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7) ABSTRACT

Ultrasound Computed Tomography is a system of devices
that reconstructs a series of 2 dimensional ultrasound images
into a 3 dimensional computed tomographic model of an
object by cataloguing ultrasound image frames according to
the ultrasound probe’s position in 3 dimensional space at the
time of image capture. Capturing the position and orientation
of an ultrasound probe at the time of image frame acquisition
allows for appropriate placement of each 2 dimensional ultra-
sound image within a 3 dimensional computed tomographic
workspace. Also subject of this patent is creation of a coher-
ent 3 dimensional model of a body or body part through an
algorithmic selection and weighting system to reconcile over-
lapping regions of ultrasound images captured from different
positions. Additionally a system for acquisition of transmis-
sion based ultrasound images, made possible by positional
cataloguing, is delineated.
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ULTRASOUND COMPUTED TOMOGRAPHY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Provisional patent No. 62/029,767

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT
(IF APPLICABLE)

[0002] Not Applicable

REFERENCE TO SEQUENCE LISTING, A
TABLE, OR A COMPUTER PROGRAM LISTING
COMPACT DISC APPENDIX (IF APPLICABLE)

[0003] Not Applicable
BACKGROUND OF THE INVENTION
[0004] Ultrasound imaging has become a staple within the

area of medical imaging. Its advantages include the ability to
capture real time images of various body parts without any
radiation exposure. Basic ultrasound imaging involves trans-
mission of ultrasound waves through a transducer into body
tissues. The reflected ultrasound waves are then picked up by
the ultrasound transducer, and plotted according to location
of reflection for the x axis, and time of reflection for the y axis,
in order to generate a 2 dimensional crossectional image of
the body part being imaged. Many structures within the body
can be well visualized with ultrasound imaging, however, it
has its limitations. All ultrasound imaging is highly depen-
dent on the conductivity of the body’s tissues at ultrasound
frequencies. High water content tissues are the best conduc-
tors of ultrasound, while air, bone and adipose tissue are poor
conductors. When ultrasound waves encounter poor tissue
conductors of sound, ultrasound images distant to the poorly
conductive tissue are difficult or impossible to attain. For this
reason, multiple repositioning maneuvers are used by the
ultrasound operator manipulating the ultrasound probe to
visualize around the ultrasound attenuating tissue.

[0005] When used for diagnostic purposes, multiple
images of a body part or organ are taken in order to get an
overall picture of that area. The images are then later reviewed
by a radiologist and a medical report is given. While an
ultrasound operator may take images of a body part from
different perspectives, current “3d ultrasound” images are
limited by the fact that all the 2 dimensional image frames
used to create a “3d” image, are acquired from only one
ultrasound probe location on the body part being examined.
This is due to an inability to cross reference images taken
from different locations on the body part with respect to each
other, as the position of the ultrasound probe during an image
acquisition session is highly variable.

[0006] While standardized positions do exist for obtaining
ultrasound images from various body parts, the actual ultra-
sound image viewed during a session with a particular patient
is highly dependent on the patient’s individual body shape,
and the ultrasound operator’s technique during that session
on that day. Unlike the case with x-ray computed tomography
commonly known as a CT scan, where x-ray beams are
passed through the body part from multiple known locations,
ultrasound imaging by nature uses image acquisition from
points in space that vary from person to person, and session to
session. This limits the ability to make a complete 3 dimen-
sional tomographic reconstruction a body part, especially one
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that is viewable from different angles and across different
cross sections that were not captured initially during an ultra-
sound session.

[0007] To optimize ultrasound images the following posi-
tioning techniques are used by the operator of the ultrasound
probe (also known as transducer) to avoid ultrasound attenu-
ating tissue that can act as a barrier to detailed ultrasound

imaging.

[0008] 1) Rotation of the probe around its longitudinal axis
[0009] 2) Horizontal motion across the body part

[0010] 3) Vertical motion across the body part

[0011] 4) Angling around the axis of the ultrasound and

body interface. (changing the angle of the ultrasound probe’s
contact with the body part.)

[0012] 5) Pressure (Pushing into the body part to displace
poorly conductive tissue)

[0013] These cardinal motions are illustrated in FIG. 1:
[0014] In addition to the spatial dimensions of reposition-
ing and rotation, the 5” axis that an ultrasound operator can
use to obtain a clearer ultrasound image is pressure. By press-
ing the ultrasound probe more firmly against a compliant
body part such as the abdomen, the operator can sometimes
obtain an improved image from the ultrasound probe. In the
case of the abdomen, increased pressure on the probe can
displace ultrasound attenuating tissue such as fat or gas
bubbles within superficial structures, to allow for better trans-
mission and reflection of ultrasound waves from deeper body
structures within the abdomen such as the kidneys.

[0015] Rationale:

[0016] Whereas ultrasound probe repositioning and pres-
sure can achieve an adequate image for a number of medical
diagnoses, operator and patient factors such as body habitus
(obese vs. skinny) can preclude the acquisition of high quality
images necessary for investigation of other medical condi-
tions. Furthermore, while images of structures that are super-
ficial or close to the ultrasound transducer can be extremely
detailed, to the millimeter resolution, deeper structures can-
not be seen in as much detail due to frequency limitations and
attenuation of the reflected ultrasound waves bounced back
from deeper body organs. Ultrasound computed tomography
allows for the interpolation of multiple ultrasound images
taken from multiple varied locations, and their 3 dimensional
reconstruction into a coherent 3 dimensional topographic
model of the body part.

SUMMARY OF TERMS

[0017] Session: An instance where a patient’s body occu-
pies a position in space for examination by an ultrasound
probe.

[0018] 3 Dimensional Orientation Device: A marking unit
attached to a device or body part that allows that object’s
position and orientation in space to be acquired.

[0019] Ultrasound Probe: Device to transmit ultrasound
pulses and capture ultrasound reflections from a body part.
The probe then transmits this information to a computer that
renders the ultrasound reflections into a 2 dimensional gray-
scale image.

[0020] Probe-body interface: The point in space where the
ultrasound probe contacts the body part being examined.
[0021] Ultrasound Image Frame: A 2 dimensional gray-
scale image created from ultrasound reflections recorded by
an ultrasound probe. Each point in the 2 dimensional gray-
scale image is calculated by the position of the ultrasound
reflection on the head of the ultrasound probe and time of
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reflection. When the position of the ultrasound reflection is
plotted on the X axis, and the time on the Y axis, a 2 dimen-
sional image can be generated by the computer the ultrasound
probe is connected to. As deeper reflections take a longer time
to reach the ultrasound probe head, plotting the time of reflec-
tion on the Y axis equates the Y axis with depth of the ultra-
sound reflecting structure. The intensity of reflection is
encoded by the shade of grayscale, where higher intensity
reflections are encoded by brighter pixels.

[0022] Ultrasound Probe Pressure: pressure exerted at the
interface between the ultrasound probe and the body part
being examined.

BRIEF SUMMARY OF THE INVENTION

[0023] 1) A positional cataloguing system for the ultra-
sound probe:

[0024] a. While the ultrasound probe is acquiring images
from the body part being examined, a spatial cataloguing
system records the probe’s instantaneous 3 dimensional
positions and orientations in space during the session.

[0025] b.The3 dimensional positions and orientations in
space are recorded over the time that the probe is acquit-
ing images from the patient. Each 3 dimensional posi-
tion and orientation coordinate for the ultrasound probe
is associated to the ultrasound image frame recorded at
that corresponding point in time.

[0026] 2) A positional cataloguing system for the body part
being examined:

[0027] a. While the ultrasound probe is acquiring images
from the body part being examined, a spatial cataloguing
system records any variations of that body part’s 3
dimensional position in space.

[0028] b. The 3 dimensional position in space of the body
part is recorded over the time that the probe is opera-
tional and acquiring images. Each 3 dimensional coor-
dinate for body position at any point in time is associated
to the ultrasound image frame taken from the ultrasound
probe at that corresponding point in time.

[0029] 3) A pressure cataloguing system for the ultrasound
probe:
[0030] a. While the ultrasound probe is acquiring images

from the body part being examined, a pressure catalogu-
ing system records the probe’s physical pressure against
the body at the probe-body interface.

[0031] b. The pressure of the probe against the probe-
body interface is associated to each ultrasound image
frame and the ultrasound probe’s 3 dimensional position
in space at that moment in time.

[0032] 4)3 dimensional Computed tomographic modeling
of the body part being imaged:

[0033] a. Compilation of data containing the spatial
coordinates and orientation of the ultrasound probe
together with the spatial coordinates and orientation of
the body part being examined. Parsing of this metadata
into each ultrasound image frame recorded during a
session.

[0034] b. Calculation of the ultrasound probe’s relative
position with respect to the body part via subtraction of
the body part’s 3 dimensional position in space from the
ultrasound probe’s 3 dimensional position in space.

[0035] c. Assignment of a position, in a computed 3
dimensional workspace, of each 2 dimensional ultra-
sound image frame, based on the ultrasound probe’s
known orientation and position in space. Because each 2

Jan. 28,2016

dimensional ultrasound image frame occupies a fixed
spatial relationship to the ultrasound probe’s head, a 3
dimensional view of the body part being imaged by the
ultrasound probe can be created by ordering each cross
sectional 2 dimensional ultrasound image frame adja-
cent to its neighboring image frames, derived from the
ultrasound probe’s physical position in space. The spa-
tial relationship of each frame to other frames is calcu-
lated from the spatial orientation and position coordi-
nates of the ultrasound probe recorded in the metadata of
each ultrasound image frame.

[0036] d. Reconciliation of overlapping areas of ultra-
sound images using an adaptive algorithm that adjusts
for differing image quality between frames and within
frames.

[0037] e. 3 dimensional Computer Rendering and
Reconstruction of the body part being imaged into a 3
dimensional computed tomographic model of the body
part. This computed reconstruction can be reviewed
after an ultrasound session has ended, and can be re-
rendered to provide additional 2 dimensional ultrasound
images from views not physically possible. I.e. With a
virtual ultrasound probe placed within the abdomen, a
view of a body part from within that body part can be
created.

[0038] 1. Each ultrasound image frame acquired dur-
ing a session, cross referenced to it’s position within
the body part being imaged, creates a 3 dimensional
computed tomographic model of that body part, that
can be reverse rendered after a session has been com-
pleted, to provide 2 dimensional images from differ-
ent perspectives not originally acquired during the
session.

[0039] 5) Two probe Technique:

[0040] a. A system of acquiring additional ultrasound
images via ultrasound conductance through a body part
instead of the currently established standard of generat-
ing images from ultrasound reflections from structures
within the body part.

[0041] b. Two identical ultrasound probes similar to the
ultrasound probe used and described in parts 1-3 above
are placed approximately across from each other, each
alternately transmitting ultrasound pulses to the other
probe and receiving ultrasound signals from the other
probe through a body part.

[0042] c¢. When operating in a dual probe mode, the
ultrasound imaging computer coordinates each probe
such that each alternates between sending and receiving
ultrasound waves through the body part. When one
probe is transmitting ultrasound pulses, the other is coor-
dinated to receive and vice versa.

[0043] d. Overlapping areas of image frames are recon-
ciled as described in part 4d.

[0044] 6) Pressure based Computed tomographic modeling
of the body part being imaged.

[0045] a. Compilation of pressure data at the probe-body
interface with the spatial orientation data of the ultra-
sound probe described above.

[0046] b. Referenced to the pressure at the probe-body
interface, a series of 3 dimensional Computer rendered
tomographic reconstructions of a body part are ordered
along a scale of ultrasound probe pressure at the body
contact area.



US 2016/0026894 A1

[0047] i. At various degrees of deformation of the
body part, as measured by a combination of pressure
at the probe-body interface and probe position in
space, a separate 3 dimensional Computed Tomo-
graphic reconstruction is made of said body part.

[0048] ii. Each of these 3 dimensional Computed
Tomographic reconstructions are arranged such that
they can be reviewed as a series. Changes of the body
part with variations in ultrasound probe pressure can
then be visualized by viewing this pressure based
series of 3 dimensional reconstructions as a scrollable
series through time.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0049] FIG. 1: Cardinal motions used in the operation of an
ultrasound probe.

[0050] FIG. 2: Overall layout of an ultrasound computed
tomography system.

[0051] FIG. 3: 3 dimensional spatial orientation device.
[0052] FIG. 4: Measurement of signal to noise ratio from
the standard deviation of surrounding pixels.

[0053] FIG. 5: Measurement of signal to noise ratio from
the standard deviation of pixels over time.

[0054] FIG. 6: Vector based weighting of data pixels gen-
erated by ultrasound reflections.

[0055] FIG. 7: Mechanism by which diffraction gain aug-
ments ultrasound energy available for reflections when
attenuation based weighting along a vector is calculated.

DETAILED DESCRIPTION OF THE INVENTION

[0056] Please refer to FIG. 2, for the overall layout of an
ultrasound computed tomography system.

[0057] 1) A positional cataloguing system for the ultra-
sound probe:
[0058] The spatial cataloguing system to record an ultra-

sound probe’s 3 dimensional position in space consists of 2
components:
[0059] a)3 dimensional spatial orientation unit. (FIG. 3)

[0060] 1. The unit consists of 3 light emitting elements
each of a different colour arranged at the apices of an
equilateral triangle. The light emitting elements may
be colored LED’s, or a single LED with 3 colored
optic branches.

[0061] 1ii. This unit is affixed to the ultrasound probe.

[0062] b) Spatial detector array.

[0063] 1. A stereoscopic digital video device consist-
ing of two video cameras a set distance apart capable
of recording the position of the 3 dimensional spatial
orientation unit located on the ultrasound probe from
2 different perspectives.

[0064] ii. The spatial detector array is located above
the patient and ultrasound operator such that its view
of the 3 dimensional spatial orientation unit on the
ultrasound probe is unhindered during operation of
the ultrasound probe. This elevated location can be
attained by mounting the spatial detector array on the
ceiling or a sufficiently tall tripod.

[0065] This cataloguing system allows for recording and
measurement of minute variations in the position of the ultra-
sound probe over time via parallax between the two digital
video cameras. This cataloguing system also allows for
recording and measurement of minute variations in the ori-
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entation of the ultrasound probe over time via the video-
graphic measurement of the relative positions of each light
emitting element with respect to the other two light emitting
elements on the spatial orientation device.
[0066] 2) A positional cataloguing system for the body part
being examined:
[0067] The spatial cataloguing system to record the posi-
tion of the patient’s body part in 3 dimensional space consists
of 2 components:

[0068] a) 3 dimensional spatial orientation unit.

[0069] 1. The unit consists of 3 light emitting elements
each of a different colour. arranged at the apices of an
equilateral triangle. The light emitting elements may
be colored LED’s, or a single LED with 3 colored
optic branches.

[0070] 1i. This unitis placed onthe patient in a location
adjacent to but not overlapping the area to be exam-
ined.

[0071] iii. The color ofthe 3 light emitting elements on
the patient’s 3 dimensional spatial orientation unit are
different from that of the 3 dimensional spatial orien-
tation unit on the ultrasound probe.

[0072] D) Spatial detector array.

[0073] 1. A stereoscopic digital video device consist-
ing of two video cameras a set distance apart, capable
of recording the position of the 3 dimensional spatial
orientation unit located on the patient from 2 different
perspectives.

[0074] This cataloguing system allows for recording and
measurement of minute variations in the position and orien-
tation of the patient over time via parallax between the two
digital video cameras, and videographic measurement of the
relative position of each light emitting element with respect to
the other two light emitting elements on the spatial orientation
device placed on the patient.

[0075] 3) A pressure cataloguing system, for the ultrasound
probe:
[0076] The pressure cataloguing system acquires real time

data through a thin film pressure sensor integrated into the
ultrasound probe head. This data is recorded with each ultra-
sound image frame along with the ultrasound probe’s 3
dimensional position in space.

[0077] 4) 3 dimensional Computed modeling of the body
part being imaged:

[0078] Each ultrasound image frame is placed within a
computed 3 dimensional workspace according to its location,
as calculated by the position and orientation of the ultrasound
probe subtracted from the position and orientation of the
patient, as recorded by the digital videographic spatial detec-
tor array, at the time of image frame capture. The fixed spatial
relationship between an ultrasound image and the ultrasound
probe allows placement of each 2 dimensional ultrasound
image frame within a 3 dimensional digital workspace based
on the ultrasound probe’s physical location and orientation.

[0079] The following are abbreviations for the 3 dimen-
sional coordinates and orientations in space representing the
relevant variables for calculating each ultrasound image
frame’s placement within the 3 dimensional computed
tomography model:

[0080] 1)Pp=3 dimensional position and orientation of the
ultrasound probe.

[0081] 2)Bp=3 dimensional position and orientation of the
patient’s body part.

[0082] 3)Ip=3 dimensional Image to Probe spatial constant
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[0083] 4) Pi=image position and orientation of a 2 dimen-
sional ultrasound image frame within the 3 dimensional com-
puted tomographic model

[0084] Ip represents the 3 dimensional constant describing
the positional relationship between the 3 dimensional spatial
orientation unit affixed to the ultrasound probe, and the 2
dimensional ultrasound image frame generated by said probe.

[0085] The equation to resolve the position of each 2
dimensional ultrasound image frame within a computed 3
dimensional space, is as follows:

Pi=(Pp-Bp)+lp

[0086] During a session, the spatial detector array makes a
stereoscopic digital video recording of each of the 3 dimen-
sional spatial orientation units located on the ultrasound
probe and patient’s body part respectively. Parallax between
the two digital video recordings allows for the calculation of
the distance and position of each of the 3 dimensional spatial
orientation units relative to the spatial detector array.

[0087] The stereoscopic spatial detector array also deter-
mines the orientation and angle of the ultrasound probe to the
patient along with any changes to orientation and angle over
time. The relative positions of the 3 light emitting elements
within each 3 dimensional spatial orientation unit is used to
calculate the angle and orientation of the probe and patient
during a session. As the ultrasound probe is rotated or angled,
each light emitting element on the 3 dimensional spatial ori-
entation unit will move either closer to or further away from
the other two light emitting elements. Since each light emit-
ting element occupies a fixed and known physical relation-
ship to the other two light emitting elements on the face of an
equilateral triangle, the angle and orientation of the ultra-
sound probe can be calculated from the relative distances of
each light emitting element from the other two. Differing the
colorsofeach light emitting element on the spatial orientation
unit aids in the speedy recognition of the ultrasound probe’s
orientation by the spatial detector array.

[0088] The ultrasound probe’s position and orientation in
space, as calculated from the parallax between the 2 digital
videographic recordings of the probe’s 3 dimensional spatial
orientation unit, is subtracted from the parallax derived posi-
tion and orientation of the patient’s 3 dimensional spatial
orientation unit, and added to the 3 dimensional Image to
Probe constant to yield the relative position and orientation of
each 2 dimensional ultrasound image frame within the com-
puted tomographic model of the body part being examined.
The coordinates of position and orientation for both the
patient and ultrasound probe are parsed into the metadata of
each ultrasound image frame.

[0089] The position of a 2 dimensional ultrasound image
frame within 3 dimensional space, as generated by subtract-
ing the position and orientation coordinates of the ultrasound
probe from the position and orientation coordinates of the
body part being imaged, plus the image to ultrasound probe
positional constant, applied cumulatively over multiple 2
dimensional ultrasound image frames taken from multiple
positions and locations on a body part, yields a 3 dimensional
reconstruction of the body part being imaged. However,
before a3 dimensional reconstruction from multiple 2 dimen-
sional images placed in a 3 dimensional digital workspace can
be rendered into a coherent 3 dimensional computed topo-
graphic model, areas where 2 dimensional images overlap
must be reconciled.
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[0090] 5) System for adaptive reconciliation of 2 dimen-
sional data from overlapping ultrasound image frames:

[0091] A rudimentary 3 dimensional model composed of
multiple 2 dimensional ultrasound image frames in its raw
form requires algorithmic image processing before auseful 3
dimensional reconstruction can be created for diagnostic
review. Whenever multiple 2 dimensional ultrasound image
frames overlap in a 3 dimensional computed tomographic
workspace, a system of image selection, reconciliation and
averaging must be employed to create the most coherent
composite from a series of 2 dimensional image frames with
variable areas of overlap.

[0092] To produce a coherent 3 dimensional tomographic
model as described in part 4) 3 dimensional Computed mod-
eling of'the body part being imaged, areas for which there are
multiple ultrasound images of a given position in 3 dimen-
sional space must be reconciled. The overlapping 2 dimen-
sional image data must be processed to maximize the contri-
bution of high signal and low noise images to the overall
tomographic 3 dimensional model, and minimize the contri-
bution of poor quality ultrasound image data to areas where
there already exists high quality and useful data. Without a
system of image reconciliation, the 3 dimensional tomo-
graphic model described in part 4) 3 dimensional Computed
modeling of the body part being imaged would be unintelli-
gible and or degraded if poor quality ultrasound images are
collected during a session.

[0093] First, poor quality images, orimage frames captured
while the ultrasound probe is not contacting the patient must
be discarded.

[0094] 1) When Ultrasound probe pressure, as measured
by a thin film pressure sensor integrated into the ultra-
sound probe head falls below a certain operator set
threshold, indicating that the probe is either not contact-
ing the patient, or being moved from one position to
another, that ultrasound image frame’s contribution to
the overall 3 dimensional reconstruction is set to 0.

[0095] 2) When animage frame captured from the ultra-
sound probe has an overall contrast to noise ratio below
a certain operator set threshold, that corresponding
image frame’s contribution to the overall 3 dimensional
computed tomographic reconstruction is set to 0.

[0096] For the remaining images where there exists spatial
overlap within the 3 dimensional computed tomographic
reconstruction, a mathematical function based weighted aver-
aging algorithm is employed to reconcile the multiple data
points occupying the same position in 3 dimensional space, in
order to provide the clearest image possible when there exists
one or more areas of overlap across multiple 2 dimensional
image frames.

[0097] Signal to noise ratio (hitherto abbreviated SNR)
based weighting of image overlap areas can take 2 forms. If
overlap areas exist from images taken at different ultrasound
probe positions as recorded by the spatial orientation device,
SNR measurement is performed on each overlap area within
a frame on an area basis, by comparing the expected value of
apixel’s intensity to the standard deviation of pixel intensities
in a user pre-defined neighborhood area of adjacent pixels
within an ultrasound image frame. (FIG. 4)

[0098] If multiple image frames exist from one spatial
probe position as measured by the spatial orientation device,
then SNR can also be measured by comparison of a pixel to
other pixels occupying that same point in 3 dimensional space
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but at adjacent points in time both prior to and subsequent to
the point in time in question. (FIG. 5)

[0099] One or both methods of signal to noise ratio mea-
surement may be employed for the purposes of assigning a
SNR to each pixel of ultrasound data. Subsequently, an opera-
tor selectable curve of pixel weighting per signal to noise ratio
can be used to optimize an image according to overall ultra-
sound conditions. For example, to maximize the relative con-
tribution of a pixel with a high signal to noise ratio to the final
value of a point in space where multiple overlapping pixels
exist, an exponential relationship between SNR and weight-
ing may be employed. On the other hand, a linear curve may
be selected by the ultrasound operator if a body part is par-
ticularly difficult to image clearly, and multiple low signal to
noise ratio images need to be combined for a clear overall
image. Irrespective of the exact mathematical function to
assign a weight to each level of SNR, the weighted average of
all the overlapping pixels at a point in 3 dimensional space
will then form the final value of the pixel occupying that
corresponding point in space within the 3 dimensional com-
puted tomographic reconstruction.

[0100] A second weighting system that can be used as in
conjunction with SNR weighted averaging is vector based
weighted averaging. For a vector based weighted average, a
vector is first assigned to each pixel based on the forward axis
of the ultrasound probe at time of image pixel capture. (FIG.
6) Dependent on the time of reflection, a distance from the
ultrasound probe is assigned to each pixel. Pixels placed more
proximally along an ultrasound probe’s vector receive a
higher weighting than pixels placed more distant along a
vector. Thus when pixels overlap in situations where the
ultrasound probe captures images of an area from two differ-
ent positions, the pixels captured when the ultrasound probe
is close by (i.e. the pixel is quite proximal along an ultrasound
probe’s vector) are weighted higher than the pixels captured
when they are more distant along the ultrasound probe’s
vector, 1.e. pixels captured when the ultrasound probe is far
away. This weighting system accounts for the phenomenon of
acoustic attenuation, where ultrasound waves lose intensity
as they progress deeper into a body part, thus making their
reflections progressively weaker in comparison to back-
ground noise, as the distance from the ultrasound probe
increases. The exact mathematical function to assign a weight
to each pixel can be user selectable dependent on the expected
acoustic attenuation properties of the body part being exam-
ined and the frequency of ultrasound being used.

[0101] A second methodological implementation of vector
based weighting that can be used alone or in conjunction with
the proximity based weighting along a vector as described
above, is attenuation based vector weighting calculated from
the actual attenuation values of each pixel on every pixel
distal to it along an ultrasound vector. Conceptually this is
best understood through an example of a highly dense and
ultrasound reflective object within a body part. Once an ultra-
sound wave hits that object within a body part, it generates a
strong reflection which is visualized as a group of pixels of
high intensity. Pixels distal to the high intensity pixels along
an ultrasound vector will have little to no ultrasound signal to
reflect due to the presence of an acoustic shadow behind that
highly attenuating object. However, at a certain distance
behind that ultrasound attenuating object, especially when it
is small, ultrasound waves are again able to generate reflec-
tions due to ultrasound diffraction around the attenuating
object. (FIG. 7) This effect is called diffraction gain, and is a
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confounding variable that must be adjusted for when using
vector based weighting as a function of attenuation values
instead of distance.

[0102] As the intensity of a pixel represents its reflectivity
to ultrasound, a pixel’s intensity can be used to predict the
remaining ultrasound energy distal to it along its vector. To
calculate an attenuation based vector weight for a pixel, first,
an attenuation value is assigned to every pixel present proxi-
mally along the ultrasound vector from which that pixel was
captured. This attenuation value is calculated as a mathemati-
cal function of the ultrasound frequency and the intensity of
all the pixels preceding a subject pixel along its vector. A pixel
with high intensity assigns a high attenuation value for all
points distant to it along its vector, as that pixel represents a
point in space that reflects most of the ultrasound energy sent
to it from the ultrasound probe. Points distant along that same
ultrasound vector have their weight reduced by an attenuation
value derived as a mathematical function of all the individual
intensities of all the pixels present proximally along said
vector.

[0103] However, ultrasound waves do not only travel in
straight lines. As a function of frequency, ultrasound can
diffract around the edges of an object with high ultrasound
reflectivity. (FIG. 7) Thus depending on the size of the ultra-
sound reflective object, and distance behind that object, ultra-
sound energy reappears, increasing with distance behind the
ultrasound reflective object, and increasing with decreasing
size of said object. This phenomenon shall be hitherto
referred to as “diffraction gain”. This effect acts in an oppos-
ing manner to acoustic attenuation of ultrasound energy.
[0104] While attenuation weighting adjusts for the
decrease in ultrasound energy along a vector, creation of a
meaningful weighting system for the purposes of generating
an accurate vector attenuation weighted image requires that
diffraction gain be included in the weighting of each pixel.
This is needed to adjust for the augmentation of ultrasound
energy with increasing distance from an ultrasound attenuat-
ing structure. Diffraction gain along a pixel’s vector increases
with decreasing size of an ultrasound attenuating object and
increasing distance from said object.

[0105] The diffraction gain is calculated as a mathematical
function of the attenuation values of a user pre-defined and
variable 3 dimensional area proximal to a pixel in question.
Calculating diffraction gain first requires the assignment of
attenuation values to pixels in the 3 dimensional region both
surrounding and proximal to a pixel in question. This is per-
formed in the manner previously described. (i.e. A math-
ematical function of the ultrasound frequency and reflection
intensities of the series of pixels directly proximal to each
pixel along each pixel’s ultrasound vector.) If attenuation
values are high in the user pre-defined 3 dimensional neigh-
borhood of pixels proximal to a pixel of interest, the amount
of diffraction gain for pixels immediately distal to the point in
question is low.

[0106] However, if attenuation values in a 3 dimensional
neighborhood of surrounding pixels proximal to a particular
pixel are low, then even if the pixel series directly proximal to
that pixel in question have high attenuation values, (i.e. pres-
ence of high intensity pixels directly preceding the subject
pixel along its vector) there can be significant diffraction gain,
allowing structures behind that pixel to generate a significant
and meaningful ultrasound reflection. These pixels receive a
mathematically derived augmentation to their vector attenu-
ation based weighting in the form of diffraction gain.
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[0107] The area and shape of the neighborhood pixels over
which diffraction gain is calculated is user pre-defined and
variable. Factors influencing the size and shape of the sam-
pling area include but are not limited to, ultrasound fre-
quency, tissue density, and presence of known acoustically
shadowing structures within an area of examination.

[0108] (FIG.7)
[0109] The vector based attenuation weight (Wt) applied to
apixel (p) is as follows:

Wt=C{4+Df) b
[0110] Wt=the vector based attenuation weight of a pixel
[0111] C=constant for ultrasound probe type and frequency
being used
[0112] A=attenuation value as calculated from pixel inten-

sity of preceding pixels.

[0113] Df=diffraction gain
[0114] x=the distance from the ultrasound probe head
[0115] 1i) The attenuation value A for pixel (P), is calcu-

lated as a function (F) of the intensity (I, , ; . .. ) of each pixel
proximal to pixel (P) along its vector, divided by function (f)
of (X, 55 - - - ) where x represents the distance of each pixel
preceding pixel P from pixel P.

A=[F)fx)+FDf) I+ EE) )] -
[0116] 1iii) The diffraction gain (Df) for each pixel P is
calculated by mathematical function G applied to the attenu-
ation values (A, , ... )ofwhicha,b,c, ... represent the pixels

within an operator pre-defined 3 dimensional area proximal
to pixel P along its vector.

Df-Gld - )

[0117] Attenuation vector based weighting resolves ultra-
sound data around structures that create sonic shadowing, and
when applied to a system of weighted averaging of pixels
captured from multiple different vectors, it can provide an
accurate reconciliation of overlapping data in difficult ultra-
sound imaging situations, such as imaging around bones.
[0118] With real time 3 dimensional modeling, the system
for reconciliation adapts to new ultrasound image frames as
they are acquired. i.e. As new 2 dimensional images overlap
with old ones, continuous recalculation of the weighted aver-
age of the overlapping areas improves the 3 dimensional
model iteratively during a session. Real time iterative weight-
ing and reconstruction during a session can alert an operator
to areas that may need additional images taken for completion
of an accurate 3 dimensional computed tomographic model
of a body part.

[0119] Other proprietary and non-proprietary image pro-
cessing algorithms may be used in addition to SNR weighted
averaging, vector based weighted averaging as a function of
distance, and vector attenuation based weighted averaging.
Optimization of each 2 dimensional ultrasound image with
other digital image processing algorithms may be prior to
image ovetlap reconciliation, subsequent to it, or both pre and
post the aforementioned overlap reconciliation and 3 dimen-
sional reconstruction.

[0120] 6) Dual probe based image acquisition:

[0121] With 2 ultrasound probes, a second mode of image
acquisition is available through transmitted ultrasound. Via
ultrasound conductance through a body part, ultrasound
images are generated by sending pulses of ultrasound energy
from a sending probe, whose position and orientation in space
are known via the methods described in section 1) A posi-
tional cataloguing system for the ultrasound probe, to a
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receiving probe whose position and orientation in 3 dimen-
sional space are also known through the same positional
cataloguing process detailed in section 1) A positional cata-
loguing system for the ultrasound probe.

[0122] Two identical ultrasound probes are utilized in a
dual probe system, each capable of both transmitting ultra-
sound pulses and receiving both transmitted and reflected
ultrasound energy. When operating in a dual probe mode, the
ultrasound imaging computer coordinates each probe such
that each alternates between sending and receiving ultra-
sound pulses through the body part. When one probe is trans-
mitting ultrasound pulses, the other is receiving and vice
versa.

[0123] Eachtwo dimensional transmitted ultrasound image
frame is placed in a 3 dimensional computed workspace as
described in section 4) 3 dimensional Computed modeling of
the body part being imaged. This digital workspace is sepa-
rate from, but capable of being overlaid upon the previously
described 3 dimensional computed topographic model cre-
ated from ultrasound reflection data.

[0124] Overlapping areas of image frames arereconciled as
described in part 5) System for adaptive reconciliation of 2
dimensional data from overlapping ultrasound image frames.

[0125] While each probe is in receiving mode, the ultra-
sound probe can simultaneously collect the reflected ultra-
sound from it’s own transmission pulse while at the same time
collecting transmitted ultrasound data from the other probe’s
transmission pulse. The receiving mode for each probe is
synchronized to ultrasound pulse transmission from the other
probe. This allows collection of transmitted ultrasound
images at the same time as reflected ultrasound images.

[0126] To differentiate signals from ultrasound reflections
with imaging data from ultrasound transmission, a system of
alternating frequencies is used where each probe transmits at
a frequency different from that of the other probe. i.e. Ultra-
sound probe A transmits ultrasound pulses at frequency X,
while Ultrasound probe B transmits ultrasound pulses at fre-
quency Y. Ultrasound probe A, immediately after transmitting
apulse at frequency X, reverts to ultrasound reception mode
to receive ultrasound reflection data from its own pulse at
frequency X. Concurrently, Ultrasound Probe B transmits an
ultrasound pulse at frequency Y. Ultrasound Probe A then
receives this transmission ultrasound signal at frequency Y
and differentiates it from its own ultrasound reflection signal
at frequency X generated by its own pulse. From the perspec-
tive of Probe B, immediately after sending a pulse at Fre-
quency Y, Probe B reverts to reception mode, and receives
reflected ultrasound signals at frequency Y while at the same
time receiving transmitted ultrasound signals from Probe A at
frequency X.

[0127] The ultrasound imaging computer coordinates the
timing of each probe’s transmission pulse and reception
mode according to the speed of ultrasound through the body
part being examined and the distance between the two probes
as measured through the methods described in part 1) A
positional cataloguing system for the ultrasound probe.

[0128] For diagnostic imaging review, the transmission
based 3 dimensional ultrasound tomographic model can be
overlaid upon the reflection based ultrasound 3 dimensional
tomographic reconstruction with a user variable transpar-
ency. This facilitates comparison views of structures within a
body part according to their ultrasound reflectivity, transmis-
sibility or a combination of both.
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[0129] 7)Pressure based Computed tomographic modeling
of the body part being imaged

[0130] Ultrasound head pressure as measured by a thin film
pressure sensor on the ultrasound probe head is recorded
during a session. Each 2 dimensional ultrasound image frame
is then grouped into a user pre-defined number of groups
corresponding to a user pre-defined range of ultrasound probe
head pressures. Separate 3 dimensional computed tomo-
graphic ultrasound image reconstructions are then made by
the methods described in parts 1 through 5 above, for each
grouping of ultrasound head pressures. Fach 3 dimensional
reconstruction is ordered such that it can be scrolled through
both forwards and backwards along a 4” dimension, i.e. time,
such that it provides a “movie” view of how the ultrasound
image of a body part changes with pressure.

[0131] As ultrasound probe pressure changes during acqui-
sition of images from a location on the patient’s body, the
image quality of each ultrasound image frame changes with
pressure. Superficial structures are better seen at lighter pres-
sures while clearer imaging of deeper structures may be
facilitated by increased ultrasound head pressures. Further-
more, the compliance of a body part and the structures within
it, can be measured by correlating the change in position of
the ultrasound probe with the pressure at the ultrasound probe
head. Compliance, and deformation of structures with pres-
sure provides additional medical diagnostic information on
the body part being examined.

1) System for cataloguing the relative orientation and posi-
tion of an ultrasound probe with respect to a body part in 3
dimensional space.

2) System for cataloguing the pressure applied by an ultra-
sound probe to a body part.

3) System for creation of a 3 dimensional tomographic
model of a body part from multiple 2 dimensional ultrasound
image frames spatially assigned to positions in a digital 3
dimensional workspace based on the real world 3 dimen-
sional position of the ultrasound probe capturing those
images at the time of image capture.

(To calculate the position of each 2 dimensional ultrasound
image frame within a 3 dimensional space for the pur-
poses of 3 dimensional tomographic modeling, the
physical position of the ultrasound probe relative to the
body part must be known for every frame of 2 dimen-
sional ultrasound image capture. claim 3 is thus depen-
dent on claim 1 and claim 2, and is the logical utility and
employment for collection of such data as described in
claim 1 and claim 2.)

4) System for adaptive reconciliation of data from overlap-
ping areas of 2 dimensional ultrasound image frames.

1) Data reconciliation in the form of mathematical function
based, weighted averaging of overlapping regions
across multiple ultrasound image frames.

1i) A final value for a pixel or pixel group in 3 dimensional
space equaling the weighted average of all the pixels or
pixel groups within the area of overlap where regions of
multiple 2 dimensional ultrasound image frames occupy
the same area in 3 dimensional space.

1i1) Combination of multiple data reconciliation methods
for areas of ultrasound image frames that occupy the
same 3 dimensional position in space. The types of data
reconciliation methods are described in claim 5, claim 6,
claim 7, claim 8, claim 9, claim 10, and claim 11.
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5) Method to apply signal to noise ratio based weighting of
areas of overlap within ultrasound image frames for the pur-
poses of weighted averaging of said areas of overlap as
described in claim 4.

1) A user adjustable parameter to apply signal to noise ratio
weighting to individual pixels, or variably sized pixel
groups within each 2 dimensional ultrasound image
frame.

ii) An operator adjustable set of mathematical functions to
assign a weight to each pixel or pixel group within an
ultrasound image frame using that pixel or pixel group’s
signal to noise ratio compared to the best signal to noise
ratio of a corresponding pixel or pixel group within the
area of overlapping ultrasound image data.

6) Continuous updating of the best signal to noise ratio
within areas of overlap performed in real time throughout the
course of an ultrasound session.

7) A user selectable and combinable method for calculation
of signal to noise ratio within ultrasound image frames using
area based signal to noise ratio measurement; time based
signal to noise ratio measurement; or a combination of both.

8) When area based signal to noise ratio measurement is
employed for claim 5, claim 6 and claim 7, a method for the
user to define the neighborhood area of pixels within ultra-
sound image frames over which signal to noise ratio is mea-
sured.

Prior art—area based signal to noise measurement calcu-
lates the signal to noise ratio of a pixel by its standard
deviation from the pixel’s expected value, as a function
of the standard deviation of the pixel values in a user
defined neighborhood of surrounding pixels.

9. time based signal to noise ratio measurement is
employed for claim 5, claim 6 and claim 7, a method for the
user to select the amount of time over which signal to noise
ratio is measured when consecutive ultrasound image frames
are taken from a single spatial location as determined by
claim #1.

Prior art—on a pixel by pixel basis, time based measure-
ment of the signal to noise ratio is performed by com-
parison of a pixel’s value to the standard deviation of
pixel values for other pixels occupying that same point in
space, but at adjacent points in time both prior to and
subsequent to the point in time when the pixel in ques-
tion was acquired.

10) A system for assigning a vector based weight to each
pixel in an ultrasound image frame based on the distance from
the ultrasound probe head—for the purposes of weighted
averaging as described in claim 4.

A mathematical function to assign weights to each pixel in
an ultrasound image frame based on the spatial vector
from which the pixel was captured and the distance from
the ultrasound probe head as measured by the apparatus
in claim 1. This weight assigned to each pixel is then
used in the calculation of a vector weighted average for
all pixels overlapping at a point in 3 dimensional space.

11) A system for assigning a vector attenuation based
weight to each pixel in an ultrasound image frame based on
the amount of ultrasound energy present at the physical loca-
tion represented by said pixel—for the purposes of weighted
averaging as described in claim #4.

1) System for estimating the amount of ultrasound energy

present at a pixel by calculating the attenuation of ultra-
sound energy prior to a pixel as a function of ultrasound
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frequency and the ultrasound attenuation of structures
preceding a pixel along its vector.

ii) Method to measure ultrasound attenuation as a math-
ematical function of the intensities of a series of pixels
preceding a point in space along a vector derived from an
ultrasound probe’s position and orientation.

iii) Method to correct for augmentation of ultrasound
energy at a point in space arising from diffraction.

iv) Estimation of ultrasound energy augmentation at a
point in space arising from diffraction, as a mathemati-
cal function of the attenuation values of pixels in a 3
dimensional region preceding a pixel along its vector.

v) Application of an operator adjustable set of variables for
size and shape of the 3 dimensional region over which
diffraction augmentation of ultrasound energy for a
point in space is calculated.

12) System to coordinate and produce a composite
weighted average for every point in 3 dimensional space
where one or more ultrasound image frames have regions of
overlap using the different methods described in claim 5,
claim 6, claim 7, claim 8, claim 9, claim 10, and claim 11.

i.e. Implementation of weighted averaging based on vector,
weighted averaging based on signal to noise ratio,
weighted averaging via vector attenuation or a combi-
nation of all 3.

13) Application of an operator adjustable value for a poor
signal to noise ratio or whole frame contrast to noise ratio,
below which image frames or sections of image frames are
automatically discarded.

14) System for creation of a series of 3 dimensional tomo-
graphic models of a body part as referenced in claim 3,
consecutively arranged by pressure of the ultrasound probe
head at the probe to body part interface.

15) Application of an operator adjustable threshold for low
ultrasound probe head pressure below which ultrasound
image frames are automatically discarded.

16) A dual probe method for capturing ultrasound images
via ultrasound energy transmission through a body part.

17. using the dual probe method as described in claim 16,
amethod for differentiation of transmitted and reflected ultra-
sound signals by frequency.
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18. using the dual probe method as described in claim 16,
a computer based system for synchronization between each
probe for ultrasound pulse transmission and reception such
that each probe alternately receives ultrasound signals while
the other probe transmits and vice versa.

19) A system where each ultrasound probe while in receiv-
ing mode, collects the reflected ultrasound signal from it’s
own transmission pulse concurrently with the transmitted
signal from the other probe’s transmission pulse.

This claim allows collection of transmitted ultrasound
images at the same time as reflected ultrasound images.

20) Generation of an ultrasound image from computed
modeling of ultrasound signals transmitted through a body
part.

1) Imaging of structures within a body part by calculation of
absorption of ultrasound ultrasound energy between a
transmitting and receiving probe whose positions and
orientations in space are known via the methods
described in claim 1.

ii) Image placement of this transmission based 2 dimen-
sional ultrasound image within a 3 dimensional work-
space based on the 3 dimensional positions of the trans-
mitting and receiving probes via methods as described in
claim 3.

1i1) Image processing and overlap reconciliation for trans-
mitted ultrasound image frames via methods as
described in claim 5, ¢laim 6, claim 7, claim 8, claim 9,
claim 10, and claim 11.

21) System to allow overlap and/or overlay of transmission
based ultrasound images with reflection based ultrasound
images within a 3 dimensional computed tomographic recon-
struction of a body with variable transparency.

A system to allow for variable transparency of transmis-
sion based 3 dimensional computed tomographic ultra-
sound reconstructions, when overlayed with reflected
ultrasound 3 dimensional computed tomographic recon-
structions.
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