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Description

Field of the Invention

[0001] The invention provides a system and method to determine compression. In particular the invention relates to
a system and method to determine tissue compression and/or compression of a material.

Background to the Invention

[0002] Tissue compression occurs when people are sitting or lying down for extended periods of time. When tissue
is compressed over a longer time it affects blood flow and people are at risk of developing tissue damage as a result of
the reduced blood flow in the tissues. Current pressure relief mattress systems are non-specific and timing for pressure
relief is only informed by good practice according to the guidelines of the pressure advisory panel. The reason for this
somewhat crude "estimation" of adequate pressure relief times for patient movement is that at present there is no
measurement system which is able to measure tissue compression using a non-invasive and ideally a non-contact
method.
[0003] In supine position, mattress elastic properties and the person’s body weight itself act on the body tissues,
creating forces between mattress and tissue. Tissue compression and interface pressure is thought to considerably
contribute to compromised blood flow when lying or sitting for some time. It is also seen as a major factor in the development
of pressure ulcers. Naturally people perform what are called "pressure relief movements" which describe body movements
to help redistribute pressure on tissues. However in movement compromised or impaired subjects no adequate com-
pensation mechanism is in place. Pressure relief is then carried out either with manual assistance or by using automated
pressure relief mattress systems.
[0004] To date treatment and prevention of pressure ulcers consists of frequent load redistribution to maintain tissue
viability tissue according to NPUAP-EPUAP guidelines. This is achieved by frequent manual movement of the patient,
which requires a lot of nursing time and physical effort. Providing automated pressure relief mattresses to patients does
assist nursing staff to provide timely pressure relief to the patient, however these systems only offer crude and nonspecific
pressure relief. They can only provide pressure relief based on fixed time intervals as they have no means of determining
the current state of blood flow in the patient. Currently no methods exist, which provide an effective means on when to
carry out timely pressure relief, consequently pressure relief is either carried out too late or is not adequate.
[0005] US Patent Publication No. US2011/112442 discloses an apparatus that includes at least one sensor configured
to sense a physiological parameter of a subject and to sense large body movement of the subject, an output unit, and
a control unit. The control unit is configured to monitor a condition of the subject by analyzing the physiological parameter
and the sensed large body movement, and to drive the output unit to generate an alert upon detecting a deterioration
of the monitored condition. It is therefore one object of the invention to provide a system and method to measure
compression to solve the above mentioned problems.

Summary of the Invention

[0006] According to the invention there is provided, a method according to claim 1. Preferred embodiments are defined
in the dependent claims.
Aspects, examples and embodiments not falling under the scope of the independent claims do not form part of the
invention.
[0007] The invention describes a system and method of how tissue compression can be measured in a non-contact
way to provide a low cost, patient/ user specific measurement system. The method may be used to inform existing and
future pressure relief mattress systems. The invention may also be used for any application either in conjunction with
another system or on its own to measure tissue compression.
[0008] The invention measures the distortion of a ballistic signal occurring when it passes through tissue material, for
example human tissue. The invention uses the ballistic wave which originates within the human body. As such the
ballistic wave passes through tissue from within the body to reach a sensing element placed outside the body as opposed
to applying a measuring signal from the outside, i.e. measuring the tissue compression by applying a ballistic signal to
the outside of the skin to measure tissue compression. This eliminates the need for a receiver element, which picks up
the signal after it passes through and is reflected by the human tissue. While a conventional ballistocardiogram (BCG)
method, used to measure heart conditions, aims to filter out distortions, stemming from tissue vibrations, the method is
doing the opposite, rather than filtering out the distortions the method, facilitates these distortions, by measuring the
change (distortion) in the ballistic wave properties, when passed through a medium.
[0009] In one embodiment the invention comprises the step of processing the measured changes with respect to a
reference ballistic signal and displaying the level of tissue compression.
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[0010] In one embodiment the reference ballistic signal is measured from the subject when the tissue material is in
an uncompressed state.
[0011] In one embodiment the invention comprises the step of analysing the measured changes in the ballistic signal
by decomposing the signal into frequency and waveform components.
[0012] In one embodiment the invention comprises the step of comparing the frequency and waveform components
to identify changes in the signals.
[0013] In one embodiment the invention comprises step of identifying fundamental and harmonic signals and calculating
the shift in the frequency domain relative to the reference signal indicative of tissue material in an uncompressed state.
[0014] In one embodiment the invention comprises the step of calculating a tissue compression index by quantifying
changes in frequencies of detected ballistic signals between compressed and uncompressed tissue.
[0015] In one embodiment the invention comprises the step of visually displaying the tissue compression index cal-
culated.
[0016] In one embodiment the ballistic signal is generated by a human.
[0017] In one embodiment the invention comprises correlating the measured changes in the signal with the level of
tissue compression of the subject for absolute measurement.
[0018] In one embodiment the invention comprises the step of filtering the ballistic signal to extract frequency compo-
nents of the measured ballistic signals.
[0019] In one embodiment the step of filtering uses a band pass or low pass filter.
[0020] In one embodiment the invention comprises the step of determining changes in blood flow as a function of the
level of tissue compression measured in the subject. It will be appreciated that the method can be used to make inferences
about changes in blood flow as caused by tissue compression. The tissue compression can result from a combination
of closed off blood vessels in the compressed tissue as well as the redistribution of blood flow which occurs, i.e. blood
is redistributed to non-compressed areas of the tissue and as such flow will be increased in those areas. So by tissue
compression the blood volume in tissue layers above site of compression is increased further contributing to the tissue
compression by the increased volume weight of blood. Thus there is an inverse relationship between blood flow increases
in non-compressed tissue regions and tissue compression such that blood flow in those areas may be inferred by the
level of tissue compression.
[0021] In one embodiment the invention comprises the step of calculating an inverse relationship between blood flow
increase in non-compressed tissue regions and tissue compression regions from the level of tissue compression. The
invention further provides a system according to claim 8. Preferred embodiments are defined in the dependent claims.
Aspects, examples and embodiments not falling under the scope of the independent claims do not form part of the
invention. In one embodiment there is provided means for processing the measured changes with respect to a reference
ballistic signal and displaying the level of tissue compression.
[0022] In one embodiment the reference ballistic signal is measured from the subject when the tissue material is in
an uncompressed state.
[0023] In one embodiment there is provided means for analysing the measured changes in the ballistic signal by
decomposing the signal into frequency and waveform components.
[0024] In one embodiment there is provided means for comparing the frequency and waveform components to identify
changes in the signals.
[0025] In one embodiment there is provided means for identifying fundamental and harmonic signals and calculating
the shift in the frequency domain relative to the reference signal indicative of tissue material in an uncompressed state.
[0026] In one embodiment there is provided means for calculating a tissue compression index by quantifying changes
in frequencies of detected ballistic signals between compressed and uncompressed tissue.
[0027] In one embodiment there is provided means for visually displaying the tissue compression index calculated.
[0028] In one embodiment the ballistic signal is generated by a human.
[0029] In one embodiment there is provided means for correlating the measured changes in the signal with the level
of tissue compression of the subject
In one embodiment there is provided means for filtering the ballistic signal to extract frequency components of the
measured ballistic signals.
[0030] In one embodiment the means for filtering comprises a band pass or low pass filter.
[0031] In one embodiment there is provided means for determining changes in blood flow as a function of the level of
tissue compression measured in the subject.
[0032] In one embodiment there is provided means for calculating an inverse relationship between blood flow increase
in non-compressed tissue regions and tissue compression regions from the level of tissue compression.
[0033] In one embodiment the invention may be used in a wider sense for determining tissue compression at any
anatomical site of the body which is in contact with a support or interface surface.
[0034] There is also provided a computer program comprising program instructions for causing a computer program
to carry out the above method which may be embodied on a record medium, carrier signal or read-only memory.
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Brief Description of the Drawings

[0035] The invention will be more clearly understood from the following description of an embodiment thereof, given
by way of example only, with reference to the accompanying drawings, in which:-

Fig. 1: Experimental set-up. in 1 an EMFI sensor mat is shown with the signal acquisition box, in 2 the positioning
of the mat in relation to the heart and the generated waveform, in 3 a subject lying on the hospital bed, is shown;
Fig. 2: illustrates a flowchart and schematic of the invention in operation;
Fig.3 is a more detailed view of the experimental set up of Fig 1 showing the signal associated with normal tissue
and compressed tissue;
Fig. 4: illustrates a frequency/resonance frequencies response to the number of microcirculation vessels closed off,
when the sensor was placed under the simulated tissue in a distance of 40 mm to the replacement artery, which
was embedded in the tissue;
Fig. 5: Frequency/resonance frequencies response to the number of microcirculation vessels closed off, when the
sensor was placed on top of the simulated tissue with 20 mm distance to the replacement artery, which was embedded
in the tissue;
Fig 6: Dependency of the ballistic signal frequency content on flow rate, 2 microcirculation vessels closed;
Fig 7: Dependency of the ballistic signal frequency content on flow rate, 3 microcirculation vessels closed;
Fig.8: depicted are several ballistic cycles, the IJ amplitude is shown in one cycle, the IJA is calculated by taking
the difference between peak and trough
Fig. 9: Mean normalized IJA of ballistic data before and after pressure relief movement; and
Fig.10: Average waveforms over 60 min of younger subjects on the left and older subjects on the right.

Detailed Description of the Invention

[0036] In the human body ballistic waves are generated by the mechanical action of the heart and transmitted through
the column of blood. These waves have been studied extensively in relation to cardiac events and as such been described
and used to make inferences about heart health. The waves are visualized by a method known as Ballistocardiography
(BCG). The term "ballistocadiogram" as found in the literature refers to a ballistic wave, its waveform and frequency
components as analysed in relation to cardiac events or health.
[0037] While the BCG signal specifically provides an output of local heart mechanics the invention makes use of the
fact that the ballistic wave can be measured at any site/ location of the body. When measured at a particular body site,
the wave properties measured by a system are affected by the local conditions at the site of measurement and as such
do not directly relate to cardiac events anymore. The ballistic wave is propagated through the body via the blood vessel
system of the body and travels in form of a pulse wave.
[0038] The present invention makes use of the nature of a ballistic wave signal in a human body to provide a method
and system to detect (measure) the distortions of the ballistic wave when passed through a medium. In particular the
invention makes use of the fact that the ballistic wave is changed when it passes through tissues. To reach the site of
measurement the ballistic wave needs to pass through the vessel wall and tissues layers. When the vessel wall and the
tissues are compressed the wave will travel through a denser medium, which will affect the composition of the ballistic
waveform picked up on the site of measurement.
[0039] The herein described system and method thus utilizes the ballistic waves in a novel way to measure tissue
mechanical properties. In particular the method uses the physical principle of a ballistic impulse (wave) as an input
signal, to make inferences about the relative degree of tissue compression as measured by a suitable system. To illustrate
the measurement principle the method may be loosely compared to the method of ultrasound, where a sound wave
encounters a material with a different density, part of the wave is reflected back to the probe and is detected as an echo.
Instead of using an artificially generated sound the ballistotissuegram uses the ballistic signal as input, generated by
the human body.

Example Embodiment

[0040] The system configured to implement the present invention is shown in Figure 1 to measure tissue compression
using the Ballistotissuegram. Figure 1 illustrates an experimental set-up according to one embodiment of the invention.
In section 1 the EMFI sensor mat is shown with the signal acquisition box, in section 2 the positioning of the mat and
the generated waveform, in section three a subject lying on the hospital bed, is shown. Figure 2 illustrates flowchart and
schematic of the invention in operation.
[0041] Step 1 - Input: The measurement system uses the ballistotissuegraph signal as an input signal. Polyolefin
material (EMFIT®) may be used, being a suitable thin, flexible, non-contact and cleanable sensor material to pick up
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the ballistotissuegraph signal, being sensitive to mechanical vibrations. However any other sensor technology, which is
sensitive enough to pick up small mechanical vibrations may be used instead. The ballistic signal travels through tissue
material of the subject and the signal is sensed by the sensing element.
[0042] Step 2 - Processing: A reference ballistotissuegraph signal is taken at the beginning of a measurement period.
During the duration of the signal acquisition period the frequency content at suitable time intervals and waveform and
signal amplitude are continuously extracted from the ballistotissuegraph signal. The ballistotissuegraph signal has a
natural frequency, which is at approximately 1 Hz. This frequency can vary between different people and is thus person
specific.
[0043] Step 3 - Output: The system output will provide a relative tissue compression index, which may be calculated
and visualised in a suitable way by comparing the difference between the reference fundamental/ resonance frequencies
and the fundamental/ resonance frequencies measured at suitable time intervals. The higher the tissue compression
and thus the compromise on the blood flow the more the natural and resonance frequencies shift when compared to
the reference frequency measured at the beginning. A suitable tissue compression index can be expressed for example
as the percentage change of the measured signal from the reference signal on a graphical user friendly interface adapted
to the needs of the user (clinician, nurse or consumer). Any other means of demonstrating the change between reference
signal and test signal may be implemented as well.
[0044] Fig.3 is a more detailed view of the experimental set up of Fig 1 showing the signal associated with normal
tissue and compressed tissue. The reference signal for the degree of tissue compression will be taken shortly after
someone has sat or laid down. This reading is providing the tissue status at the beginning of measurement via a GUI
and acts as reference signal. Continuous measurement will provide the degree as to which the reference signal is
changing over time via the same GUI. With increasing tissue compression the signal frequency components change.
Through a series of experiments it has been demonstrated that increasing tissue compression changes the amplitude
of the ballistic signal and at the same time produces a shift in the peak frequencies of the signal. Translated into a
suitable GUI representation, the change in the measured signal with respect to the reference signal is provided to the
user enabling the user to plan for interventions, when increased tissue pressure is reported by the GUI.
[0045] This example measurement system provides as an output the relative tissue compression. Moreover when
used with a suitable reference, the system can be calibrated to enable absolute measurement. The system is optimised
for continuous measurement, but can also be used to take samples at certain times. The material which is used as
material for the sensor can be placed under the support surface when the support surface is foam or a medium which
transmits the waves. As such the ballistic waves will also enable the measurement of the compression of the support
surface. The system can thus give a relative measurement of the human tissue compression, and also give a relative
measurement of the foam compression of the support material. Further the output can be visualised on a suitable
graphical user interface (GUI).

Experimental Results

[0046] A number of experiments were performed to validate the method. Previous research identified and tested a
suitable physiological variable. The choice of sensor technology depends on the constraints of the envisioned product
development. The "ballistotissuegraph" was identified and described. Previous research has shown the ballistic wave
signal to be sensitive to the anatomical recording site and body position (Study 1). In vivo experiments (Study 2) show
ballistic wave signal sensitivity to tissue compression. Study 3 suggested the leg ballistic wave signal can be described
as a volume pulse wave in its origin.
[0047] In the fourth research study to support the development of the method of the ballistotissuegraph, it was attempted
to reproduce the results of the in vivo measurements. The aim was to be able to show that by combining simulation of
different degrees of compromised blood flow with simulating the associated tissue compression an output may be
produced, which is similar to the signal measured in vivo previously, thus demonstrating that in vivo measuring was able
to pick up changes in tissue. A small weight simulated the tissue compression along with the weight of the tissue itself.
In the experiments both methods are used to simulate different degrees of compromised blood flow in the compressed
tissues.
[0048] To understand and explain the in vivo testing results (the origin of the waveform and associated frequency
contents) a simulation test circuit consisting of a circulation model with anatomical properties was designed.

Materials and methods

[0049] Circulation model: A circulation model was used to simulate the human circulatory system. It consisted of a
pneumatic pump, and passive mechanical valves, acting as artificial heart with heart valves, an air chamber to simulate
different hydrostatic pressures, and collapsible and elastic tubes, to simulate the arterial and venous system. Saline as
used as systemic fluid. This set-up allowed for simulation of fluid pressures with different pulse pressure (PP) and flow
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rates (Q). The pump was mounted onto a table. Separate melanin boards, resting on a support frame, independent of
the table, onto which the pump was mounted on, supported the remaining circulation model to minimise the influence
of the pumps mechanical vibrations on the rest of the test circuit.

Simulation of compressed tissue and compromised blood flow:

[0050] A two-step method was chosen to generate a realistic representation of the in vivo situation. The model is
based on the assumption that the vessels closer to the skin are compressed first and are more compromised in their
blood flow than vessels further away from the support surface. The microcirculation part of the simulated circuit repre-
sented the compressed vessels. It is assumed that those vessels will not contribute to the ballistic signal much as they
are compressed and as such do not exhibit much ballistic properties. It is further assumed that the vessel(s), which will
contribute the most to the signal, will be in uncompressed or less compressed tissue layers. This vessel is simulated in
the tissue part, which allows to test for the distortions of the signal when passed through the tissue.

Compressed Tissue simulation:

[0051] A 0.5 % agarose solution was used to simulate the body tissue. Agarose solution was poured into a container
and cured for two hours. An elastic tube (d=8 mm, l=100mm), previously developed to replace a leg artery in bypass
procedures, was place at 40 mm distance from the support surface before curing, to simulate the human leg arterial
properties. A weight of 100 g was put on top of the tissue.

Simulation of microcirculation vessel compression:

[0052] The compression of the vessels was simulated separately. The microcirculation was simulated by 4 small tubes
branching off the main circulation. Two branches had a tube diameter of 8 mm and two had one of 5mm. Each of these
branches could be closed off separately thus only allowing flow through the open tubes. Branch 4 was connected to the
simulated tissue. This way the systemic fluid will flow from branch 4 to the tissue and back to branch 4.
[0053] Signal acquisition: Highly sensitive elastic ferroelectret film sensor, oval shaped sensor (EMFIT R 19 mm R-
Series) was used for ballistic signal acquisition. Flow was recorded using a flowmeter. Pressure was recorded before
and after tissue.
[0054] Data treatment: Ballistic signal, pressure pulse and flow rate were recorded, synchronized (NI my-daq), saved
in Ivm format (Labview 9.0.) and analysed (Matlab2007) for the ballistic waveform frequency components. Power spectral
density of the ballistic signal was calculated using the welch method in matlab.
[0055] Procedure: Flow rate was set to a desired value at the beginning of measurement. Flow rate, systolic and
diastolic pressure and heart frequency were recorded at the beginning of each measurements. Two set of trials were
recorded, in which the distance of the artificial vessel to the sensor was varied. Trial one recorded the ballistic waveform
according to the experimental set-up above with the sensor placed under the simulated tissue mass. A 100 g weight
was placed on top of tissue. Sensor distance to the artificial vessel was 40mm.
[0056] In trial 2 the sensor was placed on top the simulated tissue mass, with the weight now being now placed on
top of the sensor. Sensor distance was 20 mm.
[0057] Thus sensor distance to ballistic signal, flow rate (l/min.) and the number of vessels available for flow were
varied (see table 1). Flow rates in trial 1 were varied according to table 1. Flow rates for trial two were kept more or less
constant. Please note that due to the physiological properties of the circuit, it was not possible to exactly replicate the
same flow rate. Only approximate replications i.e. constant flow rate in trial 1 were possible.

Table 1: Measurement combinations

Distance to sensor Flow rates (l/min.) No. of vessels closed

20 mm 0.772 0

0.797 1

0.806 1,2

1.086 1,2,3
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Results

[0058] Power spectral density of the ballistic signal was calculated using the Welch method. The flow rate was kept
constant to approximately 0.76 l/min.

Trial 1: Sensor recorded ballistic signal under tissue, distance to sensor 40 mm:

[0059] The peak frequency and associated resonance frequencies were plotted against the number of vessels in the
microcirculation, which were closed off. The flow rate was kept constant at 0.76 l/min. Fig. 4 illustrates a frequency/res-
onance frequencies response to the number of microcirculation vessels closed off, when the sensor was placed under
the simulated tissue in a distance of 40 mm to the replacement artery, which was embedded in the tissue.

Trial 2: Sensor recorded ballistic signal on top of tissue, distance to sensor 20 mm:

[0060] The peak frequency and associated resonance frequencies were plotted against the number of vessels in the
microcirculation, which were closed off. The flow rate was kept constant at 0.775 l/min.
[0061] Figure 5 illustrates a Frequency/resonance frequencies response to the number of microcirculation vessels
closed off, when the sensor was placed on top of the simulated tissue with 20 mm distance to the replacement artery,
which was embedded in the tissue. In trial two the flow rate was varied for conditions: 1,2 vessels closed off and 1,2,3,
vessels closed off.
[0062] Figure 6 and 7 show the response of the ballistic signal to flow rate changes. Figure 6 shows the dependency
of the ballistic signal frequency content on flow rate as increased as a result of tissue compression, with two microcir-
culation vessels closed. Figure 7 shows the dependency of the ballistic signal frequency content on the flow rate, three
microcirculation vessels were closed off, to simulate increased tissue compression.
The results clearly show that with a longer distance of the vessel to the sensor the natural and resonance frequencies
of the ballistic signal are lower as when the sensor was closer to the signal.
[0063] Figure 5 and 6 shows a clear correlation between the degree of occlusion (number of vessels occluded) and
frequency content of the ballistic signal. The more vessels are occluded the lower the fundamental and resonance
frequencies of the ballistic signal.
[0064] When flow rate was increased from 0.6 to 0.8 l/min with two vessels occluded, the fundamental and resonance
frequencies of the ballistic signal increased. When flow rate was increased from 0.76 to 1.060 and further to 1.159, with
three vessels occluded, the fundamental and resonance frequencies of the ballistic signal decreased slightly. This can
be explained by the physiology of the simulated system in particular the viscoelatic properties of the simulated vessel.
When the flow rate is increased in the two vessels occluded, the pressure remains the same, this pressure also remains
when flow rate is 0.76 l/min. with the three vessels occluded. However when flow rate in the three vessels occluded is
further increased the pressure rises approx. 15%, which affects the viscoelastic properties of the simulated vessel
recorded. With increased pressure the fundamental and resonance frequencies are lower. In condition three, both the
increased flow rate and the occlusion of three instead of two vessels contributed to a higher pressure. This is in accordance
with the results of the second condition (varying vessel occlusion). With increasing number of vessels occluded the
ballistic signal frequency content also decreases. Thus with increasing vessel occlusion the blood volume in the remaining
vessels increases consequently increasing flow and thus pressure on the vessels walls. By more blood volume flowing
through the same vessels the weight of this increased blood volume increases the pressure on the underlying tissue,
thereby compressing this to a greater extent, consequently a shift to the lower frequencies in the spectrogram was

(continued)

Distance to sensor Flow rates (l/min.) No. of vessels closed

40 mm 0.76 0

0.775 1

0.649 1,2

0.8

0.76 1,2,3

1.060

1.159
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observed. Above results thus can serve to demonstrate, what may occur physiologically when tissue is compressed and
how the redistribution of blood from compressed to uncompressed vessels increases tissue pressure even more and
as such can be seen to contribute to tissue compression. Thus it may be concluded that the ballistotissuegraph method
is sensitive to tissue compression and its associated changes.
[0065] By using an artificial artery, which was designed to replace human leg arteries the waveform was closely
replicated as it was recorded in the in vivo experiments. The experimental set-up thus allowed for manipulation of the
number of vessels, which were occluded (closed off) and the flow rate, both of which are altered when tissue compression
occurs. It was demonstrated that there is a linear relationship between the number of vessels occluded and the frequency
content of the ballistic wave. This insight and knowledge can be used to inform the analysis of the ballistic wave when
used to assess tissue compression. Both the increase in vessel pressure (increases vessel stiffness) and the weight on
the tissue, thereby compressing it, will contribute to change the medium, which the ballistic wave has to travel through.
Thus a general increase in stiffness of vessel wall and tissue will affect the frequency contents of the signal, where with
higher tissue compression the frequency spectrum shows lower frequencies.
[0066] In another embodiment the invention provides a method and system to detect changes in blood flow associated
with increases in interface pressure and which is related to tissue compression. This parameter can be used to inform
a system which will provide adequate pressure relief to prevent pressure ulcers or provide an alarm system for manual
intervention techniques. The invention provides a non-invasive system and method which can detect changes in blood
flow attributable to interface pressure acting on the body to compress tissue when a subject or patient is recumbent.
[0067] In one embodiment the invention further provides the information necessary for an automated system to output
feedback on the adequateness of the pressure relief carried out by a system or manual intervention.
[0068] The invention covers the aspect of the diagnostic part of a pressure relief system by providing an acquisition
technique, such as a ballistic signal, for detecting a new set of features to infer knowledge about blood flow status in
response to tissue compression or interface pressure with a pressure relief mechanism which responds to the diagnostic
part. It further provides information on effectiveness of pressure relief when performed.
[0069] The invention provides a means of non invasive, non contact monitoring of blood flow in the regions of bony
prominences. It uses the ballistic signal in a novel way by picking up changes in blood flow at sites of bony prominences.
The specificity of change at these locations is quantified using a novel method. The invention can thus inform about
critically impeded blood flow and can be used to alarm care personnel to move patients or as a diagnosis module to
determine timely pressure relief in automated mattress pressure relief systems. The inventors found that the ballistic
signal as hereinbefore described can be used as a tool to quantify cardiovascular changes associated with aging to
inform pressure ulcer risk assessment in movement-compromised elderly subjects.
[0070] In one embodiment the invention provides specific features which may also be used to infer changes in support
surface stiffness i.e. mattress support if a foam mattress is being used as support. Thus the invention describes a method,
which can be used to detect changes in mattress stiffness and also provide a method on quantifying how these changes
affect local blood flow.
[0071] In one embodiment the invention provides a non -invasive method for detecting changes in blood volume at
body sites associated with high risk of pressure ulcers by providing a non invasive, low cost acquisition technique,
describing a suitable signal sensitive to blood volume changes and specific features therein to entirely describe the
blood volume status at any instance in time to infer diagnosis on the blood volume status.
[0072] In one embodiment the ballistic wave can also provide information about how the mattress is changing in
stiffness, when compressed by body weight over a time period and how the blood flow changes in response to this
increased mattress stiffness (= termed interface pressure) when the method is used in conjunction with a foam mattress.
[0073] In one embodiment there is provided a system adapted to automatically detect deterioration in blood flow with
increasing interface pressure and is able to provide feedback on the blood perfusion status. The system is further adapted
to assess the amount of mattress compression for each individual subject and is able to relate increases in mattress
stiffness, when a foam support surface is used as mattress, to the extent of compromised blood flow. This method may
be used to build a module which interfaces with existing mattress pressure relief systems or operate on its own to provide
timely feedback if blood flow has been compromised to serve as prevention and warning system in prevention and
treatment of pressure ulcers.
[0074] Further the invention can be used to facilitate the above described method to assess the how well a specific
foam surface is suited to its specific user, by providing means of assessing how mattress stiffness or changes affect
blood flow and make inferences if blood flow is sufficient or (critically) compromised.
[0075] It will be appreciated that the method described in this invention is not restricted to measuring blood volume
changes at sites of increased risk of pressure ulcers but may be used at any point in the circulation, where it is desirable
to detect changes in blood volume. It may be used to detect those changes not only in supine position but also while
seated and thus may also serve as the basis of a warning system to ensure adequate frequency of body movement.
[0076] The added functionality of using the method to assess changes in the degree of compression of the foam
support will open venues to develop systems, which enable truly personalized foam support surfaces, for bedding,
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seating cushions, wheelchair cushions and any other foam based support surfaces. Currently there is no known non-
contact method, which is able to assess foam compression, while a person sits or lies on a foam support surface i.e.
mattress or seating cushion. This added functionality will enable personalised seating and bedding and will provide a
method to seating and bedding manufactures to customise their products to the individual consumer. Thus this method
may be used on its own to enable personalisation of foam support surfaces. This would
for the first time enable one to truly customise for example foam cushions for wheelchair users, by enabling one to
identify the degree of foam compression at various areas of the foam cushion. With this knowledge truly optimised
pressure relief mattresses and foam cushions may be developed or manufactured or customized, not only for the
rehabilitation market but also the general consumer market.
[0077] Thus far no method can provide this functionality. Current practise in optimising cushions and mattresses for
wheelchair users and older persons with high risk of pressure ulcers is based on trial and error, having the person’s
feedback as the only means of optimization besides the output of pressure sensing systems if available (pressure sensing
systems are very costly). However pressure sensing systems only provide information on the pressure between the
support surface and the seat, while the method described here provides a means to gain insight in the compression of
the foam and is able to assess how the degree of foam compression affects blood flow. Further this method would enable
adjustable support surfaces, which respond to the users need, i.e. degree of tissue compression. There is a large market,
which would benefit from the present invention, enabling product innovation using this method, for example:

• Office seating
• Airline seating
• Automotive seating
• Specialized seating
• All mattress support surfaces or foam support surfaces intended for reclined use

[0078] It will be appreciated that the figures and description referred herein refers to a ballistic signal that naturally
occurs in the human body due to heart beat and blood flow and how the invention uses measurement of the ballistic
signal at different sites in the body as the ballistic signal propagates through the body to determine tissue compression
or material compression. This should not be confused with a known Ballistocardiogram signal that describes the different
phases of the heart mechanics. In other words the ballistic signal, according to the invention, is sensed at measurement
sites other than the heart region, wherever it is desirable to measure tissue compression and associated changes in
blood flow and thus may be termed Ballistotissuegram.
[0079] Figure 8 illustrates several ballistic cycles, the IJ amplitude is shown in one cycle, the IJA is calculated by taking
the difference between peak and trough. Heart beat intervals (HBI) were calculated by extracting the peaks of the QRS
complex of the ECG and calculating the time difference between successive peaks. The ballistic signal can be bandpass
filtered in the region of 0.5-30 Hz. IJA (acceleration of blood during systole) were calculated by extracting the peaks and
previous trough of the filtered data by differencing troughs from peaks.
[0080] Figure 9 illustrates a mean normalized IJA of ballistic data before and after pressure relief movement. Fig. 10
illustrates the average waveforms over 60 min of younger subjects on the left and older subjects on the right. The increase
in Amplitude with older subjects is obvious. As shown IJA was significantly higher in older subjects (Z=-46.08, p<0.01)
with decreasing, although non-significant trend over 60 min in all subjects (F=4.012, p= 0.058), No difference was found
in the HBI data (F=12.12, p> 0.05). No significant difference (F=0.949, p>0.05) in IJA was found, while HBI significantly
decreased (F=19.382, p<0.01) when before and after movement was compared.
[0081] The consistently higher IJ amplitude with the older subjects over the duration of 60 min may be explained by
the changes introduced to the cardiovascular system by aging, such as an increased arterial stiffness and increasing
narrowing of the vessel diameter. However no significant difference in heart rate was found when comparing older and
younger subjects over the duration of 60 min.
[0082] While the ballistic signal showed changes between age groups, no changes irrespective of age could be reported
in the ballistic signal amplitude prior to as compared to after the execution of a pressure relief movement. The variable
HR was more sensitive to changes seen prior to and after pressure relief with both age groups showing increased HR
before and decreased HR after movement.
[0083] The ballistic signal accurately captures the changes in the cardiovascular systems, caused by the effects of
aging. These changes are not reflected by a concurrent variation in heart rate. Thus changes associated with aging are
better represented by the ballistic signal, which provides information about blood acceleration profile, as compared to
conventional means such as HR.
[0084] It will be appreciated the invention describes a method for measuring changes in blood flow at body sites, which
are susceptible to pressure ulcers in a recumbent position. Naturally these areas refer to the ischial tuberosities, shoulder
blades, back of the head, sacrum, calves and heels. There blood flow is compromised due to increased interface pressure
between the mattress and patients tissue. Using the principle of a ballistic wave in a new and innovative way, previously
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used in the measurement of the Balistocardiogram (BCG), the invention enables one to identify and inform when blood
flow at sites of bony prominences is critically impeded and thus aims to provide a diagnostic tool which is able to issue
a warning to inform when a patient should be moved either manually or by a pressure relief mattress system.
[0085] The invention uses the ballistic wave to infer changes in blood flow by applying specifically developed signal
processing to the ballistic wave trace, recorded at locations of bony prominences. To do so it uses a combination of
sensors made of EMFI", a thin commercially available "quasi-piezoelectric" film, made of polyolefin material. Any other
(sensor) material suitable to pick up the ballistic wave may be used. Strategically positioned under the mattress it is
used to acquire the ballistic signal trace at sites of bony prominences providing a non-invasive, non-contact method of
acquisition, as described with respect to Figures 1 to 3.
[0086] The BCG is a non-invasive method which records the circulatory mass displacements of the blood, i.e. the
change of the center of gravity of the displaced blood volume by action of the heart. The BCG presents information about
the summated volume pulses (i.e. local, changing, blood volume contained in a segment of artery) in the cardiovascular
system, thus the BCG trace is a summation of volume pulses across the whole body. This invention proposes a new
use of the physical principle, which is facilitated in the BCG to make inferences about heart mechanics, using it to infer
changes in blood dynamics at local sites of the circulation in particular at sites of bony prominences termed here the
ballistic signal. Further a method of analysing the ballistic signal is presented. The ballistic waveform can be divided into
the H,I,J,K,L,M,N, using the same naming convention as in the BCG. The change in IJK complex is being analysed in
this invention along with the changes of the LMN complex. This complex refers to resultant forces, due to the physical
properties of body tissues which vibrate for a brief instant after receiving a single blow = blood volume pulse. These
after vibrations are expressed in the LMN complex. They change when blood flow becomes more turbulent. The degree
of turbulence can be related to the degree of obstruction of flow by applied interface pressure.
[0087] This invention analyses the changes of the IJK complex and LMN complex at sites of bony prominences in
response to increased interface pressure to infer to changes in blood flow at those sites. A description of one embodiment
of how the invention diagnoses compromised blood flow can comprise of the following steps:

• The ballistic signal is measured at the chest level noninvasively using EMFI material placed under the mattress.
The chest measurement is used as a reference ballistic signal.

• This chest signal reference trace is compared to a chest reference waveform representing a prone body position.
This procedure is carried out to identify patients current body position

• The ballistic signal is measured at body sites prone to pressure ulcers (bony prominences) using same EMFI material
placed under the mattress at dedicated body sites.

• Ballistic signal at body sites is recorded
• Ballistic signal traces are quantified - amplitude difference in IJK, and change in shape in the descending part of

the ballistic signal, the LMN complex, respectively are determined. Amplitude is determined by peak identification.
Shape change of the LMN complex is calculated using non linear techniques (quantification of random component
in LMN complex)

• The two features are compared against reference trace derived at the beginning of the measurement in the stable
position.

• Diagnosis is made based on change of the two features
• Status of local blood flow is outputted
• Alarm is issued if blood flow critically compromised

[0088] It will be appreciated that the invention has several potential commercial applications, such as:

• Can be used in hospitals, homecare and elderly care facilities for patients at risk of pressure ulcers to prevent
pressure ulcers from occurring or new pressure ulcers from forming

• Can be used in research studies to determine changes in blood flow as caused by tissue compression
• Can inform existing pressure relief mattress systems and improve future systems in their specificity
• Enables patient specific truly customised pressure relief
• Provides patient with more independence as system can be used to inform automated systems, no need for a carer

is needed to operate the system
• Consumers and/or institutions which may be interested in developing such products, processes, research tools, or

services.
• Pressure relief mattress manufacturers and medical device industry
• Consumer base for such products, processes, services or research tools

[0089] The embodiments in the invention described with reference to the drawings comprise a computer apparatus
and/or processes performed in a computer apparatus. However, the invention also extends to computer programs,
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particularly computer programs stored on or in a carrier adapted to bring the invention into practice. The program may
be in the form of source code, object code, or a code intermediate source and object code, such as in partially compiled
form or in any other form suitable for use in the implementation of the method according to the invention. The carrier
may comprise a storage medium such as ROM, e.g. CD ROM, or magnetic recording medium, e.g. a floppy disk or hard
disk. The carrier may be an electrical or optical signal which may be transmitted via an electrical or an optical cable or
by radio or other means.
[0090] In the specification the terms "comprise, comprises, comprised and comprising" or any variation thereof and
the terms "include, includes, included and including" or any variation thereof are considered to be totally interchangeable
and they should all be afforded the widest possible interpretation and vice versa.
[0091] The invention is not limited to the embodiments hereinbefore described but may be varied in both construction
and detail within the scope of the invention as defined by the appended claims.

Claims

1. A method to determine compression of tissue material of a subject comprising the steps of:

detecting a ballistic signal generated by the mechanical action of the heart of the subject and passing through
the tissue material of the subject;
measuring changes in frequency components of the ballistic signal with respect to reference frequency com-
ponents of a reference ballistic signal measured from the subject when the tissue material is in an uncompressed
state;

determining a level of compression of the tissue material compared to an uncompressed state from the measured
changes in the frequency components; and displaying the level of tissue compression.

2. The method of claim 1 comprising the step of measuring the reference ballistic signal from the subject when the
tissue material is in an uncompressed state.

3. The method of any preceding claim comprising the step of analysing the measured changes in the frequency
components of the ballistic signal by decomposing the ballistic signal into frequency and waveform components,
and optionally
comprising the step of identifying fundamental and harmonic frequency components and calculating a change in
the fundamental and harmonic frequency components relative to the reference signal indicative of the tissue material
in the uncompressed state.

4. The method of any preceding claim comprising the step of calculating a tissue compression index by quantifying
the measured changes in the frequency components of the detected ballistic signal between compressed and
uncompressed tissue.

5. The method of claim 4 comprising the step of visually displaying the calculated tissue compression index.

6. The method of any preceding claim comprising correlating the measured changes in the frequency components
with the level of compression of the tissue material of the subject.

7. The method of any preceding claim comprising the step of determining changes in blood flow as a function of the
determined level of tissue compression, and optionally comprising the step of calculating an inverse relationship
between blood flow increase in non-compressed tissue regions and tissue compression regions from the determined
level of tissue compression.

8. A system to determine compression of tissue material of a subject, said system comprising:

means for detecting a ballistic signal generated by the mechanical action of the heart of the subject and passing
through the tissue material of the subject;
means for measuring changes in frequency components of the ballistic signal with respect to reference frequency
components of a reference ballistic signal measured from the subject when the tissue material is in an uncom-
pressed state;
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means for determining a level of compression of the tissue material compared to an uncompressed state from the
measured changes in the frequency components; and
means for displaying the level of tissue compression, wherein the means for measuring is optionally configured to
measure the reference ballistic signal from the subject when the tissue material is in an uncompressed state.

9. The system of claim 8 comprising means for analysing the measured changes in the frequency components of the
ballistic signal by decomposing the ballistic signal into frequency and waveform components, and optionally com-
prising means for identifying fundamental and harmonic frequency components and calculating a change in the
fundamental and harmonic frequency components relative to the reference signal indicative of the tissue material
in the uncompressed state.

10. The system of claims 8 or 9 comprising means for calculating a tissue compression index by quantifying the measured
changes in the frequency components of the detected ballistic signal between compressed and uncompressed
tissue and optionally
comprising means for visually displaying the calculated tissue compression index.

11. The system of any of claims 8 to 10 comprising means for correlating the measured changes in the frequency
components with the level of compression of the tissue material of the subject.

12. The system of claims 8 to 11 comprising means for determining changes in blood flow as a function of the determined
level of tissue compression; and optionally comprising means for calculating an inverse relationship between blood
flow increase in non-compressed tissue regions and tissue compression regions from the determined level of tissue
compression.

Patentansprüche

1. Verfahren zum Bestimmen der Kompression von Gewebematerial einer Versuchsperson, umfassend folgende
Schritte:

Erfassen eines von der mechanischen Wirkung des Herzens der Versuchsperson erzeugten und durch das
Gewebematerial der Versuchsperson laufenden ballistischen Signals;
Messen von Änderungen der Frequenzkomponenten des ballistischen Signals in Bezug auf Referenzfrequenz-
komponenten eines ballistischen Referenzsignals, die an der Versuchsperson gemessen werden, wenn sich
das Gewebematerial in einem unkomprimierten Zustand befindet;
Bestimmen eines Kompressionsgrads des Gewebematerials verglichen mit einem unkomprimierten Zustand
aus den gemessenen Änderungen der Frequenzkomponenten;
und Anzeigen des Gewebekompressionsgrads.

2. Verfahren nach Anspruch 1, umfassend den Schritt des Messens des ballistischen Referenzsignals an der Ver-
suchsperson, wenn sich das Gewebematerial in einem unkomprimierten Zustand befindet.

3. Verfahren nach einem der vorangehenden Ansprüche, umfassend den Schritt des Analysierens der gemessenen
Änderungen der Frequenzkomponenten des ballistischen Signals durch Zerlegen des ballistischen Signals in Fre-
quenz- und Wellenformkomponenten, und optional
umfassend den Schritt des Identifizierens von Grund- und Oberschwingungs-Frequenzkomponenten und des Be-
rechnens einer Änderung der Grund- und der Oberschwingungs-Frequenzkomponenten relativ zu dem für das
Gewebematerial in dem unkomprimierten Zustand indikativen Referenzsignal.

4. Verfahren nach einem der vorangehenden Ansprüche, umfassend den Schritt des Berechnens eines Gewebekom-
pressionsindex durch Quantifizieren der gemessenen Änderungen der Frequenzkomponenten des erfassten bal-
listischen Signals zwischen komprimiertem und unkomprimiertem Gewebe.

5. Verfahren nach Anspruch 4, umfassend den Schritt des visuellen Anzeigens des berechneten Gewebekompressi-
onsindex.

6. Verfahren nach einem der vorangehenden Ansprüche, umfassend das Korrelieren der gemessenen Änderungen
der Frequenzkomponenten mit dem Kompressionsgrad des Gewebematerials der Versuchsperson.
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7. Verfahren nach einem der vorangehenden Ansprüche, umfassend den Schritt des Bestimmens von Änderungen
des Blutflusses als Funktion des bestimmten Gewebekompressionsgrads, und optional
umfassend den Schritt des Berechnens einer inversen Beziehung zwischen der Blutflusszunahme in nicht kompri-
mierten Geweberegionen und Gewebekompressionsregionen aus dem bestimmten Gewebekompressionsgrad.

8. System zum Bestimmen der Kompression von Gewebematerial einer Versuchsperson, wobei das System Folgendes
umfasst:

Mittel zum Erfassen eines von der mechanischen Wirkung des Herzens der Versuchsperson erzeugten und
durch das Gewebematerial der Versuchsperson laufenden ballistischen Signals;
Mittel zum Messen von Änderungen der Frequenzkomponenten des ballistischen Signals in Bezug auf Refe-
renzfrequenzkomponenten eines ballistischen Referenzsignals, die an der Versuchsperson gemessen werden,
wenn sich das Gewebematerial in einem unkomprimierten Zustand befindet;
Mittel zum Bestimmen eines Kompressionsgrads des Gewebematerials verglichen mit einem unkomprimierten
Zustand aus den gemessenen Änderungen der Frequenzkomponenten; und
Mittel zum Anzeigen des Gewebekompressionsgrads, wobei das Mittel zum Messen optional dazu konfiguriert
ist, das ballistische Referenzsignal an der Versuchsperson zu messen, wenn sich das Gewebematerial in einem
unkomprimierten Zustand befindet.

9. System nach Anspruch 8, umfassend Mittel zum Analysieren der gemessenen Änderungen der Frequenzkompo-
nenten des ballistischen Signals durch Zerlegen des ballistischen Signals in Frequenz- und Wellenformkomponen-
ten, und optional
umfassend Mittel zum Identifizieren von Grund- und Oberschwingungs-Frequenzkomponenten und Berechnen einer
Änderung der Grund- und der Oberschwingungs-Frequenzkomponenten relativ zu dem für das Gewebematerial in
dem unkomprimierten Zustand indikativen Referenzsignal.

10. System nach Anspruch 8 oder 9, umfassend Mittel zum Berechnen eines Gewebekompressionsindex durch Quan-
tifizieren der gemessenen Änderungen der Frequenzkomponenten des erfassten ballistischen Signals zwischen
komprimiertem und unkomprimiertem Gewebe und optional
umfassend Mittel zum visuellen Anzeigen des berechneten Gewebekompressionsindex.

11. System nach einem der Ansprüche 8 bis 10, umfassend Mittel zum Korrelieren der gemessenen Änderungen der
Frequenzkomponenten mit dem Kompressionsgrad des Gewebematerials der Versuchsperson.

12. System nach Ansprüchen 8 bis 11, umfassend Mittel zum Bestimmen von Änderungen des Blutflusses als Funktion
des bestimmten Gewebekompressionsgrads; und optional
umfassend Mittel zum Berechnen einer inversen Beziehung zwischen der Blutflusszunahme in nicht komprimierten
Geweberegionen und Gewebekompressionsregionen aus dem bestimmten Gewebekompressionsgrad.

Revendications

1. Procédé pour déterminer la compression d’un matériau tissulaire d’un sujet comprenant les étapes consistant à :

détecter un signal balistique généré par l’action mécanique du coeur du sujet et passant à travers le matériau
tissulaire du sujet ;
mesurer des variations de composants de fréquence du signal balistique par rapport à des composants de
fréquence de référence d’un signal balistique de référence mesuré à partir du sujet quand le matériau tissulaire
est dans un état non comprimé ;
déterminer un niveau de compression du matériau tissulaire par rapport à un état non comprimé d’après les
variations mesurées des composants de fréquence ;
et afficher le niveau de compression tissulaire.

2. Procédé selon la revendication 1 comprenant l’étape consistant à mesurer le signal balistique de référence à partir
du sujet quand le matériau tissulaire est dans un état non comprimé.

3. Procédé selon l’une quelconque des revendications précédentes comprenant l’étape consistant à analyser les
variations mesurées des composants de fréquence du signal balistique en décomposant le signal balistique en
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composants de fréquence et de forme d’onde, et comprenant facultativement l’étape consistant à identifier les
composants de fréquence fondamentale et harmonique et à calculer une variation des composants de fréquence
fondamentale et harmonique par rapport au signal de référence indicateur du matériau tissulaire à l’état non com-
primé.

4. Procédé selon l’une quelconque des revendications précédentes comprenant l’étape consistant à calculer un indice
de compression tissulaire en quantifiant les variations mesurées des composants de fréquence du signal balistique
détecté entre un tissu comprimé et un tissu non comprimé.

5. Procédé selon la revendication 4 comprenant l’étape consistant à afficher visuellement l’indice de compression
tissulaire calculé.

6. Procédé selon l’une quelconque des revendications précédentes comprenant la corrélation des variations mesurées
des composants de fréquence avec le niveau de compression du matériau tissulaire du sujet.

7. Procédé selon l’une quelconque des revendications précédentes comprenant l’étape consistant à déterminer des
variations du flux sanguin comme une fonction du niveau déterminé de compression tissulaire, et comprenant
facultativement l’étape consistant à calculer une relation inverse entre l’augmentation du flux sanguin dans des
régions de tissu non comprimé et des régions de compression tissulaire d’après le niveau déterminé de compression
tissulaire.

8. Système pour déterminer la compression d’un matériau tissulaire d’un sujet, ledit système comprenant :

un moyen pour détecter un signal balistique généré par l’action mécanique du coeur du sujet et passant à
travers le matériau tissulaire du sujet ;
un moyen pour mesurer des variations de composants de fréquence du signal balistique par rapport à des
composants de fréquence de référence d’un signal balistique de référence mesuré à partir du sujet quand le
matériau tissulaire est dans un état non comprimé ;
un moyen pour déterminer un niveau de compression du matériau tissulaire par rapport à un état non comprimé
d’après les variations mesurées des composants de fréquence ; et
un moyen pour afficher le niveau de compression tissulaire,

dans lequel le moyen pour mesurer est facultativement configuré pour mesurer le signal balistique de référence à
partir du sujet quand le matériau tissulaire est dans un état non comprimé.

9. Système selon la revendication 8, comprenant un moyen pour analyser les variations mesurées des composants
de fréquence du signal balistique en décomposant le signal balistique en composants de fréquence et de forme
d’onde et comprenant facultativement un moyen pour identifier les composants de fréquence fondamentale et
harmonique et calculer une variation des composants de fréquence fondamentale et harmonique par rapport au
signal de référence indicateur du matériau tissulaire à l’état non comprimé.

10. Système selon la revendication 8 ou 9 comprenant un moyen pour calculer un indice de compression tissulaire en
quantifiant les variations mesurées des composants de fréquence du signal balistique détecté entre un tissu com-
primé et un tissu non comprimé et comprenant facultativement un moyen pour afficher visuellement l’indice de
compression tissulaire calculé.

11. Système selon l’une quelconque des revendications 8 à 10 comprenant un moyen pour corréler les variations
mesurées des composants de fréquence avec le niveau de compression du matériau tissulaire du sujet.

12. Système selon les revendications 8 à 11 comprenant un moyen pour déterminer des variations du flux sanguin
comme une fonction du niveau déterminé de compression tissulaire ; et comprenant facultativement un moyen pour
calculer une relation inverse entre l’augmentation du flux sanguin dans des régions de tissu non comprimé et des
régions de compression tissulaire d’après le niveau déterminé de compression tissulaire.
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