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7 ABSTRACT

A method of non-invasively monitoring the respiration of a
patient comprises: transmitting ultrasound into the body
toward an internal structure of the patient’s body, the inter-
nal structure being one of the liver, the spleen or a kidney;
selecting a depth range; measuring the phase of ultrasound
echo signals from the internal structure at multiple points
along the depth range for at least a first and a second echo
signal, the first and second echo signals being received at
different times; detecting the motion of the internal structure
within the patient’s abdomen by reference to differences in
the measured phase between the first and the second echo
signals; and thereby monitoring the respiration of the patient
by associating movement of the internal structure with
movement caused by respiration.
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ULTRASONIC METHOD AND APPARATUS
FOR RESPIRATION MONITORING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of Inter-
national Application No. PCT/EP2016/077426, filed on
Nov. 11, 2016, which claims priority to Great Britain Appli-
cation No. 1614633.4, filed Aug. 30, 2016 and to Great
Britain Application No. 1519985.4, filed on Nov. 12, 2015,
the disclosures of which are incorporated herein in their
entireties.

FIELD

[0002] The present invention relates to a non-invasive
method and apparatus for monitoring the respiration of a
medical or surgical patient, in particularly using ultrasound.

BACKGROUND

[0003] Measurement and monitoring of respiration is
essential to treatment of a wide range of medical conditions
where mistakes have grave consequences for the patients
and are associated with considerable economic cost for the
society. The thoracic diaphragm is the main breathing
muscle, and its dysfunction can be symptomatic of many
respiratory disorders and conditions.

[0004] WO 2004/049951 discloses a respiration monitor
comprising an ultrasound transducer array having a plurality
of individual transducer elements positioned in an intercos-
tal space so as to span at least part of the region of thoracic
diaphragm movement of a patient. Because air has a much
lower acoustic impedance than tissue, the reflection of the
ultrasound beam is much more pronounced when the lung is
insonated. By measuring the strength of the receiving signal,
it is possible to determine the presence of the patient’s lung,
and hence the degree of inspiration by using several trans-
ducers located along the direction of the motion of the lower
lung border.

[0005] In accordance with another existing technique, the
motion of the diaphragm can instead be measured by con-
ventional ultrasound imaging techniques. A beam of ultra-
sound pulses is aimed from a transducer onto the skin
surface towards the diaphragm from below, via the liver. A
distinct, strong echo can then be detected from the dia-
phragm since it is a smooth, specular surface. The variations
in the distance between the ultrasound transducer and this
echo can then be used for measuring the magnitude of the
excursions. Instead of using only a narrow beam (M-mode),
a real-time two-dimensional ultrasound image (B-mode)
might also be used, with the additional advantage of secur-
ing a better anatomical orientation.

SUMMARY

[0006] Itis desirable to provide further methods for moni-
toring of respiration.

[0007] The present invention provides a method of non-
invasively monitoring the respiration of a patient compris-
ing: transmitting ultrasound into the body toward an internal
structure of the patient’s body, the internal structure being
one of the liver, the spleen or a kidney; selecting a depth
range; measuring the phase of ultrasound echo signals from
the internal structure at multiple points along the depth range
for at least a first and a second echo signal, the first and
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second echo signals being received at different times; detect-
ing the motion of the internal structure within the patient’s
abdomen by reference to differences in the measured phase
between the first and the second echo signals; and thereby
monitoring the respiration of the patient by associating
movement of the internal structure with movement caused
by respiration.

[0008] It has been found that movement of the internal
structures closely mirrors movement caused by respiration,
such as movements of the thoracic diaphragm, which in turn
can be used to monitor the respiration of a patient. The
diaphragm is the major muscle of inspiration, and continu-
ous monitoring may support and add information to decision
makers in a variety of settings therefore making it a “tech-
nology platform” for applications in respiratory diseases,
and operating room to emergency room settings. Surpris-
ingly, the movement of internal structures as in the first
aspect can be reliably mapped to the patient’s respiration.
The depth range may be selected based on the internal
structure of interest and/or based on prior assessment of the
patient, including earlier non-invasive imaging, for example.
For the liver a depth range of 2-5 cm may be selected. The
depth range is selected to cover a sufficient section of the
internal structure so that if for some reason the signal from
a part of the range is weak, as might happen if the beam is
aimed through a low echo region such as a blood vessel or
a bile duct, then there will always be neighbouring tissue
regions within the range with adequate echo intensity that
can be used instead.

[0009] The internal structures of interest are composed of
generally solid tissue and move generally as a solid body.
They are not liquid or gas filled such as blood vessels, the
gallbladder or intestines. They are further of a sufficient size
that movement caused by respiration does not cause the
tissue to move entirely out of a field of view. Ultrasound is
non-invasive, effective and can be used for prolonged peri-
ods of time without harm to the patient. Thus, for example,
a transducer could remain on the patient for hours, days or
even weeks if necessary, while continuously monitoring
respiration.

[0010] The size of the ultrasound sample volume along the
beam direction is preferably in the range from 2 to 5 cm.
This will improve the amplitude stability of the signal and
avoid drop-outs where a smaller sample volume might
happen to be completely inside a vessel or a bile duct.
[0011] The method may use an unfocused, or only slightly
focused, ultrasound beam. Doing so increases the time of
observation of individual scatter elements in the tissue when
motion is in a direction that deviates from the direction of
the sound beam, and will improve the accuracy of the
estimated motion and velocity.

[0012] The motion of the internal structure is calculated
based on the measured phase at the multiple points along the
depth range and the differences in phase for at least two echo
signals received at different times. This may be implemented
by calculating the displacement of the tissue as an average
along the ultrasound sound beam, where the observations of
displacement at the multiple points along the depth range are
weighted by their signal intensities before the averaged
displacement is calculated. Note that in this situation the
displacement is directly related to the phase and hence the
phase difference can be considered as analogous to a dis-
placement difference. The measured phases are monitored
over time in order to identify the difference in phase with
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time between at least the first and second echo signal at
different points on the depth range. The first and second echo
signals may be consecutive signals or they may be spaced
apart by other echo signals. The difference in phase with
time may be determined over more than two echo signals.
The multiple points along the depth range include at least
two points providing an echo signal of sufficient strength, for
example a strength over a given threshold. Three or more
points may be used. It should be understood that the term
“point” could in certain circumstances be construed as a
short distance or range along the depth range. The method
may comprise using interferometry to determine a phase of
a returned ultrasound echo and cumulatively summing the
phase shift between ultrasound measurements at different
depths to determine a displacement of the structure.

[0013] The method may comprise determining a phase
shift caused by motion at two or more locations along the
depth range within the tissue and determining an average
phase shift to determine the motion. Doing so will determine
the motion with improved accuracy. The multiple locations
may be independently measured using two or more trans-
ducers, or may be measured at different depths of an
ultrasound beam from a single transducer. The average is
preferably an intensity-weighted average of the multiple
measurements as explained above. Solid tissue, such as the
liver, has structural irregularities that scatter ultrasound and
the echo received from the tissue will be a sum of individual
contributions from such scattering elements. Since the sum
is made up from individual vectors each with a phase and
amplitude, the sum might occasionally become close to zero,
creating a singularity characterised by loss of echo signal.
When measuring tissue motion by analysis of phase varia-
tions, this becomes a problem. When the signal becomes
close to zero, quite unpredictable phase variations might
occur, causing lasting errors in the estimate of tissue posi-
tion. This can be overcome by making multiple observations
of phase variations from a range of locations, and computing
an average phase difference weighted by the intensity of the
signal.

[0014] The ultrasound beam from the transducer should be
at a non-perpendicular angle (o) to the motion vector of the
internal structure, i.e. the cranio-caudal direction of the
patient. Preferably the angle is below 60° and more prefer-
ably below 45°.

[0015] The method may further comprise determining one
or more derived respiration properties from the motion,
which may include a respiratory pattern, a breathing rate, a
tidal volume, or a motion amplitude.

[0016] The technique above may be particularly appli-
cable to patients receiving support from a mechanical ven-
tilator. Thus, in various embodiments, the patient may be
receiving support from a mechanical ventilator or is under-
going a spontaneous breathing trial for removal of support
from a mechanical ventilator.

[0017] The method may comprise setting initial or on-
going operational parameters of the mechanical ventilator,
based on the monitored respiration.

[0018] The method may comprise synchronising the
operation of the mechanical ventilator with the breathing of
the patient, for example a frequency or phase of pressure
assistance or a general pressure assistance provided by the
mechanical ventilator, based on the monitored respiration. In
one embodiment, the operation of the mechanical ventilator
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may be controlled so as to provide pressure assistance
responsive to detecting patient contribution.

[0019] Where the patient is undergoing a spontaneous
breathing trial, the method may comprise reducing or
removing mechanical ventilation support for a period of
time, such as 5 to 30 minutes or 0.5-30 minutes, and
monitoring respiration during this time to determine a like-
lihood of a successful spontaneous breathing trial. The
method may further comprise determining, in preferably less
than the duration of the trial, e.g. less than 25 minutes, that
a likelihood of the patient successfully completing the
spontaneous breathing trial is below a predetermined thresh-
old and returning mechanical ventilation support before
unnecessary complication of the patient’s condition.
[0020] In further embodiments, the patient may be a
trauma patient, a cardiac arrest patient, a spinal cord injury
patient, a pulmonary patient, such as a COPD patient, a
post-operative patient, or a patient under the influence of
analgetic drugs known to negatively affect respiration.
[0021] The present invention also provides an ultrasound
apparatus for non-invasively monitoring respiration of a
patient, the apparatus comprising: at least one ultrasound
transducer element for placing on the patient to aim at an
internal structure of the patient’s body; and a controller for
controlling the ultrasound transducer element and process-
ing ultrasound signals; wherein the controller is arranged to
transmit ultrasound into the body toward the internal struc-
ture of the patient’s body; measure the phase of ultrasound
echo signals received from the internal structure at multiple
points along a depth range selectable by a user; the phase
being measured for at least a first and a second echo signal,
the first and second echo signals being received at different
times; detect the motion of the internal structure within the
patient’s abdomen by reference to differences in the mea-
sured phase between the first and the second echo signals;
and thereby monitor the respiration of the patient.

[0022] The apparatus is for use with internal structures
including the liver, spleen and kidneys and thus is arranged
to process ultrasound echo signals from those internal
organs in order to monitor the respiration of the patient by
associating movement of those organs with movement
resulting from respiration. There may be a single ultrasound
transducer element acting to both transmit and receive the
ultrasound, or alternatively multiple ultrasound transducer
elements may be used. The apparatus can include an input
device allowing a user to select a depth range.

[0023] The controller may be arranged to carry out method
steps as discussed above. For example, the motion of the
internal structure may be calculated based on the measured
phase at the multiple points along the depth range and the
differences in phase for at least two echo signals received at
different times by calculating the displacement of the tissue
as an average along the ultrasound sound beam, where the
observations of displacement at the multiple points along the
depth range are weighted by their signal intensities before
the averaged displacement is calculated.

[0024] The apparatus may comprise a contact layer to be
positioned between the transducer and the skin. The contact
layer might be made from an adhesive material. The contact
layer comprise an ultrasound contact gel, a glue, or an
adhesive tape material that allows transmission of ultra-
sound, such as the sonolucent silicone tape described in
WO02011/135288. Gel, glue and tape might also be used in
various combinations. The contact layer may comprise
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removing protective covers that may be removed to expose
the adhesive before the surface is brought in contact with the
body.

[0025] The surfaces of the apparatus adapted to be in
contact with the patient’s body are configured to provide
conformal contact with the surface of the body.

[0026] The apparatus may include at least one power
source for powering the parts of the apparatus.

[0027] The transducer may be connected either by wire or
by (short-range) digital or analogue radio communication to
the processing circuitry, which may provide signals from the
target tissue. The processing circuitry may be partly or fully
digital.

[0028] The apparatus may comprise a monitor that pro-
vides information about the measured motion of the tissue
(or a respiratory property derived from the motion) to an
observer (e.g. a physician or the patient). The processing
circuitry and/or the monitor may provide for control of the
measurements performed. Such control may include calcu-
lation of parameters related to measurements.

[0029] Preferably, the apparatus is a portable device
adapted such that a patient can wear the device during
normal life. This allows continuous monitoring outside of a
hospital environment and with a non-invasive and safe
technology.

[0030] As above, the apparatus (and preferably the pro-
cessing circuitry of the apparatus) may determine a displace-
ment of the internal structure obtained by any one of:
integrating a velocity of the internal structure detected using
the Doppler Effect; interferometry analysis of the phase of
the reflected wave; mapping of ultrasound speckles within
the internal structure; and determining displacement of one
or more anatomical landmark.

[0031] The apparatus can advantageously be used in a
mechanical ventilation system along with a mechanical
ventilator, and thus the invention extends to such a system,
wherein the mechanical ventilator is for providing support to
a patient and the apparatus is for non-invasively monitoring
the respiration of the patient during support via the mechani-
cal ventilator.

[0032] The mechanical ventilation system may be
arranged to synchronise the operation of the mechanical
ventilator with the breathing of the patient based on the
monitored respiration and/or to control the operation of the
mechanical ventilator so as to provide pressure assistance
responsive to detecting patient contribution. The system
may be arranged to carry out a spontaneous breathing trial
by reducing or removing mechanical ventilation support for
a period of time and monitoring respiration during this time
to determine a likelihood of a successful spontaneous
breathing trial.

BRIEF DESCRIPTIONS OF THE
DRAWINGS/FIGURES

[0033] Certain preferred embodiments of the present
invention will now be described in greater detail, by way of
example only and with reference to the drawings, in which:
[0034] FIG. 1 shows a patient connected to a system for
monitoring respiration, according to an embodiment;
[0035] FIG. 2 shows a partial, vertical cross section
through the patient illustrating an ultrasound transducer of
the system, according to an embodiment;

[0036] FIG. 3 shows exemplary input and output data for
the ultrasound transducer; and

Sep. 13,2018

[0037] FIGS. 4 and 5 show schematic illustrations of
processing circuitry and signal processing of the system,
according to some embodiments.

[0038] FIG. 6 shows another schematic illustration of
processing circuitry, according to an embodiment.

[0039] FIG. 7 shows an example computer system useful
for implementing various embodiments.

[0040] The features and advantages of the present embodi-
ments will become more apparent from the detailed descrip-
tion set forth below when taken in conjunction with the
drawings, in which like reference characters identify corre-
sponding elements throughout. In the drawings, like refer-
ence numbers generally indicate identical, functionally simi-
lar, and/or structurally similar elements. The drawing in
which an element first appears is indicated by the leftmost
digit(s) in the corresponding reference number.

DETAILED DESCRIPTION

[0041] A system and a method are disclosed for perform-
ing ultrasonic interferometry to produce at least one mea-
surement of tissue structures in a living body, for acquisition
of physiological signals. The data from these signals may be
utilized for patient monitoring and other diagnostic pur-
poses. Further embodiments may also allow for the moni-
toring of derived signals such as respiratory patterns, breath-
ing rate, and a tidal volume, to name a few examples.
[0042] Since several internal organs, particularly those in
the upper abdomen such as the liver, the spleen and the
kidneys, move with respiration, their motions can be used to
indirectly monitor respiration, i.e. without directly monitor-
ing the lung or diaphragm. The liver, in particular, is a useful
target. The liver is a large piece of tissue, allowing for
placement of an ultrasound transducer on the skin surface
without any need for precise anatomical guidance, and is
easily accessible by ultrasound from the exterior of the body.
The spleen is smaller than the liver, and can be hidden by gas
pockets, but still presents a viable target. The kidneys again
are smaller than the liver and are harder to access, but also
move significantly with respiration.

[0043] FIG. 1 illustrates a respiration monitoring system
100, according to an embodiment. Monitoring system 100
includes a probe 102 having a contact layer 104 to attach
probe 102 to the body of a patient being monitored. The
patient may be a human or any other animal species.
Monitoring system 100 also includes processing circuitry
106 and a communications interface 108 between processing
circuit circuitry 106 and probe 102. A monitor 110 may also
be included to display images or provide other information
to a user or to the patient based on signals received from
probe 102. Monitoring system 100 also includes at least one
power source (not shown) for powering parts of the device,
according to their requirements. Several of these parts may
be integrated in a single device. For example, monitor 110
and processing circuitry 106 may be integrated into a single
device.

[0044] Contact layer 104 may include an ultrasound con-
tact gel, a glue or an adhesive tape material that allows
transmission of ultrasound, such as the sonolucent silicone
tape described in U.S. Patent Publication No. 2013/
0165003, the disclosure of which is incorporated by refer-
ence herein. Gel, glue and tape might also be used together
in various combinations. The surfaces in contact with the
patient’s body are configured to provide conformal contact
with the surface of the body. A method of applying probe
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102 to a living body using an adhesive tape might include
removing protective covers to expose contact layer 104
before the surface is brought in contact with the body.
[0045] Communications interface 108 may represent a
wire or any short-range digital or analog radio communica-
tion between probe 102 and processing circuitry 106. Com-
munications interface 108 transits data received from probe
102 to processing circuitry 106 where the data is based on
reflections of ultrasound signals from within the body of the
patient. Communications interface 108 also transmits sig-
nals from processing circuitry 106 to probe 102 to cause the
transducer within probe 102 to output ultrasound pulses.
Processing circuitry 106 may be designed to process signals
from probe 102 so as to derive a measurement of a motion
of a target tissue of the patient. The processing performed by
processing circuitry 106 can be partly or fully digital.
[0046] In some embodiments, monitoring system 100 can
be made portable so that the patient can live normally while
still being continuously monitored with a non-invasive and
safe technology. That is to say, a system including at least
probe 102 and processing circuitry 106 is of a suitable size
and weight that it can be carried on the patient’s body
without impeding routine activates, and contact layer 104
includes an adhesive material that is sufficiently strong such
that probe 102 remains in contact with the skin during such
activities.

[0047] In some embodiments, monitoring system 100
includes monitor 110 that provides information about the
measured motion parameters from the tissue to a human
observer (e.g. a physician or the patient). Processing cir-
cuitry 106 and/or the monitor 110 may provide for control of
the measurements being performed.

[0048] FIG. 2 illustrates a close-up view of probe 102
having at least one ultrasound transducer 202, and being
attached to the skin 204 of a patient using contact layer 104,
according to an embodiment. Pulsed ultrasonic waves from
at least one ultrasound transducer 202 are transmitted into
the body, and the reflected echo signals are used to estimate
a property of a target region (identified in FIG. 2 as “Sample
volume™), based on one or more characteristics of the echo
signals (e.g. phase shift between successive ultrasound
pulses). The target region is provided at a given depth that
is controllable as described further herein.

[0049] The sample volume may be a volume within an
internal structure 206 that moves in response to respiration
from the patient. Internal structure 206 may be an organ,
bone, or connective tissue, to name a few examples. Accord-
ing to an embodiment, processing circuitry 106 calculates
motion parameters, such as velocity, or other derived param-
eters, based on the motion pattern of internal structure 206.
[0050] The motion of the liver has been shown to closely
follow the motion of the thoracic diaphragm nwscle, and
measurements of liver motion can, for this reason, be a good
surrogate for direct measurements of diaphragm motion.
Other organs may be used as well for this purpose, such as
the kidney or the spleen.

[0051] According to an embodiment, Doppler-based tech-
niques can be used for estimating the motion of tissue and
fluids. Pulses of ultrasound are emitted into the tissue, and
the echoes that are received from a pre-set depth, which is
determined by an adjustable delay between emission of each
pulse and a corresponding reception gate (see FIG. 3), are
processed in order to detect and measure a shift in frequency
related to tissue velocity. Integration of velocity over time

Sep. 13,2018

will then give the displacement of the tissue. Since the phase
of a signal at a given point in time is determined by the
temporal integral of frequency in the past, phase variations
of an echo signal may be used as a measure of tissue
displacement. This technique (interferometry) is commonly
used for accurate measurements of distances by counting of
light wave cycles.

[0052] When a piece of tissue moves a distance (s), then
the change in phase (Ag) of an ultrasound echo received
from the tissue is represented by:

Ag = 47r%cos(oz)

[0053] where A is the wavelength of the ultrasound, and a
is the angle between the direction of the ultrasound beam
and the motion vector (as illustrated in FIG. 2), e.g., the
cranio-caudal direction of the patient.

[0054] Since the wavelength depends on frequency (f;)
and speed of sound (c), the change in phase (Ag) of an
ultrasound echo received from the tissue may also be
represented by:

A= £ and A¢ :47r&cos(oz)
fo ¢

[0055] With reference to FIG. 3, each ultrasound wave-
train that is emitted and received by transducer 202 will give
one value for the echo signal phase. In order to keep track
of phase changes, the maximum phase angle between two
successive ultrasound echoes must be inside the interval
from -t to « in order to be uniquely defined. The maximum
distance of tissue motion between successive ultrasound
pulses (d__ ) may then be represented as:

max.

d o A _ ¢
T 4 cos(a)  4fy cos(a)

[0056] This establishes a relation between ultrasound fre-
quency, the repetition frequency of pulse emissions (£, ),
speed of sound, sound beam angle and the maximum dis-
placement of the tissue between pulses, and thus also the
maximum tissue velocity (V,,,.) that can be observed as
shown below.

_ S
Vinar = 4fo cos(a)
[0057] Processing circuitry 106 is schematically illus-

trated in FIGS. 4 and 5, according to some embodiments.
Some example characteristics of processing circuitry 106
include:

[0058] Low Operating Frequency:

[0059] Scattering and reflection of ultrasound from red
blood cells is very frequency dependent, and shows a strong
increase at higher frequencies. The scattering properties of
solid tissue do not have such pronounced frequency depen-
dence. Thus, a lower frequency of operation might be
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preferred for recording of motion in solid tissues. A typical
frequency range utilized for the ultrasound pulses is from 0.5
to 5 MHz, according to some embodiments.

[0060] Low Overall Gain:

[0061] The echoes from solid tissues are about 40-60 dB
stronger then the echo from blood, and so the amplification
of the returned echo and/or the emitted ultrasound intensity
can be reduced correspondingly.

[0062] Filter Settings:

[0063] Example filter settings for recording of respiratory
motion of the patient is in the range 0.01-0.1 Hz, depending
on the operating frequency of the system. The filter settings
may be used for removal of echoes from stationary tissue
elements when recording the respiratory motion. The filter
settings may be used to compensate for drift in electronic
circuits and signal leakages between ultrasound transmit and
receive circuits.

[0064]

[0065] A large volume along the beam direction is pre-
ferred for recording of respiratory motion, preferably with a
size in the range from 1 to 5 cm, corresponding to a
reception gate duration of 13 to 65 ps, according to some
embodiments. Using a large depth volume will improve the
amplitude stability of the signal and avoid drop-outs if the
sample volume happens to be completely inside a vessel or
a bile duct. A distance from ultrasonic transducer 202 to a
center of the sample volume may be in a range from 5 to 15
cm, depending on the position of probe 102 on the body
surface, and on the size of the body and size of internal
structure 206, according to some embodiments. It might also
be advantageous to use an unfocused, or only slightly
focused ultrasound beam in order to increase the time of
observation of individual scatter element in the tissue when
motion is in a direction that deviates from the direction of
the sound beam, and will improve the accuracy of the
estimated motion and velocity.

[0066]

[0067] Processing circuitry 106 is arranged to calculate the
phase of the returned echo signal from the selected depth,
according to an embodiment. This calculation may be based
on the Hilbert transform of the signal, or on synchronous
demodulation of the signal giving a composite signal that
represents both the real and imaginary part of the phase
vector.

[0068] FIG. 4 illustrates an analog processing architecture
400 that may be used within processing circuitry 106,
according to an embodiment. Analog processing architecture
400 is arranged to both process received signals from the
transducer, and also to generate signal pulses that are trans-
mitted to the transducer to become the ultrasound pulses.
Analog processing architecture 400 receives signals from
transducer 202 at an overload protection stage 402. Over-
load protection stage 402 includes circuitry designed to
protect against the high voltage signals produced by a power
amplifier 416 that are sent to transducer 202 to produce the
transmitted ultrasound pulses. The various stages of analog
processing architecture 400 downstream from overload pro-
tection stage 402 may be damaged by signals having a high
voltage amplitude. Signals received from transducer 202
have a voltage amplitude in the uV range, while signals
generated by power amplifier 416 to be sent to transducer
202 have a voltage amplitude between 20 and 50 volts,
according to some embodiments.

Large Sample Volume:

Phase Tracking and Summation:
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[0069] Following overload protection stage 402, signals
received from transducer 202 are filtered at bandbass filter
stage 404 to reduce noise at frequencies far above and below
the center frequency of the received signals. The center
frequency of the signals received from transducer 202 may
be in a range from about 2 MHz to about 4 MHz. For
example, bandpass filter stage 404 may include a bandpass
filter having a center frequency around 2 MHz with a
bandwidth between 200 KHz and 500 KHz, when the center
frequency of the signals received from transducer 202 is also
about 2 MHz.

[0070] Following bandpass filter stage 404, the received
signals are amplified at pre-amplifier stage 406, according to
an embodiment. The gain of pre-amplification stage 406
may be controlled by user input, or automatically controlled
by analog processing architecture 400. The gain is prefer-
ably high enough to accurately measure the received signal,
but low enough to avoid clipping and oversaturation of the
received signal.

[0071] The amplified signals received from transducer 202
are received by a demodulation stage 408, according to an
embodiment. Demodulation stage 408 includes circuitry
capable of multiplying the received signal with four refer-
ence signals having the same center frequency, but different
phase. These four reference signals are produced by an
oscillator 410, which generates a signal having a frequency
of 4 times the center frequency. For example, for a received
signal having a center frequency of about 2 MHz, oscillator
410 generates a signal having an 8 MHz center frequency. A
phase splitting stage 412 receives the 8 MHz signal from
oscillator 410 and generates the four reference signals, each
at 2 MHz center frequency, and each offset by a phase
difference of m/2.

[0072] Demodulator stage 408 multiplies the received
signal with each of the reference signals to produce real and
imaginary output signals. The real output signal is produced
as a result of multiplication between the received signal and
each of the reference signals having 0 degree and 180 degree
phase offsets. The imaginary output signal is produced as a
result of multiplication between the received signal and each
of the reference signals having 90 degree and 270 degree
phase offsets.

[0073] Phase splitting stage 412 also generates a fifth
signal having a same center frequency as the received signal
from transducer 202 (e.g., around 2 MHz.) This fifth signal
is received by a timing generator stage 414 and also by
power amplifier stage 416. Timing generator stage 414 is
designed to provide a delay between signal pulses to be sent
to transducer 202 and the gating of echo reception between
emissions in order to define a desired depth range along the
ultrasound beam direction. This delay may be determined
based on a depth control parameter set by a user or set
automatically by processing circuitry 106. Power amplifier
stage 416 receives the fifth signal, e.g. at 2 MHz, generated
by splitting stage 412 and amplifies the signal to have a
voltage amplitude anywhere between 20 V and 50 V to be
sent to transducer 202. This high-voltage signal drives
transducer 202 to create the ultrasound pulses sent into the
body.

[0074] FIG. 5 illustrates a conditioning circuit 500
designed to receive the demodulated real and imaginary
component outputs from demodulator 408 shown in FIG. 4,
according to an embodiment. Conditioning circuit 500 may
be considered part of analog processing architecture 400.
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The real component of the output is received by a gating
circuit 502, that may be arranged to perform a sample and
hold function for determining the desired depth range.
Circuit 502 receives the delay time between transmitted
pulses from timing generator stage 414 and uses this delay
time to correspondingly sample the real component of the
output only when the echo signal is received, according to
an embodiment. A signal processing path is also provided for
the imaginary part of the signal, which may be identical to
the processing path used for the real part of the signal. The
signal is then passed through a series of filter and/or ampli-
fier stages to achieve a phase vector output that can be
compared to previously measured phase vectors to deter-
mine characteristics about the tissue or region being exam-
ined. For example, the filter stages may include a low pass
filter stage 504 to reduce high frequency noise and a wall
filter stage 506 to reduce high amplitude, low velocity
signals that result from unwanted reflections from vessel
walls. The amplifier stage 508 may be used to further
amplify low voltage signals for better analysis.

[0075] The measured phase vectors from the previous
echo reception may be be stored in memory (not shown) for
later comparison with new measured phase vectors. In some
embodiments, only a single previously measured phase
vector is stored in memory at any given time.

[0076] FIG. 6 illustrates a digital processing architecture
600 that is an alternative design to analog processing archi-
tecture 400 and may be used within processing circuitry 106,
according to an embodiment. Similar to the embodiment of
FIG. 4, digital processing architecture 600 includes an
overload protection stage 602, a bandpass filter stage 604
and a pre-amplifier stage 606 to receive a signal from
transducer 202. As such, these stages are not described again
here. After the analog signal has been filtered and amplified,
it is converted into a digital signal by an analog-to-digital
converter (ADC) 608. The digital signal is then received by
processor 610.

[0077] According to an embodiment, processor 610 digi-
tally performs all of the functions of blocks 408, 410, 412,
and 414 from analog processing architecture 400. Thus,
processor 610 generates a complex signal (containing real
and imaginary components) based on the multiplication of
the received digitized signal from transducer 202 with
self-generated reference signals at different phase offsets
from the received signal. Processor 610 also controls the
timing of the output pulses to be sent to transducer 202. The
signals to be sent to transducer 202 are first converted back
to analog signals using a digital-to-analog converter (DAC)
612 before being amplified using power amplifier 614.
Power amplifier 614 works in the same way as power
amplifier 416 from analog processing architecture 400.
[0078] Processor 610 may be designed to perform a gating
operation on the generated complex signal to only process
those signals that align with the received echo pulses from
transducer 202. Processor 610 also performs both low and
high pass filtering on the generated complex signal to
ultimately produce the phase vector output. As discussed
with respect to analog processing architecture 400, the phase
vector may be stored (e.g., in memory or a register) and
compared with a previous stored phase vector to determine
tissue characteristics.

[0079] From a series of phase vectors obtained as
described above, the tissue displacement is calculated as a
cumulative sum of phase differences. If P is a series of phase
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vectors obtained from successive ultrasound pulse emissions
and receptions (numbered by p), then the cumulated phase
shift (¢_,,) caused by the total displacement at sample
number n becomes:

n

Peum = Z A=) arg(PPy 1)
p=1

p=1

[0080]
as:

The tissue displacement (S) can then be calculated

A¢,Cllﬂl
5= 4r cos(a)

[0081] Cumulated phase and tissue displacement can also
be calculated from the pattern of sign variations of the
complex vector describing the phase of the echo. This might
be implemented as an up/down counter circuit controlled by
two bits of information derived from the sign of the real and
imaginary parts of the phase vector.

[0082] The counter should be incremented each time the
vector enters a new quadrant in counter clockwise order, and
decremented when a new quadrant is entered in clockwise
order. This scheme can be implemented by only requiring a
slow two-bit digital interface between analogue and digital
circuits, leading itself to a simple low-power implementa-
tion. From the count number (N), tissue displacement can be
calculated as:

N

~ 8 cos(a)

[0083] The liver and the spleen move quite uniformly and
linearly with respiration. Thus, as discussed above, when an
ultrasonic beam is aimed towards one of these tissues, about
the same velocities will be observed over a wide range of
distances into the tissue along the ultrasound beam direction.
This is in contrast to measurements of blood flow with
Doppler techniques, where a considerable variation in fluid
velocity is expected along the direction of the beam.
[0084] It is reasonable to assume that the robustness and
accuracy of estimates of phase shifts in the ultrasound echo
caused by solid tissue motion can be improved by averaging
of observations of phase from several locations along the
ultrasound beam.

[0085] Solid tissues, such as the liver, have structural
irregularities that scatter ultrasound. The echo received from
the tissue will be a sum of individual contributions from
such scattering elements. Since the sum is made up from
individual vectors each with a phase and amplitude, the sum
might occasionally become close to zero, creating a singu-
larity characterised by loss of echo signal. When measuring
tissue motion by analysis of phase variations, this becomes
a problem. When the signal becomes close to zero, quite
unpredictable phase variations might occur, causing lasting
errors in the estimate of tissue position.

[0086] This can be overcome by making multiple or
continuous observations of phase variations from a range of
locations (depths) along the sound beam, and computing an
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average phase difference (Ag) weighted by the intensity of
the signal, and then processing these phase values further to
give tissue velocity and displacement as described above,
according to an embodiment. Since the intensity at a given
location along the beam might change from one pulse of
ultrasound to the next due to tissue motion, the intensity of
both the current and the previous ultrasound echo from that
location may be considered when performing the calculation
of the intensity-weighted phase.

[0087] According to an embodiment, the received echo
from two successive pulses of ultrasound (numbered as n
and n+1) is complex-demodulated to give two sampled time
series of the complex echo signal (P (t) and P_, (1)) as a
function of time or depth into the tissue. The range of (t) is
set to cover the distance along the sound beam that will be
used for the calculations. In order to calculate the phase
difference, the product of P, , and the complex conjugate of
P, is calculated:

QO=P, P11 (1)

[0088] The phase contained in Q will now be the phase
difference between P, and P, as a function of time (and
distance) and the absolute value of Q will be the product of
the echo amplitudes from P, and P, which is a suitable
factor for weighting in the process of calculation of an
average phase value. Calculation of the weighted phase
difference between P, ,, and P, can now be done by simple
summation of the elements in Q and calculating the phase
angle of the sum:

Agrarg(2Q)
[0089] This is repeated for successive pairs of received
echo signals (P,,, and P_,,, P .,and P ., P, andP .,
etc.) to calculate the cumulated phase shift and motion of the
tissue over a longer time period.
[0090] Several parameters (with suggested ranges shown
in parentheses) that determine the performance of the
method can be optimised, such as the emitted frequency (e.g.
1-10 MHz), the duration of the emitted wavetrain (e.g.
0.5-100 us), the bandwidth of the synchronous demodulator
(e.g. 10 kHz-2 MHz) and the length of the depth range
within the organ to use for the calculations (e.g. 0.5-10 cm).
[0091] The method increases the robustness in situations
where the beam accidentally traverses regions within the
liver that are fluid filled, such as vessels, bile ducts or cysts.
The fluid within these structures gives echoes that are far
weaker than echoes from the surrounding solid tissue (e.g.,
by -40 dB or more), and might cause an apparent loss of
signal if the measurement sample volume happens to be
located inside such a structure. As the tissue moves back and
forth at an angle with respect to the sound beam, this is likely
to occur. With the intensity-weighted phase calculation
method described above, this problem will be eliminated
since data is collected over a larger distance along the beam,
such that at least some part of solid tissue contributes to the
signal.
[0092] As will be appreciated, the apparatus above pro-
vides a measurement of the motion of an internal structure
within the patient’s abdomen, such as solid tissue like the
liver or spleen, which closely follows movement of the
diaphragm. This can be used for any application where
monitoring respiration is necessary, and may replace, or be
used in combination with known devices such as respiratory
belts, flowmeters, spirometers, nasal temperature sensors,
pressure transducers and radar systems.
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[0093] The technique may, however, also be used to
monitor breathing of a patient for other applications. For
example, characterization of pulmonary function might be
performed by extracting information and patterns of respi-
ratory motion that might be interpreted as a substitute for
spirometry values.

[0094] Another medical application for this invention is to
monitor patients on mechanical ventilation and help in the
synchronization between the ventilator and the patient. A
further use is to monitor the motion when the patient is
decoupled from the ventilator to characterize the thoracic
diaphragm movements and to determine as early as possible
whether the patient can be successfully weaned from
mechanical ventilation or not. It can also be used in follow
up of the patients.

[0095] During or when initiating mechanical ventilation,
the technique for monitoring of respiration can be used to
guide the mechanical ventilation pressure and/or CPAP
(continuous positive airway pressure) settings. When inha-
lation pressure is increased, the lungs will initially expand,
and then their volume will reach a plateau where further
pressure increase will not improve ventilation, and possibly
cause harm. This might be avoided by monitoring the
gradual downward displacement of the organs in the upper
abdomen.

[0096] The method might also be used for monitoring
patients that are on mechanical ventilation support, with the
purpose of detecting the patient’s own breathing efforts.
Such efforts might indicate that the ventilator settings are
incorrect, or that the patient is insufficiently sedated.

[0097] This technique may also be used to synchronize the
operation of the mechanical ventilator with the breathing
efforts of the patient, for example by adjusting the frequency
or phase of the mechanical ventilator’s pressure assistance in
order to match the patient’s needs and to increase the
patient’s comfort. This can reduce asynchrony between
mechanical ventilator action and the patient’s own breathing
action, e.g. where the patient’s effort (e.g. diaphragm move-
ment) is out of sync with the mechanical ventilator, or where
the patient’s effort starts before the mechanical ventilator
initiates pressure support resulting in the patient receiving
1o air.

[0098] The method might detect the initial contraction of
the diaphragm, and use this for triggering and synchronizing
the ventilator. This will enable normal chemoreceptor con-
trol of ventilation, while reducing the efforts and fatigue
associated with the work of breathing. For example, when
the patient makes an effort to breathe (e.g. diaphragm
movement is detected) the mechanical ventilator may pro-
vide pressure support in response.

[0099] In order to determine whether a patient is ready to
be removed from ventilator support, a spontaneous breath-
ing trial (SBT) is carried out. During an SBT, the mechanical
ventilator is disabled for 30 minutes, although other disable-
ment time periods could be selected. If the patient is able to
successfully breathe for 30 minutes, then they are taken off
of the ventilator. If not, then ventilator support is returned.
Ventilators are expensive to operate, and so it is desirable to
remove ventilator support from patients as soon as possible.
However, removing support too early can be detrimental to
a patient’s recovery, resulting in a prolonged need for
ventilation support. It is now well known that diaphragm
weakness 1s associated with a poorer prognosis.
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[0100] The technique for monitoring respiration can be
used to aid in assessing readiness for a spontaneous breath-
ing trial (SBT). To assess SBT readiness the mechanical
ventilator may be removed for a short period of time, such
as 10 cycles, and diaphragm displacement can be monitored
(amplitude, slope and regularity) to predict the success or
failure of a 30 minutes SBT.

[0101] The technique can also be used to monitor respi-
ration during the SBT. The development of diaphragm
displacement (amplitude, slope and regularity) can be moni-
tored during the trial to predict success or failure before the
end of the trial, helping to reduce the risk of harm being
caused in patients who are unlikely to succeed.

[0102] A further use may be for patients requiring respi-
ratory rehabilitation where the movement of the diaphragm
is crucial. The patients may be trauma patients, cardiac arrest
patients, spinal cord injury patients, pulmonary patients such
as COPD (chronic obstructive pulmonary disease) patients
or ARDS (Acute respiratory distress syndrome) patients.
The technique may also be used in post-operative patient
monitoring. The respiration can be monitored to see devel-
opment of diaphragm displacement (amplitude, slope and
regularity) to give early warning if respiration halts.
[0103] In another embodiment, the technique above may
be used during a CT guided puncture operation. However, it
will be understood that, as discussed above, embodiments of
the invention can also be used in any other area requiring
respiration monitoring, such as the fields of radiation
therapy or mechanical ventilation.

[0104] The ultrasound transducer may be positioned on
the patient and directed towards the liver prior to the patient
being given a CT or MRI scan. The transducer emits a series
of ultrasound pulses and detects their echoes in the known
manner. Based on the detected echoes, movement of the
liver can be detected, and hence the position of the dia-
phragm can be determined.

[0105]  After the patient has been fitted with the transducer,
a CT or an MRI scan may be performed on the patient to
determine the precise location of the target (e.g. a lesion to
be punctured). During the scan, the patient is required to
hold his breath so that a clear image is produced with the
lungs in one position. While the scan is being performed and
while the patient is holding his or her breath, the exact
position of the diaphragm is presented on the monitor and
the position-value is noted.

[0106] The image from the scan may be used to calculate
the depth and angle at which a needle must be inserted for
the lesion to be punctured. When the operator is ready to
perform the puncture, the patient is asked to inhale until the
display indicates that the diaphragm is in the same position
as it was when the scan was performed. If the patient inhales
too much and the transducer indicates that the level of
inspiration is greater than that held during the scan, the
operator can instruct the patient to exhale a little. If neces-
sary, the patient can relax and inhale again until the operator
is happy with the position of the diaphragm.

[0107] In this way. the operator can be sure that the lesion
is at the same position within the patient as it is shown in the
CT or MR image while he or she performs the puncture. In
the case of CT, the location of the needle may, however, still
be checked by means of a further scan.

[0108] As described above, the apparatus of the present
invention can also be used to improve radiotherapy treat-
ments by reducing the area that needs to be irradiated. The

Sep. 13,2018

basic procedure described above is employed, however, the
embodiment is modified to provide a control output from the
processor for controlling a source of radiation.

[0109] After the location of the tumor within the patient
has been determined from the scan image, a radiation source
is aimed at that location. This is connected to the control
output such that the radiation source only emits when
triggered to do so by the output signal from the processor.
[0110] The patient is allowed to breathe continuously
throughout the radiation treatment. Meanwhile, the proces-
sor uses the outputs from the transducer array to continu-
ously monitor the position of the diaphragm. When its
position corresponds to the position that was determined
during the scan, the processor sends a signal to trigger the
radiation source to irradiate the target area of the patient.
Thus, the area of the patient that needs to be irradiated can
be significantly reduced because the location of the target
can be determined to a much greater accuracy.

[0111] The output of the apparatus may be in the form of
diaphragm position, amplitude of breathing motion, fre-
quency (respiratory rate) and/or velocity. Successive mea-
surements performed on a single patient or a population may
vyield a historical trend allowing progress or deterioration of
lung function to be monitored.

[0112] Various embodiments described thus far can be
implemented, for example, using one or more well-known
computer systems, such as computer system 700 shown in
FIG. 7. In an embodiment, computer system 700 may
programmed to implement one or both of processing cir-
cuitry 106 and monitor 110 illustrated in FIG. 1.

[0113] Computer system 700 includes one or more pro-
cessors (also called central processing units, or CPUs), such
as a processor 704. Processor 704 is connected to a com-
munication infrastructure or bus 706. In one embodiment,
processor 704 represents a field programmable gate array
(FPGA). In another example, processor 704 is a digital
signal processor (DSP).

[0114] One or more processors 704 may each be a graph-
ics processing unit (GPU). In an embodiment, a GPU is a
processor that is a specialized electronic circuit designed to
rapidly process mathematically intensive applications on
electronic devices. The GPU may have a highly parallel
structure that is efficient for parallel processing of large
blocks of data, such as mathematically intensive data com-
mon to computer graphics applications, images and videos.
[0115] Computer system 700 also includes user input/
output device(s) 703, such as monitors, keyboards, pointing
devices, etc., which communicate with communication
infrastructure 706 through user input/output interface(s)
702.

[0116] Computer system 700 also includes a main or
primary memory 708, such as random access memory
(RAM). Main memory 708 may include one or more levels
of cache. Main memory 708 has stored therein control logic
(i.e., computer software) and/or data.

[0117] Computer system 700 may also include one or
more secondary storage devices or memory 710. Secondary
memory 710 may include, for example, a hard disk drive 712
and/or a removable storage device or drive 714. Removable
storage drive 714 may be a floppy disk drive, a magnetic
tape drive, a compact disc drive, an optical storage device,
tape backup device, and/or any other storage device/drive.
[0118] Removable storage drive 714 may interact with a
removable storage unit 718. Removable storage unit 718
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includes a computer usable or readable storage device
having stored thereon computer software (control logic)
and/or data. Removable storage unit 718 may be a floppy
disk, magnetic tape, compact disc, Digital Versatile Disc
(DVD), optical storage disk, and/any other computer data
storage device. Removable storage drive 714 reads from
and/or writes to removable storage unit 718 in a well-known
mannet.

[0119] Secondary memory 710 may include other means,
instrumentalities, or approaches for allowing computer pro-
grams and/or other instructions and/or data to be accessed by
computer system 700. Such means, instrumentalities or
other approaches may include, for example, a removable
storage unit 722 and an interface 720. Examples of the
removable storage unit 722 and the interface 720 may
include a program cartridge and cartridge interface (such as
that found in video game devices), a removable memory
chip (such as an EPROM or PROM) and associated socket,
a memory stick and universal serial bus (USB) port, a
memory card and associated memory card slot, and/or any
other removable storage unit and associated interface.
[0120] Computer system 700 may further include a com-
munication or network interface 724. Communication intet-
face 724 enables computer system 700 to communicate and
interact with any combination of remote devices, remote
networks, remote entities, etc. (individually and collectively
referenced by reference number 728). For example, com-
munication interface 724 may allow computer system 700 to
communicate with remote devices 728 over communica-
tions path 726, which may be wired and/or wireless, and
which may include any combination of local area networks
(LANs), wide area networks (WANSs), the Internet, etc.
Control logic and/or data may be transmitted to and from
computer system 700 via communication path 726.

[0121] Inanembodiment, a tangible apparatus or article of
manufacture comprising a tangible computer useable or
readable medium having control logic (software) stored
thereon is also referred to herein as a computer program
product or program storage device. This includes, but is not
limited to, computer system 700, main memory 708, sec-
ondary memory 710, and removable storage units 718 and
722, as well as tangible articles of manufacture embodying
any combination of the foregoing. Such control logic, when
executed by one or more data processing devices (such as
computer system 700), causes such data processing devices
to operate as described herein.

[0122] Based on the teachings contained in this disclosure,
it will be apparent to persons skilled in the relevant art(s)
how to make and use the invention using data processing
devices, computer systems and/or computer architectures
other than that shown in FIG. 7. In particular, embodiments
may operate with software, hardware, and/or operating
system implementations other than those described herein.
[0123] Whilst a preferred embodiment of the present
invention has been described, it will be appreciated that
numerous variations of the system are within the scope of
the invention. For example, in various embodiments, the
apparatus may be composed of several transducers placed at
different locations on the patient’s body. The apparatus may
also include additional sensors of different types, such as
pulse oximeters, electrocardiographic electrodes, electro-
myographic electrodes, electrodermal activity sensors, or
accelerometers, for simultaneous or complementary mea-
surements.
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[0124] Ttis to be appreciated that the Detailed Description
section, and not the Summary and Abstract sections, is
intended to be used to interpret the claims. The Summary
and Abstract sections may set forth one or more but not all
exemplary embodiments of the present invention as con-
templated by the inventor(s), and thus, are not intended to
limit the present invention and the appended claims in any
way.

[0125] Embodiments of the present invention have been
described above with the aid of functional building blocks
illustrating the implementation of specified functions and
relationships thereof. The boundaries of these functional
building blocks have been arbitrarily defined herein for the
convenience of the description. Alternate boundaries can be
defined so long as the specified functions and relationships
thereof are appropriately performed.

[0126] The foregoing description of the specific embodi-
ments will so fully reveal the general nature of the invention
that others can, by applying knowledge within the skill of
the art, readily modify and/or adapt for various applications
such specific embodiments, without undue experimentation,
without departing from the general concept of the present
invention. Therefore, such adaptations and modifications are
intended to be within the meaning and range of equivalents
of the disclosed embodiments, based on the teaching and
guidance presented herein. It is to be understood that the
phraseology or terminology herein is for the purpose of
description and not of limitation, such that the terminology
or phraseology of the present specification is to be inter-
preted by the skilled artisan in light of the teachings and
guidance.

[0127] The breadth and scope of the present invention
should not be limited by any of the above-described exem-
plary embodiments, but should be defined only in accor-
dance with the following claims and their equivalents.

What is claimed is:

1. A method of non-invasively monitoring the respiration
of a patient using ultrasonic waves directed onto the body of
the patient, the method comprising:

coupling an ultrasonic transducer via a contact layer to the

patient’s body;
selecting a depth range and a beam angle from the
transducer to a sample volume within at least a portion
of an internal structure inside the patient’s body, the
beam angle being non-perpendicular to a motion vector
of the internal structure;
emitting a series of ultrasound pulses from the transducer
into the body towards the sample volume and detecting
the echoes of the emitted ultrasound pulses;

measuring phase values of at least first and second echo
signals received from the internal structure at multiple
points along the depth range, the at least first and
second echo signals being received at different times;

detecting motion of the internal structure as a function of
a difference between the measured phase of the at least
first and second echo signals; and

associating movement of the internal structure with move-

ment caused by respiration to monitor or determine
respiration parameters of the patient.

2. The method of claim 1, wherein the internal structure
is a liver, and wherein the selected depth range as measured
from the transducer to a center of the sample volume is
between 5 cm to 15 cm.
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3. The method of claim 1, wherein a size of the sample
volume along the beam direction is in a range from 1 cm to
5cm.

4. The method of claim 1, wherein the motion of the
internal structure is calculated based on the measured phase
at multiple points inside the sample volume along the depth
range and the differences in phase for the at least first and
second echo signals, and wherein the method further
includes calculating an average displacement of tissue of the
internal structure as measured along an ultrasound beam
direction.

5. The method of claim 4, wherein the at least first and
second echo signals are a successive pair of echo signals.

6. The method of claim 4, wherein the at least first and
second echo signals are complex-demodulated to give two
sampled time series of complex echo signals as a function of
time or depth into tissue of the internal structure, and
wherein a time range is set to cover a distance along the
ultrasound beam to be used for the calculations, and wherein
a phase difference

QO=P, P11 (1)

is calculated, wherein n and n+1 are related to numbers of
received echo from successive ultrasound pulses, and t
is related to time of distance along the ultrasound beam
into the internal structure, and wherein a phase con-
tained in Q(t) is a phase difference between complex
echo signals P,,, and P, as a function of time and
distance, and an absolute value of Q(t) is a product of
echo amplitudes of P, ., (t) and a complex conjugate of
P(T).

7. The method of claim 6, wherein calculation of a
weighted phase difference between P, (1) and P, (t) is
performed by summation of the elements in Q and calcu-
lating a phase angle (A®) of the sum:

Agarg(ZQ).

8. The method of claim 1, wherein interferometry is used
to determine a phase of a given echo signal and the method
further comprises cumulatively summing a phase shift
between ultrasound measurements at different depths to
determine a displacement of the internal structure.

9. The method of claim 1, comprising determining a phase
shift caused by motion at two or more locations within the
internal structure and determining an average phase shift to
determine the motion.

10. The method of claim 9, wherein the average phase
shift is an intensity-weighted average of multiple phase shift
measurements.

11. The method of claim 1, wherein the non-perpendicular
angle is below 60°.

12. The method of claim 1, wherein the non-perpendicular
angle is below 45°.

13. The method of claim 1, wherein the respiration
parameters comprise one or more of a respiratory pattern, a
breathing rate, a tidal volume, a diaphragm displacement, a
motion amplitude, a velocity of inspiration, a velocity of
expiration, a peak value of velocity of inspiration, or a peak
value of velocity of expiration.
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14. The method of claim 1, further comprising non-
invasively monitoring the respiration of the patient, and
providing pressure assistance to the patient.

15. The method of claim 1, wherein the motion vector of
the internal structure is in a cranio-caudal direction of the
patient.

16. The method of claim 1, wherein the internal structure
is one of the liver, spleen, or kidney of the patient.

17. The method of claim 1, wherein said first and second
echo signals are a successive pair of echo signals.

18. An ultrasound apparatus for non-invasively monitor-
ing respiration of a patient using ultrasonic waves directed
onto the body of the patient, the apparatus comprising:

at least one ultrasound transducer configured to be placed

on a patient’s body, wherein the ultrasound transducer
is coupled to the patient’s body via a contact layer, and
wherein the ultrasound transducer is angled such that
an ultrasound beam angle emitted from the ultrasound
transducer is non-perpendicular to a motion vector of
an internal structure inside the patient’s body; and
processing circuitry for controlling the ultrasound trans-
ducer and processing ultrasound signals received from
the ultrasound transducer, wherein the processing cir-
cuitry is configured to:
measure a phase of ultrasound echo signals received
from the internal structure at multiple points along a
depth range, the phase being measured for at least a
first and a second echo signal, the first and second
echo signals being received at different times, and
detect motion of the internal structure based on a
difference between the measured phase of the first
and the second echo signals.

19. The apparatus of claim 18, wherein the contact layer
comprises at least one of an ultrasound contact gel, a glue or
an adhesive tape material that allows transmission of ultra-
sound.

20. The apparatus of claim 18, wherein the processing
circuitry is configured to control the ultrasound transducer to
emit a series of ultrasound pulses into a sample volume of
an internal structure within the body of the patent and to
detect the first and second echo signals of the ultrasound
pulses via the ultrasound transducer.

21. The apparatus of claim 20, wherein the first and
second echo signals are a successive pair of echo signals.

22. The apparatus of claim 18, wherein the non-perpen-
dicular angle is below 60°.

23. The apparatus of claim 18, wherein the processing
circuitry is configured to determine one or more respiration
properties based on the motion of the internal structure,
wherein the one or more respiration parameters include at
least one of a respiratory pattern, a breathing rate, a tidal
volume, a diaphragm displacement, a motion amplitude, a
velocity of inspiration, a velocity of expiration, a peak value
of velocity of inspiration, or a peak value of velocity of
expiration.

24. The apparatus of claim 18, wherein the first and
second echo signals are a successive pair of echo signals.
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