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DETERMINING A TISSUE PROPERTY OF A BODY PART

FIELD OF THE INVENTION
This disclosure relates to the use of a shell cuff apparatus to determine a tissue property
of a body part, and in particular to a computer-implemented method, a device and a system for

determining a tissue property of a body part.

BACKGROUND OF THE INVENTION

Blood pressure (BP) is an important indicator of health in a person/subject. In the US it is
estimated about 30% of the adult population has high blood pressure. Hypertension is a common health
problem which has no obvious outward symptoms. Blood pressure generally rises with aging and the risk
of becoming hypertensive in later life is considerable. Persistent hypertension is one of the key risk
factors for strokes, heart failure and increased mortality. The condition of a subject can be improved by
lifestyle changes, healthy dietary choices and medication. Particularly for high-risk patients, continuous
24-hour blood pressure monitoring is very important by means of systems which do not impede ordinary
daily life activities. Continuous monitoring of blood pressure can also be useful for patients in a
healthcare environment, such as a hospital e.g. in the operating room (OR) or the Intensive Care Unit
(ICU).

In some cases absolute measurements of blood pressure can be obtained, and in other
cases relative measurements of blood pressure can be obtained, for example a measurement of a change in
blood pressure. In particular, blood pressure can change over short time windows, e.g. of the order of a
few minutes, and these changes can be relevant for further medical examination and possibly medical
intervention.

There are a number of different techniques available for measuring blood pressure, and/or
changes in blood pressure. Some of these techniques measure blood pressure itself, while other
techniques measure other physiological characteristics of the subject and use these as surrogates for blood
pressure, for example by relating changes or values of the physiological characteristic to changes or
values of blood pressure. Some of the techniques for directly measuring blood pressure require invasive
access to the arteries of the subject, for example via a catheter, or the use of bulky/inconvenient
equipment such as inflatable cuffs. However, some of the physiological characteristics used as surrogates
for blood pressure can be measured using simple and/or unobtrusive sensors applied to the body of the
subject.

WO 2014/121945 describes a blood pressure measuring system comprising a kinking-

proof shell. The blood pressure measurement system is configured to surround a patient’s body part and
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has pressurization means for applying pressure to the body part and a kinking-proof shell that is located
between the pressurization means and the body part. A pressure transducer or pressure sensor pad can be
provided on an inner surface of the shell. This arrangement is referred to as a “shell cuff” or “shell cuff
apparatus”, and the arrangement essentially prevents damping of the pulsatile signals by components of
the device and/or by air outside of the device, which translates into a high signal quality and enables
blood pressure to be measured with similar accuracy to invasive techniques that use a catheter to directly
access the blood. This is achieved by the hydraulically optimised contact of the pressure transducer or
pressure sensor pad with the body part that is relevant for the measurement.

Fig. 1 is a simplified diagram showing a shell cuff apparatus 2 placed at least partially
around a body part 4, in this case an arm. The shell cuff apparatus 2 includes a hard shell encased by an
inflatable cuff, with a sensor pad 6 arranged on the inside of the hard shell to measure pulse waves 8
passing through the blood vessel 10 (artery) in the body part 4. The pulse wave 8 causes a pressure wave
in the tissue in the body part 4 and this is measured by the sensor pad 6.

In more detail, a pulse wave 8 in the brachial artery 10 causes a change in the skin
movement. This change in skin movement causes a compression of a liquid in the sensor pad 6. The
liquid in the sensor pad 6 can be, for example, a silicone oil such as AK10. The sensor pad 6 is connected
via a flexible tube filled with a similar liquid as in the sensor pad 6 to a pressure sensor (not shown in Fig.
1) which measures the pressure signal. In the current application the liquid in the pressure sensor is, for
compatibility reasons, a different liquid to the liquid in the sensor pad 6. For example the liquid in the
pressure sensor may be glycerol.

The liquid-filled sensor pad 6 is enclosed by a hard shell in the shell cuff apparatus 2 to
provide stiffness and cause a sufficient signal to be measured by the pressure sensor. Similar to a standard
blood pressure cuff there is an actuator (¢.g. an air pump) that can fill a cuff with air, to compress the hard
shell and thus the arm tissue, so the brachial artery can be closed.

The blood pressure measurements by the shell cuff apparatus 2 need to be calibrated
against blood pressure measurements obtained using an invasive technique (with these measurements
being obtained at the same time). This calibration can be done for a large set of patients with different
levels of tissue stiffness as the tissue stiffness will influence the transfer of the pressure signal from the
artery 10 to the outside of the body part 4. As the shell cuff apparatus 2 includes a hard shell, shell cuffs
with different sizes are provided to accommodate patients (subjects) with different arm diameters.

Currently, the effect of individual variation of tissue properties cannot be taken into
account in the measurements obtained using a shell cuff apparatus. Instead, a variation of tissue propertics
is only taken into account according to on average tissue properties expected for a particular size of shell
cuff. There can be, however, for a single size of shell cuff, a significant difference in tissue propertics
between subjects. For instance, subjects with large obese arms will have different tissue properties

compared to subjects with muscular arms of similar size.
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Thus, it is desirable to be able to determine a tissue property of the body part of the
subject, so that this can, for example, be taken into account in any estimates or measurements of
physiological characteristics (¢.g. blood pressure) that are derived from the measurements obtained using

the shell cuff apparatus.

SUMMARY OF THE INVENTION

The techniques described herein use a sensor to obtain measurements of a radius of the
body part, or changes in the radius of the body part, as a number of different pressures are applied to the
body part using the shell cuff apparatus. A tissue property of the body part can be determined from a
function or relationship between changes in the radius of the body part and the pressures applied by the
shell cuff apparatus.

According to a first aspect, there is provided a computer-implemented method of
determining a tissue property of a body part. The method comprises controlling a shell cuff apparatus to
apply a plurality of different pressures to the body part, wherein the shell cuff apparatus at least partially
encloses the body part, and wherein the shell cuff apparatus comprises a hard shell portion placed at least
partially around the body part and an inflatable cuff surrounding the hard shell portion that is inflated
and/or deflated to apply the plurality of different pressures to the body part via the hard shell portion;
obtaining radius measurements of a radius of the body part, or changes in the radius of the body part, as
the plurality of different pressures are applied to the body part; obtaining pressure measurements of the
different pressures applied to the body part; and determining the tissue property of the body part from the
radius measurements and the pressure measurements.

According to a second aspect, there is provided a computer-implemented method of
determining a measurement of a physiological characteristic of a subject. The method comprises
determining a tissue property of a body part of the subject according to the first aspect or any embodiment
thereof, using the determined tissue property to calibrate pressure measurements by a sensor pad
positioned inside the hard shell portion; and determining a measurement of the physiological
characteristic using the calibrated pressure measurements.

According to a third aspect, there is provided a device configured to determine a tissue
property of a body part. The device is configured to, and/or the device comprises a processing unit
configured to: control a shell cuff apparatus to apply a plurality of different pressures to the body part
(which can comprise the processing unit outputting a control signal to the shell cuff apparatus), wherein
the shell cuff apparatus at least partially encloses the body part, and wherein the shell cuff apparatus
comprises a hard shell portion placed around at least a portion of the body part and an inflatable cuff
surrounding the hard shell portion that is inflated and/or deflated to apply the plurality of different
pressures to the body part via the hard shell portion; obtain (e.g. receive) radius measurements of a radius
of the body part, or changes in the radius of the body part, as the plurality of different pressures are

applied to the body part; obtain (e.g. receive) pressure measurements of the different pressures applied to
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the body part; and determine the tissue property of the body part from the radius measurements and the
pressure measurements.

According to a fourth aspect, there is provided a device configured to determine a
measurement of a physiological characteristic of a subject. The device is configured according to the
fourth aspect, or any embodiment thereof, and is also configured to use the determined tissue property to
calibrate pressure measurements by a sensor pad positioned inside the hard shell portion; and determine a
measurement of the physiological characteristic using the calibrated pressure measurements.

According to a fifth aspect, there is provided a system for determining a tissue property of
a body part. The system comprises a device according to the third or fourth aspects; a shell cuff apparatus
configured to at least partially enclose a body part, wherein the shell cuff apparatus comprises a hard shell
portion configured to be placed around at least a portion of the body part and an inflatable cuff
surrounding the hard shell portion that is configured to be inflated and/or deflated to apply the plurality of
different pressures to the body part via the hard shell portion; and one or more sensors for providing (e.g.
obtaining) the radius measurements and the pressure measurements.

According to a sixth aspect, there is provided a computer program product comprising a
computer readable medium having computer readable code embodied therein, the computer readable code
being configured such that, on execution by a computer, or by the processing unit of the device according
to the third or fourth aspects, or any embodiment thereof, the computer or device is caused to perform the
method according to the first aspect, the second aspect, or any embodiment thereof.

Various embodiments of the device according to the fourth and fifth aspects are also
envisaged in which the device is additionally or further configured to operate according to the various
embodiments of the methods described herein.

These and other aspects will be apparent from and elucidated with reference to the

embodiment(s) described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments will now be described, by way of example only, with reference
to the following drawings, in which:

Fig. 1 is a simplified diagram of a shell cuff apparatus around a body part of a subject;

Fig. 2 is a block diagram of a system for determining a tissue property of a body part that
comprises a device and a shell cuff apparatus;

Fig. 3 shows an exemplary hard shell portion with a radius sensor in the form of a strain
gauge;

Fig. 4 illustrates a cross-section of a hard shell portion around a simplified model of a
body part;

Fig. 5 illustrates a sensor pad being pressed into a body part; and

Fig. 6 is a flow chart illustrating a method of determining a tissue property of a body part.
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DETAILED DESCRIPTION OF EMBODIMENTS

As noted above, the techniques described herein use a sensor to obtain measurements of a
radius of the body part, or changes in the radius of the body part, as a number of different pressures are
applied to the body part using the shell cuff apparatus. A tissue property of the body part can be
determined from a function or relationship between changes in the radius of the body part and the
pressures applied by the shell cuff apparatus. The tissue property can be any of’ the elastic modulus, the
non-linear E-modulus, the Poisson ratio, V4,4, the fat free mass (FFM), and the adipose fat mass (AFM).

The body part radius or change in body part radius can be measured using a sensor that is
referred to herein as a ‘radius sensor’. A number of different types of sensors can be used for this purpose.
For example, the radius sensor can be or comprise a strain gauge that is either integrated into the hard
shell portion of the shell cuff apparatus, or a separate measurement device based on a metal strip, that can
be used to measure both the initial body part radius (i.¢. before pressure is applied), as well as the change
in body part radius as pressure is applied on the body part.

The pressure applied to the body part can be measured directly using a sensor pad
associated with the shell cuff apparatus, or indirectly via a measurement of pressure in the inflatable cuff
combined with a known friction coefficient between overlapping parts of the hard shell portion, the total
length of the hard shell portion and the measured change in body part radius with cuff pressure. The total
length of the hard shell portion is a fixed parameter of the hard shell portion, and is length of the shell
enclosing the body part (approximately given by 27K, with R the body part radius) plus the amount of
overlap of the opposite sides of the hard shell portion. A mismatch between both methods being too large
is an indication that there is an error in the pressure measured by the sensor pad, which will automatically
lead to an error in cardiac output or other physiological characteristic derived from the measured pressure.
This can especially occur with small adults with stiff arms. With the proposed techniques, the correct
pressure on the body part can be determined, and hence the potential error can be avoided or compensated
for.

Thus, embodiments of the techniques enable one or more tissue properties to be
determined which can be used for individual calibration of measurements by the sensor pad pressure to
determine actual cardiac output, or other physiological characteristic. Further, embodiments provide for
the detection of potential errors in measurements of cardiac output or other physiological characteristics,
especially for small adults with stiff arms, and correct for these errors.

Fig. 2 illustrates an exemplary system 20 for determining a tissue property of a body part.
The system 20 comprises a shell cuff apparatus 22 and a device 24. In some embodiments, the system 20
can also be used to determine or measure one or more physiological characteristics of the subject based

on the determined tissue property.
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The shell cuff apparatus 22 comprises an inflatable cuff 26 and a hard shell portion 28.
The hard shell portion 28 is to be placed around at least a portion of a body part, such as an arm or leg,
and the inflatable cuff 26 encloses the hard shell portion 28 (i.e. the inflatable cuff 26 is placed around the
hard shell portion 28 so that when the inflatable cuff 26 is inflated, it presses the hard shell portion 28 on
to the body part). The hard shell portion 28 can be formed from any suitable material, for example a
plastic material with an elastic modulus in the range between 0.4 and 5 GPa. Such plastic material can be
High Density Polyethylene (HDPE). The length and/or thickness of the hard shell portion 28 can vary
with the diameter of the body part that the shell cuff apparatus 22 is to be used on (¢.g. the arm or leg). In
particular, the larger the diameter of the body part, the larger the length and thickness of the hard shell
portion 28. A typical thickness can be in the range between 0.5 and 5 mm, or for example between 1 and
2 mm, with a typical total length can be in the range between 0.25 and 0.7 metres, and for example
between 0.3 to 0.5 metres.

The shell cuff apparatus 22 also comprises a pump 30 that is connected to the inflatable
cuff 26 (e.g. via a connecting tube 32). The pump 30 is controllable (for example in response to a control
signal) to selectively inflate the inflatable cuff 26. The pump 30 may also be able to selectively deflate the
inflatable cuff 26, and/or a valve (not shown) may be provided for enabling the inflatable cuff 26 to be
selectively deflated.

To enable a tissue property of the body part beneath the inflatable cuff 26 and the hard
shell portion 28 to be determined, a radius sensor 34 is provided for measuring the radius of the body part
or changes in the radius of the body part as a number of different pressures are applied to the body part by
the inflatable cuff 26 and the hard shell portion 28. The radius sensor 34 can take any of a number of
different forms, as outlined further below. The radius sensor 34 outputs a measurement signal that
comprises measurements of the radius, or changes in the radius, over time.

In some embodiments, for example where the system 20 is to be used for determining a
physiological characteristic of the subject that takes into account the determined tissue property, the shell
cuff apparatus 22 can further comprise a sensor pad 36 positioned on an inner surface of the hard shell
portion 28, i.¢. a surface of the hard shell portion 28 that faces the body part when the hard shell portion
28 is placed around the body part. When the inflatable cuff 26 is inflated, the inflatable cuff 26 and the
hard shell portion 28 press the sensor pad 36 against the body part to enable the sensor pad 36 to measure
the pressure in the body part, for example due to pulse waves passing through the body part. The sensor
pad 36 outputs a measurement signal that comprises measurements of the pulse waves or pressure waves
over time. The sensor pad 36 may be a liquid-filled pad. The sensor pad 36 can be connected via a
flexible tube filled with a similar liquid as in the sensor pad 36 to a pressure sensor outside of the hard
shell portion 28 which measures the pressure. The liquid in the sensor pad 36 can be, for example, a
silicone oil such as AK10, and the liquid in the pressure sensor can be a different liquid to the liquid in

the sensor pad 36, such as glycerol.
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In some embodiments, the measurements from the sensor pad 36 can be used to
determine the radius of the body part or changes in the radius of the body part, in which case a separate
radius sensor 34 is not required.

Measurement signals from the radius sensor 34 and the sensor pad 36 (whichever
combination of the radius sensor 34 and the sensor pad 36 are present in the shell cuff apparatus 22) are
provided to the device 24 for analysis.

The device 24 operates according to the techniques described herein to determine a tissue
property of a body part of a subject. The device 24 is configured to receive the measurement signal from
the radius sensor 34 and/or the measurement signal from the sensor pad 36. In some embodiments, the
device 24 is configured to control the operation of the pump 30 (for example by sending a control signal
to to the shell cuff apparatus 22/pump 30), and thereby initiate the inflation of the inflatable cuff 26 at an
appropriate time.

The device 24 may be in the form of, or be part of, a computing device, such as a server,
desktop computer, laptop, tablet computer, smartphone, smartwatch, etc., or other types of device
typically found in clinical environments, such as a patient monitoring device (¢.g. a monitoring device
located at the bedside of a patient in a clinical environment) that is used to monitor (and optionally
display) various physiological characteristics of a subject/patient, including blood pressure, cardiac output
(CO), stroke volume (SV), stroke volume variation (SVV), or pulse contour stroke volume (PCSV).

The device 24 includes a processing unit 38 that controls the operation of the device 24
and that can be configured to execute or perform the methods described herein. The processing unit 38
can be implemented in numerous ways, with software and/or hardware, to perform the various functions
described herein. The processing unit 38 may comprise one or more microprocessors or digital signal
processors (DSPs) that may be programmed using software or computer program code to perform the
required functions and/or to control components of the processing unit 38 to effect the required functions.
The processing unit 38 may be implemented as a combination of dedicated hardware to perform some
functions (¢.g. amplifiers, pre-amplifiers, analog-to-digital convertors (ADCs) and/or digital-to-analog
convertors (DACs)) and a processor (€.g., one or more programmed microprocessors, controllers, DSPs
and associated circuitry) to perform other functions. Examples of components that may be employed in
various embodiments of the present disclosure include, but are not limited to, conventional
microprocessors, DSPs, application specific integrated circuits (ASICs), field-programmable gate arrays
(FPGAs), hardware for implementing a neural network and/or so-called artificial intelligence (Al)
hardware accelerators (i.¢. a processor(s) or other hardware specifically designed for Al applications that
can be used alongside a main processor).

The processing unit 38 is connected to a memory unit 40 that can store data, information
and/or signals for use by the processing unit 38 in controlling the operation of the device 24 and/or in
executing or performing the methods described herein. For example the memory unit 40 can store any of:

radius measurements, pressure measurements, measurement signals from one or both of a radius sensor
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34 and a pressure sensor 36, for subsequent use by the processing unit 38. In some implementations the
memory unit 40 stores computer-readable code that can be executed by the processing unit 38 so that the
processing unit 38 performs one or more functions, including the methods described herein. In particular
embodiments, the program code can be in the form of an application for a smartwatch, smartphone, tablet,
laptop or computer. The memory unit 40 can comprise any type of non-transitory machine-readable
medium, such as cache or system memory including volatile and non-volatile computer memory such as
random access memory (RAM), static RAM (SRAM), dynamic RAM (DRAM), read-only memory
(ROM), programmable ROM (PROM), erasable PROM (EPROM) and ¢lectrically erasable PROM
(EEPROM), and the memory unit 40 can be implemented in the form of a memory chip, an optical disk
(such as a compact disc (CD), a digital versatile disc (DVD) or a Blu-Ray disc), a hard disk, a tape
storage solution, or a solid state device, including a memory stick, a solid state drive (SSD), a memory
card, etc.

In some embodiments, the device 24 comprises a user interface 42 that includes one or
more components that enables a user of device 24 to input information, data and/or commands into the
device 24, and/or enables the device 24 to output information or data to the user of the device 24.
Information that can be input via the user interface 42 can include any of: gender, age, height, weight,
body mass index (BMI), etc. Information that can be output by the user interface 42 can include any of:
information about a tissue property, a value of a tissue property, information about a physiological
characteristic of the subject, a physiological characteristic value, etc. The user interface 42 can comprise
any suitable input component(s), including but not limited to a keyboard, keypad, one or more buttons,
switches or dials, a mouse, a track pad, a touchscreen, a stylus, a camera, a microphone, etc., and/or the
user interface 42 can comprise any suitable output component(s), including but not limited to a display
screen, one or more lights or light elements, one or more loudspeakers, a vibrating element, etc.

It will be appreciated that a practical implementation of a device 24 and/or shell cuff
apparatus 22 may include additional components to those shown in Fig. 2. For example the device 24 may
also include a power supply, such as a battery, or components for enabling the device 24 to be connected
to a mains power supply. The device 24 may also include interface circuitry for enabling a data
connection to and/or data exchange with other devices, including the shell cuff apparatus 22 (for example
if the shell cuff apparatus 22 is not directly connected to the device 24), servers, databases and user
devices.

In some embodiments, the shell cuff apparatus 22 may comprise one or more further
sensors for measuring other properties. For example, in embodiments where the radius sensor 34 is a
strain gauge, a temperature sensor can also be provided that can be used to measure the temperature of the
environment in which the shell cuff apparatus 22 is being used. The measured temperature can be used to
correct the measurement of strain by the strain gauge for changes in temperature. Alternatively, multiple
strain gauges can be provided that are coupled in a half or full Wheatstone bridge arrangement to

automatically correct for changes in temperature.
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In another approach, in implementations where the hard shell portion 28 is tapered to
better match the shape of the body part (e.g. arm), multiple radius sensors 34 can be provided on different
parts of the hard shell portion 28 to measure the radius or change in radius of those parts.

Fig. 3 shows an exemplary hard shell portion 28 with a radius sensor 34 in the form of a
strain gauge. The hard shell portion 28 comprises a sheet of material that is curved or ‘rolled up’ into a
cylindrical shape so that it can be placed around a body part. The leading edges of the material overlap in
aregion 50 as shown in Fig. 3. As the inflatable cuff 26 is inflated, the hard shell portion 28 is
compressed against the body part, the amount of overlap in region 50 increases and the diameter of the
cylinder formed by the hard shell portion 28 decreases. A radius sensor 34 in the form of a strain gauge
can be attached to the outer surface or inner surface of the hard shell portion 28 to measure the strain
caused by deformation of the hard shell portion 28. Altematively the strain gauge 34 can be integral with
the hard shell portion 28. Preferably the hard shell portion 28 is made from a material that has a small
coefficient of friction when the material is overlapped. This enables the diameter or size of the hard shell
portion 28 change more smoothly as the pressure applied to the outside of the hard shell portion 28
changes.

Fig. 3 also shows an alternative approach which can be used with an existing shell cuff
apparatus that does not include a radius sensor 34 to enable the techniques described herein to be used. In
this approach, an attachable portion 52 is provided that can be attached to, or placed on, the outer surface
or inner surface of a hard shell portion 28, for example at position 54, and that comprises a radius sensor
34 in the form of a strain gauge. Attachment of the attachable portion 52 can be achieved using any
suitable attachment means, such as an adhesive, clamp, screw, bolt, etc. Deformation of the hard shell
portion 28 when the inflatable cuff 26 is inflated causes corresponding deformation of the attachable
portion 52, and the radius sensor 34 measures the strain associated with this deformation. In a particular
implementation, the attachable portion 52 is formed from steel that is 0.01lmm to Smm thick. The force
(clamping force) with which the attachable portion 52 is attached to the hard shell portion 28 should be
small compared to the pressure that can be exerted by the inflatable cuff 26 when it is inflated in order to
avoid influencing the pressure in the inflatable cuff 26.

The processing unit 38 or the radius sensor 34 may comprise suitable electronic
components or software to enable the measurements of the radius or changes in radius by the radius
sensor 34 to be made and/or interpreted. For example, in embodiments where the radius sensor 34 is a
strain gauge, the radius sensor 34 or the processing unit 38 can comprise an electrical circuit in the form
of a Wheatstone bridge that is used to obtain the measurement from the strain gauge. A low-pass
frequency filter may also be provided in the processing unit 38 or the radius sensor 34 for filtering out
low frequency noise such as pressure pulses from the pump 30 and/or heart beat pulses. A typical cut-off
frequency is preferably lower than 20 Hertz (Hz) and more preferably lower than 0.5 Hz.

As noted above, the radius sensor 34 and can take any of a number of different forms, and

a strain gauge arranged as shown in Fig. 3 is one possibility. Other types of radius sensor 34 can be a
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sensor or sensors for measuring one or more dimensions, or change in dimension, of the hard shell portion
28. Dimensions that could be measured to determine the radius or change in radius include the diameter
of the hard shell portion 28, the circumference of the hard shell portion 28, the tangential displacement of
the hard shell portion 28 or the amount of overlap of the hard shell portion 28 in region 50. Types of
sensors that can be used to measure one or more dimensions include optical sensors (e.g. a camera,
imaging unit, or laser-based system, which may or may not require the placement or presence of visual
markers on the hard shell portion 28), proximity sensors, pressure (touch) sensors arranged at different
positions on the hard shell portion 28 to measure the amount of overlap in region 50, an electrical
property sensor (e.g. that measures resistance, conductance, impedance, etc. between two parts of the hard
shell portion 28 in the overlap region 50), an accelerometer that measures the movement of the hard shell
portion 28 from which the deformation of the hard shell portion 28 can be derived, and a volume sensor
that measures a volume of fluid that flows to and/or from the body part beneath the hard shell portion 28
as the inflatable cuff 26 is inflated and deflated (a measured change in volume of the body part is
indicative of the change in volume of the hard shell portion 28 surrounding the body part).

In embodiments where a separate radius sensor 34 is not provided and the measurements
from the sensor pad 36 are used to determine the radius or changes in radius of the body patt, a
measurement of the total air (or other fluid) volume in the inflatable cuff 26 and a measurement of the
pressure in the inflatable cuff 26 can be combined to give a relationship between the change in radius of
the body part and the pressure on the body part. The volume or air (or other fluid) in the inflatable cuff 26
can be measured using a flow meter, with the measurements of air (fluid) flow being integrated over time
to give the volume of air (fluid) in the inflatable cuff 26.

An alternative method to determine the body part radius without a radius sensor 34 is in
the case of an overlapping hard shell portion 28. It can be shown that a relation for the body part radius,
R(Ap;). can be derived as:

“u(1+e)Le
1—e+um(1+¢)

(D

where ¢ is the efficacy (a ratio between sensor pad pressure and cuff pressure, which is described further

R(Ap) =

below), s a friction factor between the overlapping shell parts and Z, is the total length of the hard shell
portion 28, which is different for different shell cuff sizes. Thus, to determine the body part radius, the
efficacy € and the friction factor p are required to be known or measured. Although this approach is
simple and does not require a separate radius sensor, it is likely to be less accurate as the friction factor p
may vary between overlapping shell parts, and the model that is used to calculate the body part radius is
not fully applicable due to the effect described below with reference to Fig. 5.

As described above, it is useful to determine one or more tissue properties of the subject
as the response of a pressure sensor (the sensor pad 36) in the hard shell portion 28 is strongly influenced

by the tissue properties of a subject. In principle, it is possible to determine, from the change in radius of
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the body part with the applied pressure on the outside of the body part, a non-linear elastic modulus (E-
modulus) of the body part. The details of these relations will be discussed further below, but it can be
understood that a relatively large decrease in body part radius with increasing pressure is an indication of
a subject with different tissue properties compared to a subject that has a smaller decrease in radius for
the same changes in pressure.

The diagram in Fig. 4 illustrates a cross-section of a hard shell portion 28 around a
simplified model of a body part 60. The body part 60 is assumed to have a circular cross-section and
includes a bone 62 at the centre of the body part 60 with radius Ry, an artery 64 and other soft tissue 66.
In this model the soft tissue 66 is considered to be uniform (i.e. uniform density and other material
properties), but it will be appreciated that more complicated models can be used that includes different
tissue sections representing fat, muscle, etc. A radius sensor 34 is provided on the hard shell portion 28,
and can be, for example, a strain gauge. A sensor pad 36 is positioned on the inside surface of the hard
shell portion 28 and is pressed into the body part 60. The hard shell portion 28 is wrapped around the
body part 60 and there is an overlap region 50 where leading edges of the hard shell portion 28 overlap
with each other. The amount of overlap (i.¢. the length of the shell overlap, L,) is given by:

L, =L, — 2nR;(Ap)) 2)
where L, is the total length of the hard shell portion 28 in the direction around the body part 60, R{(4p:) is
the radius of the body part as a function of pressure applied on the inside of the body part 60 (which is
denoted Ap;). The total length L, of the hard shell portion 28 is a fixed parameter of the hard shell portion
28, measured from one side of the hard shell portion 28 to the other side of the hard shell portion 28. With
reference to Fig. 4, the total length 7, is the full length of the hard shell portion 28 around the body part
60, including the length of the hard shell portion 28 in the overlap region 50. The pressure applied on the
inside of the body part 60 is measured by the sensor pad 36. Although not shown in Fig. 4, an inflatable
cuff 26 is arranged around the hard shell portion 28 so that when the inflatable cuff 26 is inflated,
pressure (as indicated by the arrows directed in towards the hard shell portion 28) is applied to the hard
shell portion 28.

The thickness of the hard shell portion 28, 7 is given by:

t=R,—R; 3)
where R, is the distance from the centre of the body part 60 to the outer surface of the hard shell portion
28.

An initial radius of the body part, denoted Ry, can be measured or determined using the
radius sensor 34 when no or a very small pressure is being applied to the body part 60 by the inflatable
cuff 26.

The radius sensor 34 is used to measure the radius or changes in radius of the body part
60 as the pressure in the inflatable cuff 26 (4p,) is varied. The sensor pad 36 is used to measure the

pressure applied to the body part 60 (4p;) by the hard shell portion 28. The following equation (4) sets out
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how one or more tissue properties (namely the elastic modulus, non-linear E-modulus, the Poisson ratio,
Ugrm.» the fat free mass (FFM), and the adipose fat mass (AFM)) can be derived from the changes in

radius AR; and the pressure applied to the body part 60:

AR, = — 1 Rio(1-vErm)(RG R )4 @
© T Earm(8p) (RS, (1+Varm) +RE(1=varm))

with

Eqrm(Ap;) = Eo + k- Ap; ()
where Ej is the elastic modulus of the tissue 66, £ is a parameter describing a non-linear E-modulus of the
tissue 66, Uy 1s the Poisson ratio of the tissue 66 (assuming the tissue 66 to be a uniform material). The
Poisson ratio will be of the order of 0.4 — 0.5, with 0.5 for an incompressible isotropic material deformed
clastically at small strains.

It will be appreciated that the relationship shown in equation (4) is based on the
simplified body part model in Fig. 4, and different relationships can be derived for more complicated
models, ¢.g. where the body part is considered to be made up of different types of tissue such as muscle
and fat.

In the above approach, the pressure on the body part 60 (4p;) is measured using the sensor
pad 36. However, in an alternative approach, the pressure on the body part 60 can be determined by
measuring the pressure in the inflatable cuff 26 (the “cuff pressure”), which is denoted Ap,. Due to the
properties of the hard shell portion 28, the cuff pressure Ap, is different (larger) than the pressure 4p; on
the inside of the hard shell portion 28 which is compressing the body part 60.

A simple analytical relation has been found between the pressure as measured by the
sensor pad 36 and the cuff pressure. The ratio between these pressures is called the efficacy €. The
efficacy € depends on the friction factor, the total length of the hard shell portion (Z;), and the actual body

part radius (which is a function of the applied pressure). The efficacy € is given by:
1 L,
_ 1= 24 {agipy ~ )
- 1 L
1+ 30 7y - 27)

Hence with the measured body part radius and the known friction factor and the total length of the hard

shell portion 28, the pressure on the inside of the body part can be determined via the cuff pressure. It has
been found that a more compressible body part will give lower efficacy. It is possible to obtain an
efficacy as low as approximately 0.4 with a friction coefficient (of the hard shell portion 28 material of
less than 0.15.

The derivation of the efficacy € also enables the measurement of the pressure by the
sensor pad 36 to be verified. In particular, for smaller sized body parts that produce a relatively small

change in the radius on the application of pressure, there is a risk that the pressure measurement by the
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sensor pad 36 is not the actual pressure acting on the body part. This is illustrated in Fig. 5. For a small,
stiff body part, the sensor pad 36 may not be pushed completely into the body part and the pressure in the
sensor pad 36 may be larger than the pressure acting on the rest of the body part. Therefore, the use of the
efficacy € enables the measurement of pressure by the sensor pad 36 to be verified based on the measured
cuff pressure.

The flow chart in Fig. 6 illustrates a method of determining a tissue property of a body
part according to the techniques described herein. The method can be performed by the device 24, and in
particular by the processing unit 38. The method can be performed as a result of the device 24 or
processing unit 38 executing suitable computer-readable code, that may, for example, be stored in the
memory unit 40.

During the measurement stage of the method, represented by steps 101, 103 and 105, a
shell cuff apparatus 22 is placed partially or fully around a body part for which one or more tissue
properties is to be determined. The shell cuff apparatus 22 comprises a hard shell portion 28 that is placed
partially or fully around the body part, and there is an inflatable cuff 26 surrounding the hard shell portion
28. The inflatable cuff 26 can be inflated and/or deflated via a pump 30 to apply multiple different
pressures to the body part over time via the hard shell portion 28.

Thus, in a first step, the shell cuff apparatus 22 is controlled to apply a plurality of
different pressures to the body part. The shell cuff apparatus 22 can be controlled by the device 24 or
processing unit 38, and in particular a pump 30 can be controlled to inflate and/or deflate the inflatable
cuff 26. In step 101 the inflatable cuff 26 may be continuously inflated or deflated, or the inflatable cuff
26 may be inflated or deflated in a step-wise manner (i.e. the inflatable cuff 26 is inflated/deflated to a
first pressure, the pressure is held for a short period of time, and the inflatable cuff 26 is inflated/deflated
to another pressure, and so on). The processing unit 38 can control the application of the plurality of
different pressures by the shell cuff apparatus 22 by outputting a suitable control signal to the shell cuff
apparatus 22.

In step 103, measurements of a radius of the body part, or measurements of changes in
the radius of the body part, are obtained. These measurements are referred to as ‘radius measurements’.
Radius measurements are obtained as the plurality of different pressures are applied to the body part (i.c.
as the inflatable cuff 26 is inflated and/or deflated). That is, multiple radius measurements are obtained,
cach for a different applied pressure.

In some embodiments, the radius measurements are obtained using one or more radius
sensors 34. The radius sensor or sensors 34 can be sensors configured to measure deformation of the hard
shell portion 28. Since the hard shell portion 28 is placed around the body part, deformation of the hard
shell portion 28 results in a change in radius of the body part beneath the hard shell portion 28. The radius
sensor 34 can be configured or arranged such that deformation of the hard shell portion 28 changes one or

more ¢lectrical properties of the radius sensor 34, such as the resistance, capacitance, inductance. The
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radius measurements can be derived from changes in these electrical properties. In some embodiments,
the radius sensor 34 is a strain gauge.

In alternative embodiments, the radius measurements can be obtained from measurements
of the pressure in the inflatable cuff 26, and measurements of the rate of fluid flow into and out of the
inflatable cuff 26. In these embodiments, a cuff pressure sensor can be provided for measuring the
pressure in the inflatable cuff 26, and a flow meter can be provided for measuring the rate of fluid flow
into and/or out of the inflatable cuff 26. Thus, in these alternative embodiments, the radius measurements
are obtained by processing the measurements of the pressure in the inflatable cuff 26 and the
measurements of the rate of fluid flow into and out of the inflatable cuff 26.

In step 105, measurements of the different pressures applied to the body part are obtained.
These measurements are referred to as ‘pressure measurements’. The pressure measurements are obtained
at the same time as the radius measurements, so that, for each radius measurement, there i1s a
corresponding measurement of the pressure being applied to the body part at that time. This enables the
change in radius of the body part to be observed for changes in the applied pressure.

In some embodiments, the pressure measurements are obtained using a sensor pad 36
positioned on the inside of the hard shell portion 28. In alternative embodiments, a cuff pressure sensor
can be used to obtain measurements of the pressure in the inflatable cuff 26 as the inflatable cuff 26 is
inflated and/or deflated, and pressure measurements can be determined from a respective cuff pressure
sensor measurement and a corresponding radius measurement (i.¢. a radius measurement obtained at
generally the same time as the cuff pressure sensor measurement). In particular, a pressure measurement
can be determined from the cuff pressure sensor measurement, the corresponding radius measurement, a
friction factor (friction coefficient) of the hard shell portion 28, and the total length of the hard shell
portion 28.

Once the measurements have been obtained in steps 103 and 1035, in step 107 a tissue
property of the body part can be determined from the radius measurements and the pressure
measurements. In some embodiments, step 107 comprises using a function that relates changes in radius
of the body part to one or more tissue properties and the pressure applied to the body part. The function
can be based on a model of the structure of the body part. For example, the model can assume that the
tissue property is uniform throughout the body part, or that certain parts of the body part comprise fat and
other comprise muscle, each with different tissue properties.

In some embodiments, step 107 comprises evaluating equation (4) to determine any of the
tissue properties Fo, k, and Vg, .

In some embodiments, once the tissue property has been determined, the tissue property
can be used to calibrate pressure measurements obtained using the shell cuff apparatus 22 for the purpose
of determining a physiological characteristic of the subject. The physiological characteristic can be any of
blood pressure, cardiac output, stroke volume (SV), stroke volume variation, or pulse contour stroke

volume (PCSV). Those skilled in the art will be aware of techniques for calibrating pressure
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measurements according to a determined tissue property. For example, WO 2019/211210 describes a
calibration for SV and PCSV based on the tissue properties FFM and AFM, and the techniques described
herein can be used to determine those tissue properties and thereby improve the calibration.

Variations to the disclosed embodiments can be understood and effected by those skilled
in the art in practicing the principles and techniques described herein, from a study of the drawings, the
disclosure and the appended claims. In the claims, the word "comprising” does not exclude other elements
or steps, and the indefinite article "a" or "an" does not exclude a plurality. A single processor or other unit
may fulfil the functions of several items recited in the claims. The mere fact that certain measures are
recited in mutually different dependent claims does not indicate that a combination of these measures
cannot be used to advantage. A computer program may be stored or distributed on a suitable medium,
such as an optical storage medium or a solid-state medium supplied together with or as part of other
hardware, but may also be distributed in other forms, such as via the Internet or other wired or wireless

telecommunication systems. Any reference signs in the claims should not be construed as limiting the

scope.
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CLAIMS:

1. A computer-implemented method of determining a tissue property of a body part, the
method comprising:

controlling (101) a shell cuff apparatus to apply a plurality of different pressures to the
body part, wherein the shell cuff apparatus at least partially encloses the body part, and wherein the shell
cuff apparatus comprises a hard shell portion placed at least partially around the body part and an
inflatable cuff surrounding the hard shell portion that is inflated and/or deflated to apply the plurality of
different pressures to the body part via the hard shell portion;

obtaining (103) radius measurements of a radius of the body part, or changes in the radius
of the body part, as the plurality of different pressures are applied to the body part;

obtaining (105) pressure measurements of the different pressures applied to the body part;
and

determining (107) the tissue property of the body part from the radius measurements and

the pressure measurements.

2. A method as claimed in claim 1, wherein the pressure measurements are obtained using a

sensor pad positioned on the inside of the hard shell portion.

3. A method as claimed in claim 1, wherein the step of obtaining (105) pressure
measurements comprises:

using a cuff pressure sensor to obtain measurements of the pressure in the inflatable cuff
as the inflatable cuff 1s inflated and/or deflated;

determining the pressure measurements by, for a first cuff pressure sensor measurement,
determining the pressure measurement from the first cuff pressure sensor measurement and a

corresponding radius measurement.

4. A method as claimed in claim 3, wherein the step of determining pressure measurements
of the different pressures applied to the body part comprises:

determining a pressure measurement as a function of a cuff pressure sensor measurement,
a corresponding radius measurement, a coefficient of friction of the hard shell portion and a total length

of the hard shell portion.



10

15

20

25

30

WO 2023/061704 PCT/EP2022/075999
17

5. A method as claimed in any of claims 1-4, wherein the step of obtaining (103) the radius

measurement comprises using one or more radius sensors.

6. A method as claimed in claim 5, wherein the radius sensor is a sensor configured to

measure deformation of the hard shell portion.

7. A method as claimed in claim 5 or 6, wherein the radius sensor is configured or arranged

such that deformation of the hard shell portion changes one or more electrical properties of the radius

Sensor.
8. A method as claimed in any of claims 5-7, wherein the radius sensor is a strain gauge.
9, A method as claimed in claim 1-4, wherein the radius measurements are obtained from

measurements of the pressure in the inflatable cuff, and measurements of the rate of fluid flow into and

out of the inflatable cuff.

10. A method as claimed in claim 2, or claims 3 or 4 when dependent on claim 2, wherein the
radius measurements are obtained from measurements of the pressure in the inflatable cuff, pressure
measurements obtained using the sensor pad, a friction factor for the hard shell portion, and the length of

the hard shell portion.

11. A method as claimed in any of claims 1-10, wherein the step of determining (107) the
tissue property of the body part from the radius measurements and the pressure measurements comprises
using a function that relates changes in radius of the body part to one or more tissue properties and the

pressure applied to the body part.

12. A method as claimed in any of claims 1-11, wherein the step of determining (107) the
tissue property comprises evaluating, using the obtained radius measurements, AR;, and the obtained
pressure measurements, Ap;:
-1 RiO(l - Uczlrm)(RiZO B Rlz))Apl
ARi =
Earm (BP0 (RZ(1 + Vgym) + RE(L = Vgrm) )

with
Earm(Api) =Ey + k- Ap;
where Ey is the elastic modulus of tissue in the body part, £ is a parameter describing a

non-lincar E-modulus of the tissue, Vg, 1s the Poisson ratio of the tissue, R is an initial radius of the
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body part when no pressure is applied to the body part by the shell cuff apparatus, and Rj is a radius of a
bone in the body part.

13. A computer-implemented method of determining a measurement of a physiological
characteristic of a subject, the method comprising:

determining a tissue property of a body part of the subject according to the method of any
of claims 1-12;

using the determined tissue property to calibrate pressure measurements by a sensor pad
positioned inside the hard shell portion; and

determining a measurement of the physiological characteristic using the calibrated

pressure measurements.

14. A device (24) for determining a tissue property of a body part, the device (24) comprising
a processing unit (38) configured to:

output a control signal to a shell cuff apparatus (22) to control the shell cuff apparatus
(22) to apply a plurality of different pressures to the body part, wherein the shell cuff apparatus (22) at
least partially encloses the body part, and wherein the shell cuff apparatus (22) comprises a hard shell
portion (28) placed around at least a portion of the body part and an inflatable cuff (26) surrounding the
hard shell portion (28) that is inflated and/or deflated to apply the plurality of different pressures to the
body part via the hard shell portion (28);

obtain radius measurements of a radius of the body part, or changes in the radius of the
body part, as the plurality of different pressures are applied to the body part;

obtain pressure measurements of the different pressures applied to the body part; and

determine the tissue property of the body part from the radius measurements and the

pressure measurements.

15. A system (20) for determining a tissue property of a body part, the system comprising:

a device as claimed in claim 14;

a shell cuff apparatus (22) configured to at least partially enclose a body part, wherein the
shell cuff apparatus (22) comprises a hard shell portion (28) configured to be placed around at least a
portion of the body part and an inflatable cuff (26) surrounding the hard shell portion (28) that is
configured to be inflated and/or deflated to apply the plurality of different pressures to the body part via
the hard shell portion (28); and

ong or more sensors (34, 36) for providing the radius measurements and the pressure

measurements.
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16. A computer program product comprising a computer readable medium having computer
readable code embodied therein, the computer readable code being configured such that, on execution by
a suitable computer or the processing unit (38) of the device (24) claimed in claim 14, the computer or

device (24) is caused to perform the method of any of claims 1-13.
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