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7) ABSTRACT

A system is provided for monitoring a patient on an air
support system. The system comprises a capacitive sensor
system having a capacitive sensor positioned at the under-
side of an air filled mattress, and a respiration signal
processing module that receives the output of the capacitive
sensor system and is configured to monitor patient respira-
tion. Respiration is monitored by: periodically sampling the
capacitive sensor system output to obtain measurements of
incremental body displacement; analyzing a plurality of the
samples to determine one or more values for parameters of
patient respiratory rate; and determining when one or more

(51) Imt. CL of the parameter values indicate abnormal respiration. A
A61B 5/00 (2006.01) corresponding method and computer program are also pro-
GOID 524 (2006.01) vided.
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CAPACITIVE SENSOR FOR RESPIRATORY
MONITORING

[0001] The present application claims priority, under 35
U.S.C. §119(a), of European Application No. 16305424.0
which was filed Apr. 11, 2016 and which is hereby incor-
porated by reference herein.

TECHNICAL FIELD

[0002] The present disclosure relates to a sensor arrange-
ment for monitoring a patient on an air support system.
Particular embodiments employ a sensor used to monitor
particular properties of the patient or support system, such as
patient positioning and/or air pressure within compartments
of the air support system. Particular embodiments of the
present disclosure may be best used in hospital or long-care
beds.

BACKGROUND

[0003] It is well known in medical fields that devices
included within a patient’s bed can provide non-invasive
monitoring of the patient over long time-periods. However
there do not exist such devices for all aspects of a patient’s
status that are convenient for use and cheap to produce,
hence few are used commonly and the medical profession is
still dependent on external, often bulky and invasive devices
to monitor patients.

[0004] Many of these devices require regular checking by
nurses or caregivers, and therefore, especially during the
night, problems can arise due to a lack of continuous
observation. This is a particular concern for patients with
medical issues that arise during sleep, such as Obstructive
Sleep Apnea (OSA).

[0005] It has been identified by the American Society of
Anesthesiologists (ASA) that the highest mortality rates in
patients with OSA occur during sleep hours, especially early
morning hours. Present techniques for detecting OSA are
complex. They may involve a formal sleep study or poly-
somnography, including pulse oximetry as well as essential
body functions like brain activity (Electroencephalography/
EEG), heart rhythm (Electrocardiography/ECG), skeletal
muscle activation (Electromyography/EMG) and eye move-
ment (Electrooculography/EOG). During REM rebound
sleep, REM-associated hypoxemic episodes can increase
threefold. REM sleep causes muscles of the tongue to relax
and thus falling back and blocking the airway. The exacer-
bation of respiratory depression may occur in the postop-
erative patient as sleep patterns are re-established and REM
rebound occurs. Therefore, simpler techniques are desirable
to detect OSA and prevent the consequences of REM
rebound sleep.

[0006] The treatment for OSA is commonly Continuous
Positive Airway Pressure (CPAP). This builds on the knowl-
edge that OSA occurs when the upper airway becomes
narrow as the muscles relax naturally during sleep. A CPAP
machine stops this phenomenon by delivering a stream of
compressed air via a hose to a nasal pillow, nose mask,
full-face mask, or hybrid, splinting the airway (keeping it
open under air pressure) so that unobstructed breathing
becomes possible, therefore reducing and/or preventing
apneas. However this method of treatment is not well
tolerated in the long term and an alternative is highly desired
by both patients and caregivers.
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[0007] Patient repositioning can be an effective alternative
treatment for OSA. Devices capable of repositioning a
patient for other medical reasons, such as to prevent bed-
sores, are known, as described in U.S. Patent Application
No. 2011/0047709, however they are not designed to
achieve controlled patient turning.

[0008] A device is desired that may provide a cheap and
reliable detection of OSA related problems, and other dis-
orders that manifest in breathing irregularities.

[0009] Motion detectors using capacitive sensors to moni-
tor respiration or heart beat are known but the present
inventors have appreciated that such detectors can be intru-
sive or uncomfortable, and therefore not practical for use
during sleep, because they need to be close enough to the
body to work efficiently.

[0010] International patent application WO 2011/027942
describes a device for detecting apnea using respiratory
motion. It is a capacitive sensor to be attached directly to a
patient’s chest. This direct contact would allow even low
sensitivity sensors to be used, but is likely to hinder the
comfort of the wearer, particularly during sleep.

[0011] U.S. Pat. No. 4,633,237 describes a sensor used to
detect the movement of a person on a bed. The sensor is a
flat matrix of multiple pressure sensitive capacitor switches
to be located on the bed under the patient’s torso. The
motion to be detected is large changes in the patient’s
location indicating their approaching exit from the bed. This
device, however well placed to minimize patient distur-
bance, would not be considered to be designed to monitor
the subtle changes in motion that arise during respiration.
[0012] The concept of combining patient repositioning
and other vital sign monitoring is briefly discussed in
international patent application WO 2012/155157. The repo-
sitioning, however, is minimal, only designed to minimize
bed sores. It is not sufficient for patient turning. All vital sign
monitoring is external. There is no discussion of combining
the two features in a single device, and none of the herein
described documents disclose devices capable of doing so.

SUMMARY

[0013] The invention is defined in the independent claims
to which reference is now directed. Other features are set out
in the dependent claims.

[0014] Embodiments of the present disclosure provide a
sensing system for monitoring a patient on an air support
system. The system comprises a capacitive sensor posi-
tioned on the underside of an air filled mattress and a signal
processing module that receives the output of the capacitive
sensor and monitors patient respiration. Patient respiration is
monitored by: periodically sampling the capacitive sensor
output to determine measurements of incremental body
displacements; analyzing the measurements of incremental
body displacements to determine one or more values for
parameters of patient respiration; and determining when one
or more of the parameter values indicate abnormal respira-
tion.

[0015] The perceived drawback of locating the sensor on
the underside of the mattress is that the overall capacity of
such sensors is quite low (for example about 20 nano-
Farads) and they are also generally very sensitive to many
external factors. This is made worse by the nature of air
support systems, which comprise at least one air compart-
ment defining an outer perimeter with a top surface and a
bottom surface. An important factor to the development of
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pressure ulcers is the application of excessive loading onto
the soft tissues of the supported body. Thus, protecting soft
tissue viability greatly depends on the ability of the support
system to immerse and envelop the body placed on its top
surface and spread the patient load over a large area, thereby
minimizing interface pressure, while preventing the dis-
placement of the body down to the bottom surface. How-
ever, this distribution of load reduces the ultimate signal
strength detectable at the sensor.

[0016] Despite such drawbacks, the inventors have shown
that a capacitive sensor is additionally capable of detecting
incremental body displacements that may be used to detect
and monitor vital signs on an air support system when placed
underneath an air-filled mattress. They discovered that in the
middle of the noise spectrum, around the main response of
known capacitive sensors, the respiratory information is
included as well as the patient movements. For example, the
external electronics coupled to the sensor can identify when
the patient is experiencing REM rebound sleep or apnea due
to changes in their vital signs. This information can be used
to adjust the patient’s position accordingly, or to activate an
alarm to notify a healthcare professional.

[0017] This was surprising. The expectation was that it
would be impossible to extract this information because it
would be hidden by noise, for example because the sensor
would be too far from the patient, without direct contact to
capture the necessary signals. In addition, it was not imag-
ined that the air mattress could transmit the detected infor-
mation through such minimum contact. In addition, the
belief was that there were too many other factors that could
interfere such that it would be impossible to differentiate
those signals from respiratory rate, such factors including
patient movements, electromagnetic field interference, and
air mattress pressure change.

[0018] Although capacitive sensors are more effective
when placed close to the patient, positioning away from the
patient, underneath the mattress, is more comfortable for the
patient, and is less of a bed sore risk. It also makes it easier
for the sensor to conform to all kinds of bed articulation.

[0019] The inventors also appreciated that capacitive sen-
sors used for other purposes can, in addition, be used to
provide the additional functionality of respiratory rate moni-
toring. For example, optionally the capacitive sensor is also
used for monitoring the characteristics of the patient’s
morphology and position on the articulated or non-articu-
lated supporting structure of a bed so that the fluid pressure
within air compartment(s) of an air support system can be
determined and, optionally, automatically adjusted accord-
ingly. The capacitive sensor has sufficient resolution for this
purpose, but is designed to be thin and flexible so that it can
be positioned under a mattress without being uncomfortable
for the patient and can adapt to all kinds of bed articulation.

[0020] Embodiments of the present disclosure may
employ a sensor having a specific construction, that is
positioned under or within an air mattress. The sensor may
be a surface or pad type sensor. It is thin and flexible, and so
is able to adapt to different beds, and yet is sensitive enough
to capture small movements relatively far from the patient,
through the air mattress.

[0021] Embodiments of the present disclosure also
employ software and/or electronics that are able to filter out
the noise from respiratory rate information. The association
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of particular sensor designs with the electronics and/or
software makes it possible to consistently detect respiratory
rate robustly.

[0022] Optionally, the capacitive sensor is positioned in
the interior of the mattress or on the exterior of the mattress.
For example, the capacitive sensor may be attached to the
bottom surface of the outer perimeter of the air filled
mattress.

[0023] Optionally, the capacitive sensor comprises at least
one capacitive cell including a flat condenser comprising at
least one layer of a compressible dielectric insulating mate-
rial interposed between two layers of conductive material.
[0024] Optionally, analyzing a plurality of samples com-
prises determining a periodic variation in the output of the
capacitive sensor system using a predetermined number of
accumulated samples, and determining the patient respira-
tory rate based upon the periodic variation. For example, the
periodic variation in the output of the capacitive sensor
system may be determined using a moving sample window.
Determining when one or more of the parameter values
indicate abnormal respiration may optionally comprise com-
paring the patient respiratory rate with an upper and/or lower
threshold value, wherein the patient respiratory rate passing
beyond the upper and/or lower threshold value indicates
abnormal respiration.

[0025] Optionally, the respiration signal processing mod-
ule is configured to ensure stable respiration is occurring
before proceeding to determine whether abnormal respira-
tion is occurring. This may be achieved by periodically
sampling the capacitive sensor system output to obtain
measurements of incremental body displacement and peri-
odically analyzing a plurality of the samples to determine
one or more values for parameters of patient respiratory rate
until it is determined that the respiratory rate remains within
a predetermined range of rates for a predetermined period of
time.

[0026] Optionally, the system further comprises a pressure
signal processing module that receives the output of the
capacitive sensor system and is configured to determine the
pressure exerted by the patient’s body or the penetration of
the patient’s body into given areas of the mattress. The
mattress may comprise a plurality of inflatable cells com-
municating with inflation elements, and the system may
further comprise an electronic control and regulation device
connected to the pressure signal processing module. The
electronic control and regulation device is configured to
control the inflation elements for filling or emptying said
plurality of air-filled inflatable cells, respectively. As an
example, this may be done in such a way that the internal
inflation pressure of the air inside the cells is equal to a set
point pressure predetermined relative to the load pressure of
the body of a person resting on the mattress measured by
said sensor. Optionally, the electronic control and regulation
device may be further configured to receive a signal indi-
cating that abnormal respiration has been detected, and to
cause the repositioning of the body of a person resting on the
mattress by selectively inflating or deflating one or more
selected inflatable cells of the plurality of inflatable cells.
[0027] Optionally, the system may further comprise one or
more band pass filters each having an upper frequency
cut-off of 2 Hz or less, and a lower frequency cut-off of 0 Hz
or more. Optionally, each of the band pass filters may have
an upper frequency cut-off of 1 Hz or less, and a lower
frequency cut-off of 0 Hz or more.
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[0028] Optionally, analyzing a plurality of the samples to
determine one or more values for parameters of patient
respiratory rate comprises: performing a cycle counting
technique, such as peak counting or zero crossing tech-
niques, on the plurality of samples to determine a value
indicative of respiratory rate; also performing analysis of the
power spectrum of the plurality of samples to determine a
frequency corresponding to a value indicative of respiratory
rate; and combining the results of the peak counting or zero
crossing technique with the results of the analysis of the
power spectrum to determine an output value indicative of
patient respiratory rate.

[0029] Although cycle counting techniques such as zero
crossing, applied to a filtered output are capable of returning
a value for respiratory rate, it has been appreciated experi-
mentally that this technique is not always robust enough to
give a reliable respiratory rate. The inventors determined
that a combination of cycle counting with analysis of the
power spectrum allows respiratory rate to be determined
accurately and reliably.

[0030] Optionally, performing a peak counting or zero
crossing technique on the plurality of samples to determine
a value indicative of respiratory rate comprises: separately
applying each of a plurality of band-pass filters to the output
of the sensor, or an output derived from the output of the
sensor (e.g. digital samples obtained via an ADC), each band
pass filter having a different band-width to the other filters;
performing a cycle counting technique, such as peak count-
ing or zero crossing techniques, to determine a value indica-
tive of respiratory rate associated with the output of each of
the band-pass filters; and selecting one or more of the values
indicative of respiratory rate determined from the output
associated with the filters for combination with the results of
the analysis of the power spectrum.

[0031] Optionally, selecting one or more of the values
indicative of respiratory rate determined from the output
comprises determining, for each of the outputs associated
with a band-pass filter, whether the respiratory rate is stable
by comparing the output associated with each band pass
filter with the output of one or more other filters and
determining whether the determined respiratory rate is
within a predetermined range of the respiratory rate deter-
mined using the one or more other filters. The filters may be
ordered according to bandwidth and comparing the output
associated with each band pass filter with the output of one
or more other filters comprises comparing the output for
each filter with that of its neighboring filters.

[0032] It was discovered experimentally that different
filter bandwidths can give different results for the respiratory
rate when cycle counting is applied. The inventors appreci-
ated that a more accurate respiratory rate could be deter-
mined by comparing the output of multiple filters to deter-
mine which filters are outputting a stable respiratory rate.
[0033] Optionally the respiration signal processing mod-
ule is further configured to: compare the value of each of the
values indicative of respiratory rate determined from the
output associated with the filters with a predetermined
threshold to determine a set of values SRR(nl); for each
value that exceeds the threshold, compare (i) the difference
between that value and the respiratory rate determined based
upon the results of the analysis of the power spectrum with
(i1) the difference between the results of the analysis of the
power spectrum with the average value of the set of values
SRR(n1); and discard one or more values indicative of
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respiratory rate determined from the output associated with
the filters based upon the comparison.

[0034] Optionally, where the periodic variation in the
output of the capacitive sensor system is determined using a
moving sample window, the respiration signal processing
module is further configured to: for each sample window,
determine the average value of the values indicative of
respiratory rate associated with the output of each of the
band-pass filters; compare the average value determined for
the current window with a value determined based upon the
average value of one or more previous windows; where the
comparison indicates that the average value of the current
window varies from the average value of one or more
previous windows, determine whether any of the values
indicative of respiratory rate associated with the output of
one of the band-pass filters varies by more than a predeter-
mined amount from a value determined based upon the
average value of the one or more previous windows, and if
so, discard those values indicative of respiratory rate.

[0035] Optionally, the respiration signal processing mod-
ule is further configured to: divide a current sample window
into a plurality of segments; determine, for each segment,
whether the average signal value of the segment differs from
the average signal value of the sample window by more than
a predetermined amount; and replace segments for which the
average signal value of the segment differs from the average
signal value of the sample window by more than a prede-
termined amount with segments for which this is not true. In
addition, the respiration signal processing module may be
further configured to determine, for each segment for which
the average signal value of the segment differs from the
average signal value of the sample window by more than a
predetermined amount, whether any sample value, J, within
the segment differs from the average signal value of the
window by more than a predetermined amount; divide the
window into at least two portions, the first portion spanning
from the first sample to a sample J, and the second portion
spanning from a sample J to the end of the window; and
adjust the sample values for the first portion such that the
average of the first portion conforms to the average of the
second portion.

[0036] Optionally, where more than one value indicative
of respiratory rate is determined from the output associated
with the filters, a single rate can be selected for combination
with the results of the power spectrum analysis. This can be
achieved by comparing each of the selected respiratory rates
determined from the filter outputs with a respiratory rate
associated with the results of the power spectrum analysis.

[0037] In this manner, even when multiple different stable
respiratory rates are determined based upon the cycle count-
ing technique, the most likely candidate for the actual
respiratory rate can be selected.

[0038] Optionally, performing analysis of the power spec-
trum of the plurality of samples to determine a frequency
corresponding to a value indicative of respiratory rate fur-
ther comprises determining the N highest peaks within the
power spectrum and identifying, from the determined peaks,
the peak associated with respiration rate based upon the
cycle counting technique.

[0039] Where multiple peaks are detected using the power
spectrum analysis the most likely candidate peak for actual
respiration rate can be selected based upon the complimen-
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tary results obtained using cycle crossing techniques. This
improves the likelihood of determining an accurate respira-
tion rate.

[0040] Optionally, combining the results of the cycle
counting technique with the results of the analysis of the
power spectrum to determine an output value indicative of
patient respiratory rate comprises determining a weighted
average of the value determined according to the cycle
counting technique and the power spectrum analysis tech-
nique. Optionally, historical data from previous samples
may also be included in the weighted average.

[0041] Optionally the system may further comprise an
alarm, the system being configured to activate the alarm
when abnormal respiration is determined.

[0042] Embodiments of the present disclosure provide a
method for monitoring a patient on an air support system,
the method comprising: receiving, at a respiration signal
processing module, the output of a capacitive sensor system
having a capacitive sensor positioned at the underside of an
air filled mattress; and at the signal processing module:
periodically sampling the capacitive sensor system output to
obtain measurements of incremental body displacement;
analyzing a plurality of the samples to determine one or
more values for parameters of patient respiratory rate; and
determining when one or more of the parameter values
indicate abnormal respiration.

[0043] Embodiments of the present disclosure may also
provide a computer program which when executed on a
respiration signal processing module causes it to carry out
the method of receiving, at the respiration signal processing
module, the output of a capacitive sensor system having a
capacitive sensor positioned at the underside of an air filled
mattress; and at the signal processing module: periodically
sampling the capacitive sensor system output to obtain
measurements of incremental body displacement; analyzing
a plurality of the samples to determine one or more values
for parameters of patient respiratory rate; and determining
when one or more of the parameter values indicate abnormal
respiration.

[0044] Any of the optional features described above may
be combined with one another, as appropriate. The optional
features may also be implemented within the method and
computer program for monitoring a patient.

[0045] It should also be noted that according to a further
aspect one or more of the optional features described above,
and in the dependent claims, may also be used in a sensing
system for monitoring a patient on any type of support
system, not just air. The system comprises a capacitive
sensor positioned at any appropriate location (e.g. above or
below a mattress, or on the patient themselves) for detecting
properties of the patient, and a signal processing module that
receives the output of the capacitive sensor and monitors
patient respiration. Patient respiration is monitored by: peri-
odically sampling the capacitive sensor output to determine
measurements of incremental body displacements; analyz-
ing the measurements of incremental body displacements to
determine one or more values for parameters of patient
respiration; and determining when one or more of the
parameter values indicate abnormal respiration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] The disclosed embodiments will now be further
described by way of example only and with reference to the
accompanying figures in which:
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[0047] FIG. 1 is an example of a capacitive sensor system
for use in embodiments of the present disclosure;

[0048] FIG. 2 is a schematic example of an arrangement
for using capacitive sensors for respiration monitoring;
[0049] FIG. 3 is an example of a trial script used to test
capacitive sensors for respiration monitoring;

[0050] FIGS. 4-8 are graphs showing the results of testing
the apparatus for using capacitive sensors for respiration
monitoring;

[0051] FIG. 9 is an example of a method for processing of
the output of the capacitive sensor system to determine one
or more values for parameters of patient respiratory rate;
[0052] FIG. 10 is an example of the general components
used in a system for monitoring a patient on an air support
system;

[0053] FIG. 11 is an example of the components used in a
system for monitoring a patient on an air support system;
[0054] FIG. 12 is an example of the components used in
a system for monitoring a patient on an air support system;
[0055] FIG. 13 is a functional schematic of an appropri-
ately configured microcontroller for use in the system of
FIG. 12;

[0056] FIG. 14 is an example of an algorithm detailing
how a real time respiration count can be determined;
[0057] FIG. 15 is an example of a preliminary stage prior
to monitoring respiration rate;

[0058] FIG. 16 is an example of a method for determining
respiratory rate output by combining two different data
analysis techniques;

[0059] FIG. 17 is an example of identified stable respira-
tion rates determined according to zero crossing techniques;
[0060] FIG. 18 is an example of an algorithm used in
determining respiration rate from the sensor output;

[0061] FIGS. 19A and 19B are a more detailed example of
an algorithm according to FIG. 18;

[0062] FIG. 20 is an example of logic that may be applied
to determine a selected stable respiratory rate from the stable
rates determined in accordance with FIG. 18 or FIGS. 19A
and 19B;

[0063] FIGS.21A and 21B are an example of an algorithm
used in updating respiration rate from the sensor output;
[0064] FIG. 22 is an example of an algorithm used in
updating respiration rate from the sensor output;

[0065] FIGS. 23A and 23B show a representation of a
large and small motion artifact in the sampled data respec-
tively;

[0066] FIG. 24 shows an example of a motion artifact
detection and removal method;

[0067] FIG. 25 shows examples of sample data for which
motion artifacts have been removed;

[0068] FIG. 26 shows an example of a method for improv-
ing the stability of the SRR values obtained according to the
methods described herein; and

[0069] FIG. 27 is an example of a mattress and support
unit that may be used in embodiments of the present
disclosure.

DETAILED DESCRIPTION

[0070] FIG. 1 shows an example of a capacitive sensor
system used to detect the characteristics of the patient’s
morphology and position on an articulated or non-articulated
supporting structure of a bed. Such a sensor may be used, for
example, to adjust the fluid pressure within the air compart-
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ment(s) of an air mattress accordingly. The capacitive sensor
system displays sufficient resolution to perform this task.
[0071] In order to be appropriately reactive and selective,
the capacitive sensor 101 may be connected to an electronic
circuit that performs the necessary processing such that the
output signal from the electronic circuit of the capacitive
sensor is a function of the load applied by the body on the
support system. The electronic circuit may, for example,
include an oscillator 103, a frequency-voltage convertor
105, and a differential amplifier 107.

[0072] The capacitive sensor is placed under the mattress
in an air support system and is used primarily to determine
whether the air support system should be inflated or deflated.
Whether the air support system should be inflated or deflated
may be determined by comparison with the signal from one
or more pressure transducers, which are used to measure the
air pressure within the air compartment(s). The capacitive
sensor cooperates with one or more pressure sensors that
measure the fluid pressures and the system computes the
appropriate pressures to immerse and envelop the patient.
Both types of sensor may be used because information from
either the capacitive sensor or the pressure sensors alone
may not be enough for a closed loop sensing system to
operate automatically. The pressure sensor output signals
may also be combined with the signal from an accelerometer
that is used as a tilt sensor to determine bed back rest angle,
since back rest angle also impacts the pressure required to
support a patient. This is only an example of the possible
ways to determine whether inflation or deflation is required.
[0073] The overall capacitive sensor system may be
described as the capacitive sensor and the relevant control
environment including the electronic circuitry, the pressure
transducer(s) and their respective interconnections.

[0074] According to one embodiment, the capacitive sen-
sor may be the same type of sensor used within a “ClinAc-
tiv+” air mattress replacement system, which herein is used
as an example of an air support system. Further examples
and details of possible air mattresses with which embodi-
ments of the present disclosure may be used are provided
below.

[0075] The capacitive sensor may particularly be com-
prised of one or more flexible sensing pads located on and
fixed to the upper surface of the patient support deck, or
attached to or integral with the lower surface of the mattress.
The sensor may be located at the seat and/or thigh sections
of the support deck. Further examples and details of possible
sensors with which embodiments of the present disclosure
may be used are provided below.

[0076] The same capacitive sensor can be used to detect
incremental body displacements allowing the detection and
monitoring of vital signs. The ability of the sensing system
to detect vital signs depends on its operating frequency when
the capacitive sensor is connected to the oscillating circuit.
Respiration causes potentially detectable movements.
[0077] The normal respiration frequency of a patient spans
from around 0.1 Hz-0.4 Hz, which corresponds to around 6
to 24 breaths/min and can be correctly detected by the
sampling rate of the sensing system of the ClinActiv+
support system.

[0078] Investigations into the feasibility of using such
sensors for respiration monitoring were performed using an
arrangement as shown in FIG. 2. The apparatus features two
capacitive sensors, Sensorl and Sensor2, for recording and
comparison purposes.
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[0079] The purpose of Sensorl is to evaluate the efficacy
of a capacitive sensor located closer to the chest. It is the
control arm for Sensor2.

[0080] Sensor2 is a capacitive sensor for regulating the air
pressure in the mattress, normally being used in adjusting
the fluid pressure within air compartment(s) of an air mat-
tress, for the automatic adjustment of the immersion, envel-
opment and displacement of the body on the air support
system. The sensor may be the same one used in the
ClinActiv+ support system, which is very thin and conform-
able, and is barely noticeable by the subject when positioned
under the mattress.

[0081] Having subjects with various morphologies accom-
modated on the air support system, the same trial script as
shown in FIG. 3 was applied for each sensor. Sensorl was
used for recording only. The purpose of Sensorl was to
check the assumption that a sensor positioned closer to the
patient provides more efficient signal capture.

[0082] For each of Sensorl and Sensor2, for different
morphologies, the following steps were undertaken, as also
illustrated in FIG. 3:

[0083] 1) Start recording data.

[0084] 2) Subject lies on the bed. Because the support
system (the ClinActiv+) used in the tests includes a bed exit
alarm, a check may also be performed at this stage to ensure
that the bed exit signal is switched on, although this is an
optional aspect depending upon the type of support system
used.

[0085] 3) Let the subject breath normally for 1 minute.
[0086] 4) The subject takes a deep breath approximately
every 15 seconds, as if they were asleep, for 2 minutes.
[0087] 5) The subject simulates an apnea, with air kept in
their lungs for 1 minute.

[0088] 6) The subject takes a deep breath approximately
every 15 seconds, as if they were asleep, for 2 minutes.
[0089] 7) The subject simulates an apnea by breathing out
the air from their lungs and holding for 30 seconds.

[0090] 8) Capture the data, plot the resulting curves and
analyze.
[0091] FIGS. 4-8 show the results of testing. In FIGS. 4-8

the upper graph 401 shows the variation in air pressure in the
mattress over the duration of the test. In particular, upper line
405 shows the variation in air pressure in the main zone P1
of the arrangement of FIG. 2, whereas the lower line 407
shows the variation in air pressure in the heel zone P2. The
lower graph 403 shows the variation in output frequency of
the capacitive sensors over the duration of the test.

[0092] As can be seen in FIGS. 4-8, the sensing system,
and particularly capacitive sensor Sensor2, is able to resolve
periodic variations in its output due to patient breathing.
This allows detection of breathing irregularities such as
apneic episodes where respiratory rate deviates from normal
respiratory rate, represented in the graphs by the controlled
breath sections. The apnea periods are visually clear and so
it is possible, with an appropriate algorithm, to monitor
apnea and other breathing irregularities with a capacitive
sensor. Surprisingly this is the case regardless of whether the
same sensor configured and calibrated for regulating the
mattress air pressure is used, or an independent sensor is
placed on top of the mattress close to the patient.

[0093] Regular respiration, as occurring within a quiet
sleep sequence, is normally detected. Also detectable is the
breathing pattern including breathing speed and relative
amplitude. As a consequence, because of their greater ampli-
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tude, deep breaths can be easily captured. As exhibited in
FIGS. 4-8, regular as well as irregular respiration patterns
are detectable, whatever the patient’s morphology and what-
ever the elevation of the angle of the bed backrest.

[0094] Some points regarding FIGS. 4-8 are of note. In
FIG. 4, the spikes in pressure 411 early in the test are caused
by the patient getting onto the bed. The pressure increase
413 seen towards the end of the test is caused by an increase
in back rest angle, which increases pressure particularly in
the main pressure zone P1. FIG. 5 demonstrates that detec-
tion of breathing rates is possible regardless of back rest
angulation. FIG. 6 confirms that the output of Sensorl
provides a stronger signal, confirming the bias that capaci-
tive sensors should be placed as close to the patient as
possible to detect patient properties. FIG. 7 confirms that
detection of respiratory rate is possible for heavier patients.
FIG. 8, which shows the results of the test for three patients
in a row, further confirms that respiration rates can be
detected for different morphologies, and particularly differ-
ent patient mass (the three patients tested in FI1G. 8 varied by
mass from lightest on the left hand side to heaviest on the
right hand side).

[0095] Based on this information, histograms and one-to-
one comparisons can be set up. The comparisons will be
valid whether the recording takes place over some period of
time for the same individual or whether two individuals’
sleeping patterns are being compared.

[0096] Tt was therefore shown that the same sensor (Sen-
sor2) can be used both for air pressure adjustment within the
air compartments of an air support mattress, and for respi-
ration monitoring. It was also proved that respiratory rate
can be monitored in various patient positions, with the
patient in the supine position, on their left or right hand
sides, for varying angles of head of bed elevation, as well as
for fast changes of patient’s respiratory rate.

[0097] Generally the detection method employed will
comprise of an initialization stage, a respiratory rate deter-
mination stage and a display and/or output stage, where the
respiratory rate is output to a display, is used to trigger an
alarm, and/or is used to control patient positioning.

[0098] An example of a signal processing algorithm that
can be used to monitor patient respiration is described in
FIG. 9. Such an algorithm can be applied, by a processing
module, to data received from a sensor such as Sensor2
above, being a capacitive sensor positioned at the underside
of an air filled mattress.

[0099] The algorithm starts at step 901 and may perform
a filtering step 903 to remove noise and/or unwanted arti-
facts. In particular, a band-pass filter may be applied to the
sensor output in order to extract the signal component
caused by small movements or displacements of the sub-
ject’s body on the air support system. The band-pass filter
allows frequencies commensurate with human breathing
rates to pass through for further processing.

[0100] The band pass filter may pass frequencies between
0 and 2 Hz, or more specifically between 0 and 1 Hz. Even
more specifically, the band pass filter may have a lower
cut-off frequency of 0.1 Hz or around 0.1 Hz, and an upper
cut-off frequency of 0.8 Hz or around 0.8 Hz. In some
examples the lower cut-off frequency may be set as low as
0.05 Hz, depending upon the type of breathing irregularities
that are being monitored for.
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[0101] Although step 903 may be carried out by the
algorithm in software, it is also possible to use a hardware
based band-pass filter prior to the rest of the algorithm in the
signal chain.

[0102] At step 905 a determination is made as to whether
stable respiration is occurring. During this stage the breath
per minute (BPM) value according to the sensor output is
monitored and it is determined whether breathing rate is
stable. Stable breathing rate may require the breathing rate
to be within a predetermined range of BPMs, or within a
predetermined number of BPMs from a central value. The
range or central value may be determined based upon a
calibration stage performed earlier in the process, or sepa-
rately, for a given patient, or may be based upon pre-existing
physiological data determined for various patient groups.

[0103] Inparticular, determining stable breathing rate may
involve monitoring BPM over a period T1. If it is deter-
mined, at step 907, that stable respiration is not established
over the particular time period T1, then an unstable breath
alarm may be activated at step 909 indicating to a care-giver
that the system has been unable to establish stable respira-
tion. This may be due to the patient not being stationary (e.g.
adjusting their position or the back rest angle) or because
their breathing is actually not stable. The value of T1 may
be, for example, set between 30 and 90 seconds. The value
of T2 may, for example, be 1 minute, or approximately 1
minute.

[0104] As seen in FIGS. 4-8, deep breaths are more easily
detectable than small repeated ones, and quiet sleeping
breaths are easier to capture than irregular breaths. As such,
a particular application of the system would be during
sleeping periods. One application would be to trigger an
apnea monitor only once regular breathing is captured by the
system when the patient is asleep. As such, the stable
respiration determination stage 905 may be used to establish
that the patient is asleep before the algorithm moves on to
monitoring the selected parameters.

[0105] Once stable respiration has been established, the
desired respiratory parameters to be monitored can be
selected at step 911. Selection may also, or instead, occur
earlier in the procedure, such as at the start 901.

[0106] The algorithm then enters a monitoring stage dur-
ing which the one or more selected parameters are moni-
tored. The parameters to be monitored may include one or
more of the frequency, amplitude, regularity or duration of
breaths. The parameters are monitored at step 913 to deter-
mine 915 whether they reach respective alarm thresholds.
This may involve determining when a given parameter
exceeds or passes a predetermined upper and/or lower
threshold.

[0107] The alarm threshold may be a particular lower
breathing rate. For example, a breathing rate below 1 BPM
may indicate an apneic episode. A breathing rate exceeding
one breath every 0.5 seconds may indicate hyperventilation.

[0108] Monitoring may also optionally include determin-
ing whether a threshold is exceeded or passed for more than
a predetermined period of time, such that alarms are not
activated when the threshold has been passed only momen-
tarily. For example, the alarm may require that the breathing
rate is above or below a particular threshold for a particular
period of time, e.g. 1 minute, before activation.
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[0109] At step 917 an alarm is triggered if the alarm
threshold is reached. For example, as mentioned above,
alarms can be triggered whenever an apneic episode lasts too
long.

[0110] With various thresholds being defined, for example
based on duration, amplitude, frequency, irregularity etc.,
differentiated low priority or high priority alarms can be
initiated, for instance with respect to REM rebound sleep.
[0111] The form of these alarms will depend on the
treatment objective: attendance requested, sleep disruption
needed etc. The alarm may therefore be an audible and/or
visual alarm intended to alert a caregiver. The alarm may
also, or instead, be intended to alert or awaken the patient,
and may therefore be an audible, visual and/or tactile alarm.
For example, in response to the alarm being triggered, the air
pressure in the air support system may be changed, such as
by deflating one or more of the air compartments.

[0112] Further improvement in OSA can be obtained when
the non-perioperative patient sleeps in the lateral, prone, or
sitting positions rather than the supine position. To minimize
post-operative morbidity and mortality due to OSA, the
supine position should be avoided when possible during the
recovery of patients who are at increased perioperative risk
from OSA. Lateral positions, as opposed to supine positions,
are recommended as a treatment for sleep apnea, largely
because the gravitational component is smaller in the lateral
position.

[0113] Continuous positive airway pressure (CPAP), the
most common treatment for OSA, is not well tolerated in the
long term and an alternative is highly desired by both
patients and caregivers.

[0114] The capacitive sensor, which may be used within
the sensor system for patient repositioning, can also be used
to achieve controlled patient turning, particularly when the
system detects an apneic episode. As such, patient turning
can be initiated by inflating and/or deflating a particular set
of air compartments in the air support system upon the
relevant alarm threshold being reached. Such patient turning
can be implemented as well as, or instead of, activating an
alarm.

[0115] This patient turning can be achieved in addition to,
and at the same time as, adjusting air pressure in the air
support system to deliver uninterrupted therapy to the
patient. As such, the sensing system as a whole can be
considered as a help to assist in global oxygen supply, both
respiratory and circulatory.

[0116] An example of a system and technique for per-
forming patient repositioning is described in U.S. Pat. No.
8,429,774, and provides a non-disruptive solution for OSA.
The capacitive sensor used in embodiments of the present
disclosure may be the same sensor used in the system
described in U.S. Pat. No. 8,429,774, the content of which
is hereby incorporated by reference herein and described in
more detail below.

[0117] The overall system for monitoring a patient on an
air support system will now be described. FIG. 10 shows the
general components of such a system. A capacitive sensor
system 1011 detects variations in patient load that include
variations due to respiratory movements. The output of the
capacitive sensor system is passed to a processing module
1013, which performs the processing of the output of the
capacitive sensor system to determine one or more values
for parameters of patient respiratory rate. The one or more
parameters (such as BPM) may be output for presentation to
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caregivers, or used by the system to determine when one or
more of the parameter values indicate abnormal respiration,
or both. This may be according to the method described in
relation to FIG. 9, or any other method described herein.

[0118] Upon determining that abnormal respiration is
occurring, an output is triggered. The output may take the
form or one or more alarms 1015, triggered to alert a
caregiver to abnormal respiration. In addition, or as an
alternative, an output may be provided to a patient reposi-
tioning system 1017, upon determining that abnormal res-
piration is occurring, to adjust patient position. In addition,
or as an alternative, the determined respiration rate may be
presented on a display 1019 proximate to the patient.

[0119] FIG. 11 shows an example in which the processing
module is in the form of a signal measuring device coupled
to a processing means such as a computer. A capacitive
sensor system 1011 output is captured by the signal mea-
suring device, such as an oscilloscope 1117. The oscillo-
scope has a computer interface, such as a USB interface, that
allows its signal output to be passed to a computer 1115 for
further processing. An example of a suitable oscilloscope
would be a PICOSCOPE™ PC Oscilloscope.

[0120] The raw data may be processed by appropriate
software executing on the computer, such as application
1119. For example, the application is the accompanying
PICOSCOPE™ software application, which determines the
voltage signals generated by the sensor. The data may be
stored in any suitable format to produce an appropriate file
containing data indicative of the oscilloscope output, for
example a “.csv” file. This file can be passed to an appro-
priate computing software application such as MATLAB,
where the file is parsed to variables and the resulting data is
processed through an appropriate filter of the sort described
above. For example, the filter may be designed for 0.1t0 0.8
Hz. The resulting data is then processed by the computer in
accordance with the monitoring algorithm of FIG. 9, or any
other appropriate method described herein, to provide a
respiratory monitoring system. As shown in FIG. 11, it is
also possible to provide a graphical representation of the
respiratory parameters, such as pulse per minute, for review
by a user.

[0121] Whilst the example of FIG. 11 can provide a
working system, for practical implementations it is advan-
tageous to provide a dedicated hardware system.

[0122] FIG. 12 shows an example of such a monitoring
system, which comprises a capacitive sensor system 1011
and a processing module 1013 which comprises a micro-
controller 1009. As can be seen, in this example the moni-
toring hardware is divided into two sections, the capacitive
sensor system 1011 and a microcontroller 1009. A computer
1015, or other processing means, may also be provided. In
some embodiments the processor or computer 1015 forms
part of the processing module, sharing the monitoring pro-
cessing functions with the microcontroller 1009. In some
embodiments the computer provides alarm outputs and/or
patient repositioning control. It will be appreciated that it is
also possible that the computer 1015 or the microcontroller
could perform both the processing and the output tasks these
types of task, or these tasks could be shared between them
in any appropriate way.

[0123] The capacitive sensor system 1011, which may be
in the form of a sensor board, may comprise a capacitive
sensor 1001, an oscillator 1003 and a frequency to voltage
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converter 1005. As with the sensor of FIG. 1, a differential
amplifier (not shown) may also be used.

[0124] The capacitive sensor system 1011 outputs a volt-
age signal varying according to the respiratory movement of
a patient on the air support system. The voltage signal from
the capacitive sensor system is fed to the microcontroller
1013 for further filtering, if required, and processing to
produce measurements of respiration such as respiratory
pulse.

[0125] Generally, the embodiments described herein use a
frequency to voltage converted signal which is then pro-
cessed as described, since capacitive sensor systems and
boards generally include a frequency to voltage convertor
(as shown in FIG. 1 for example). However, it is also
possible to extract the sensor output directly from the
oscillator associated with the capacitive sensor, and use the
frequency varying signal directly, as this can provide more
accurate measurements of the variation of the capacitive
sensor output. The algorithms described herein are generally
applicable to either type of signal, and the hardware can be
modified as appropriate, as would be known to the skilled
person, depending upon which signal is being used.

[0126] FIG. 13 shows a functional schematic of an appro-
priately configured microcontroller 1009 of FIG. 12 in more
detail. In this example the microcontroller is from the
STM32F4 series, although other suitable microcontrollers
could be used.

[0127] The microcontroller 1009 receives the voltage sig-
nal from the capacitive sensor system 1011. A voltage
divider 1331 may be applied as appropriate to the incoming
signal, and example voltages are given in FIG. 13.

[0128] The signal is converted to digital by analogue to
digital converter 1333. A suitable timer 1335 sets the ADC
sample rate. The ADC may sample the data at a rate of N
samples per second, for exaniple 1 K samples per second.
[0129] An accumulator 1337 accumulates a predetermined
number, MxN, of samples and then provides them to a
band-pass filter 1339. For example, M may be 30 so that the
accumulator accumulates 30K samples before feeding these
to the band pass filter.

[0130] The band pass filter parameters may be stored in
flash memory 1341. The parameters may be predetermined
based on calibration or test data, for example they may be
the MATLAB coefflicients determined during testing using
the system of FIG. 11.

[0131] A pulse counter 1343 processes the filtered data to
determine a respiration parameter, which in this example is
a value indicative of the number of breaths per minute
(BPM) of the patient. The pulse counter may determine the
BPM value according to a process described below.

[0132] Once calculated, the respiration parameter is output
to a computer 1015, or other processing device, for moni-
toring. The data may be output via serial communication,
using a Universal Asynchronous Receiver/Transmitter
(UART) 1345 for example. The monitoring is performed in
accordance with any appropriate method described herein,
such as the method of FIG. 9.

[0133] The calculation may be performed continuously
using a moving window of samples on a FIFO basis. Every
period of time, a new set of N samples are appended to the
MxN samples in the accumulator, with the earliest set of N
samples being discarded. For example, every second a new
set of 1K samples are appended to the 30K sample buffer
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held by the accumulator, effectively applying a moving
window. This allows a real time respiration count to be
achieved.

[0134] FIG. 14 shows an example of an algorithm detail-
ing how a real time respiration count can be determined
using a rolling sampling window. This algorithm can be used
in any embodiments of the present disclosure.

[0135] The algorithm starts at step 1401. If necessary, the
ADC and clock are initialized and started at steps 1403 and
1405 respectively. As an example, the timer may be set to 10
msec, with the ADC collecting 1K samples per second.
[0136] Sets of N samples are accumulated and appended
to one another until a set of samples of the desired size MxN
is accumulated, where N is greater than M and M 1is
indicative of the period of time over which respiratory rate
is to be determined on a rolling basis. It should be a long
enough period of time to ensure a stable measurement of
respiratory rate, so that minor variations in respiratory rate
over the period do not cause unnecessary fluctuations in the
determined rate. As an example, N may be 1,000 samples,
and MxN may be 30,000 samples. This means that at a
sample rate of 1,000 samples per second, M represents a
rolling window of 30 seconds of samples, such that respi-
ratory rate will be determined for a period of 30 seconds
worth of samples.

[0137] In the example of FIG. 14, a check 1411 is per-
formed to determine if N samples have been accumulated,
and a check 1413 is performed to determine when MxN
samples have been accumulated. When MxN samples have
been accumulated the samples are ready to be processed to
determine respiratory rate.

[0138] At step 1417, in order to effect the rolling sampling
window, the first N of the MxN samples (i.e. the earliest
received of the MxN samples) are removed from the accu-
mulated samples, which are shifted along, and the next set
of N samples received are appended. This is applied on a
rolling basis so that the MxN window is updated every time
N samples are accumulated, with the respiratory rate being
calculated periodically as the MxN window is updated with
new samples.

[0139] For each collection of MxN samples the process of
determining a respiratory rate is performed. An example of
this process is identified following on from point “A” in
FIG. 14.

[0140] At step 1419 the samples are filtered by filter 1339
as previously discussed herein. The samples are then pro-
cessed at step 1421 using a signal processing technique, for
example zero crossing, to determine a recurring feature of
the signal indicative of the number of cycles within the
samples. The number of half cycles of the signal within the
number of samples can then be determined based upon
counting the recurring feature, e.g. the number of zero
crossings, at step 1423. The number can then be scaled to the
full number of cycles per minute to give a respiratory rate.
[0141] Optionally the number of samples that are pro-
cessed at step 1421 may be a subset X of the MxN samples.
For example half of the samples may be processed and the
results scaled up to determine the respiratory rate. As a
specific example, where N is 1K and M is 30, X may be the
15K to 30K samples accumulated. As such, an additional
step may be included in which the number of half cycles is
scaled accordingly, multiplying the number of half cycles by
4 and then dividing by 2 in this case to arrive at a value for
the number of breaths per minute.
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[0142] A further example of an algorithm for calculating
respiratory rate will now be described. The algorithm shares
features in common with the previously described algo-
rithm, and aspects of the algorithms described herein may be
combined.
[0143] FIG. 15 shows an optional preliminary stage. Dur-
ing this stage it is determined whether the patient is in the
correct position to begin initialization of respiratory rate
monitoring. In particular general motion or movement of the
patient’s body is detected and samples collected during
positioning, or repositioning, can be discarded and will not
be used to update respiration rate measurements. Whether
samples are discarded or not can be determined based upon
the spread of the sample values for a given subset, or
segment, of samples. If the data spread for a given segment
exceeds a threshold value then the segment is discarded.
This optional stage can actually be performed continuously
if necessary, so that samples obtained during patient repo-
sitioning are ignored from the calculation of BPM.
[0144] A given sampling window of A seconds for the
output of the capacitive sensor is divided into a subset of
segments B. A measurement is taken of the maximum sensor
data output, the minimum sensor data output and a deter-
mination of the average (e.g. mean) sensor data output for
the window is also made. A value, for each segment, is then
determined according to:

MD=(max(data)-average(data))-(min(data)-average

(data))

[0145] This value is recorded. If it is determined that the
MD value for any segment is greater than a given threshold,
thresholdl, and/or it is determined that max(MD)-median
(MD)>threshold2 (where max(MD) is the maximum MD
value for all the segments, median(MD) is the median value
for all the segments, and threshold2 is a second threshold
value), then the entire window is discarded since it is likely
that the patient is still adjusting their position on the mat-
tress. This preliminary or motion detection stage may be
performed continuously during operation so that only win-
dow samples in which the patient is not repositioning
themselves are used to determine and update respiration rate.
[0146] An initialization stage may again be used to deter-
mine when a stable respiration rate has been established,
followed by a monitoring stage in which the respiratory rate
is monitored and updated.
[0147] During implementation several issues were discov-
ered with initialization and monitoring. The signal to noise
ratio varies between subjects and other conditions such as
patient position on the support mattress. Determining BPM
by counting pulses using peak counting, zero crossing or
other techniques for detecting repeating features also gives
different results depending upon the filter used, and particu-
larly depending upon the band-pass range of the filter. As
such, it was appreciated experimentally that zero crossing
techniques (or similar) alone are not always capable for
determining respiration rate as robustly as desired. In addi-
tion, it was found experimentally that determining BPM
using power spectrum analysis techniques is also not as
robust as desired. Whilst the FFT power spectrum of the
filtered sensor output shows sparse dominant peaks, the
most dominant peak does not always correspond to the
actual respiratory rate.
[0148] Embodiments of the present disclosure may there-
fore use a combination of repeated feature spotting tech-
niques, such as peak counting and/or zero crossing, and
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power-spectrum techniques, such as power spectrum analy-
sis via Fourier transform, to determine respiration rate for a
given sample window. An example of this combination of
techniques is shown in FIG. 16. Such techniques may also
be applied generally to non-air mattress embodiments as
well as air mattress embodiments, and regardless of the
location of the capacitive sensor relative to the patient (e.g.
the sensor may be on top of the mattress or in any other
suitable position).
[0149] Zero crossing, or similar cycle counting tech-
niques, may be applied to the sensor output sample window,
with multiple different filters applied to determine stable
respiration rates for each of the different filters. The optimal
stable pulse value can then be selected from the various
different rates determined for the various filters. The optimal
stable pulse can be determined based upon the stable pulse
rates for each of the different filters, optionally taking into
account the historical statistics for the stable pulse, including
one or more of mean, median, maximum and minimum
values for the stable pulse for example.
[0150] FIG. 17 shows the results of applying zero crossing
techniques for multiple filters applied to the sensor output.
As can be seen, different filter numbers produce different
results for the determined respiratory rate. The different filter
numbers have different bandwidths to one another, with the
bandwidths extending between ranges from 0.1 Hz and 1
Hz, for example. It will be understood that different band-
widths may mean the same bandwidth range, but with
different lower and/or upper cut-off frequencies, and/or
different bandwidth ranges. The example from which the
data of FIG. 18 derives uses 10 filters with the following
ranges: 0.1-0.4 Hz, 0.1-0.45 Hz, 0.1-0.5 Hz, 0.1-0.55 Hz,
0.1-0.6 Hz, 0.1-0.65 Hz, 0.1-0.7 Hz, 0.1-0.8 Hz, 0.1-0.9 Hz,
0.1-1 Hz.
[0151] In some embodiments, the output for respiratory
rate for each filter needs to be determined to be stable for it
to be used further in the determination of the overall
respiratory rate. As an example, the respiratory rate deter-
mined for a given filter (i) may be considered stable if the
difference in magnitude of respiratory rate for that filter does
not differ by a predetermined amount from neighboring
filters in the series of filters. The series may be arranged in
order of filter band-width range (increasing or decreasing).
FIG. 17 shows using circles for the filters for which a stable
respiratory rate was determined.
[0152] As a specific example, stable RR for the output
associated with a given filter in the RR filter array may be
assumed where:

absolute(RR(1,7)-RR(1,i+1))<1 and absolute(RR(1,

I-RR(1i-1))<1,

or, for i=10 (i.e. final filter), absolute(RR(1,i)-RR(1,
i-1))<1

[0153] In addition, the power spectrum of the sample
window is obtained, for example using Fast Fourier Trans-
form (FFT) techniques. The FFT may be obtained for the
output of the sensor with a particular filter applied. In
particular, the filter may be the filter with the widest band-
width used for determining zero crossing based respiration
rates. The optimal frequency in the FFT can be determined
based upon the identified stable respiration rates for the
various filters according to the zero crossing technique
and/or historic information for the selected “pulse” (for
example the determined BPM rate output by the system)
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over a given interval, for example an immediately preceding
previous period of between 5 seconds and 15 seconds. The
optimal frequency corresponds to the respiration rate deter-
mined using FFT, and may be further used to select a
respiration rate from the stable respiration rates determined
using the zero crossing technique as the actual respiration
rate output by the system.

[0154] Optionally, the overall output respiratory rate may
be determined based upon a combination of results for the
zero crossing and FFT determined values, and may in
particular be determined as a weighted average of a selected
stable pulse/respiration rate, selected from the stable pulses
determined according to the zero crossing technique, and the
pulse/respiration rate corresponding to the selected fre-
quency determined according to the FFT technique. Option-
ally, the weighted average may also include the historic
respiratory rate determined for the currently selected stable
pulse (i.e. the pulse associated with the selected filter). A
moving average may be obtained over a number of intervals
(e.g. 7 intervals) to get a smooth respiratory rate output.
[0155] FIG. 18 shows an example of how the relevant
peak from the power spectrum of the filtered output corre-
sponding to the patient’s respiratory rate can be determined
using both zero crossing and FFT techniques.

[0156] At step 1901 the sampled data has been obtained.
An optional down-sampling step may be applied, if required,
so that the sampled data can be processed faster. The method
then splits into two branches, one relating to finding the
stable respiration rates using the zero crossing technique, or
similar, and the other using FFT techniques.

[0157] Following the left hand branch, at step 1903 mul-
tiple different filters are applied to the sensor output and zero
crossing is applied to the output of each filter at step 1905
to perform pulse counting and determine the respiratory rate.
Stable respiratory rates for each filter may be established, at
step 1907, as described above and shown in FIG. 17.
[0158] Following the right hand branch, at step 1909 a
filter is applied to the sensor output and then at step 1911 the
FFT power spectrum is obtained for the filtered data. As
described above, the filter applied prior to obtaining the FFT
power spectrum may be the broadest bandwidth filter
applied in the multiple filter step 1903, although other filter
ranges, including broader filter ranges, are possible. Peak
detection is then applied at step 1913 to the FFT to obtain a
predetermined number of peaks having the highest power,
for example the highest four peaks from the FFT. The peaks
may then be ordered according to their power value, for
example they may be ranked from lowest power to highest
powet.

[0159] Once the various peaks in the FFT have been
determined, the next stage, at step 1915, is to determine
which of the peaks is the best candidate for corresponding to
the respiratory rate of the patient. This is done by comparing
the stable respiration rates determined using multiple filters
with cycle counting to identify the best candidate peak. For
example, the comparison may be based upon the statistical
properties of the stable respiration rates, including the aver-
age and spread.

[0160] FIGS. 19A and 19B show a more specific example
of the method of FIG. 18. The method of FIGS. 19A and 19B
can be used as an initialization stage for selecting the initial
value for the selected frequency from the FFT.

[0161] Steps 1901 to 1913 are the same as those described
in relation to FIG. 18 and will not be described again here.
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[0162] Box 1915 in FIG. 19A shows a more detailed
example of step 1915 from FIG. 18, wherein a number of
criteria are applied to select the optimum candidate fre-
quency peak from the FFT power spectrum based upon the
spread of stable respiratory rates determined according to
steps 1903 and 1905.

[0163] In this example, at step 1917 the difference
between the maximum stable respiratory rate is compared
with the mean or median stable respiratory rate as deter-
mined across all the filters using zero crossing or similar
repeating pattern, or cycle counting techniques. If the result
is within a first predetermined range of breaths per minute or
equivalent, i.e. less than or equal to a first predetermined
value, then the peak that is selected from the FFT is the peak
having a minimum value for a particular function. This may
be a function of the respiratory rate associated with the peak
frequency (i.e. peak frequency multiplied by 60 to determine
breaths per minute), the maximum stable respiratory rate and
the mean or median stable respiratory rate. In particular, the
peak may be selected as the peak having a minimum value
for a weighted combination of the difference between the
peak BPM value and the maximum stable respiratory rate,
and the difference between the peak BPM value and the
mean or median stable respiratory rate. An example is given
at step 1919. If the result is not within the predetermined
range, 1.e. it is greater than the predetermined value, then the
peak that is selected may be determined based upon one or
more further functions of the respiratory rate dependent
upon the peak frequency and the median or mean stable
respiratory rate. For example, if it is determined at step 1921
that the difference between the maximum stable respiratory
rate and the minimum stable respiratory rate is outside a
second predetermined range of breaths per minute or equiva-
lent (i.e. greater than a second predetermined value), differ-
ent to the first predetermined range (or value), then one
function, 1923, may be applied, and if the difference is
within the second range then a different function, 1925, may
be applied. The first function may determine the peak with
the minimum value for the difference between the peak BPM
value and the median stable respiratory rate. The second,
different, function may be to determine the peak with the
minimum value for the difference between the peak BPM
value and the mean stable respiratory rate. The method
therefore, at step 1927, identifies a peak, local_peak (nl),
within the FFT power spectrum that corresponds to the most
likely candidate for the patient’s respiratory rate. The iden-
tified peak can then be used to initialize other values as will
be described below.

[0164] Optionally further functions may be applied, result-
ing in a different peak being identified from the FFT as the
best candidate for respiratory rate. These further functions
may be determined based upon experimental results and
experience. An example of such a function is shown in
FIGS. 19A and 19B, whereby if a certain criteria is met at
step 1931, then a different peak is selected at step 1933.

[0165] In the particular example of step 1931, the function
to select a peak from the FFT depends upon the selected FFT
peak according to process 1915 and the minimum and mean
SRR values. In this specific example, if the respiratory rate
according to the difference between the selected FFT fre-
quency respiratory rate and the minimum SRR value is
greater than a first predetermined value, and if the difference
between the selected FFT frequency respiratory rate and the
mean SRR value is greater than a second predetermined
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value, then the selected FFT frequency is set equal to the
equivalent frequency of the minimum SRR value. Othet-
wise, another function may be applied.

[0166] Another example of such a function, which may be
applied as an alternative or in addition to any other addi-
tional functions, is shown as “A” in FIG. 19A, and shown in
more detail in FIG. 19B. This function determines whether
the peak selected by process 1915 is the highest or second
highest peak identified in the FFT (peak three or four where
the four highest peaks are determined). If so, then the peak
selected by process 1915 is retained, and used to determine
the initialization frequency. Otherwise a different selected
frequency is obtained based upon the respiratory rates
determined according to steps 1903 and 1905, particularly
by selecting the respiratory rate closest in equivalent value
(frequency or rate) to the highest or second highest peak
determined according to the FFT.

[0167] In the example of FIG. 19B, the matrix “initial_
frequency” saves the Selected_Freq FFT at each step as a
new element of the matrix. The matrix initial_frequency=
[initial_frequency, Selected_Freq FFT] indicates that the
initial_frequency keeps increasing the dimension of the
matrix when the result of Selected_Freq FFT is saved at
each step, or sampling window, as a new element for the
initial_frequency matrix. A storage means such as a table or
other appropriate means could be used instead of a matrix.
[0168] The Histogram function of FIG. 19B refers to
applying a statistical method to the initial_frequency matrix.
For example, this histogram function may include the count-
ing of frequency of each value that appears in the matrix
initial_frequency, and selecting the value that appears most
frequently as the value for “Initialized Selected_Freq_FFT”.
[0169] The initialized value for the selected FFT peak
“Selected_Freq_FFT” can be used to initialize one or more
further parameters. For example:

[0170] 1) Select_Pulse_From_StableRR—the stable respi-
ratory rate pulse used in the weighted average may be
identified based upon the selected frequency determined
from the processing of the FFT data. For example, the
“Selected_Freq_FFT” value determined as described in rela-
tion to FIGS. 18, 19A and 19B. The Select_Pulse_From_
StableRR may be determined by comparing Selected_Freq_
FFT to the various stable respiratory rates for the different
filters, and selecting the stable respiratory rate that is closest
to the Selected_Freq_FFT value.

[0171] 1ii) Array_Select_Pulse_From_StableRR—a circu-
lar buffer that stores the latest 15 s of results for Select
Pulse_From_StableRR.

[0172] And also historic information, for example:
[0173] 1iii) Avg5Sec_Select_Pulse_From_StableRR: aver-
age of Select_Pulse_From_StableRR data for the last 5 s
results.

[0174] iv) Avg15Sec_Select_Pulse_From_StableRR:
average of Select_Pulse_From_StableRR data for the last 15
s results.

[0175] FIG. 20 provides an example of the logic for
determining the parameter Select_Pulse_From_StableRR.
AvgSSec_Select_Pulse_From_StableRR and Avgl5Sec_Se-
lect_Pulse_From_StableRR can be calculated accordingly
as historic information for Select Pulse_From_StableRR.
[0176] After initialization the FFT is monitored to deter-
mine whether the frequency spectrum changes, and there-
fore whether a new frequency needs to be selected, to update
the respiratory rate. The selected frequency from the FFT
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(Selected_Freq FFT) is continually determined, along with
the respiratory rates determined using the multiple filters.
The results are combined according to the weighted average
to update the respiratory rate. As mentioned previously, the
procedure may be applied using a moving window of
samples. The window may be, for example, 70 seconds in
duration. Initialization occurs after the first window of
samples has been collected, so for example windows of data
from the 70-75" seconds may be used for initialization.
Afterwards (e.g. from the 76” second), the logic of updating
the output respiratory rate is still based upon the two streams
of information (SRR by multiple filters and Local_peak
from FFT), in a continuous and iterative process.

[0177] Inorder to determine a candidate peak for updating
the selected frequency the FFT peaks may be sorted accord-
ing to height in a similar manner to the initialization stage.
The peaks may be further filtered according to desired
selection criteria such as how close their equivalent values
are (when converted to a respiratory rate) to the selected
stable respiration (Select_Pulse_From_StableRR) and/or
how close they are to the previously selected FFT frequency
(Selected_Freq FFT). The accumulated historical data
above, or similar, may be used for these comparisons.

[0178] Candidate peaks are stored in a buffer, e.g. as
values for an intermediate metric “Tracking_Val.” A deter-
mination may be made as to the number of times that the
filtered peaks occur, and the selection of a new candidate
value for Selected_Freq_ FFT may require that value to have
occurred a minimum number of times over the period being
analyzed so as to distinguish the peak over noise.

[0179] Once saved in the buffer, a count may be under-
taken to determine how many times each candidate local
peak occurs, with the selected frequency from the FFT
(Selected_Freq FFT) being the peak that occurred most
often.

[0180] FIG. 21A shows an example of a method that may
be employed to update the peak selected from the FFT
during operation, after initialization.

[0181] An optional set of additional checks may be
applied to determine whether or not to update the Selected_
Freq_FFT value, or to retain the previously selected value.
These further checks may be determined based upon experi-
mental results and experience. These optional checks are
represented by “B” in FIG. 214, and an example of such a
set of check functions is shown in FIG. 21B. One or more
of these example checks may be performed in any order as
appropriate.

[0182] Optionally, a separate check may be performed to
determine whether or not to update the value for Selected_
Freq_FFT when a large change in respiratory rate would
result. A large change in respiratory rate may be from 12
BPM to 18 BPM for example. This check function speeds up
the process of determining whether or not to update the
value for Selected_Freq FFT.

[0183] FIG. 22 shows an example of a set of optional
checks for this purpose. An initial criteria to be met in order
for a change to occur is whether the spread of values
determined as stable respiration rates (Stable RR) using the
multiple filters falls within predetermined values. For
example, at step 2101 it is determined whether the variation
of the maximum or minimum SRR from the mean, and the
mean from the median, are less than respective predeter-
mined values. If the variation is greater than that provided
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for by the predetermined values then no update to the
Selected_Freq_FFT value is made.

[0184] Subsequently, the value for the local FFT peak
whose equivalent respiratory rate (i.e. scaled to respiratory
rate) is closest to the mean SRR value is determined and this
local peak is identified. If the equivalent respiratory rate for
this identified local peak is further from the mean SRR value
than that of the current Selected_Freq FFT then the value
for Selected_Freq_FFT is not updated. An example of this is
shown at steps 2103 to 2107.

[0185] A check is performed to determine whether the
identified local peak is one of the highest peaks within the
FFT or not. For example, if the identified local peak is the
highest or the second highest, or in another example one of
the first, second or third highest, peak within the FFT then
it will be further considered as an update to the currently
used Selected_Freq_FFT. Otherwise the value for Selected_
Freq_FFT is not updated. An example of this is shown at
step 2109.

[0186] Further checks may be performed as indicated in
FIG. 22. For example, the check “check2” is a count of the
frequency for N1=2 or 3 or 4 (i.e. how many times it occurs).
In particular, check2 may be a determination of the number
of times that a particular peak of a particular frequency is
determined to be the highest peak nl.

[0187] Although described in a particular order, one or
more of the checks of FIG. 22 may be performed in any
order, as appropriate.

[0188] Further checks may be performed to determine
whether or not the value for Selected_Freq_FFT should be
updated. One further check can be performed based around
whether or not the current value for Selected_Freq_FFT is
equal to the highest peak within the FFT. In most cases the
current value for Selected_Freq_FFT will also be the highest
peak within the FFT, but for the occasions where this is not
the case further checks can be performed to determine if the
value for Selected_Freq_FFT should be updated. This may
involve checking whether the respiratory rate associated
with the highest peak is within a predetermined value of any
of the SRR values determined for the multiple filters, and
determining whether this occurs more than a certain number
of times in a certain number of sample processing steps. If
it is a recurring feature then the value for Selected_Freq_
FFT can be updated, otherwise it is not updated.

[0189] Motion artifacts, caused by movements of the
patient, can be problematic in embodiments described
herein. Motion artifacts are caused by patient movements
such as turning to their left or right, or getting up, and can
last for a relatively long time. If data that is contaminated
with the artifact covers a very broad window of samples and
is then rejected by the algorithm, lots of data may be wasted
and the recovery time after the motion artifact is introduced
will be significantly prolonged. In addition there may some-
times be a baseline drift of the detected signal after a motion
artifact is introduced. This is caused by changes of the
patient position, with sensor signal strength altered as the
patient settles into a new position after the movement.
Without additional processing to re-adjust the baseline of the
signal the pulse counting result will be affected, leading to
inaccuracy in the RR result.

[0190] FIG. 23A shows a large motion artifact, in which
the signal baseline changes after the motion artifact is
introduced. FIG. 23B shows a small motion artifact. A large
artifact is one for which the change in detected signal is large
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compared with the average previously detected signal; a
small artifact is one for which the change in detected signal
is small compared to the average previously detected signal.
[0191] As alluded to above, one option is simply to discard
data samples containing artifacts, however such a system is
ineflicient because the respiratory rate determination calcu-
lation would need to be restarted after the discarded data,
which introduces delays caused for example by the need to
discard data near to the edge of a sampling window. This can
introduce delays of 30 seconds, for example, into the deter-
mination of an updated respiratory rate. It has been appre-
ciated that samples containing artifacts do not need to be
entirely discarded.

[0192] A generalized motion artifact detection and
removal method may be applied by an algorithm, and will be
described in relation to FIG. 24, which provides a specific
example of such an algorithm. The method provides a way
of linking data obtained before and after the motion artifact
to avoid the need to re-start the SRR calculations as a result
of motion artifacts.

[0193] It should be noted that whilst this method is being
applied to the methods described herein for determining
stable respiration rates, it can be applied to any such method,
or more broadly applied to correcting for motion artifacts in
bio-signals, where moving windows are used. This may
include EEG signals, heart rate signals etc.

[0194] According to the method a moving window is used
and the window of samples is divided into segments. Each
segment is analyzed to determine if the signal level within
the segment meets a predetermined criteria indicative of a
motion artifact being present. If the predetermined criteria is
met then the relevant segment is deemed to contain a motion
artifact signal, and the segment is replaced with another
segment that did not meet the criteria, for example the
immediately preceding segment that did not meet the crite-
ria.

[0195] The predetermined criteria may be a variation of a
statistical parameter of the segment from the corresponding
statistical parameter for the entire window. In particular the
criteria may be whether the average (e.g. mean) value of the
signal for the segment differs from the average (e.g. mean)
value of the signal for the entire window by a predetermined
amount.

[0196] Optionally, the mean of the signal may be adjusted
over certain portions to account for a change in the baseline
after the motion artifact is introduced.

[0197] In a particular example of the method a window of
samples is divided 2401 into X segments, each of Y seconds
in duration. In one example the window length may be 70
seconds long, and is moved on by a step of 1 second each
time. The length of the segments is selected to give sufficient
resolution to resolve motion artifacts. According to expeti-
ment, motion artifacts typically last between 7 and 20
seconds. The segment length is selected to be less than the
shortest anticipated motion artifact, and in this example is 5
seconds.

[0198] A determination 2403 is then made, for each seg-
ment, as to whether the mean signal value for the segment
varies by a certain amount from the mean signal value for
the whole window. In particular, it may be determined
whether the absolute value of the difference between the
mean for the segment and the mean of the window exceeds
a particular threshold T1. Any segment fulfilling this criteria
is identified, for example they may be marked as “II,” and
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may be replaced 2409 by data from another segment, such
as the immediately preceding segment.

[0199] Optionally, for any segment marked as “II,” a
determination 2405 may be made as to whether any signal
value or sample within that segment varies from the mean
signal value of the entire window by more than a certain
amount, or threshold ““T2,” different from the threshold T1.
If a sample value is detected that exceeds the threshold T2
it is marked (e.g. as “J”) or otherwise identified and used to
determine portions of the sample window. In particular, a
first portion may, for example, extend from the start of the
sample window, to the occurrence of the sample J, and a
second portion may, for example, extend from the sample
after J to the end of the window. Where multiple samples
satisfy the criteria to be marked as J, the first portion may
extend up to the first sample J in the window and the second
portion may extend from, or immediately after, the final
occurrence of sample J in the window.

[0200] The method may optionally further include deter-
mining 2407 the average (e.g. mean) value for the first (M1)
and/or second (M2) portions of the window, and adjusting
the average value of one of the portions to the average value
of the other portion. For example, this adjustment may
involve adjusting the mean value of a portion extending
from samples 1 to J to the mean value of the second portion
(M2).

[0201] This further feature of the present disclosure may
be combined with any of the embodiments described herein.
Steps 2407 and 2409 may be performed in a different order
to that shown in the figure. In particular, step 2409 may be
performed prior to step 2407 and 2405.

[0202] The inventors have also appreciated that there is a
potential problem that can occur when determining SRR
rates using a combination of multiple filters and FFT derived
rates. The problem is the potential for unstable determined
SRR rates. In particular, the SRR (stable pulse count) output
could occasionally experience a large jump in value as
determined using different filter outputs, which may lead to
inaccuracy for the respiratory rate. In addition, the output for
SRR for each step, or time window, may occasionally
experience a big jump across time, i.e. from one sampling
window, or step, to another the SRR may have a big
deviation from the last step result. Such a variable result in
SRR may lead to inaccuracy in the final respiratory result as
frequency information is also cross-referenced to the pulse
counting result.

[0203] FIG. 26 shows an example of an algorithm for
improving the stability of the SRR values obtained.
Although generally applicable when determining SRR val-
ues using both multiple filters and FFT derived respiratory
rates, the method may be employed between steps 1907 and
1915 of FIG. 19A, or in any other method in which SRR
values are obtained from multiple filters as described herein.
[0204] Generally, FIG. 26 shows two boxes, 2603 and
2617. Box 2603 shows a method for reducing the instability
caused by large jumps in SRR values determined between
different filters. Box 2617 shows a method for reducing
instability caused by variations in SRR between steps. These
methods may be applied together or separately, and in any
order. These methods may be applied using a sampling
window, covering a duration of data of e.g. 70 seconds,
which is repeated in steps, for example every second.
[0205] Referring to the method of box 2603, the method
identifies values for SRR, determined by multiple filters, that
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deviate too much from other values. By step 2601 SRR
values have been obtained based upon multiple filters. The
values obtained for each filter can be obtained in the
manners described herein. The values obtained for SRR
from each filter can then be analyzed 2603 to determine
whether the results should be included in subsequent calcu-
lations of final SRRs. In particular, this determination can be
made based upon a comparison 2605 of each of the various
values obtained for SRR by filters with the other values
obtained for SRR by filters. If the comparison reveals that
the particular SRR is an anomaly then it may be removed.
[0206] At step 2605, for each value of SRR, SRR(i), the
difference between SRR(i) and the other SRR values are
determined. The values may be the absolute difference
between the particular SRR value, SRR(i), and the other
SRR values. To identify the difference values that may
indicate that SRR (i) is anomalous, the difference values may
be compared to a threshold “thresholdl.” If the value is
larger than the threshold then the SRR(i) value is considered
a possible anomaly. Where the SRR values are stored in a
matrix the difference value may be determined as the 1-norm
distance, or maximum column-sum, with respect to the
SRR(i) value.

[0207] Each of the SRR(i) values that have one or more
comparison values that exceed the threshold is identified and
may be labelled accordingly. For example, as shown in step
2607, each value is labelled as SRR(n1).

[0208] The next step is to identify which of the identified
SRR(i) values are actually anomalous. This can be per-
formed by comparing each potentially anomalous SRR(i)
value with the SRR value determined using the FFT method
described herein. At step 2609, the difference between each
identified value SRR(i) and a corresponding respiratory rate
determined by FFT is determined. The respiratory rate
determined by FFT may be the rate determined according to
the previous sample window. If the difference is too great
then the particular SRR(1) value is removed from further
consideration. This may be determined by comparing (i) the
difference between the SRR(1) value and the respiratory rate
corresponding to the FFT derived value Selected_Freq
FFT#60 with (ii) the difference between the FFT derived
value Selected_Freq FFT*60 and the mean of the SRR(i)
values making up SRR(nl). Where the absolute difference
(1) is greater than the absolute difference (ii), the particular
SRR(i) value is removed from further calculations. Where
the absolute difference (i) is less than the absolute difference
(ii), the particular SRR(i) value is retained.

[0209] Where the SRR values are held in a matrix, the
comparison performed may be whether the 1-norm distance
between the value for SRR determined using FFT methods
and the particular SRR value is greater than the 1-norm
distance between the value for SRR determined using FFT
methods and the average or mean value of the SRR values
deemed to exceed the “threshold)”.

[0210] Process 2617 determines the difference between
the average SRR for a current window and the average SRR
for one or more previous sample windows, and removes
values of SRR, SRR(i), that may be causing significant
variations in these means.

[0211] According to the method of box 2617, the mean
values for SRR, as determined by the multiple filters, are
stored for each step. As shown at step 2619, this may be done
using a matrix “SS_mean” for example. Calculation of the
mean SRR values may commence after the first window of
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samples has been obtained. For example, where the moving
sample window is 70 seconds in duration the mean SRR
values commence being calculated after 70 seconds.
[0212] A parameter is defined that is indicative of the
immediately preceding historical average values for SRR.
The parameter, “yy”, may be the average (e.g. mean) of the
SRR values determined over a predetermined length of time,
such as the preceding few seconds. For example, “yy” may
be the mean of the last three seconds of mean SRR data, i.e.
the last three seconds of data in the matrix “SS_mean.”
[0213] A parameter “YY1” is then calculated, at step
2621. The parameter YY1 may simply be the value “yy,” in
which case no specific calculation is required. Optionally,
however, the YY1 value may be a combination of the yy
value and the SRR determined using FFT methods (“Select-
ed_Freq FFT*60). The YY1 value may be a sum of the FFT
determined value and the yy value, with particular weight-
ings applied. Preferably the weightings favor the yy value
because this value is more closely related to the SRR values
determined using multiple filters.

[0214] At step 2623 it is determined whether the differ-
ence between the mean SRR value for the current window
and the value YY1 is outside a particular threshold, having
a predetermined value. It is also determined whether the
difference between the mean SRR values for the previous
step and the current step are outside a particular different
threshold, having a predetermined value. The 1-norm dis-
tance between the mean SRR value and YY1, and between
the mean SRR value of the preceding step and the current
step may be used as an absolute difference. The threshold
values shown in FIG. 26 are example values for illustration
only. The values may be varied based upon experiment, and
depending upon the particular arrangement to which the
method is being applied.

[0215] If the criteria of step 2623 are satisfied then the
collection of values of SRR determined by multiple filters,
and used for further calculations of SRR, remains unaltered.
For example, where these SRR values are stored in a matrix,
the SRR matrix remains the same; see step 2625.

[0216] If the criteria of step 2623 are not satisfied then a
search is performed, at step 2627, to determine whether
there are any values for SRR within the store of SRR values
that vary by too great an amount from the mean of the last
predetermined period of data, yy, or alternatively the value
YY1 (either may be applied). If the difference for a given
SRR value SRR(i) exceeds a predetermined value then that
value SRR(i) is removed from further calculations. In par-
ticular, the value may be removed from the SRR matrix. In
the example of FIG. 26 the comparison is for values of
SRR(i) within the matrix having a 1-norm distance with
respect to yy of more than a predetermined value, which
may be the same predetermined value as for the 1-norm
distance between mean(SRR) and YY1 as used in relation to
step 2623. Again, an example of this value is given for
reference only. If the predetermined value for any SRR(3) is
exceeded then these SRR(i)s are removed from the SRR
matrix. If this is not the case then the values are retained or
saved in the SRR matrix.

[0217] The resulting set of SRR values, from the various
different filters, are then used as described herein to deter-
mine a final respiratory rate for output by the system, for
display or for monitoring.

[0218] The air support system, which may be used in
embodiments of the present disclosure, may comprise a
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mattress having at least one inflatable bladder and a control
unit. The control unit, which may house the electronics for
performing the methods described herein or may be a
separate unit, may comprise a main housing and a source of
pneumatic pressure carried by the main housing and oper-
able to inflate the at least one inflatable bladder. The control
unit may be configured to control inflation of the at least one
air bladder.

[0219] For illustrative purposes only, an example of the
type of mattress to which embodiments of the present
disclosure may be applied is shown in FIG. 27. The mattress
may, for example, be a mattress of the sort described in U.S.
Pat. No. 7,849,545 which is hereby incorporated herein by
reference. The mattress system 10 includes a mattress 12 and
a control unit 14 that is spaced-apart from the mattress 12
and that is coupled pneumatically and electrically with the
mattress 12 by a connector assembly 16 as shown in FIG. 1.
The control unit 14 may be configured to provide the
mattress system 10 with various functionalities depending
upon user desire. For example, one mode of operation may
be a continuous low pressure mode and another mode of
operation may be an alternating pressure therapy mode. The
illustrative mattress system 10 is available commercially and
is marketed as the CLINACTIV™ Therapy Mattress System
by Hill-Rom Company, Inc.

[0220] Illustratively, the mattress 12 includes an upper
inflatable bladder layer 20 having a plurality of laterally-
extending cells or bladders 22 which cooperate to define
various zones of layer 20. For example, a head section zone
includes the first three cells 22 of layer 20. These three cells
22 may be fluidly interconnected and are illustratively
regulated to the same pressure. The next ten cells 22 form a
torso section zone of layer 20. Finally, a heel section zone
may include the last seven cells 22 of layer 20 which may
be fluidly interconnected with each other and generally
regulated to a low target pressure. This target pressure may
be independent of the rest of the zones of the layer 20 and
can be regulated by electronics within the control unit 14.

[0221] The illustrative mattress 12 further includes a pres-
sure sensor 32 and a technical box 34 containing an air
distribution system 35 which includes a set of valves 37,
associated circuitry 39, and a manifold assembly 33 in fluid
communication with the various cells 22 of layer 20 as well
as with the first and second air mattress underlays 24, 26.
The manifold assembly 33 includes a pneumatic input and a
plurality of pneumatic outputs, each of which is associated
with its own valve of the set of valves 37. In one embodi-
ment, a first valve is in fluid communication with the group
of five bladders 22 of the torso section zone while a second
valve is in fluid communication with the second group of
five bladders 22 of the torso section zone. The first and
second sets of bladders 22 in the torso section zone are
arranged alternately and the first and second valves 37 are
controlled to inflate and deflate the first and second groups
of bladders 22 of the torso section zone alternately when
mattress system 10 is operating in the alternating pressure
mode, for example, as dictated by the programming of
control unit 14 as mentioned above.

[0222] Illustratively, the pressure sensor 32 may be posi-
tioned within a cut-out section 36 formed in the second air
mattress underlay 26 as shown in FIG. 1 while the technical
box 34 may be positioned at a foot end of the mattress 12
such that foot ends of the air mattress underlays 24, 26
generally abut the technical box but do not extend over the
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top of the technical box 34. However, the layer 20 (and
particularly the heel zone bladders 22 of the 15 layer 20)
may extend over the technical box 34. When the mattress 12
is assembled, the pressure sensor 32 of the mattress 12 may
be positioned generally below the torso section zone of the
layer 20 in order to sense the pressure exerted by a patient
on the torso section zone and provide an output signal to the
control unit 14 indicating the sensed pressure.

[0223] For illustrative purposes only, more details on
examples of the types of sensor that may be used in
embodiments of the present disclosure will now be
described. The sensor used in embodiments of the present
disclosure may comprise at least one capacitive cell. The at
least one capacitive cell may include a flat condenser
comprising at least one layer of a compressible insulating
dielectric material interposed between two layers of con-
ductive material. The support device capable of supporting
the body of a person may comprise at least one layer
composed of a plurality of air-filled inflatable cells commu-
nicating with inflation elements. The condenser may then be
disposed under the layer of air-filled inflatable cells and can
be connected to an electronic control and regulation device
capable of controlling inflation or deflation elements.
[0224] In particular, the capacitive sensor may be a sensor
of the sort described in patent U.S. Pat. No. 8,598,893, the
content of which is hereby incorporated by reference herein.
The described sensor is mainly used to determine the weight
of a person resting on a support device.

[0225] The layer of compressible dielectric insulating
material may comprise a sheet of a synthetic elastomer with
a Shore hardness of 45 to 55 Sh. The layer of compressible
dielectric material may have a thickness of between 0.3 to 1
mm.

[0226] The capacitive cell may be integrated in an oscil-
lator capable of generating a periodic electric signal,
wherein the frequency of said periodic electric signal varies
as a function of said load pressure within a range of 15 to 30
kHz, with a variation of at least 45 Hz/kg for a weight of 0
to 80 kg applied to the surface of said flat condenser. The
sensor oscillator may be coupled to a converter for convert-
ing the frequency of the periodic electric signal output by the
oscillator to a voltage signal.

[0227] The conductive layers may comprise sheets of
fabric comprising, at least partially, metallic threads of a
non-oxidizing metal. The conductive sheet may comprise
woven material made from threads of nickel and threads of
a plastic that is at least one of polyester and polypropylene.
[0228] The sensor may be used to regulate the inflation air
pressure inside a mattress comprising air-filled cells,
wherein the at least one layer of compressible dielectric
insulating material and the two layers of conductive material
have the same rectangular shape of between about 600 and
900 mm long and between about 400 and 600 mm wide, and
wherein the total thickness of the at least one layer of
compressible dielectric insulating material and the two lay-
ers of conductive material when superimposed together is
less than 10 mm.

[0229] The sensor may comprise at least one capacitive
cell including a flat condenser coniprising at least one layer
of a compressible dielectric insulating material interposed
between two layers of conductive material, wherein the at
least one layer of compressible dielectric insulating material
and the two layers of conductive material are applied
directly against each other without interposed connecting
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layers, wherein the at least one layer of compressible dielec-
tric insulating material and the two layers of conductive
material are solidly connected to each other by tack welds
that are capable of keeping the at least one layer of com-
pressible dielectric insulating material and the two layers of
conductive material in a superimposed position relative to
each other.

[0230] A support device for use in embodiments of the
present disclosure may comprise at least one top layer
having a plurality of air-filled inflatable cells communicating
with inflation elements, and a sensor for detecting and
measuring a load pressure applied to at least some of the
air-filled inflatable cells of the plurality of air-filled inflatable
cells, the sensor comprising at least one capacitive cell
including a flat condenser comprising at least one layer of a
compressible dielectric insulating material interposed
between two layers of conductive material, wherein said
layer of compressible dielectric material has a thickness of
between 0.3 to 1 mm, said condenser being disposed under
said at least one top layer and connected to an electronic
control and regulation device designed to control the infla-
tion or deflation elements for filling or emptying, respec-
tively, said plurality of air-filled inflatable cells of said top
layer in such a way that the internal inflation pressure of the
air inside the cells is equal to an ideal set point pressure
predetermined relative to the load pressure of the body of a
person resting on said top layer, measured by said sensor.
The flat condenser may be situated on top of a support layer
that is more rigid than said top layer, said support layer
comprising a closed cell foam layer with a density greater
than 50 kg/m>. The top layer may comprise a central zone
corresponding to the sacral region of the body of a person
reclining on said top layer, of which said cells are individu-
alized and narrower than the adjacent cells of a head zone
and a foot zone on either side of said central zone. The top
layer may be supported by an air-filled bottom layer con-
stituted from a single parallelepiped cell, and the sensor may
be disposed under said bottom layer. The pressure of the air
inside said bottom layer may be adjusted by said control and
regulation device to the same regulation pressure as said top
layer, and said bottom layer comprises a safety valve that is
automatically closed by said control and regulation device in
order to keep said bottom layer sealed when a leak is
detected in said top layer. The flat condenser may rest on a
rigid support layer with a thickness less than or equal to 10
mm, and said flat condenser extends appreciably across the
entire width of the support device and in relation to a central
zone of the support device corresponding to the sacral region
of a person reclining on said top layer, and over a length of
about 400 to 600 mm in the longitudinal axis of said support
device.

[0231] A support device for use in embodiments of the
present disclosure may comprise at least one top layer
having a plurality of air-filled inflatable cells communicating
with inflation elements, and a sensor for detecting and
measuring a load pressure applied to at least some of the
air-filled inflatable cells of the plurality of air-filled inflatable
cells, the sensor comprising at least one capacitive cell
including a flat condenser comprising at least one layer of a
compressible dielectric insulating material interposed
between two layers of conductive material, said condenser
being disposed under said at least one top layer and con-
nected to an electronic control and regulation device
designed to control the inflation or deflation elements for
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filling or emptying, respectively, said plurality of air-filled
inflatable cells of said top layer in such a way that the
internal inflation pressure of the air inside the cells is equal
to an ideal set point pressure predetermined relative to the
load pressure of the body of a person resting on said top
layer, measured by said sensor, wherein the at least one layer
of compressible dielectric insulating material and the two
layers of conductive material are applied directly against
each other without interposed connecting layers, wherein the
at least one layer of compressible dielectric insulating mate-
rial and the two layers of conductive material are solidly
connected to each other by tack welds that are capable of
keeping the at least one layer of compressible dielectric
insulating material and the two layers of conductive material
in a superimposed position relative to each other.

[0232] As mentioned above, the capacitive sensor used in
embodiments of the present disclosure may be the same
sensor used in the system described in U.S. Pat. No. 8,429,
774. This system provides a type of support device, offering
a patient functional lateral tilting, that is integrated into the
mattress and that is safe. It also can be controlled in terms
of the incline angle of the mattress on which the patient lies
on the one hand, and on the other, capable of being done
cyclically according to the durations of the different stages
of the cycle of alternated lateral tilting from one side to the
other, in a controlled and reliable manner. To this end, this
system offers a device for laterally tilting a patient lying on
a mattress, capable of being inserted between said mattress
and a bed base or bed frame on which said mattress lies,
utilizing the inflatable cells described herein and/or utilizing
additional inflatable cells. The lateral tilting device may
comprise at least two first and second inflatable cells,
pneumatically independent and positioned at least partially
symmetrically to each other in relation to a median axis of
said tilting device, the shape in the inflated state being
capable of creating a lateral incline of the mattress when a
first cell is inflated more than the second cell and a lateral
incline sloping in the opposite direction when said second
cell is inflated more then said first cell, said tilting device
being inserted between the mattress and a bed base or bed
frame on which it rests, with a median axis of said tilting
device positioned so as to make it roughly coincide with a
longitudinal median axis of said mattress. By “pneumati-
cally independent,” it is understood that said cells are
capable of being inflated with air or deflated independently
and differently from one another and if applied using dif-
ferent inflatable cells to those already used in the support
mattress, independently and differently from the inflatable
cells comprising said mattress under which the tilting device
is inserted.

[0233] Whilst embodiments have been described primar-
ily in relation to a capacitive sensor positioned at the
underneath of an air-filled mattress, aspects of the present
disclosure may be applied to capacitive sensors located in
any suitable position on any type of mattress, including on
top of the mattress, integrated to a surface, a frame or any
other device close to the bed/patient for diagnostic or patient
monitoring. In particular, this may apply to the use of a
combination of respiratory rates determined for multiple
filters with peaks determined using FFT techniques to deter-
mine an actual respiration rate.

[0234] Embodiments have been described that activate
alarms based upon determined respiratory parameters such
as respiration rates. It is not necessary to provide alarms, and
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embodiments that provide the determined respiratory
parameters to a display, or to another output, are also useful
to the care provider.

1. A system for monitoring a patient on an air support
system, the system comprising:

a capacitive sensor system having a capacitive sensor

positioned at the underside of an air filled mattress;

a respiration signal processing module that receives the
output of the capacitive sensor system and is configured
to monitor patient respiration by:

periodically sampling the capacitive sensor system output
to obtain measurements of incremental body displace-
ment;

analyzing a plurality of the samples to determine one or
more values for parameters of patient respiratory rate;
and

determining when one or more of the parameter values
indicate abnormal respiration.

2. The system of claim 1. further comprising one or more
band pass filters each having an upper frequency cut-off of
2 Hz or less, and a lower frequency cut-off of 0 Hz or more.

3. The system of claim 1, wherein analyzing a plurality of
the samples to determine one or more values for parameters
of patient respiratory rate comprises:

performing a cycle counting technique on the plurality of
samples to determine a value indicative of respiratory
rate;

separately performing analysis of the power spectrum of
the plurality of samples to determine a frequency
corresponding to a value indicative of respiratory rate;
and

combining the results of the cycle counting technique
with the results of the analysis of the power spectrum
to determine an output value indicative of patient
respiratory rate.

4. The system of claim 3, wherein performing a cycle
counting technique on the plurality of samples to determine
a value indicative of respiratory rate comprises:

separately applying each of a plurality of band-pass filters
to the output of the sensor, or an output derived from
the output of the sensor, each band pass filter having a
different band-width to the other filters;

performing a cycle counting technique to determine a
value indicative of respiratory rate associated with the
output of each of the band-pass filters;

selecting one or more of the values indicative of respira-
tory rate determined from the output associated with
the filters for combination with the results of the
analysis of the power spectrum.

5. The system of claim 4, wherein selecting one or more
of the values indicative of respiratory rate determined from
the output comprises determining, for each of the outputs
associated with a band-pass filter, whether the respiratory
rate is stable by comparing the output associated with each
band pass filter with the output of one or more other filters
and determining whether the determined respiratory rate is
within a predetermined range of the respiratory rate deter-
mined using the one or more other filters.

6. The system of claim 5, wherein the filters are ordered
according to bandwidth and comparing the output associated
with each band pass filter with the output of one or more
other filters comprises comparing the output for each filter
with that of its neighbouring filters.



US 2017/0290548 A1l

7. The system of claim 3, wherein performing analysis of
the power spectrum of the plurality of samples to determine
a frequency corresponding to a value indicative of respira-
tory rate further comprises determining N highest peaks
within the power spectrum and identifying, from the deter-
mined peaks, the peak associated with respiration rate based
upon the cycle counting technique.

8. The system of claim 3, wherein combining the results
of the cycle counting technique with the results of the
analysis of the power spectrum to determine an output value
indicative of patient respiratory rate comprises determining
a weighted average of the value determined according to the
cycle counting technique and the power spectrum analysis
technique.

9. The system of claim 4, wherein the respiration signal
processing module is further configured to:

compare the value of each of the values indicative of

respiratory rate determined from the output associated
with the filters with a predetermined threshold to deter-
mine a set of values SRR(n1);
for each value that exceeds the threshold, compare (i) the
difference between that value and the respiratory rate
determined based upon the results of the analysis of the
power spectrum with (ii) the difference between the
results of the analysis of the power spectrum with the
average value of the set of values SRR(nl); and

discard one or more values indicative of respiratory rate
determined from the output associated with the filters
based upon the comparison.

10. The system of claim 1, wherein:

analyzing a plurality of samples comprises determining a

periodic variation in the output of the capacitive sensor
system using a predetermined number of accumulated
samples, and determining the patient respiratory rate
based upon the periodic variation;

the periodic variation in the output of the capacitive

sensor system is determined using a moving sample
window; and

determining when one or more of the parameter values

indicate abnormal respiration comprises comparing the
patient respiratory rate with an upper and/or lower
threshold value, wherein the patient respiratory rate
passing beyond the upper and/or lower threshold value
indicates abnormal respiration.

11. The system of claim 4, wherein the periodic variation
in the output of the capacitive sensor system is determined
using a moving sample window and the respiration signal
processing module is further configured to:

for each sample window, determine the average value of

the values indicative of respiratory rate associated with
the output of each of the band-pass filters;

compare the average value determined for the current

window with a value determined based upon the aver-
age value of one or more previous windows;

where the comparison indicates that the average value of

the current window varies from the average value of
one or more previous windows, determine whether any
of the values indicative of respiratory rate associated
with the output of one of the band-pass filters varies by
more than a predetermined amount from a value deter-
mined based upon the average value of the one or more
previous windows, and if so, discard those values
indicative of respiratory rate.
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12. The system of claim 10, wherein the respiration signal
processing module is further configured to:

divide a current sample window into a plurality of seg-
ments;

determine, for each segment, whether the average signal
value of the segment differs from the average signal
value of the sample window by more than a predeter-
mined amount;

determine, for each segment for which the average signal
value of the segment differs from the average signal
value of the sample window by more than a predeter-
mined amount, whether any sample value, J, within the
segment differs from the average signal value of the
window by more than a predetermined amount;

divide the window into at least two portions, the first
portion spanning from the first sample to a sample I,
and the second portion spanning from a sample J to the
end of the window;

adjust the sample values for the first portion such that the
average of the first portion conforms to the average of
the second portion; and

replace segments for which the average signal value of the
segment differs from the average signal value of the
sample window by more than a predetermined amount
with segments for which this is not true.

13. The system of claim 1, further comprising a pressure
signal processing module that receives the output of the
capacitive sensor system and is configured to determine the
pressure exerted by the patient’s body or the penetration of
the patient’s body into given areas of the mattress;

wherein:

the mattress comprises a plurality of inflatable cells
communicating with inflation elements; and

the system further comprises an electronic control and
regulation device connected to the pressure signal
processing module, the electronic control and regula-
tion device configured to control the inflation elements
for filling or emptying, respectively, said plurality of
air-filled inflatable cells in such a way that the internal
inflation pressure of the air inside the cells is equal to
a set point pressure predetermined relative to the load
pressure of the body of a person resting on the mattress
measured by said sensor;

wherein the electronic control and regulation device is
further configured to receive a signal indicating that
abnormal respiration has been detected, and to cause
the repositioning of the body of a person resting on the
mattress by selectively inflating or deflating one or
more selected inflatable cells of the plurality of inflat-
able cells.

14. The system of claim 1, wherein the capacitive sensor
comprises at least one capacitive cell including a flat con-
denser comprising at least one layer of a compressible
dielectric insulating material interposed between two layers
of conductive material.

15. A method for monitoring a patient on an air support
system, the method comprising:

receiving, at a respiration signal processing module, the
output of a capacitive sensor system having a capaci-
tive sensor positioned at the underside of an air filled
mattress; and
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at the signal processing module:

periodically sampling the capacitive sensor system output
to obtain measurements of incremental body displace-
ment;

analyzing a plurality of the samples to determine one or
more values for parameters of patient respiratory rate;
and

determining when one or more of the parameter values
indicate abnormal respiration.
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