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ULTRASONIC METHOD AND APPARATUS
FOR RESPIRATION MONITORING

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.

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.

WO 2004/049951 discloses a respiration monitor comprising an ultrasound
transducer array having a plurality of individual transducer elements positioned in an
intercostal 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
transducers located along the direction of the motion of the lower lung border.

In accordance with another existing technique, the motion of the diaphragm can
instead be measured by conventional ultrasound imaging techniques. A beam of
ultrasound 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 diaphragm 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 securing a better anatomical orientation.

It is desirable to provide further methods for monitoring of respiration.

The present invention provides a method of non-invasively monitoring the
respiration of a patient comprising: 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 second echo signals being received at
different times; detecting the motion of the internal structure within the patient’s
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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.

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 continuous monitoring may support and add information to
decision makers in a variety of settings therefore making it a “‘technology platform” for
applications in respiratory diseases, and operating room to emergency room settings.
Surprisingly, 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.

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 periods 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.

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.

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.

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
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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 displacement difference.
The measured phases are monitored over time in order to identify the difference in
phase with 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. 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.

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
transducers, 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 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. 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.

The ultrasound beam from the transducer should be at a non-perpendicular
angle (a) 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 preferably below 45°.
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The method may further comprise determining one or more derived respiration
properties from the motion include a respiratory pattern, a breathing rate, and a tidal
volume.

The technique above may be particularly applicable to patients receiving
support from a mechanical ventilator. Thus, in various embodiments, the patient may
be receiving support from a mechanical ventilator or is undergoing a spontaneous
breathing trial for removal of support from a mechanical ventilator.

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

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 provided by the mechanical ventilator, based on the monitored
respiration. In one embodiment, the operation of the mechanical ventilator may be
controlled so as to provide pressure assistance responsive to detecting patient
contribution.

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, and monitoring respiration during this time to determine a
likelihood 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 threshold and returning mechanical ventilation
support before unnecessary complication of the patient’s condition.

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, or a
post-operative patient.

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
processing ultrasound signals; wherein the controller is arranged to transmit ultrasound
into the body toward the internal structure 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
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differences in the measured phase between the first and the second echo signals; and
thereby monitor the respiration of the patient.

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.

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.

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 ultrasound, such as the sonolucent silicone tape
described in WO2011/135288. Gel, glue and tape might also be used in various
combinations. The contact layer may comprise removing protective covers that may be
removed to expose the adhesive before the surface is brought in contact with the body.

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.

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

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.

The apparatus may comprise a monitor that provides 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.
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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.

As above, the apparatus (and preferably the processing circuitry of the
apparatus) may determine a displacement 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.

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 mechanical ventilator.

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.

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:

Figure 1 shows a patient connected to a system for monitoring respiration;

Figure 2 shows a partial, vertical cross section through the patient illustrating an
ultrasound transducer of the system;

Figure 3 shows exemplary input and output data for the ultrasound transducer:
and

Figures 4 and 5 shows a schematic illustration of processing circuitry and signal
processing of the system;

A system and a method are disclosed for performing ultrasonic interferometry to
produce at least one measurement of tissue structures in a living body, for acquisition
of physiological signals; the data from these signals may be utilized for monitoring and
diagnostic purposes. Further embodiments may also allow for the monitoring of derived

signals such as respiratory patterns, breathing rate, and a tidal volume.
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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 monitoring 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.

The apparatus is illustrated in Figures 1 and 2, and is composed of several
parts, including processing circuitry, at least one ultrasound transducer, and a contact
layer to be positioned between the transducer and the skin. The contact layer might be
made from an adhesive material. The apparatus also includes at least one power
source (not shown) for powering the parts of the device, according to their
requirements. Several of these parts may be integrated in a single unit.

The transducer is coupled to the patient’s body by the contact layer, which may
be an ultrasound contact gel, a glue or an adhesive tape material that allows
transmission of ultrasound, such as the sonolucent silicone tape described in
WO02011/135288. Gel, glue and tape might also be used 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 the transducer to a living body using
an adhesive tape might include removing protective covers to expose the adhesive
before the surface is brought in contact with the body.

The transducer is connected either by wire or by short-range, digital or
analogue radio communication to the processing circuitry, which provides signals from
the target tissue. The processing circuitry is configured to process signals from the
transducer so as to derive a measurement of a motion of a target tissue. The
processing can be partly or fully digital.

The apparatus 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 the transducer and processing circuitry is of a suitable
size and weight that it can be carried on the patient’s body without impeding routine
activates, and the contact layer comprises an adhesive that is sufficiently strong such
that the transducer remains in contact with the skin during such activities.

The system can also comprise a monitor that provides information about the

measured motion parameters from the tissue to a human observer (e.g. a physician or
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the patient). The processing circuitry and/or the monitor may provide for control of the
measurements performed.

As shown in Figure 2, ultrasonic pulsed waves from the at least one ultrasound
transducer are transmitted into the body, and the reflected echo signals are used to
estimate a property of the target region, based on response (e.g. phase shift between
successive ultrasound pulses).

The processing circuitry calculates tissue motion parameters, such as velocity,
or other derived parameters, based on the motion pattern of the target internal
structure.

The motion of the liver has been shown to closely follow the motion of the
thoracic diaphragm muscle, and measurements of liver motion will, for this reason, be a
good surrogate for direct measurements of diaphragm motion.

Doppler-based techniques 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 Figure 3), are
processed in order to detect and measure a shift in frequency related to tissue velocity.
Integration of velocity over time 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, we can instead directly use phase variations of an echo signal as
a measure of tissue displacement. This technique (interferometry) is commonly used
for accurate measurements of distances by counting of light wave cycles.

When a piece of tissue move a distance (s), then the change in phase (Ag) of

an ultrasound echo received from the tissue will be:
s
Ap=4r 7 cos(a)

where A is the wavelength of the ultrasound, and a is the angle between
the direction of the ultrasound beam and the motion vector, i.e. the cranio-

caudal direction of the patient.
Since the wavelength depends on frequency (f;) and speed of sound (c) we
may also write:

c
A=— Ag = 47zM cos(a)
Jo and ¢
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With reference to Figure 3, each ultrasound wavetrain that is emitted and
received by the transducer 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 —r to 1 in order to be uniquely
defined. The maximum distance of tissue motion between successive ultrasound
pulses will then be:

Jd - A _ ¢
™ dcosla) 4f, cosle)

This establishes a relation between ultrasound frequency, the repetition
frequency of pulse emissions (f,+), speed of sound, sound beam angle and the
maximum displacement of the tissue between pulses, and thus also the maximum
tissue velocity that can be observed. The limitation is equal to the velocity limitations of
pulsed Doppler techniques.

oo ¢ .f;:cf

™ 4 £, cos(a)

The processing circuitry is schematically illustrated in Figures 4 and 5, and is
based on a signal processing scheme that is somewhat similar to the pulsed Doppler
technique that is used for blood velocity measurements. The main differences are:

e Lower operating frequency: 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 dependence. Thus, a lower frequency of operation might be preferred for
recording of motion in solid tissues. A typical frequency range is from 0.5 to 5 MHz.

° Lower overall gain: 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.

® Different filter settings: The “wall” filter used in blood velocity measurements to
remove echo components from slowly moving solid tissue elements must be setto a
far lower value in order to allow the echo signals from slowly moving tissue to be
processed. The preferred filter setting for recording of respiratory motion is in the range
0.01 - 0.1 Hz, dependent on the operating frequency of the system. The main purpose
of this filter is to compensate for drift in electronic circuits and signal leakages between

ultrasound transmit and receive circuits.
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® Larger sample volume: During blood velocity measurements, a narrow
ultrasound beam is used, and the emitted ultrasound wavetrains are short, typically 1 —
10 ps, corresponding to an axial resolution of some 0.75 to 7.5 mm. A larger volume
along the beam direction is preferred 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
85 us. This 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 typical
distance from the transducer to the centre of the sample volume will be in the range
from 5 to 15 cm, depending on transducer position on the body surface, and on the
body and internal structure size. 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.

® Phase tracking and summation instead of Fourier analysis: Instead of repetitive
calculations of Fourier spectra representing velocity distributions, the phase of the
returned echo signal from the selected depth range is calculated. This calculation might
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, as shown in Figure 4 and 5.

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 vectors obtained from successive ultrasound pulse emissions and receptions,
then the cumulated phase shift (®.,») caused by the total displacement at sample
number n becomes:

fon =209 = Y are(r, 7,

p=l p=l

The tissue displacement (S) can then be calculated as:

S — ’2‘ gscum
4r cns(a‘)

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.
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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 implementation. From the count number (N), tissue displacement can be
calculated as:
NA
B 8cos(x)

The liver and the spleen move quite uniformly and linear 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.

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.

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 singularity 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.

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
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. 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 must be considered when
performing the calculation of the intensity-weighted phase.

This can be done as follows:
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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 (Py(t) and Pn.4(t)) 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 Py., and the complex conjugate

of P, is calculated:

o)=P ) P...(1)

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:

Ag = arg(z Q)

This is repeated for successive pairs of received echo signals (Pn.1 and Py,
P2 and Pp.s, Phes and Py, etc.) to calculate the cumulated phase shift and motion of
the tissue over a longer time period.

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 ps),
the bandwidth of the synchronous demodulator (e.g. 10 kHz — 2 MHz) and the length of
the depth range within the liver or spleen to use for the calculations (e.g. 0.5 — 10 cm).

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 (by some -40 dB or more), and might cause an
apparent loss of signal if the measurement site 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 quite 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, always assuring that some part of solid tissue contributes to
the signal.

As will be appreciated, the apparatus above provides 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 in turn
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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.

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 respiratory motion that might be
interpreted as a substitute for spirometry values.

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 patients 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.

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 inhalation 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 downwards displacement of the organs in the upper
abdomen.

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.

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 patients’ needs and to increase patient’s comfort. This can reduce
asynchrony between mechanical ventilator action and the patient’s own breathing
action, i.e. where the patient’s effort (i.e. diaphragm movement) 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 no air.

The method might detect the initial contraction of the diaphragm, and use this
for triggering and synchronizing the ventilator. This will enable normal chemoreceptor

control of ventilation, while at the same time reducing the efforts and fatigue associated
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with work of breathing. For example, when the patient makes an effort to breathe (i.e.
diaphragm movement is detected) the mechanical ventilator will provide pressure
support in response.

In order to determine whether a patient is ready to be removed from ventilator
support, a spontaneous breathing trial (SBT) is carried out. During an STB, the
mechanical ventilator is disabled for 30 minutes. 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 is
associated with a poorer prognosis.

The technique for monitoring respiration can be used to aid in assessing
readiness for a spontaneous breathing 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.

The technique can also be used to monitor respiration during the SBT. The
development of diaphragm displacement (amplitude, slope and regularity) can be
monitored 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.

A further use will be for patients requiring respiratory rehabilitation where the
movement of the diaphragm is crucial. The patients may be trauma patients, cardiac
arrest patients, spinal cord injury patients or pulmonary patients such as COPD
patients. The technique may also be used in post-operative patient monitoring. The
respiration can be monitored to see development of diaphragm displacement
(amplitude, slope and regularity) to give early warning if respiration halts.

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.

The ultrasound transducer is 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
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detected echoes, movement of the liver can be detected, and hence the position of the
diaphragm can be determined.

After the patient has been fitted with the transducer, a CT or an MRI scan is
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.

The image from the scan is 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 necessary, the patient can relax and inhale again until the operator is happy
with the position of the diaphragm.

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.

As described above, the apparatus of the present invention can also be used to
improve radiotherapy treatments by reducing the area that needs to be irradiated. The
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.

After the location of the tumour 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.

The patient is allowed to breathe continuously throughout the radiation
treatment. Meanwhile, the processor uses the outputs from the transducer array to
continuously 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.
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The output of the apparatus may be in form of diaphragm position, amplitude of
breathing motion, frequency (respiratory rate) and/or velocity. Successive
measurements performed on a single patient or a population may vyield a historical
trend allowing progress or deterioration of lung function to be monitored.

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, electromyographic electrodes, electrodermal activity

sensors, or accelerometers, for simultaneous or complementary measurements.
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Claims:

1. A method of non-invasively monitoring the respiration of a patient comprising:

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 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.

2. A method as claimed in claim 1, wherein the depth range is selected based on
the internal structure of interest and/or based on prior assessment of the patient, and
wherein 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 then there will
always be neighbouring tissue regions within the range with adequate echo intensity

that can be used instead.

3. A method as claimed in claim 1 or 2, wherein the internal structure is the liver

and the selected depth range is 2-5 cm.

4, A method as claimed in claim 1, 2 or 3, wherein the size of the ultrasound

sample volume along the beam direction is in the range from 2 to 5 cm.

5. A method as claimed in any preceding claim, comprising using an unfocused, or

only slightly focused, ultrasound beam for transmitting ultrasound into the body.

6. A method as claimed in any preceding claim, wherein 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, and the method includes calculating the displacement of the tissue as

an average along the ultrasound sound beam, where the observations of displacement
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at the multiple points along the depth range are weighted by their signal intensities
before the averaged displacement is calculated.

7. A method as claimed in any preceding claim, wherein the measured phases are
monitored over time in order to identify the difference in phase with time between at
least the first and second echo signal at different points on the depth range.

8. A method as claimed in any preceding claim, wherein the multiple points along
the depth range include at least two points providing an echo signal over a given
threshold.

9. A method as claimed in any preceding claim, comprising 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.

10. A method as claimed in any preceding claim, comprising 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.

11. A method as claimed in claim 10, wherein the average phase shift is an

intensity-weighted average of the multiple phase shift measurements.

12. A method as claimed in any preceding claim, wherein the ultrasound beam is
transmitted at a non-perpendicular angle (a) to the motion vector of the internal

structure.

13. A method as claimed in claim 12, wherein the non-perpendicular angle is below

60° and preferably below 45°.

14. A method as claimed in any preceding claim, comprising determining one or
more derived respiration properties from the motion such as a respiratory pattern, a

breathing rate, and/or a tidal volume.

15. A method for supporting a patient with a mechanical ventilator comprising non-

invasively monitoring the respiration of a patient as claimed in any preceding claim.
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16. A method as claimed in claim 15, comprising synchronising the operation of the
mechanical ventilator with the breathing of the patient based on the monitored
respiration and/or controlling the operation of the mechanical ventilator so as to provide

pressure assistance responsive to detecting patient contribution.

17. A method as claimed in claim 15, or 16, wherein the patient is undergoing a
spontaneous breathing trial and the method comprises 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.

18. 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 processing
ultrasound signals;

wherein the controller is arranged to: transmit ultrasound into the body toward
the internal structure 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 measured phase between the first and the second echo signals; and thereby

monitor the respiration of the patient.

19. An apparatus as claimed in claim 18, wherein the controller is arranged to carry

out the method of any of claims 1 to 17.

20. An apparatus as claimed in claim 18 or 19, comprising a monitor that provides
information about the measured motion of the tissue and/or a respiratory property

derived from the motion to an observer.

21. A mechanical ventilation system comprising a mechanical ventilator for
providing support to a patient and an apparatus as claimed in claim 18, 19 or 20 for

non-invasively monitoring the respiration of the patient.
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22. A mechanical ventilation system as claimed in claim 21, wherein the system is
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.

23. A mechanical ventilation system as claimed in claim 21 or 22, wherein the
system is 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.
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