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(57) ABSTRACT

An ultrasound-based system determines dynamic strain mea-
surements over a surface using ultrasound speckle analysis
that allows for accurate measurement of surface area dis-
placement. The system additionally determines an approxi-
mate displacement along a third axis, the z-axis. From these,
an estimation of a local volume change is determined. In this
way, a volume change can be determined for the lung or any
other region of interest.
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LUNG VENTILATION MEASUREMENTS
USING ULTRASOUND

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a divisional of U.S. application
Ser. No. 14/216,738, filed Oct. 23, 2015, entitled “Lung Ven-
tillation Measurements Using Ultrasound,” which claims the
benefit of U.S. Application No. 61/799,484, filed Mar. 15,
2013, entitled “Lung Compliance Measurement with Ultra-
sound,” which is hereby incorporated by reference in its
entirety.

BACKGROUND OF THE DISCLOSURE

[0002] 1. Field of the Disclosure

[0003] The disclosure relates to measuring changes in lung
volume and, more particularly, to techniques for measuring
changes in lung volume using ultrasound transducers.
[0004] 2. Brief Description of Related Technology

[0005] Respiratory failure is common with premature
births and is a leading cause for the prevalence of ventilatory
assistance among infants. For example, approximately 25%
of premature neonates require mechanical ventilation due to
respiratory failure. Healthcare professionals must take par-
ticular care in treating the premature neonates, because of this
prevalence of the lung immaturity and the resulting harmful
effects. This includes monitoring lung volume changes in
neonates receiving mechanical ventilation to assess the effec-
tiveness and safety of therapeutic treatments.

[0006] Yet, despite the respiratory problems in premature
infants and neonates, presently there are no benign, reliable
ways to monitor local ventilation in this population. For
decades, researchers have suggested techniques for monitor-
ing lung performance in infants, but there have been no sig-
nificant breakthroughs, certainly not in terms of producing
cost effective, reliable solutions. Part of the problem is the
physiology involved, especially for infants. Neonates experi-
ence poor gas exchange because of atelectasis and obstructive
airway disease, caused by a lack of pulmonary surfactant and
immature airways. Advancements in treatment of these con-
ditions have occurred, especially with the advent of antenatal
steroid therapy and exogenous surfactant administration. But
despite these treatments, large percentages of neonates still
require high-frequency ventilation (HFV).

[0007] One of the problems with neonate treatment, and
one of the reasons why lung volume measurement techniques
are sought after is the occurrence of lung injury produced by
mechanical ventilation. A condition called bronchopulmo-
nary dysplasia (BPD) results from the effects of positive
pressure ventilation and other factors required for the treat-
ment of respiratory distress syndrome (RDS). This is not
uncommon with fragile patient populations of others on ven-
tilators, that an effective treatment option can cause other
secondary conditions. In this example, the principal causes of
the secondary condition (BPB) relate directly to uncertainties
involved in optimizing lung volume. The issues are com-
pounded further, however, by the myriad of different ventila-
tors and ventilatory modes employed to ventilate infants.
[0008] As to HFV in particular, this is a type of ventilation
technique that uses small tidal volumes delivered at
extremely rapid rates, typically 10-20 Hz. HFV techniques
have been compared and contrasted with conventional
mechanical ventilation (CMV). Animal studies have sug-
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gested that HFV has fewer complications than CMV, by
reducing ventilator-induced lung injury. HFV, also, has better
gas exchange in the presence of air leaks; and HFV decreases
oxygen requirements. However, developing a proper strategy
for HFV treatment remains elusive. The technique is still
highly controversial. There is no standardize critetia for opti-
mal use of HFV; and this problem is exacerbated by the lack
of accurate clinical measurements of lung volume.

SUMMARY OF THE INVENTION

[0009] The background description provided herein is for
the purpose of generally presenting the context of the disclo-
sure. Work of the presently named inventor, to the extent it is
described in this background section, as well as aspects of the
description that may not otherwise qualify as prior art at the
time of filing, are neither expressly nor impliedly admitted as
prior art against the present disclosure.

[0010] The present application provides techniques for
determining local lung strain and lung volume, and more
specifically changes in lung volume, using ultrasound imag-
ing. Ultrasound speckle tracking and strain imaging are com-
bined with techniques for determining z-axis displacement to
arrive at clinically accurate measurements of local lung vol-
ume.

[0011] In some examples, two-dimensional (2D) ultra-
sound speckle imaging techniques are used to determine an
approximated surface area change; and the z-axis displace-
ment is determined from separate a sensor array or other
technique to independently determine physical displacement.
The system may be implemented with multiple, small 2D
array ultrasound transducers attached to a patient’s (e.g., an
infant’s) chest similar to ECG leads. These will then be able
to monitor local ventilation at distributed sites in real time
across both lungs. These sensors could also be used in deter-
mining z-axis displacement, through a process of approxi-
mating osculating circles to the lung surface. The resultis a
dual-mode technique for measuring lung volume changes.
[0012] The technique may determine volume changes,
between inspiration and expiration, over the entire lung or the
technique may analyze a selectable portion of the lung, for
example, by segmenting the ultrasound images and sensor
array to a particular location.

[0013] The techniques are benign and can be applied rou-
tinely in a neonatal intensive care unit (NICU) setting.
Although, more broadly, the techniques may be generalized
to a monitoring method for local ventilation of any patient
pool, from infant to adult. The techniques may be imple-
mented as standalone systems or integrated with mechanical
ventilation machines. The techniques may be used for diag-
nostic or therapeutic purposes. The techniques may be
designed to provide alarm indications to attending medical
personal, may be used to database patient responsiveness to
treatment, may assist in diagnosis of respiratory conditions,
or may provide automated instructions to a treatment appa-
ratus.

[0014] In accordance with an example, provided is a
method of determining change in the volume of a target
sample, the method comprising: receiving, at an imaging
processing machine, ultrasound images of a two-dimensional
area corresponding to the target sample, where a first ultra-
sound image is taken at a first time period and a second
ultrasound image is taken at a second time period after the
first time period; determining, at the imaging processing
machine, a change in strain value of the target sample over the
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two-dimensional area, wherein the strain value is determined
from comparing the first ultrasound image to the second
ultrasound image, wherein the first ultrasound image and the
second ultrasound image are speckle-containing images;
determining, at the imaging processing machine, and from
the change in strain value, an xy-plane change in area of the
target sample between the first time period and the second
time period; determining, at the imaging processing machine,
an approximate physical z-axis displacement over the two-
dimensional area by approximating a change in local curva-
ture of the two-dimensional area between the first time period
and the second time period; and determining, at the imaging
processing machine, a volume displacement of the target
sample from the approximate physical z-axis displacement
and the change in strain value.

[0015] In accordance with another example, an apparatus
comprises: an imaging processing machine having a proces-
sor and a memory, wherein the processor is configured to
execute instructions that when executed cause the imaging
processing machine: to receive ultrasound images of a two-
dimensional area corresponding to the target sample, where a
first ultrasound image is taken at a first time period and a
second ultrasound image is taken at a second time period after
the first time period; to determine a change in strain value of
the target sample over the two-dimensional area, wherein the
strain value is determined from comparing the first ultrasound
image to the second ultrasound image; to determine from the
change in strain value, an xy-plane change in area of the target
sample between the first time period and the second time
period; to determine an approximate physical z-axis displace-
ment over the two-dimensional area by approximating a
change in local curvature of the two-dimensional area
between the first time period and the second time period; and
to determine a volume displacement of the target sample from
the approximate physical z-axis displacement and the change
in strain value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The figures described below depict various aspects
of the system and methods disclosed herein. It should be
understood that each figure depicts an embodiment of a par-
ticular aspect of the disclosed system and methods, and that
each of the figures is intended to accord with a possible
embodiment thereof. Further, wherever possible, the follow-
ing description refers to the reference numerals included in
the following figures, in which features depicted in multiple
figures are designated with consistent reference numerals.
[0017] FIGS. 1A and 1B are plots of strain along two
orthogonal directions obtained from a 1 dimensional trans-
ducer;

[0018] FIGS.2A and 2B are ultrasound images of the lung
during full expiration (FIG. 2A) and full inspiration (FIG.
2B), in accordance with an example;

[0019] FIG. 3 is flow diagram of a process for determining
lung volume change, in accordance with an example; and
[0020] FIG. 4 illustrates an example lung volume analysis
system, in accordance with an example.

[0021] FIG. 5 illustrates an example handheld ultrasound
device for determining long volume using a one-dimensional
ultrasound transducer, in accordance with an example.
[0022] FIG. 6 illustrates an example handheld ultrasound
device for determining long volume using a two-dimensional
ultrasound transducer, in accordance with an example.
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DETAILED DESCRIPTION

[0023] The techniques described herein rely upon ultra-
sound imaging to determine dynamic strain measurements of
the lung surface and extend well beyond conventional strain
measurement. The techniques may determine strain using
ultrasound speckle analysis that allows for accurate measure-
ment of surface area displacement. The techniques addition-
ally approximate displacement along a third axis, the z-axis,
from which an estimation of a local volume change may be
achieved. Indeed, in this way, the present techniques result
from an unexpected application of ultrasound strain imaging.
Conventionally, ultrasound strain imaging has been used to
measure only tissue hardness in multiple organ systems and
disease processes, including cardiac wall and heart function,
breast tumor analysis, thyroid mass assessment, deep venous
thrombosis aging, lymph node metastases, renal transplant
rejection, testicular tumor evaluation, and prostate tumor
assessment. These applications have been attempted with
varying degrees of success.

[0024] The present technique uses speckle tracking to cal-
culate the strain in ultrasound. For example, using pattern
matching techniques, we can track speckle motion in moving
tissueto sub-wavelength accuracies. The tracking technology
is robust and accurate; and speckle-tracking based strain
imaging is available on most clinical ultrasound units. How-
ever, while strain imaging has been used to measure tissue
hardness, deformation is different. Unlike tissue hardness,
deformation, generally speaking, depends on a variety of
external factors that will affect measurements. Stresses
applied to a patient, boundary conditions for the organ, a
patient’s weight, organ size, etc. can all affect the deformation
of an organ.

[0025] With the present techniques, we show that strain
imaging may be used effectively for measuring local lung
ventilation, in particular changes in lung volume. Data from
the strain imaging is directly convertible to local ventilation,
with positive strain data expressing expansion of the lung
volume and negative strain data expressing contraction. In
this way, the present techniques provide a solution to the local
lung ventilation quandary, where conventional ventilators can
measure the total air displacement and the pressure used to
displace the gas, but cannot determine where the gas is actu-
ally going within the patient. These ventilators determine the
actual impact on the lung, leaving the local distribution of the
gas in the lungs unknown.

[0026] The present techniques provide a new targeted
application of ultrasound speckle tracking and strain imag-
ing, lung strain. These techniques derive from using ultra-
sound to solve a major problem in an organ system that is only
rarely even considered a legitimate target for ultrasound. We
base this on the following expression:

Al oy

where € is strain, | is an arbitrary length and Al is the change
in the length based on some deformation, such a respiratory
motion. In this way, we show that strain directly correlates to
deformation. We extend this linear strain to volume strain to
provide relative changes in Iung volume or ventilation. The
result is
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where V 1s volume, AV is change in volume, ¢, is linear strain
in the i direction where i=x, y, or z. Thus, from Equation (2),
1fV is considered a small local volume element defined by the
ultrasound image, then the sum of the strains in three (3)
directions multiplied by the imaged volume element will give
AV.

[0027] Insome examples, 2D ultrasound transducer arrays
may be used to obtain a near complete map of lung ventila-
tion. These transducer arrays may be placed around a neo-
nate’s chest, similar to ECG leads, and spaced apart based on
the size of the volume area desired. In another example, 1D
ultrasound transducers probes may be used to take multiple
measurements at different locations on the lung. For this later
example, the probes may be used to simulate a 2D array, for
example, by taking a first measurement along a first one-
dimensional axis and then rotating the probe to take a second
measurement along an orthogonal direction, from which the
orthogonal strain measurement is then determined.

[0028] FIG. 5 illustrates an example handheld ultrasound
device 100 that may be used to determine a change in volume
of atarget sample 101, such as the lung or bladder. The device
100includes a handheld controller 102 that includes an image
processing machine having a processor and embedded
memory. The handheld controller 102 has a display 104 for
displaying ultrasound images captured by an ultrasound
transducer 106 (with scanhead 107) coupled to the controller
102 through a wired connection, such as a Universal Serial
Business (USB) connector 108. In the illustrated example, the
transducer 106 is a 1D transducer. However, 2D transducers
and 3D ultrasound devices may be used instead. In some
examples, using a USB connector allows for interchanging
the transducer 106 for another transducer, 1D or 2D or what
are described as 3D ultrasound or 4D ultrasound devices. In
some examples, the transducer 106 may be connected wire-
lessly to the controller 102, using a wireless communication
protocol such as any of the IEEE 802.11 standards, 802.11a,
b, g, n, ac, or ad. Other example wireless communication
modalities include IEEE 802.15 standard, known as “Blue-
tooth,” and near field communication (NFC) standards used
for smart devices. The controller 102 may perform the strain
measurements and volume determinations discussed herein.
While in other examples, the controller 102 may be part of an
overall imaging processing apparatus that includes an exter-
nal machine, with dedicated processor, coupled to the con-
troller 102, wirelessly or wired, to receive preliminary ultra-
sound data and process that data to determine changes in
strain values, across an xy-plane and the z-axis displacement.

[0029] FIG. 6 illustrates another device 200 similar to that
of the device 100, but showing a controller 202 and 2D
ultrasound transducer 204, with scanhead 206. It will be
appreciated that the ultrasound transducer may be imple-
mented with a linear array, phased array, convex array, 2D
array, 3D ultrasound device array, or 4D ultrasound device
array, by way of example. As discussed herein, like the device
100, the device 200 can be moved over a subject to detect lung
ventilation, functioning in some respects as an ultrasound
stethoscope. In some example implementations of a 1D mea-
surement, the devices herein may be used to obtain a localized
one dimensional strain value. For example, a 1D ultrasound
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transducer may be used to collect data at two different times
from which the system is able to determine a one dimensional
strain value and convert that value into an indication of a
localized ventilation. For example, this 1D strain/ventilation
measure could be part of a binary ventilation system, that
identifies whether the subject is ventilating or not, ventilating
at a maximal amount or not, ventilating over a specific ven-
tilation range, ventilating in a range of concern (too fast or
twoslow), etc. Indeed, while examples are described herein in
reference to 2D ultrasound transducers, the techniques herein
described can be implemented using 1D transducers as well.
These one dimensional strain/ventilation determinations may
be performed at a single location on a subject or on multiple
locations on a subject. Beyond these one dimensional strain
and ventilation determinations, in some examples, these 1D
ultrasound transducers may be used for additionally deter-
mining volume displacements in accordance with examples
discussed herein. For example, the 1D transducers can be
used to collect 1D strain data along orthogonal directions and
then at different times to develop a two dimensional strain
data.

[0030] In some examples, the devices 100 and 200 repre-
sent example manifestations of the environment 10, the
machine 12, and/or any of the machines 70-1-70-%. Indeed,
any of these processing devices are included by use of the
term “system” (e.g., an imaging system), as used herein. That
is, it will be understood that the techniques described herein
as implemented on a system may be implemented fully or
partially on the devices 100 or 200, the computer 12, any of
the remote computers 70-1-70-n, or any suitable other
devices. And reference to operations on any of the environ-
ment 10, the machine 12, and/or any of the machines 70-1-
70-r shall also include implementation on any other of the
environment 10, the machine 12, and/or any of the machines
70-1-70-n.

[0031] FIGS. 1A and 1B show a local map for individual
breaths in a patient produced from a processed ultrasound
signal from the lung surface in two-orthogonal directions
(FIG. 1A and FIG. 1B), achieved by rotating a 1D ultrasound
transducer, such as the transducer 106. This plot is a direct
measure of local lung expansion and contraction, in the two
examined directions over time. Each plot of FIGS. 1A and 1B
were taken over different breaths and each oscillates in strains
over about 2-3 s. The max strains were very similar, approxi-
mately 35% as shown.

[0032] Inany event, whether a 1D transducer or a 2D ultra-
sound transducer array is used, two of the strain components
from Equation (2) are obtained by tracking two orthogonal
strains along the lung surface with respiration. The third
component normal to the lung surface, i.e., along the z-axis, is
tracked in a different manner.

[0033] Ultrasound will not enter the air-filled lung. Yet, in
some examples, a system is able to track the change in the
radius of curvature of a local osculating circle centered in a
sample region. The z-axis displacement may be determined
different ways depending on the transducers and sensor con-
figurations. For example, using a 1D ultrasound array (such as
in the device 100 or the system 1000 implemented with a 1D
array), where one may not be able to acquire orthogonal
directions simultaneously along principal directions. the sys-
tem may approximate the z-axis displacement by first identi-
fying near orthogonal space curves along the lung surface by
rotating the transducer similar to FIGS. 2A and 2B. The
system may identify the lung surface from the ultrasound
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image, since it is moving and it is a total reflector of ultra-
sound. The system may be configured to identify the lung
surface at extreme positions, for example at full inspiration
and full expiration. The system may then determine osculat-
ing circles corresponding to the lung surface, e.g., by radially
fitting to a portion of the lung surface, after which a z-axis
displacement, e.g., a radial difference along a direction
orthogonal to the portion of the lung surface, is determined. In
the example of 2D ultrasound arrays, orthogonal acquisitions
along principal direction can be acquired simultaneously.
Therefore, space curves can be fit from the ultrasound images
using continuous functions, such as cubic functions. The
system can then take the second derivatives of the cubic at the
center point in each direction as the curvature at that point.
The system can then take the average of the two curvatures to
obtain a mean curvature, which can be inverted to get the
instantaneous mean radius of curvature. This example tech-
nique is similar to fitting osculating circles at the points of
second order contact in the orthogonal directions and using
the radii of the circles to calculate the instantaneous radii of
curvature. In any event, the system can then use the temporal
fluctuation of these instantaneous mean radius of curvature
values around the temporal mean radius of curvature, normal-
ized by the temporal mean radius of curvature, as an estimate
of the strain in the normal direction. From this, the system is
able to calculate volume strain.

[0034] From examining changes in the radius of curvature
between two states, for example between inspiration (FIG.
2A) and expiration (FIG. 2B), it is possible to estimate the
strain along the z-axis. In an example, FIGS. 2A and 2B may
represent ultrasound images on the display 104. The illus-
trated example shows measurement of the radius of curvature
in near full inspiration and full expiration by re-calculating
the centers of the local osculating circles at those two
instances. In this way, the radii of curvature of the set of
osculating circles can be tracked throughout respiration. The
mean value of the radii may be set as the zero strain reference
point, such that the instantaneous strain in the z direction,
€,(1), is

) -<r> 3

where r(t) is the instantaneous local mean radius of curvature
and <r> is the temporal mean radius of curvature.

[0035] Itis noted that, for a particular target, there may be
different radii of curvature along different orthogonal planes.
Essentially, the approximating osculating circle may be
direction dependent, especially for smaller circles associated
with neonates and infants. We can overcome such directional
dependence, by measuring two potentially-different radii of
curvatures, along different directions. In some examples, the
system can estimate two curvatures, C where C=1/r. The
system can average the curvatures to obtain a mean curvature
or multiply them to obtain the Gaussian curvature. By invert-
ing the mean curvature or inverting the square root of the
Gaussian curvature, two estimates of a radius of curvature for
the lung surface may be obtained. Using these relationships,
the system can calculate the local ventilation over time by
comparing the time dependency, as described herein.

[0036] Other techniques for determining changes in z-axis
displacement include using an accelerometer, for example, an
accelerometer embedded in the ultrasound transducer devices
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106 or 204, such as embedded within the scanhead 107 and
206, respectively. The accelerometer would detect changes in
movement, position, and/or pressure from, which the control-
ler would determine z-axis displacement. In other examples,
a biometric sensor, such as an activity monitory, may be
embedded within the ultrasound transducer to determine
z-axis displacement. In yet other examples, the accelerom-
eter-based sensor (or other biometric sensor) may be con-
tained within another device, such as a dedicated sensor
device or a handheld or wearable “smart” device, such as
smartphone or activity monitor. In some examples, the accel-
erometer may be within a case or housing for a handheld or
wearable such device.

[0037] The accelerometer may be a single axis detection
accelerometer (e.g., z-axis). In other examples, the acceler-
ometer may detect movement in three orthogonal axes (e.g.,
X-, ¥-, and z-axes). In such examples, xy detection data may
be combined with the ultrasound xy data to refine measure-
ments of changes in area across the xy-plane. The accelerom-
eter may be triggered to automatically perform scanning (e.g.,
Z7-axis scanning), in response to sensing the depression of the
accelerometer into a subject. When embedded in an ultra-
sound device, that sensing may result from being depressed
into the subject.

[0038] Either the accelerometer or the ultrasound trans-
ducer itself can be designed to detect the orientation of the
embedded sensor and/or of the probe itself in some examples.
That orientation data may be used to optimize volume mea-
surement determinations, for example, by applying resizing
and stretching on collected data. In some examples, the ori-
entation of the accelerometer is separately controllable
through the controller.

[0039] FIG. 3illustrates an example process 1000 for deter-
mining changes in lung volume and as may be implemented
in an imaging processing system, described further below. As
noted the process 1000 may be implemented in whole or in
part by any of the devices 100 and 200 and the computer 12.
The process 1000, as described, determines strain, e.g., a
local strain, from which lung volume change data may be
determined. That local strain may be used in the determina-
tion of other characteristics of a target, as well, or as a proxy
for lung volume.

[0040] Initially, at a block 1002, ultrasound transducers,
either 2D array transducers or single 1D transducers, are
positioned on a subject for image collection over a sample
region. The transducers may be placed topically on the sur-
face patient’s skin, for example; although the particular tech-
niques are not limited to a particular type of ultrasound image
pickup. The particular locations of the transducers may also
be determined based on the number of transducers being used
to collect volumetric data, the size of the patient, the per-
ceived size of the organ, the amount of intervening tissue
between the upper skin surface and the lungs, and any prior
information that might suggest variations in ventilation such
as an underlying tumor, pneumonia, or atelectasis. Further-
more, the transducers are positioned for tracking, e.g,
speckle tracking, in two orthogonal directions, such that the
local strain can be determined from two-dimension tracking.
[0041] In some examples, the preferred locations of the
ultrasound transducers may be determined from a 3D CT scan
or other medical imaging modality, such as from a PET scan-
ner, MRI, or etc. Indeed, in some applications it may be
desirable, even with the cost effectiveness of the present
techniques, to have simultaneous measurement of both ultra-
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sound speckle images and other medical image data, for
example to allow better registration of image data, more
accurate and more developed tracking for treatment purposes,
for example. Tracking may be assisted by the use of metallic
markers visible in through both ultrasound and CT imaging
systems, which may be used to register image data between
the two modalities. Use of another medical imaging modality
can also be used for calibrating the ultrasound system upon
start up; although preferably ultrasound systems are cali-
brated at the factory or personalized, historical imaging data
from the patient is used to determine optimum transducer
location and operating thresholds.

[0042] At a block 1004, the imaging system determines
thresholds for use in speckle tracking from the ultrasound
images. For example, the block 1004 may set a threshold for
backscattered signal strength, to be used in speckle tracking a
comparison between two different ultrasound speckle
images. Additionally, the mechanical index (MI) threshold
for the ultrasound transducers may be provided at block 1004,
where a range of MI<0.3 was chosen for some examples.
While the actual MI values can vary, MI values or approxi-
mately 0.3 and below were chosen to prevent any chance of
bioeffect especially given the neonatal population. Values for
MI considerably below the 0.3 will be desired for numerous
applications.

[0043] At a block 1006, ultrasound speckle images are
captured over a sample area (see, e.g., FIG. 2 generally coin-
ciding with a planar region across the xy-plane, and at differ-
ent sampling times. The spacing between sampling times may
be adjusted manually or may be determined automatically by
the system. Itis desired, in some examples, to collect speckle
images at a full inspiration and then again at full expiration, to
assess total lung volume changes. Thus, the block 1006 may
collect speckle images at a sufficiently high frequency to
identify, from the resulting data set, when the maximum and
minimum lung volumes are achieved, and then identify these
points amongst the image data stored from the captures over-
all. However, in other examples, real-time continuous captur-
ing would be used.

[0044] At ablock 1008, the process 1000 performs a strain
determination, over the 2D sample area defined by the xy-
area, based on the speckle image data collected from block
1006. This strain may be determined at each of a plurality of
different sub-regions within the sample area, defined by the
number of transducers and transducer spacing. The strain
determinations of each of the sub-regions will then represent
local ventilation at each of the sampled sites. The local strain
at the lung surface is determined directly from 2D data taken
by 2D ultrasound transducer arrays or from 1D transducer
probes imaging along two orthogonal directions. In some
examples, the strain data may be directly used to assess the
condition of the target region, for example as a substitute
indicator for lung volume changes. However, in the illustrated
example, at the block 1008, the system may further determine
from the strain values, a change in area of a two-dimensional
area. For example, the block 1008 may determine an xy-plane
change in area between two different speckle imaging time
frames.

[0045] With strain determined over a two-dimensional
area, a block 1010 now determines a physical displacement,
along the z-axis, of the sample region at the different sample
times corresponding to those of the block 1008. This may be
done based on image data, as discussed. For example, the
image processing system may define an osculating circle for
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the ultrasound images collected at each location of the ultra-
soundtransducer to define a local curvature that changes from
inspiration to expiration. By defining osculating circles at the
surface and at inspiration and expiration, the image processor
system may estimate a mean radius of these circles, where a
change in radius of the mean radius will define a strain in the
7 direction.

[0046] Inother examples, the block 1010 collects data from
an accelerator or other biometric sensor device and deter-
mines z-axis displacement.

[0047] The process 1000 will collect data over numerous
cycles, via blocks 1004-1008, to help reduce variation and
noise in data collection. The number of cycles can be set
based on the number of transducers, the physiology of the
patient, the need to avoid bioeffects, etc. In some examples,
10-20 cycles of data were collected at an MI<0.3, although
higher MI values are contemplated. Furthermore, these
blocks can perform statistically significant analyses on the
collected data, to more accurately determine strain and the
radii for osculating circles. Such statistically significant
analysis may include averaging data, high and/or low thresh-
old filtering, skewness analysis, kurtosis analysis, or a com-
bination thereof.

[0048] At a block 1012, the system 1000 determines the
change in volume between at least two different sample
points, based on the xy-plane strain determination and the
7-axis strain determination and applying Equations 1-3
above. The change may be stored in a database and provided
to medical practitioners through a display, such as through the
imaging processing system, or to an treatment system, such as
a ventilator system, using a block 1014. In some examples,
the ultrasound volume data may be displayed over an ultra-
sound image, for example by mapping approximate physical
z-axis displacements onto an ultrasound image of the two-
dimensional area for display. Such mapping could be
achieved by overlaying a displacement vector, osculating
circles, or other graphic to display z-axis displacement.

[0049] The process 1000 may be modified in various ways.
For example, when using a 1D ultrasound transducer, even
obtaining orthogonal data by rotating the scanhead 90° at
each scanning site, the typical surface area insonified may be
on the order of 2x2 cm. Because this may overestimate lung
volume areas for neonates, the process can subsample smaller
regions, as desired. Ultrasound access to the lung shouldn’t be
a problem, since we can easily scan between ribs. With a 2D
array for the scanning, orthogonal samples may be acquired
simultaneously, allowing faster, theoretically more accurate
estimation of the radius of curvature changes from each
orthogonal direction.

[0050] These measurements may be taken statically at full-
inspiration and full-expiration, or at any two given speckle
imaging times. However, the system may also be integrated
with HFV ventilation treatments. In these examples, the block
1006 may receive a triggering signal from an HFV system,
where that signal indicates the frequency or period of the
ventilation treatment. In response, ultrasound speckle images
may be synchronized (or clocked) with the timing of the HFV.
Like the block 1006, the block 1010 may be triggered by a
signal from an HFV system or other external ventilation
system. Such triggering allows for more real-time assessment
of lung ventilation and responsive to treatments, allowing
medical personnel to more precisely know the ventilation
distributions and measurement reproducibility throughout
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the lung for different tidal volumes. Examples ranges of
detection are 30 Hz or lower, and in particular 15 Hz.

[0051] The accuracy of the volume change determination
can be affected not only by the size and position of the
osculating approximately circles, but by the number of such
circles. When using multiple transducers simultaneously on a
sample region, spacing the transducers too far apart, and the
osculating circles will have larger gaps between them, leaving
more of the lung to be approximated in volume change, but
not actually measured. Although strain assessment over the
entire 2D area may be achieved for these regions, exact
approximation of the x-axis displacement will not be. There-
fore, more transducers or denser or larger transducer arrays
may be used, if desired, for more accurate measurement of
displacement along the z-axis. Correlations between ultra-
sound speckle and osculating circles analysis and actual volu-
metric changes in the lung may be performed by comparing
this data against CT, PET, MRI or other sample scan images,
capable of volumetric analysis.

[0052] In some examples, other sensors could be used in
addition to the ultrasound transducers and for the purposes of
separately determining a z-axis displacement, either indi-
vidually or in conjunction with the ultrasound transducers.
For example, accelerometer sensors may be used with or
within the ultrasound transducers to provide mapping of
z-axis displacements over a respiratory cycle. The displace-
ments could be measured, for example, from a mean position.
Another sensor would be a mechanical displacement gauge
with or within the ultrasound transducer to assist in calcula-
tion of the z-axis displacement.

[0053] Finally, binary measurements of expansion and con-
traction should still be correct even if the magnitudes are
incorrect. Such measurements should distinguish areas of air
trapping from truly ventilating lung. Thus if the underlying
lung just translates, but the strain is zero, it is not being
ventilated. This would correspond to air trapping.

[0054] The techniques herein may be used with any type of
1D or 2D ultrasound transducer. These include linear array
and curved array transducers, steerable transducers, whether
based on pulse wave or continuous wave Doppler, color Dop-
pler, harmonic imaging, or any other ultrasound modality,
preferably capable of producing speckle imaging. The tech-
nique could be used with 3D ultrasound devices, to determine
approximating osculating circles, although 1D and 2D trans-
ducers generally should be more cost effective and more
amenable to real time imaging.

[0055] FIG. 4 illustrates an example lung volume analysis
system for performing a lung volume determination in accor-
dance with the teachings hereinabove. The techniques
described above may be coded, in software, hardware, firm-
ware, or combination thereof, for execution on a computing
device such as that illustrated in FIG. 4. Generally, FIG. 4
illustrates an example of a suitable computing system envi-
ronment 10 to interface with a medical professional or other
user to analyze medical data, in particular ultrasound image
data captured at the point of assessment or from a stored
database of historical image data. It should be noted that the
computing system environment 10 is only one example of a
suitable computing environment and is not intended to sug-
gestany limitation as to the scope of use or functionality of the
method and apparatus of the claims.

[0056] An exemplary system for implementing the blocks
of the method (FIG. 3) and apparatus includes a general-
purpose computing device in the form of a computer 12.
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Components of computer 12 may include, but are not limited
to, a processing unit 14 and a system memory 16. The com-
puter 12 may operate in a networked environment using logi-
cal connections to one or more remote computers, such as
remote computers 70-1, 70-2, . . . 70-», via a local area
network (LAN) 72 and/or a wide area network (WAN) 73 via
a modem or other network interface 75. These remote com-
puters 70 may include other computers like computer 12, but
in some examples, these remote computers 70 include one or
more of (i) a medical imaging system, (ii) a signal records
database systems, (iii) a scanner, and/or (iv) a signal filtering
system.

[0057] In the illustrated example, the computer 12 is con-
nected to an image processing machine, labeled machine
70-1. The machine 70-1 may be a stand-alone ultrasound
system, having ultrasound transducers (i.e., 2D arrays and/or
1D probes) and a processing machine for performing ultra-
sound imaging operation, including transmitting stimulation
signals, collecting image data and z-axis displacement data,
performing signal analysis on collected data, such as noise
filtering, statistical analysis, etc., and storing (and/or buffer-
ing) that data and transmitting the same to the computer 12 for
further analysis and strain and volume determination. In other
examples, a series of ultrasound transducers may be con-
nected directly to the computer 12, which would then control
operation of the transducers, perform the data processing and
storage functions, in place of the remote system 70-1.
[0058] Computer 12 typically includes a variety of com-
puter readable media that may be any available media that
may be accessed by computer 12 and includes both volatile
and nonvolatile media, removable and non-removable media.
The system memory 16 includes computer storage media in
the form of volatile and/or nonvolatile memory such as read
only memory (ROM) and random access memory (RAM).
The ROM may include a basic input/output system (BIOS).
RAM typically contains data and/or program modules that
include operating system 20, application programs 22, other
program modules 24, and program data 26. These programs
may include implementation of the blocks of process 1000.
The computer 12 may also include other removable/non-
removable, volatile/nonvolatile computer storage media such
as a hard disk drive, a magnetic disk drive that reads from or
writes to a magnetic disk, and an optical disk drive that reads
from or writes to an optical disk.

[0059] A user may enter commands and information into
the computer 12 through input devices such as a keyboard 30
and pointing device 32, commonly referred to as a mouse,
trackball or touch pad. Other input devices (not illustrated)
may include a microphone, joystick, game pad, satellite dish,
scanner, or the like. These and other input devices are often
connected to the processing unit 14 through a user input
interface 35 that is coupled to a system bus, but may be
connected by other interface and bus structures, such as a
parallel port, game port or a universal serial bus (USB). A
monitor 40 or other type of display device may also be con-
nected to the processor 14 via an interface, such as a video
interface 42. In addition to the monitor, computers may also
include other peripheral output devices such as speakers 50
and printer 52, which may be connected through an output
peripheral interface 55.

[0060] Generally, the techniques herein may be coded in
any computing language for execution on computer 12. Ultra-
sound speckle image data and z-axis displacement data may
be obtained from the remote computers 70-1, 70-2, . . . 70-
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and stored loaded on to any of the computer storage devices of
computer 12. Once such data is obtained, a user may input or
select the condition parameters through an input mechanism
as described. Although, in other examples, the condition
parameters may be pre-selected or automatically determined,
for example, based on a particular type of analysis that is to be
performed. The output of the executable program may be
displayed on adisplay (e.g., amonitor 40), sent to a printer 52,
stored for later use by the computer 12, or offloaded to another
system, such as one of the remote computers 70. The output
may be in the form of an image, a graph, a table or any
combination thereof, by way of example. Operations of the
system may be recorded in a log database for future reference
as shown. This log database may be accessed at subsequent
times.

[0061] The various blocks, operations, and techniques
described above may be implemented in hardware, firmware,
software, or any combination of hardware, firmware, and/or
software. When implemented in hardware, some or all of the
blocks, operations, techniques, etc. may be implemented in,
for example, a custom integrated circuit (IC), an application
specific integrated circuit (ASIC), a field programmable logic
array (FPGA), a programmable logic array (PLA), etc.

[0062] When implemented in software, the software may
be stored in any computer readable memory such as on a
magnetic disk, an optical disk, or other storage medium, in a
RAM or ROM or flash memory of a computer, processor, hard
disk drive, optical disk drive, tape drive, etc. Likewise, the
software may be delivered to a user or a system via any known
or desired delivery method including, for example, on a com-
puter readable disk or other transportable computer storage
mechanism or via communication media. Communication
media typically embodies computer readable instructions,
data structures, program modules or other data in a modulated
data signal such as a carrier wave or other transport mecha-
nism. The term “modulated data signal” means a signal that
has one or more of its characteristics set or changed in such a
manner as to encode information in the signal. By way of
example, and not limitation, communication media includes
wired media such as a wired network or direct-wired connec-
tion, and wireless media such as acoustic, radio frequency,
infrared and other wireless media. Thus, the software may be
delivered to a user or a system via a communication channel
such as a telephone line, a DSL line, a cable television line, a
wireless communication channel, the Internet, etc. (which are
viewed as being the same as or interchangeable with provid-
ing such software via a transportable storage medium).

[0063] Moreover, while the present invention has been
described with reference to specific examples, which are
intended to be illustrative only and not to be limiting of the
invention, it will be apparent to those of ordinary skill in the
art that changes, additions and/or deletions may be made to
the disclosed embodiments without departing from the spirit
and scope of the invention.

[0064] Thus, although certain apparatus constructed in
accordance with the teachings of the invention have been
described herein, the scope of coverage of this patent is not
limited thereto. On the contrary, this patent covers all embodi-
ments of the teachings of the invention fairly falling within
the scope of the appended claims either literally or under the
doctrine of equivalents.
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What is claimed:

1. An apparatus comprising:

an imaging processing machine having a processor and a

memory, wherein the processor is configured to execute
instructions that when executed cause the imaging pro-
cessing machine:

to receive ultrasound images of a two-dimensional area

corresponding to the target sample, where a first ultra-
sound image is taken at a first time period and a second
ultrasound image is taken at a second time period after
the first time period;

to determine a change in strain value of the target sample

over the two-dimensional area, wherein the strain value
is determined from comparing the first ultrasound image
to the second ultrasound image;

to determine from the change in strain value, an xy-plane

change in area of the target sample between the first time
period and the second time period;

to determine an approximate physical z-axis displacement

over the two-dimensional area by approximating a
change in local curvature of the two-dimensional area
between the first time period and the second time period;
and

to determine a volume displacement of the target sample

from the approximate physical z-axis displacement and
the change in strain value.

2. The apparatus of claim 1, wherein the processor is fur-
ther configured to execute instructions that when executed
cause the imaging processing machine:

to define at least one osculating circle at a region of the

two-dimensional area of the target sample;
to determine an initial radius of the at least one osculating
circle at the first time period and a second radius of the at
least one osculating circle at the second time period; and

to determine the approximate physical z-axis displacement
from a change between the initial radius and the second
radius.

3. The apparatus of claim 2, wherein the processor is fur-
ther configured to execute instructions that when executed
cause the imaging processing machine:

to define a plurality of osculating circles at for the two-

dimensional area of the target sample;

to determine for each of the osculating circles changes in

radii between the first time period and the second time
period; and

to determine the approximate physical z-axis displacement

as a mean of the determined changes in radii for the
plurality of osculating circles.

4. The apparatus of claim 3, wherein the plurality of oscu-
lating circles have the same initial radius of curvature at the
first time period.

5. The apparatus of claim 3, wherein at least some of the
plurality of osculating circles have a different initial radius of
curvature at the first time period.

6. The apparatus of claim 3, wherein osculating circles
corresponding to a central region of the two-dimensional area
have a larger initial radius of curvature than osculating circles
corresponding to a peripheral region of the two-dimensional
area.

7. The apparatus of claim 3, wherein the osculating circles
are defined along two orthogonal directions of the two-di-
mensional area.

8. The apparatus of claim 3, wherein the processor is fur-
ther configured to execute instructions that when executed
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cause the imaging processing machine to perform a statisti-
cally significant analysis of the determined changes in radii
for the plurality of osculating circles to identify a subset of
significance for the changes in radii, the method comprising
determining the approximate physical z-axis displacement as
mean of the subset of significance for the changes in radii.

9. The apparatus of claim 8, wherein the statistically sig-
nificant analysis comprises a skewness analysis, kurtosis
analysis, or a combination thereof.

10. The apparatus of claim 3, wherein the processor is
further configured to execute instructions that when executed
cause the imaging processing machine:

to determine a plurality of approximate physical z-axis

displacements over the two-dimensional area; and

to map the plurality of approximate physical z-axis dis-

placements onto an ultrasound image of the two-dimen-
sional area for display.

11. The apparatus of claim 1, wherein the first ultrasound
image and the second ultrasound image are speckle-contain-
ing images.
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