more ultrasonic
echo signals received during a specified interval,

Example 13 can include or use subject matter (such as an apparatus, a

method, a means for performing acts, or a device readable medium including
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instructions that, when performed by the device, can cause the device 1o perform
acts}, such as can mclode or use an ultrasonic transducer clement array, the array
configured to generate ultrasonic energy to be directed nto tissue of a subject

and contigured to receive a portion of the ultrasonic energy reflected by a

4]

predominantly specular-reflecting target, and the array including a spacing

between at Jeast two adjacent ulirasound transducer elements of less than or

equal to about 1/2 A, where & 1s an acoustic wavelength corresponding to a center

frequency of the generated ultrasonic energy, and the array comprising an

aperture that is at least approximately syrometrical in two axes, a processor

10 circuit configured to control the ultrasonic transducer array to generate or
receive ulirasonic energy, and configured to obtam information indicative of the
ultrasonic energy reflected by the target, a display configured to present
information about one or more of a location, orientation, or shape of the target,
the information about the location, oricntation, or shape determined by the

15 processor circuit using the obtained information indicative of the uitrasonic
energy reflected by the target.

Example 14 can include, or can optionally be combined with the subject
matter of Example 13, to optionally include an array comprising a lincar array,
an annular array, or a two-dimensional array.

20 Example 15 can inclode, or can optionally be combined with the subject
matter of one or any combination of Exaraples 13 or 14 to optionally include a
display substantially parallel to 2 tissue surface, and information determined by
the processor circuit mcluding providing a spatiaily-regisierad three-dimensional

representation of at least a portion of the target for presentation via the display.

[
L

Example 16 can mclude, or can optionally be corabined with the subject
matter of one or any combination of Examples 13 through 15 to optionally
include a housing sized and shaped to be held or manipulaied using one hand of
a user, the housing including the processor circuit and the display, the array
including an ultrasonic transducer located on or within the housing.

30 Example 17 can include, or can optionally be combined with the subject

matter of Example 16, to optionally include a housing including at least one of a

Lh
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needle guide or a guide for 8 marking instrument, at least one of the needle guide
or the guide for a marking instrument located along or near or a perimeter of the
display.

Example 18 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 16 or 17 to optionally include a
housing inclading at least two fixed alignment mndicia at locations specified to
align the apparatus with a specified region, the specified region deterovned at
least in part using information about one or more of a location, orientation, ot
shape of an anatomical feature refative to the display.

Example 19 can mnchude, or can optionally be corbined with the subject
matter of one or any combination of Examples 16 through 18 to optionally
include a processor configured to generate an image for presentation via the
display including a displaved alignment indicium.

Example 20 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 13 through 19 to optionally
include a processor circuit contigured to idenuty, via the display, an estimate of
a location of a specified anatomical feature.

Example 21 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 13 through 19 to optionally
inctude a target comprising bone, the processor configured to estimaie a
location, shape, ot orientation of the bone using a model including information
about a candidate target.

Example 22 can include or use subject matter (such as an apparatus, a
method, a means for performing acts, or a device readable medium mcluding
mnstructions that, when performed by the device, can cause the device to perform
acts}, such as can include or use an ultrasonic transducer element configured to
generate ulirasonic energy, the ultrasonic energy to be directed into tissue of a
subject in a time-varying direction and the ulfrasonic fransducer elernent
configured to receive a portion of the ulirasonic energy reflected by a target, a
processor circutt configured to control the vltrasonic transducer element to

generate or receive ultrasonic energy, and configured to obtain information
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indicative of the ultrasonic energy reflected by the target, a position tracking
cireutt configured to estimate one or more of the magnitude or direction of a
maotion between the ultrasonic transducer element and the target using

information about a magnitude and a phase of a complex correlation, the

4]

complex correlation determined using imformation about at least two samples of
wltrasonic energy reflected by a target and information about a hypothetical
coraplex correlation cotresponding to motion of the target relative to at feast two
directions of generated ultrasonic energy, and a display contigured to present
information about one or more of a magnitude or direction of the motion

10 between the ulirasonic transducer element and the target.

Example 23 can mclude, or can optionally be combined with the subject
matter of Example 22 to optionally include at least two samples of received
wltrasonic guergy comprising respective samples corresponding to energy
received from respective directions,

i5 Example 24 can include, or can optionally be combined with the subject
matter of oue or any combination of Examples 22 or 23 to optionally include a
predonnantly specular-reflecting target.

Example 25 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 22 through 24 to optionally

20 include information determined by the processor circuit comprising providing a

three-dimensional representation of one or more of a location, otientation, or

shape of at least a portion of the target for presentation via the display,
Example 26 can include, or can optionally be combined with the subject

matter of one or any combination of Examples 1-25 {o include, subject matter

[
L

{such as an apparatus, a method, a means for performing acts, or a machme
readable medium including instructions that, when performed by the machine,
that can cause the machine to perform acis), such as can include generating
ulfrasonic energy to be directed into tissue of a subject and receiving a portion of
the ultrasonic cnergy reflected by a predominantly specular-reflecting target

30 using an ultrasonic transducer element comprising a surface configured to

provide or receive the ultrasonic energy, the surface including an area of greater

LA
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than or equal to about 4.7, where X is an acoustic wavelength corresponding to &
center frequency of the gencrated ultrasonic encrgy, the surface at least
approximately svownetrical in two axes, obtaining information indicative of the
ultrasonic energy reflected by the target, determining information indicative of a
motion of the ultrasonic transducer element, and presenting information about
one or more of a location, oricutation, or shape of the target, the mformation
about the location, orientation, or shape determined using the obtaned
information indicative of the ultrasonic energy reflected by the target and the
information indicative of the motion of the ultrasonic transducer element.
Example 27 can mnclude, or can optionally be combined with the subject
matter of Example 26, to optionally include presenting a spatially-registered
three-dimensional representation of at least a portion of the target for
presentation via a display oriented substantially paraliel to a tissue surface.
Example 28 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1-27 to include, subject matter
{(such as an apparatus, a method, a means for performing acts, or a machine
readable medium inchuding mstructions that, when performed by the machine,
that can cause the machine to perform acts), such as can mchude generating
ultrasonic energy to be directed into tissue of a subject and receiving a portion of
the ultrasonic energy reflected by a predominantly specular-reflecting target
using an ultrasonic transducer array including a spacing between at least two
adjacent ultrasound transducer clements of less than or equal to about 1/2 A,
where A is an acoustic wavelength corresponding to a center frequency of the
gencrated ultrasonic energy, and the array comprising an aperture that is at least
approximately svonmetrical in two axes, obtaming mformation indicative of the
ultrasonic energy reflected by the target, and presenting information about one or
more of a location, orientation, or shape of the target, the information about the
location, oricntation, ot shape determined using the obtained information

indicative of the ultrasonic energy reflected by the target,
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Example 29 can include, or can optionally be combined with the subiect
matter of Example 28, to optionally include an array comprising a hnear array,
an annular artay, or a two-dimensional array.

Example 30 can include, or can optionally be combined with the subject

4]

matter of one or any combination of Examples 1-29 to include, subject matter
{such as an apparatus, a methed, a means for perfornung acts, or a machine
readable medium including mstructions that, when performed by the machine,
that can cause the machine to perform acts), such as can inchide gencrating
ultrasonic energy to be divected into tissue of a subject in a time-varying
10 direction using an ultrasonic transducer clement and receiving a portion of the
ultrasonic energy reflected by a target, obtaining information indicative of the
ultrasonic energy reflected by the target, estimating one or more of a magnitude
or direction of a motion between the ultrasonic transducer ¢lement and the target
using miormation about a magnitude and a phase of'a complex correlation, the
15 complex correlation determined using information about at least two samples of
ultrasonic encrgy reflected by a target and information about a hypothetical
complex correlation corresponding to motion of the target relative to at least two
directions of generated ultrasonic energy, and presenting information about one
or more of a magnitude or direction of the motion between the ultrasonic
20 transducer element and the target.
Example 31 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1-30 to include, subject matter
{(such as an apparatus, a method, 8 means for performing acts, or a machine

readable medium inchuding mstractions that, when performed by the machine,

[
L

that can cause the machine to perform acts), such as can mchude using a model
comprising a statistical shape model of a candidate target.

Example 32 can include, or can optionally be combined with the subject
matter of one or any combination of Exaraples 1-31 to melude, subject matter
(such as an apparatus, a method, a means for performing acts, or a machine
30 readable mediom including instructions that, when performed by the machine,

that can cause the machine to perform acts), sach as can include or can use an
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ultrasonic transducer element configured lo provide energy in a defocused
Hannet.
Example 33 can mclude, or can optionally be cormbined with the subject

matter of ono or any combination of Examples 1-32 to include, subject matter

4]

{such as an apparatus, a method, a means for performing acts, or a machine
readable medium including instructions that, when performed by the machine,
that can cause the machine to perform acts), such as can include or canusc a
processor circuit configured to cstimate a location of a portion of the spine using
a loopy belief propagation technigue.
10 Example 34 can mnclude, or can optionally be combined with the subject
matter of one or any combination of Examples 1-33 {o include, subject matter
{such as an apparatus, a method, a means for performing acts, or a maching
readable medium incluoding mstructions that, when performed by the machine,
that can cause the machine to perform acts), such as can melude or canuse a
15 processor circuit configured to control the ultrasonic transducer element to
generate or receive ultrasonic energy, and configured to obtain imnformation
indicative of the ultrasonic energy reflected by the target, select a windowed
region of information indicative of the ultrasonic encrgy reflected by the target,
the windowed region spanning a half of an acoustic wavelength corresponding to
20 acenter frequency of the generated ultrasonic energy, identify two or more
principal components (PCs) on the windowed region of information using a
spectrum analysis technique, project the information indicative of the ultrasonic
energy reflected by the farget onto a second principal component included in the

identified principal components, the second principal component corresponding

[
L

{0 information outside a fundamental band corresponding to the center frequency
of the generated acoustic energy, and construct an image of at least a portion of
the target using the sccond principal component,

Example 35 can mclude, or can optionally be combined with the subject
matter of Example 34, to optionally include a spectrum analysis technical

30 comprising a singular spectrum analysis (SSA) technique.

A
[o.2]
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Example 36 can include, or can optionally be combined with any portion
or combination of any portions of any one or more of Examples 1-35 to include,
subject matter that can include means for performing any one or more of the

functions of Examples 1-35, or 3 machine-readable medium including

4]

instructions that, when performed by a machine, cause the machine to perform
any one or more of the functions of Examples 1-35.
Each of these non-limiting examples can stand on 1is own, or can be combined n
various permutations or combinations with one or more of the other examples.
The asbove detailed description includes references to the accompanying
10 drawings, which form a part of the detailed description. The drawmgs show, by
way of iflustration, specific embodiments in which the invention can be
practiced. These embodiments are also referred 1o herein as “examples.” Such
examples can melude elements 1n addition to those shown or described.
However, the present inventors also conternplate examples in which only those
15 clemoents shown or described are provided. Moreover, the present inventors also
contemplate examples using any combination or permutation of those elements
shown or described (or one or more aspeets thereot), either with respect to a
particular cxample {or one or more aspects thereof), or with respect to other
examples (or one or more aspects thereof) shown or described herein.
20 Al publications, patents, and patent documents referred to in this
document are ncorporated by reference herein in their entivety, as though
individually incorporated by reference. In the event of inconsistont usages
between this document and those docurnents so incorporated by reference, the

uaage n the incorporated reference(s) should be considered supplementary to

[
L

that of this document; for irreconcilable inconsistencies, the usage in this
document controls.

In this document, the torms “a” or “an” are used, as s common i patent
documents, to nclude one or more than one, independent of any other instances
or usages of “at least one” or “one or more.” In this document, the torm “or” is
30 used to refer to a nonexclusive or, such that “A or B” includes “A but not B, “B

butnot A, and “A and B,” unless otherwise indicated. In this document, the
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terms “including” and “in which” are used as the plain-English equivalents of
the respective terms “comprising” and “wherein.” Alse, m the following claims,
the terms “meluding” and “comprising” are open-ended, that 1s, & syster,

device, article, or process that includes elements in addition to those Hsted after

4]

such a tern in a claim are still deemed to fall within the scope of that claim.

bR

Moreover, n the following claims, the terms “first,” “second,” and “third,” ete.
are used merely as labels, and are not intended o trapose numerical
requirernents on their objocts.

Method examples described herein can be machine or computer-

10 impleomenied at least in part. Some examples can imclude a computer-readable
medium or machine-readable medium encoded with instructions operable to
contigure an electronic device to perform methods as described in the above
examples. An implersentation of such methods can inclade code, such as
microcode, asserably language code, a higher-level language code, or the like.

15 Such code can include computer readable instructions for performing various
methods. The code may form portions of computer program products. Further,
in an example, the code can be tangibly stored on one or more volatile, non-
fransitory, or non-volatile tangible computer-readable media, such as during
execution or at other times. Examples of these tangible computer-readable

20 media can include, but are not Himited to, hard disks, removable magnetic disks,
reroovable optical disks (¢.g., compact disks and digital video disks), magnetic
cassettes, memory cards or sticks, random access memorios {RAMSs), read only
memories (ROMs), and the like.

The above description is infended to be illustrative, and not restrictive.

[
L

For example, the above-described examples (ot one or more aspects thereof)
may be used in combination with cach other. Gther embodiments can be used,
such as by one of ordinary skill in the art upon reviewing the above description.
The Abstract 18 provided to comply with 37 C.F.R. §1.72(b), to allow the reader
to quickly ascertain the nature of the technical disclosure. It is submitted with
30 the understanding that it will not be used to interpret or limit the scope or

meaning of the claims. Also, in the above Detatled Description, various features

60
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may be grouped together to streamiine the disclosure. This should not be
nterpreted as intending that an onclaimed disclosed feature is essential to any
claim. Rather, roventive subject matter roay lie 1n less than all features of a

particular disclosed embodiment. Thus, the following claims are herehy

5 incorporated into the Detailed Description, with each claim standing on its own
as a separate embodiment, and 1t 18 contemplated that such embodiments can be
combined with cach other in various combinations or permutations, The scope
of the invention should be determined with reference to the appended claims,
along with the full scope of equivalents to which such claims are entitled.

10

61
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THE CLAIMED INVENTION IS:

i. An apparatus, comprising:
an ultrasonic transducer element contfigured to generate ultrasonic energy

5 tobe directed indo fissue of a subject and configured to receive a portion of the

ultrasonic energy reflected by a predominantly specular-retiecting target, the

ultrasonic transducer element comprising a surface configured to provide or

receive the ultrasonic energy, the surface meluding an area of greater than or

equal to about 417 | where A is an acoustic wavelength corresponding to a conter
10 frequency of the generated ultrasonic energy, the surface at least approximately

symmetrical in two axes;

a processor eircuit configured to control the ultrasonic tranaducer
clement {0 generate or receive ultrasonic energy, and configured to obtain
information indicative of the ultrasonic energy reflected by the target; and

i5 a position tracking circuit configured to provide mformation indicative of
a motion of the ultrasonic transducer element; and

a display configured to present information about one or more of 3
location, orientation, or shape of the target, the information about the location,
orientation, or shape deteriined by the processor circuit using the obtained

20 mformation indicative of the ultrasonic encrgy reflected by the target and the

information indicative of the motion of the ultrasonic transducer element.

2. The apparatus of claim |, wherein the display 1s substantially parallcl to a
tissue surface; and

25 wherein the information determined by the processor circuit mcludes
providing a spatialty-registered three-dimensional representation of at least a

portion of the target for presentation via the display.
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3. The apparatus of claim I, comprising a housing sized and shaped to be
held or manipulated using one hand of a user, the housing including the
processor cireutt, the position tracking circuit, and the display; and

wherein the ulirasonic transducer is located on or within the housing.

5
4. The apparatus of claim 3, wherein the housing includes at least one of a
needle guide or a guide for a rarking instrument; and
wherein at feast one of the needle guide or the guide for a marking
instrument is focated along or near a perimeter of the display.
10

3. The apparatus of claim 3, wherein the housing includes at least two fixed
alignment indicia al focations specified to align the apparatus with a specified
region, the specified region determined at least in part using information about
one or more of a location, orientation, or shape of an anatomucal feature relative

15 tothe display.

6. The apparatas of claim S, wherein at least one of the needle guide or the
guide for a marking instrument is aligned at least in part using at lcast one of the

alignment indicia.

20
7. The apparatus of claim 3, wherein the processor is configured to generate
an image for presentation via the display including g displayed alignment
indictum.

25 & The apparatus of claim 7, wherein the housing inchudes at least one fixed

alignment indichim; and
wherein the apparatus is configured fo provide an indication that the
apparatus 18 aligned with a specified region when the displayed alignment
indicium is in a specified location relative to the fixed alignment indictum, the
30 specified region determined at least in part using information about a location of

an anatomical feature within the tissue relative to a surface of the tissue region,
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10

20

[
L

9. The apparatas of claim 1, wherein the processor cirout is configured to
identity, via the display, an estimate of one or rmeore of a location, orientation, or

shape of a specitied anatomical feature.

10.  The apparatus of claim 1, wherein the target comprises bone; and
wherein the processor 1s configured to estimate one or more of a location,
shape, or orientation of the bone using a model including information about a

candidate target.

11, The apparatus of claim 1, comprising one or more of an optical imaging
sensor or an accelerometer; and

wherein the position tracking circuit 1s configored to determine the
information indicative of @ motion of the ultrasonic fransducer clement using
information obtained via one or more of the optical imaging sensor or the

accelerometer, and information about the received ultrasonic energy.

12, The apparatus of claim 1, whercin the position tracking circuit is
configured to estimate one or more of an out-of plane or in-plane motion of the
ultrasonic transducer element at least ju part using information obtained via the
correlation between two or more ulirasonic echo signals received during a

specitied interval,

13, Anapparatus, comprising:

an ulirasonic transducer cloruent array, the array configured to generate
ultrasonic energy to be directed into tissue of a subject and configured to receive
a portion of the ultrasonic energy reflecied by a predominantly specular-
reflecting target, and the array including a spacing between at least two adjacent
ultrasound transducer clements of less than or equal to about 1/2 A, where 1 is an

acoustic wavelength corresponding to a center frequency of the generated
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ultrasonic encrgy, and the array comprising an aperture thal is at feast
approxirnately syimmetrical in two axes;
a processor circuif configured fo control the ultrasonic transducer array fo

generate or receive ultrasonic onergy, and configured to obtain information

4]

indicative of the ultrasonic encrgy retlected by the target; and

a display contigured to present information about one or more of a
location, orientation, or shape of the target, the information about the location,
orientation, or shape determined by the processor circuit using the obtained
information indicative of the ultrasouic energy reflected by the target.
10
14, The apparatus of claim 13, wherein the array comprises a linear array, an

annular array, or a two-dimensional array.

15 The apparatus of clamm 13, wherein the display 1s substantially parallel to
15 atissue surface; and
wherein the mformation determined by the processor circuit includes
providing a spatially-registered three-dimensional represcutation of at least a

portion of the target for presentation via the display.

26 16, The apparatus of claim 13, comprising:
a housing sized and shaped to be held or manipulated using one hand of a
user, the housing mcluding the processor circuit and the display; and
wherein the array includes an ultrasonic transducer located on or within

the housing,

25
17.  The apparatus of claim 16, wherein the housing includes at least onc of a
needle guide or a guide tor a marking instrument; and
wherein af feast one of the needle guide or the guide for a marking
instrument is located along or near or a perimeter of the display.
30

SUBSTITUTE SHEET (RULE 26)



WO 2012/148985 PCT/US2012/034945

18, The apparatus of claim 16, wherein the housing includes at least two
fixed ahgnment indicia at locations specified to align the apparatus with a
specified region, the specified region determined at least in part using

information about one or more of a location, orientation, or shape of an

4]

anatomical feature relative to the display.

19, The apparatus of claim 16, wherein the processor is configured to
gencrate an image for presentation via the display including a displaved
alignment indicium,

10
26, The apparatus of claim 13, wherein the processor circuit is configured to
identify, via the display, an estimate of a location of a specified anatomical

teature,

15 21, The apparatus of claim 13, wherein the target comprises bone; and
wherein the processor is configured to estimate a location, shape, or
orientation of the boue using a model including information about a candidate

target.

20 22, Anapparatus, comprising:
an wltrasonic transducer clement configured to generate ultrasonic
energy, the ultrasonic energy to be directed into tissue of a subject in a time-
varying divection and the ultrasonic transducer element configured to receive a

portion of the ultrasonic energy reflected by a target;

[
L

a processor circuit configured fo control the ultrasonic transducer
element to generate or recetve ultrasonic energy, and configured to obtain
information indicative of the ultrasonic energy reflected by the target;

a posifion tracking circuit configured to estimate one or more of the
magnitude or direction of a motion between the ultrasonic transducer eloment
30 and the target using information about a magnitude and a phase of a complex

correlation, the complex correlation determined using information about at least
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two samples of nltrasonic encrgy reflecied by a target and mformation about a
hypothetical complex correlation corresponding to motion of the target relative
to at least two directions of generated ultrasonic energy; and

a display configured to present information about one or more of a

4]

magnitude or direction of the motion between the ultrasonic transducer element

and the target.

23, The apparatus of claim 22, wherein the at least two samples of received
ultrasonic energy inchide respective samples corresponding to energy received

10 from respective dircetions.

24.  The apparatus of claim 22, wherein the target includes a predominanily

specular-reflecting target.

v

5 2

1

5. Tho apparatus of claim 22, wherein the information determined by the
processor circutt includes providing a three-dimensional representation of one or
more of a location, orientation, or shape of at least a portion of the target for

presentation via the display.

26 26, A method, comprising:
generating ultrasonic energy to be directed 1nto tissne of a subject and
recoiving a portion of the ulirasonic energy reflected by a predominantly
specular-reflecting larget using an ultrasonic transducer clement comprising a

surface configured to provide or receive the ultrasonic energy, the surface

25 including an area of greater than o equal to about 447, where & Is an acoustic
wavelength corresponding to a center frequency of the generated ultrasonic
energy, the surface at least approximately symmetrical in bwo axes;

obtaining mformation indicative of the ulirasonic energy reficcted by the
target,

30 determining information indicative of a motion of the uitrasonic

transducer element; and

[orp
~-3
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presenting information about one or more of a location, orientation, or
shape of the target, the nformation about the location, orientation, or shape
determined using the obtained mformation indicative of the ultrasonic cuergy

retlected by the target and the information indicative of the motion of the

5 ultrasonic transducer element.
27.  The method of claim 26, comprising presenting a spatially-registered
three-dimensional representation of at least a portion of the target for
presentation via a display oriented substantially parallel to a tissue surface.
10

28, A method, comprising:
generating ultrasonic energy to be directed inio tissue of 2 subject and
receiving a portion of the nltrasonic energy reflected by a predonunantly
specular-reflecting target using an ultrasonic transducer array inchuding a
15 spacimg between at least two adjacont ultrasound transducer elements of less
than or equal to about 1/2 A, where & is an acoustic wavelength corresponding to
a center frequency of the generated ultrasonic energy, and the array comprising
an aperture that is at [east approximately symmetrical in two axes;
obtaining information indicative of the ultrasonic energy reflected by the
20 target; and
presenting information about one or more of a location, orientation, or
shape of the target, the information about the location, orientation, or shape
determimed using the oblained mformation indicative of the ultrasonic energy

reflected by the target.

[
L

29, 'The method of claim 28, wherein the array comprises a linear array, an

annular array, or a two-dimensional array.
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A method, comprising
generating ultrasonic energy to be directed into tissue of 4 subject ina
time-varying direction using an ultrasonic fransducer clement and receiving a

portion of the ulirasonic energy reflocted by a target;

4]

obtaining information indicative of the ultrasonic energy reflected by the

estimating one or more of 2 magnitude or direction of a motion between
the ultrasonic transducer clement and the target using information about a
magnitude and a phase of a complex correlation, the complex correlation

10 determined using information about at least two saroples of ulirasonic energy

reflected by a target and mformation about a hypothetical complex correlation
corresponding to motion of the targel relative to at least two directions of
generated ultrasonic energy; and

presenting information about one or more of a magnitude or direction of

15 the motion between the ultrasonic transducer olement and the target.
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