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SYSTEM AND METHOD FOR CALIBRATION
OF MECHANICAL THREE-DIMENSIONAL
ULTRASOUND PROBE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority under 35 U.S.C. §
119, based on U.S. Provisional Patent Application No.
62/562,613 filed Sep. 25, 2017, the disclosure of which is
hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] Ultrasound scanners are typically used to identify a
target organ or other structures in the body and/or determine
features associated with the target organ/structure, such as
the size of the organ/structure or the volume of fluid in the
organ. An ultrasound probe typically includes one or more
ultrasound transducer elements that transmit ultrasound
energy and receive acoustic reflections or echoes generated
by internal structures/tissue within a body. These reflections
or echoes may be converted into three-dimensional (3D)
data. Errors in the probe mechanism, such as small mechani-
cal assembly deviations, can distort the 3D ultrasound data.
The distortion can adversely affect measurement of features
associated with the target organ/structure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1isa schematic of a scanning system in which
systems and methods described herein may be implemented,
[0004] FIG. 2 is a schematic of a portion of the probe of
FIG. 1 in an exemplary implementation;

[0005] FIG. 3 is a schematic illustrating a test fixture with
an ultrasound target according to an implementation
described herein;

[0006] FIGS. 4A-4C are schematics illustrating exemplary
ultrasound target patterns for the test fixture of FIG. 3;

[0007] FIGS. 5A-5D are examples of ultrasound test
images using the target pattern of FIG. 4A,

[0008] FIG. 6 is a block diagram of functional logic
components of the system of FIG. 1 in accordance with an
exemplary implementation;

[0009] FIG. 7 is a process flow diagram for estimating
probe error according to an implementation described
herein;

[0010] FIG. 8 is a process flow diagram for compensating
for probe error according to an implementation described
herein;

[0011] FIGS. 9A and 9B are simplified diagrams illustrat-
ing a test fixture according to another implementation
described herein;

[0012] FIG. 10 is a simplified diagram illustrating another
test fixture according to another implementation described
herein;

[0013] FIG. 11 is a schematic of a portion of the probe of
FIG. 1 according to another implementation; and

[0014] FIG. 12 is a diagram illustrating exemplary com-
ponents of a base unit in the system of FIG. 1.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0015] The following detailed description refers to the
accompanying drawings. The same reference numbers in
different drawings may identify the same or similar ele-
ments.

[0016] Implementations described herein relate to identi-
fication and compensation of errors in data from ultrasound
probes. Errors in the probe mechanism, such as mechanical
alignment errors during assembly, can cause distortion of 3D
ultrasound data collected by the probe. This distortion can
negatively affect measurements of scanned organs (e.g.,
bladder volume, aorta diameter, prostate width/height, etc.).
One common way to check for distortion is a phantom
variability test. For example, the volume of a bladder
phantom can be measured multiple times by tilting a probe
in several different directions. If the 3D data is spatially
distorted, volume readings based on probe data would not be
consistent between tilt directions. This variability test pro-
vides neither precise nor quantitative error estimates.
[0017] According to implementations described herein,
systems and methods are provided to clearly visualize and/or
analyze spatial distortion in 3D volume data, of a target grid,
from a mechanical 3D ultrasound probe. Errors visible in the
grid data can be measured precisely and subsequently com-
pensated for to provide for accurate probe output. As
described further herein, compensation for measured errors
may be accomplished using either mechanical or software
adjustments.

[0018] Inone implementation, a method for calibrating an
ultrasound probe may include receiving, from the ultrasound
probe, 3D data of a target within a test fixture. The target
may include a repetitive pattern along two axes. The method
may also include generating a first ultrasound image of the
target and identifying distortion of the target in the first
ultrasound image. The method may further include estimat-
ing, based on identifying the distortion, offset parameter
values for one or more of three angular errors within the
ultrasound probe; generating a second ultrasound image of
the target using the offset parameter values; identifying
corrected distortion of the target in the second ultrasound
image; and storing the offset parameter values.

[0019] FIG. 1 is a schematic of a scanning system 100 in
which systems and methods described herein may be imple-
mented. Referring to FIG. 1, scanning system 100 includes
probe 110, base unit 120, and cable 130.

[0020] Probe 110 includes handle portion 112 (also
referred to as handle 112), trigger 114 and nose portion 116
(also referred to as dome or dome portion 116). Medical
personnel may hold probe 110 via handle 112 and press
trigger 114 to activate one or more ultrasound transceivers
and transducers located in nose portion 116 to transmit
ultrasound signals toward the target organ of interest. For
example, probe 110 may be positioned on a pelvic area of a
patient and over a target organ of interest, such as the
patient’s bladder.

[0021] Handle 112 allows a user to move probe 110
relative to a patient (not shown). As discussed above, trigger
114 initiates an ultrasound scan of a selected anatomical
portion while dome 116 is in contact with a surface portion
of the patient when the selected anatomical portion is
scanned. Dome 116 is typically formed of a material that
provides an appropriate acoustical impedance match to the
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anatomical portion and/or permits ultrasound energy to be
properly focused as it is projected into the anatomical
portion.

[0022] Probe 110 may communicate with base unit 120 via
a wired connection, such as via cable 130. In other imple-
mentations, probe 110 may communicate with base unit 120
via a wireless connection (e.g., Bluetooth, WiFi, etc.). In
each case, base unit 120 includes display 122 to allow a user
to view processed results from an ultrasound scan, and/or to
allow operational interaction with respect to the user during
operation of probe 110. For example, display 122 may
include an output display/screen, such as a liquid crystal
display (LCD), light emitting diode (LED) based display, or
other type of display that provides text and/or image data to
a user. For example, display 122 may provide instructions
for positioning probe 110 relative to the selected anatomical
portion of a patient. Display 122 may also display two-
dimensional or three-dimensional images of the selected
anatomical region. In some implementations, display 122
may include a graphical user interface (GUI) that allows the
user to select various features associated with an ultrasound
scan.

[0023] To scan a selected anatomical portion of a patient,
dome 116 may be positioned against a surface portion of the
patient that is proximate to the anatomical portion to be
scanned. The user actuates the transceiver by depressing
trigger 114. In response, the transducer elements optionally
position the transceiver, which transmits ultrasound signals
into the body, and receives corresponding return echo sig-
nals that may be at least partially processed by the trans-
ceiver to generate an ultrasound image of the selected
anatomical portion. In a particular embodiment, system 100
transmits ultrasound signals in a range that extends from
approximately about two megahertz (MHz) to approxi-
mately 10 or more MHz (e.g., 18 MHz).

[0024] In one embodiment, probe 110 may be coupled to
a base unit 120 that is configured to generate ultrasound
energy at a predetermined frequency and/or pulse repetition
rate and to transfer the ultrasound energy to the transceiver.
Base unit 120 also includes one or more processors or
processing logic configured to process reflected ultrasound
energy that is received by the transceiver to produce an
image of the scanned anatomical region.

[0025] In still another particular embodiment, probe 110
may be a self-contained device that includes a microproces-
sor positioned within the probe 110 and software associated
with the microprocessor to operably control the transceiver,
and to process the reflected ultrasound energy to generate the
ultrasound image. Accordingly, a display on probe 110 may
be used to display the generated image and/or to view other
information associated with the operation of the transceiver.
For example, the information may include alphanumeric
data that indicates a preferred position of the transceiver
prior to performing a series of scans. In other implementa-
tions, the transceiver may be coupled to a general-purpose
computer, such as a laptop or a desktop computer that
includes software that at least partially controls the operation
of the transceiver, and also includes software to process
information transferred from the transceiver so that an image
of the scanned anatomical region may be generated.
[0026] FIG. 2is a schematic of an internal portion of probe
110 in an exemplary implementation. In the example of FIG.
2, probe 110 is configured to obtain 3D image data. Gener-
ally, probe 110 includes one or more ultrasound transceiver
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elements and one or more transducer elements within dome
116 that transmit ultrasound energy outwardly from dome
116, and receive acoustic reflections or echoes generated by
internal structures/tissue within an anatomical portion.
Referring to FIG. 2, probe 110 includes a transducer 210
connected to a base 260. The elements illustrated in FIG. 2
may be included within dome portion 116 of probe 110.
[0027] Transducer 210 may transmit ultrasound signals
from probe 110 through a wall 220 of dome portion 116,
indicated by reference 225 in FIG. 2. Transducer 210 may be
mounted to a transducer bucket 215, which in turn is
mounted to base 260 to allow transducer 210 to rotate about
two perpendicular axes. A motor 230 may be included to
move a first axis or spine 240, and another motor 235 may
be included to move a second axis or shaft 250. For example,
transducer 210 may rotate around first axis 240 with respect
to base 260 and rotate around a second axis 250 with respect
to base 260. The first axis 240, extending in a generally
longitudinal direction of probe 110, is referred to herein as
the theta (6) axis. The second axis 250, extending in a
direction orthogonal to first axis 240, is referred to herein as
the phi (¢) axis. In an exemplary implementation, the range
of theta and phi motion may be less than 180 degrees. In one
implementation, the scanning may be interlaced with respect
to the theta motion and phi motion. For example, movement
of transducer 210 may occur in the theta direction followed
by movement in the phi direction. This enables probe 110 to
obtain smooth continuous volume scanning as well as
improving the rate at which the scan data is obtained.
[0028] While a single transducer is shown in the imple-
mentation of FIG. 2, different configurations for probe 110
may be used. For example, the one or more ultrasound
transducer elements may include a one-dimensional, two-
dimensional, or annular array of piezoelectric elements that
may be moved within dome 116 by a motor to provide
different scan directions with respect to the transmission of
ultrasound signals by the transceiver elements. Alterna-
tively, the transducer elements may be stationary with
respect to probe 110 so that the selected anatomical region
may be scanned by selectively energizing the elements in the
array.

[0029] Referring to FIG. 2, production/mechanical align-
ment errors in the manufacture of probe 110 can result in
various types of calibration errors. Errors may be related to
attachment of transducer 210 to transducer bucket 215. For
example, attachment of transducer 210 to transducer bucket
215 may result in a non-parallel interface (e.g., tilt), where
transducer 210 may be tilted with respect to transducer
bucket 215. As another example, transducer 210 may not be
properly aligned along axis 240 when attached to transducer
bucket 215. Additionally, or alternatively, errors may be
related to attachment of transducer bucket 215 to axis 250.
For example, transducer bucket 215 may not be aligned with
axis 240, may be rotated with respect to axis 240, or may be
tilted with respect to axis 240. Similar production/mechani-
cal alignment errors may occur in the attachment of spine
240 to motor 230, or the attachment of motor 230 within
base 260. A complete error model to identify and correct for
each source of error would be computationally intensive.
[0030] In the example of FIG. 2, an x axis is a horizontal
axis parallel to the scan plane, a y axis is another horizontal
axis orthogonal to the x axis; and a z axis is a vertical axis
in the direction of depth. According to an implementation,
angular errors (E) inside probe 110 can be approximated as
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the combination of three sources: a theta offset (Eg) asso-
ciated with theta axis 240, a phi offset (E,) associated with
phi axis 250, and a perpendicular offset (B,) associated with
a skew angle perpendicular to the scan plane. The theta
offset may result when the actual rotational angle about theta
axis 240 differs from the expected or sensed rotational angle
(due to small assembly deviations, for example). For
example, internal logic of probe 110 may indicate an angular
rotation of 90 degrees about theta axis 240 when the actual
angular rotation is actually 89 degrees. The phi offset may
result when the actual rotational angle about phi axis 250
differs from the expected or sensed rotational angle (e.g.,
also due to small assembly deviations). The perpendicular
offset may result when the B-mode scan plane is not
orthogonal to the base 230 (e.g., transducer 210 may not be
mounted flush against the bottom surface of transducer
bucket 215, bucket 215 may be misaligned, axis 240 and
motor 230 may be misaligned, etc.)

[0031] When error parameters for theta rotation, perpen-
dicular offset, and phi rotation are given, an actual scanline
direction for 6 and ¢ is:

R(ut, 0+Eq) R(u, E ) R(1t, 9+Ey )i,
where u,, u, and v, represents the unit vector along the x, y

and z axes (of FIG. 2), respectively. R(u, 1) is the rotation
matrix by ¢ about an axis in the direction of U:

Rlu, ) =

ity (1 — cosyy) —
using uysing

uy (1 — cosy) —

) (1 — cosy) +
cosyy + u; (1 — cosy)

(1= +
tytll = cosf) cosy + ui(l —cosif)

u sing using

(1 = cosy) — Uty (1 = cosy) +

i, siny

21 -c
ysing cosyy + u; (1 —cosyh)

Thus, theta offset (B), perpendicular offset (E,), and phi
offset (E,) may each be estimated in the above error model
and used to compensate for the most common mechanical
alignment errors in probe 110.

[0032] FIG. 3 is a schematic illustrating a test fixture 300
with an ultrasound target 310 for probe 110, according to an
implementation described herein. Test fixture 300 may be
filled with a fluid or solid test material, such as watet, rubber,
or atissue-like material (not shown in FIG. 3), and target 310
may rest below or within the test material. Target 310 may
generally provide a grid shape or another pattern of a
material that has distinctive echo characteristics from the
test material. For example, if the test material is water or
another hypoechoic material, target 310 may include a
hyperechoic material that reflects ultrasonic energy or waves
and allows for easy visualization of spatial distortion. Con-
versely, if the test material is a hyperechoic material, target
310 may include a hypoechoic material.

[0033] FIGS. 4A-4C provide examples of targets 310.
Target 310-1 in FIG. 4A includes a grid 410 of straight lines.
In one implementation, grid 410 may be an echo-reflecting
material within an acoustically transparent material. Target
310-2 in FIG. 4B includes a checkerboard pattern 420 with
alternating transparent squares (shown as un-filled) and
echo-reflecting squares (shown as filled black squares).
Target 310-3 in FIG. 4C includes a pattern of echo-reflecting
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circles 430. Targets 310 may be positioned within test fixture
300 such that a pattern (e.g., grid 410, checkerboard pattern
420, circles 430, etc.) is aligned with sides of the test fixture
300. For example, grid 410 may be installed in test fixture
300 with lines of grid 410 parallel and perpendicular to
edges of test fixture 300.

[0034] FIGS. 5A-5D are simulated ultrasound images of
target 310-1. Each of FIGS. 5A-5D represent cross-sectional
images (typically referred to as C-mode images, which are
perpendicular to typical B-mode images) generated from the
3D ultrasound data at the depth of grid target 310-1. The
horizontal line crossing the center of the image (i.e., the x
axis) corresponds to a first scan plane (i.e., theta angle
around theta axis 240 equals 0 degrees), and the y axis
corresponds to the plane where the theta angle equals 90
degrees. FIG. 5A is an image 510 with no error. FIG. 5B is
an image 520 showing an inaccurate theta angle around theta
axis 240, or theta offset (Eg). FIG. 5C is an image 530
showing an inaccurate phi angle around phi axis 250, or phi
offset (Eg). FIG. 5D is an image 540 showing a skewed
transducer mechanism that is not perpendicular to the
intended scan plane, or having a perpendicular offset (E,).
[0035] Each of images 510-540 may include distinctive
characteristics that permit a user or software to identify a
likely cause of error. Image 510 may indicate correct align-
ment with no error because lines (or patterns) in the central
portion of the grid in image 510 are parallel and aligned
vertically/horizontally. Image 520 indicates an inaccurate
theta angle because lines (or patterns) in the central portion
of the grid in image 520 are rotated slightly from a true
vertical/horizontal orientation. The orientation of asymme-
try in images 530 and 540 may be used to distinguish phi
error from perpendicular error. For example, when the first
scan plane is aligned with the x axis (i.e., theta angle around
theta axis 240 equals 0 degrees), a phi error makes either the
upper or lower half expanded/contracted, with a possible
discontinuity, as shown in image 530. On the other hand,
perpendicular error makes either the left or right half
expanded/contracted as shown in image 540.

[0036] FIG. 6 is a block diagram of functional logic
components implemented in system 100 in accordance with
an exemplary implementation. Referring to FIG. 6, system
100 includes a data collection module 600, an image gen-
eration module 610, an error estimation module 620, and an
error correction module 630. In an exemplary implementa-
tion, data collection module 600 may be part of probe 110
and the other functional units (e.g., image generation mod-
ule 610, error estimation module 620, and an error correc-
tion module 630) may be implemented in base unit 120. In
other implementations, the particular units and/or logic may
be implemented entirely within a single device or by other
devices, such as via computing devices or servers located
externally with respect to both probe 110 and base unit 120
(e.g., accessible via a wireless connection to the Internet or
to a local area network within a hospital, etc.). For example,
probe 110 may transmit echo data and/or image data to a
processing system via, for example, a wireless connection
(e.g., WI-FI or some other wireless protocol/technology)
that is located remotely from probe 110 and base unit 120.
[0037] Data collection module 600 obtains data associated
with multiple scan planes corresponding to a region of
interest or, in a testing/calibration context, a target (e.g.,
target 310). For example, data collection module 600 may
receive and process echo data to generate two-dimensional
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(2D) B-mode image data. In other implementations, data
collection module 600 may receive echo data that is pro-
cessed to generate 3D image data.

[0038] In oneimplementation, data collection module 600
may include a motor controller 602 and a signal generator
604. Motor controller 602 may provide angular rotation
commands for motor 230 and motor 235 and may monitor
a corresponding angular position of spine 240 and shaft 250.
In one aspect, motor controller 602 may incorporate angular
error values to compensate for mechanical alignment errors
in probe 110. For example, motor controller 602 may
incorporate offset values to angular commands after cali-
bration of probe 110. Signal generator 604 may provide
commands for generating ultrasound signals. In an imple-
mentation, signal generator 604 may incorporate angular
error values into signal timing and processing to compensate
for mechanical alignment errors in probe 110.

[0039] Image generation module 610 may receive echo
data from data collection module 600. Image generation
module 610 may generate an ultrasound image based on the
echo data and apply noise reduction and/or other pre-
processing techniques to remove speckle and background
noise from the image.

[0040] Error estimation module 620 may collect or iden-
tify offset parameter values for correcting distortion in
images from image generation module 610. For example,
based on known characteristics of target 310 (e.g., grid 410,
checkerboard pattern 420, circles 430, etc.), distinctive
characteristics in the ultrasound image of target 310 that may
be associated with a cause of error may be identified. In one
implementation, distortion identification may be done manu-
ally (e.g., based on visual observations) with error values
entered by an operator and collected by error estimation
module 620. In another implementation, error estimation
module 620 may identify distortion. Distortion in the ultra-
sound image may include an inaccurate theta angle around
theta axis 240, an inaccurate phi angle around axis 250, or
a skewed transducer 210 that is not perpendicular to the
intended scan plane, as characterized, for example, in
images 520-540.

[0041] Error correction module 630 may receive and store
offset parameter values from error estimation module 620. In
one implementation, error correction module 630 may apply
the stored offset parameter values to the simplified error
model described above to generate distortion-free images
(e.g., correcting for distortion) of target 310 during calibra-
tion. In another implementation, error correction module
630 may use the stored offset parameter values to correct
images from patient ultrasound data (e.g., compensating for
mechanical errors in probe 110).

[0042] Error correction module 630 may include an error
model 632 and/or a distortion table 634. Error model 632
may include, for example, a theta rotation term, a phi
rotation term, and a perpendicular error term as describe
above in connection with FIG. 2. The stored offset parameter
values may be applied to error model 632 to provide
calibrated images from probe 110. In another implementa-
tion, error correction module 630 use a simpler table to
correct probe 110 output without remapping an entire 3D
ultrasound data set. For example, a typical bladder scanner
uses a volume table to convert the detected bladder wall
locations to a bladder volume number. Distortion table 634
may include a calculated value for an organ (e.g.. a bladder,
aorta, prostate, kidney, etc.) based on organ dimensions from
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ultrasound data as adjusted by error model 632. Thus, in this
case, distortion table 634, particular to probe 110, could
store specific “distorted” volumes or values to compensate
for the mechanical errors in probe 110.

[0043] FIG. 7 is a flow diagram illustrating exemplary
process 700 for estimating probe error. Process 700 may be
performed, for example, by probe 110. In another imple-
mentation, process 700 may be performed by probe 110 in
conjunction with base unit 120 of system 100.

[0044] Process 700 may include collecting 3D ultrasound
data of a grid target (block 710) and visualizing and/or
analyzing the grid (block 720). For example, data collection
module 600 may transmit ultrasound signals and collect
echo data from target 310 in test fixture 300. Image genera-
tion module 610 may generate an ultrasound image (e.g.,
including a visual or non-visual representation) based on the
echo data and apply noise reduction and/or other pre-
processing techniques to remove speckle and background
noise from the image. Image generation module 610 may
calculate the 3D location of each sample point of the 3D
ultrasound data using the scanline equation described above.
[0045] Process 700 may further include determining if the
grid image is distortion free (block 730). For example, based
on known characteristics of target 310, distinctive charac-
teristics in the image that may be associated with a cause of
error may be identified. In one implementation, offset
parameter values may be collected from an operator based
on visual observation. In another implementation, error
estimation module 620 may determine estimated offset
parameter values.

[0046] If the grid image is not distortion free (block
730—No), offset parameters may be adjusted in the pro-
cessing software (block 740) and process 700 may return to
block 710 to collect more data and visualize and/or analyze
the grid using the adjusted offset parameters. For example,
in one implementation, error parameters may be adjusted
manually, with a user (e.g., a technician or operator) pro-
viding input into error estimation module 620 for one or
more of a theta offset (Eq) value, a phi offset (E) value, and
aperpendicular offset (E,) value. In another implementation,
error estimation module 620 may identify the theta offset
(Ee) value, phi offset (E,) value, or perpendicular offset (E,)
value. Image generation module 610 may apply the manu-
ally input or automatically generated offset parameters.
When the offset parameters are correctly set, image genera-
tion module 610 maps each ultrasound sample point to the
right location in 3D space. Thus, when using manual offset
parameter input, the user/operator can adjust the offset
parameters until the grid shape is normal without distortion.
When using automatic error estimation, error estimation
module 620 may optimize the offset parameters until the
error is minimized between the error-compensated grid
shape and the actual (e.g., ground truth) grid shape. In one
implementation, conventional optimization methods could
be applied (e.g., gradient descent, Newton method, Monte-
Carlo search, etc.)

[0047] If the grid image is distortion free (block 730—
Yes), the successful offset parameters may be recorded
(block 750). For example, error estimation module 620 may
pass the current offset parameters to error correction module
630 for storing and future use to automatically compensate
for distortion in probe 110.

[0048] FIG. 8 is a flow diagram illustrating exemplary
process 800 for compensating for probe error. Process 800
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may be performed, for example, by probe 110. In another
implementation, process 800 may be performed by probe
110 in conjunction with base unit 120 of system 100.
[0049] Process 800 may include determining if mechani-
cal or electrical error compensation is applicable (block
810). For example, with the offset parameters stored in error
correction module 630, different approaches to compensate
for errors may be applied. In one implementation, probe 110
may be mechanically adjusted to compensate for errors at
the time of 3D data collection. In another implementation,
signals for angular rotation and/or pulse timing may be
adjusted so that input values correspond to actual rotation
angles in probe 110.

[0050] If mechanical or electrical error compensation is
applicable (block 810—Yes), process 800 may include
applying the mechanical or electrical error compensation
(block 820). For example, skew angles in probe 110 (e.g., at
the transducer 210/transducer bucket 215) can be physically
adjusted to compensate for the measured perpendicular
offset (E,). In another implementation, to address phi offset
(B,) and theta offset (E,), motor controller 602 or ultrasound
pulse timing in signal generator 604 can be electronically
adjusted for calibration.

[0051] If mechanical or electrical error compensation is
not applicable (block 810—No) or after mechanical or
electrical compensation is applied, process 800 may include
collecting 3D ultrasound data from a region of interest
(block 830) and determining if software error compensation
1s applicable (block 840). For example, an operator may use
probe 110 to obtain a 3D ultrasound data of a region of
interest of a patient. Error compensation for probe 110 may
be configured to include software error compensation only
or a combination of electrical/mechanical compensation and
software compensation. In one implementation, system 100
can output distortion-free data from probe 110 using the
same scanline calculations used in error measurement, with-
out adjusting the hardware. Software error compensation
values may be programmed into error correction module
630, for example, by including offset values for theta offset
(Bo), phi offset (E,), and/or perpendicular offset (E,).
According to another implementation, system 100 can use a
simple method to correct a final output without remapping
the entire 3D ultrasound data set. For example, a typical
bladder scanner uses a volume table to convert the detected
bladder wall locations to a bladder volume number. In this
case, each probe device 110 could have a specific “distorted’
volume table (e.g., stored in error correction module 630) to
compensate the mechanical errors in the probe.

[0052] If software error compensation is applicable (block
840—Yes), process 800 may include applying the error
compensation to the 3D ultrasound data via software (block
850). For example, in one implementation, error correction
module 630 may use offset values for theta offset (E,), phi
offset (E,,), and/or perpendicular offset (E,) to remap the 3D
ultrasound data set. In another implementation, error cor-
rection module 630 may apply a corrected volume table,
specific to probe 110, to identify compensated values for a
region or organ of interest.

[0053] If software error compensation is not applicable
(block 840—No) or after software error compensation is
applied, process 800 may include generating a compensated
output (block 860). For example, in one implementation
error correction module 630 may generate an ultrasound
image of the region of interest with remapped data. In
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another implementation, error correction module 630 may
provide an output value (such as a volume estimate, diam-
eter estimate, width/height estimate, etc.) based on a pre-
calculated distortion table (e.g., distortion table 634).
[0054] FIG. 9A is a simplified schematic of probe 110 with
a test fixture 900. FIG. 9B is a simplified exploded view of
test fixture 900. Typically, an ultrasound calibration test
requires use of a large target immersed in water or placed
inside a tissue-mimicking material (referred to as a phan-
tom). For example, a typical probe 110 may have up to 120
degree phi rotation about axis 250 (FIG. 2), which may
require a target size of at least six-by-six inches (approxi-
mately 15-by-15 centimeters) and a depth of more than four
inches. Thus, a typical test fixture can take up valuable space
in, for example, a cart for system 100.

[0055] Referring collectively to FIGS. 9A and 9B, the
repetitiveness of the grid-like target pattern in target 310
allows test fixture to be miniaturized using acoustic mirrors.
Particularly, metal reflectors 910 (e.g., an acoustic mirror)
may be used as walls for test fixture 900, forming an open
cavity therein. In one implementation, a reflector 915 (e.g,,
another acoustic mirror) may be used as a base of test fixture
900 to give the appearance of more depth. Target 310 may
be anchored to reflectors 910 or suspended/inserted in a
tissue-mimicking material 920. In one implementation, as
shown in FIG. 9B, target 310 may be positioned at a
mid-span position of reflectors 910 and parallel to reflector
915.

[0056] When exposed to ultrasonic energy, reflectors 910
and 915 may generate repetitive patterns of target 310, thus
giving a representation of a larger test fixture to probe 110.
According to implementations described herein, the size of
target 310 and the corresponding side dimensions, S, of test
fixture 900 may be less than four inches, and preferably
about two inches. The depth of test fixture, D, may be less
than four inches, and preferably between two and three
inches. Thus, a significant reduction in test fixture space can
be realized over conventional calibration test fixtures.
[0057] FIG. 10 is a simplified schematic another test
fixture 1000. Test fixture 1000 includes tissue-mimicking
material 920 and target 310. In the embodiment of FIG. 10,
tissue-mimicking material 920 may include rubber material
(or another solid material) with target 310 embedded therein.
A rubber-air interface provides a good echo reflector due to
high acoustic impedance mismatching. Thus, when tissue-
mimicking material 920 is made of rubber (or another
material that provides high acoustic impedance mismatch-
ing), the rubber-air interface can effectively reflect echoes
(from/to probe 110) without using separate walls (such as
reflectors 910) or a base (such as reflector 915).

[0058] FIG. 11 is a schematic of a portion of the probe 110
according to another implementation. In the configuration of
FIG. 11, probe 110 includes an array transducer 1115. Array
transducer 1115 may include a curved array (e.g., as shown
in FIG. 11) or a linear array. Array transducer 1115 may
provide an ultrasonic beam 1125 that may be tilted in the phi
direction 1150 without a motor (e.g., without motor 235).
Similar to motor 235 of FIG. 2, array transducer 1115 may
be mounted for theta rotation around axis 240. The configu-
ration of probe 110 in FIG. 11 may have some different
caused of angular error than the configuration of FIG. 2. The
same or similar simplified error model of angular errors (E)
inside probe 110 can be approximated as the combination of
three sources: a theta offset (Eg) associated with theta axis
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240, a phi offset (B,) associated with phi direction 1150, and
a perpendicular offset (E,) associated with a skew angle
perpendicular to the scan plane, where the scan plane varies
with the change in phi direction of beam 1125 from array
transducer 1115.

[0059] FIG. 12 is a block diagram illustrating exemplary
physical components of base unit 120. Base unit 120 may
include a bus 1210, a processor 1220, a memory 1230, an
input component 1240, an output component 1250, and a
communication interface 1260.

[0060] Bus 1210 may include a path that permits commu-
nication among the components of valve controller 150.
Processor 1220 may include a processor, a microprocessor,
or processing logic that may interpret and execute instruc-
tions. Memory 1230 may include any type of dynamic
storage device that may store information and instructions
(e.g., software 1235), for execution by processor 1220,
and/or any type of non-volatile storage device that may store
information for use by processor 1220.

[0061] Software 1235 includes an application or a pro-
gram that provides a function and/or a process. Software
1235 is also intended to include firmware, middleware,
microcode, hardware description language (HDL), and/or
other form of instruction.

[0062] Input component 1240 may include a mechanism
that permits a user to input information to base unit 120,
such as a keyboard, a keypad, a button, a switch, a touch
screen, etc. Output component 1250 may include a mecha-
nism that outputs information to the user, such as a display,
a speaker, one or more light emitting diodes (LEDs), etc.
[0063] Communication interface 1260 may include a
transceiver that enables base unit 120 to communicate with
other devices and/or systems via wireless communications,
wired communications, or a combination of wireless and
wired communications. For example, communication inter-
face 1260 may include mechanisms for communicating with
another device or system, such as probe 110, via a network,
or to other devices/systems, such as a system control com-
puter that monitors operation of multiple base units (e.g., in
a hospital or another type of medical monitoring facility). In
one implementation, communication interface 1260 may be
a logical component that includes input and output ports,
input and output systems, and/or other input and output
components that facilitate the transmission of data to/from
other devices.

[0064] Base unit 120 may perform certain operations in
response to processor 1220 executing software instructions
(e.g., software 1235) contained in a computer-readable
medium, such as memory 1230. A computer-readable
medium may be defined as a non-transitory memory device.
A non-transitory memory device may include memory space
within a single physical memory device or spread across
multiple physical memory devices. The software instruc-
tions may be read into memory 1230 from another com-
puter-readable medium or from another device. The sofi-
ware instructions contained in memory 1230 may cause
processor 1220 to perform processes described herein. Alter-
natively, hardwired circuitry, such as an application-specific
integrated circuit (ASIC), a field-programmable gate array
(FPGA), etc., may be used in place of or in combination with
software instructions to implement processes described
herein. Thus, implementations described herein are not
limited to any specific combination of hardware circuitry
and software.
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[0065] Base unit 120 may include fewer components,
additional components, different components, and/or differ-
ently arranged components than those illustrated in FIG. 12.
As an example, base unit 120 may include one or more
switch fabrics instead of, or in addition to, bus 1210.
Additionally, or alternatively, one or more components of
base unit 120 may perform one or more tasks described as
being performed by one or more other components of base
unit 120.

[0066] Systems and methods described herein allow for
calibration of 3D ultrasound probes in a computationally-
efficient manner using targets that include a repetitive pat-
tern along two axes and a simplified error model. Offset
parameter values can be determined based on comparison of
calibration tests images with simple grid-like target shapes.
In one implementation, systems and methods described
herein may be performed during on-site quality control tests.
If calibration errors are detected, the offset parameter values
can be applied using hardware or software changes to
compensate for mechanical alignment errors in the probe. As
an example, the offset parameter values may be used by a
service technician for calibration. In another example, offset
parameter values may be incorporated into software (e.g,,
software 1235) via on-site or remote (e.g., network) inter-
actions.

[0067] The simplified error model, along with use of the
targets having repetitive patterns, also allows for probe
calibration with smaller test fixtures. In some cases, the test
fixtures may use reflective walls or eliminate walls entirely.
[0068] The foregoing description of exemplary implemen-
tations provides illustration and description, but is not
intended to be exhaustive or to limit the embodiments
described herein to the precise form disclosed. Modifica-
tions and variations are possible in light of the above
teachings or may be acquired from practice of the embodi-
ments.

[0069] Although the invention has been described in detail
above, it is expressly understood that it will be apparent to
persons skilled in the relevant art that the invention may be
modified without departing from the spirit of the invention.
Various changes of form, design, or arrangement may be
made to the invention without departing from the spirit and
scope of the invention.

[0070] No element, act, or instruction used in the descrip-
tion of the present application should be construed as critical
or essential to the invention unless explicitly described as
such. Also, as used herein, the article “a” is intended to
include one or more items. Further, the phrase “based on” is
intended to mean “based. at least in part, on” unless explic-
itly stated otherwise.

[0071] Use of ordinal terms such as “first,” “second,”
“third,” etc., in the claims to modify a claim element does
not by itself connote any priority, precedence, or order of
one claim element over another, the temporal order in which
acts of a method are performed, the temporal order in which
instructions executed by a device are performed, etc., but are
used merely as labels to distinguish one claim element
having a certain name from another element having a same
name (but for use of the ordinal term) to distinguish the
claim elements.

3 <«

What is claimed is:

1. A method for calibrating an ultrasound probe, the
method comprising:
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receiving, from the ultrasound probe, data of a target
within a test fixture, wherein the target includes a
repetitive pattern along two axes;

generating a first ultrasound image of the target:

identifying distortion of the target in the first ultrasound

image;

estimating, based on the identifying, offset parameter

values for one or more angular errors within the ultra-
sound probe;

generating a second ultrasound image of the target using

the offset parameter values;

identifying corrected distortion of the target in the second

ultrasound image; and

storing the offset parameter values.

2. The method of claim 1, further comprising:

after the estimating, applying the one or more angular

errors to an error model for the ultrasound probe.

3. The method of claim 1, wherein the one or more
angular errors include:

a first angular error relative to a first axis of the probe

extending in a longitudinal direction,

a second angular error relative to a second axis extending

in a direction orthogonal to the first axis, and

a third error indicating a skew angle from perpendicular

relative to a scan plane.

4. The method of claim 3, wherein identifying distortion
of the target in the first ultrasound image includes detecting
rotation of the target in the first ultrasound image.

5. The method of claim 3, wherein identifying distortion
of the target in the first ultrasound image includes one or
more of detecting a discontinuity of the target in the first
ultrasound image or detecting local expansion or contraction
of the target in the first ultrasound image.

6. The method of claim 3, wherein identifying distortion
of the target in the first ultrasound image includes detecting
skewed patterns on the target in the first ultrasound image.

7. The method of claim 1, further comprising:

applying mechanical error compensation techniques to

the ultrasound probe based on the stored offset param-
eter values; or

applying electrical error compensation techniques to the

ultrasound probe based on the stored offset parameter
values.

8. The method of claim 1, further comprising:

collecting, after the storing, ultrasound data from a region

of interest; and

applying error compensation to the ultrasound data based

on the stored offset parameter values.

9. The method of claim 1, wherein the test fixture includes
reflectors that, when exposed to ultrasonic energy, generate
repetitive patterns of the target.

10. The method of claim 1, wherein the target is embed-
ded in a material within the test fixture.

11. The method of claim 10, wherein the material includes
a solid material, and wherein the three-dimensional data of
the target within the test fixture includes echo data from a
solid material-air interface.

12. A device, comprising:

a communication interface;

a memory device for storing instructions; and

a processor configured to execute the instructions to:

receive, from an ultrasound probe, data of a target
within a test fixture, wherein the target includes a
repetitive pattern along two axes;
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generate a first ultrasound image of the target;

identify distortion of the target in the first ultrasound
image;

estimate, based on the identifying, offset parameter
values for one or more angular errors within the
ultrasound probe;

generate a second ultrasound image of the target using
the offset parameter values;

identify corrected distortion of the target in the second
ultrasound image; and

store the offset parameter values.

13. The device of claim 12, wherein the processor is
further configured to execute the instructions to:

apply, after the estimating, the one or more angular errors

to an error model for the ultrasound probe.

14. The device of claim 13, wherein the processor is
further configured to execute the instructions to:

collect, after the storing, ultrasound data from a region of

interest;

apply error compensation to the ultrasound data using the

error model and the stored offset parameter values; and
generate an ultrasound image of the region of interest
based on the error compensation.

15. The device of claim 12, wherein the ultrasound probe
includes one of a single element transducer or an annular
transducer array that rotates about two different axes.

16. The device of claim 12, wherein the ultrasound probe
includes one of a linear transducer array or curved trans-
ducer array that rotates about a longitudinal axis.

17. The device of claim 12, wherein a top surface area of
the target is less than sixteen square inches.

18. The device of claim 12, wherein three-dimensional
data of a target is collected from the target immersed in one
of water, gel, or solid material within the test fixture.

19. A non-transitory computer-readable medium contain-
ing instructions executable by at least one processor, the
computer-readable medium comprising one or more instruc-
tions to:

receive, from an ultrasound probe, three-dimensional data

of a target within a test fixture, wherein the target
includes a repetitive pattern along two axes;

generate a first ultrasound image of the target;

identify distortion of the target in the first ultrasound

image;

estimate, based on the identifying, offset parameter values

for one or more angular errors within the ultrasound
probe;

generate a second ultrasound image of the target using the

offset parameter values;

identify corrected distortion of the target in the second

ultrasound image; and

store the offset parameter values.

20. The non-transitory computer-readable medium claim
19, wherein the angular errors include a first angular error
relative to a first axis of the probe extending in a longitudinal
direction, a second angular error relative to a second axis
extending in a direction orthogonal to the first axis, and a
third error indicating a skew angle from perpendicular
relative to a scan plane; and wherein the instructions further
comprise one or more instructions to:

collect, after the storing, ultrasound data from a region of

interest; and

apply error compensation to the ultrasound data based on

the stored offset parameter values.
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