US 20190374164A1

a9y United States

12 Patent Application Publication o) Pub. No.: US 2019/0374164 A1

O’BRIEN et al.

43) Pub. Date: Dec. 12, 2019

(54)

(71)
(72)

(73)
1)
(22)

(86)

(30)

Nov. 30, 2016

HAEMODYNAMIC MONITOR WITH
IMPROVED FILTERING

Applicant: LiDCO Group PLC, London (GB)

Inventors: Terence Kevin O’BRIEN, Cambridge
(GB); Paul WAKEFIELD, London

(GB); Eric MILLS, London (GB)

Assignee: LiDCO Group PLC, London (GB)

Appl. No.:  16/464,632

PCT Filed: Now. 29, 2017

PCT No.:

§ 371 (e)(D),
(2) Date:

PCT/EP2017/080783

May 28, 2019
Foreign Application Priority Data

(GB) 1620260.8

( Start L

Publication Classification
(51) Imt. ClL

AGIB 5/00 (2006.01)
AGIB 5/021 (2006.01)
AGIB 5/029 (2006.01)
(52) US. CL
CPC ... AGIB 5/7203 (2013.01); A6IB 5/029

(2013.01); A61B 5021 (2013.01)

(57) ABSTRACT

There is provided a device and method of filtering outliers
from physiological values. The method comprises: (a) popu-
lating a window with n physiological values taken, in
sequence, from a sequence of physiological values, wherein
nis a positive integer; (b) determining whether the variabil-
ity in the physiological values within the window is less than
a predetermined threshold; (¢) responsive to the variability
in the physiological values within the window being less
than a predetermined threshold. determining that the win-
dow comprises no outliers, and/or responsive to the vari-
ability in the physiological values within the window not
being less than a predetermined threshold, determining that
the window comprises at least one outlier.
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HAEMODYNAMIC MONITOR WITH
IMPROVED FILTERING

FIELD

[0001] Embodiments described herein relate generally to a
system and method of filtering haemodynamic data. Specific
embodiments relate to the filtering of stroke volume or pulse
pressure values to remove values relating to irregular cardiac
cycles to allow for the more accurate calculation of stroke
volume variation or pulse pressure variation.

BACKGROUND

[0002] An accurate knowledge of the hemodynamic status
of a patient helps medical practitioners assess a patient’s
medical condition. Commonly monitored haemodynamic
parameters include blood pressure (measured, for example,
in millimetres of mercury—mmHg), cardiac output (mea-
sured, for example, in litres per minute), heart rate (mea-
sured, for example, in beats per minute) and stroke volume
(measured, for example, in millilitres).

[0003] The stroke volume, or cardiac stroke volume, is the
volume of blood ejected by the left ventricle during the
systole across the aortic valve and forwards into the aorta
during each cardiac contraction. This volume normally
corresponds to the volume of blood in the left ventricle at the
end of the systole minus the end diastolic volume of the left
ventricle. Stroke volume (SV) is a useful haemodynamic
parameter, particularly in acute situations, such as, when
monitoring patients in intensive care units or patients under-
going an operation where stroke volume may be used in fluid
and drug management during anaesthesia and after. Euro-
pean patent EP2533685, granted to LiDCO Group Limited,
describes a method in which stroke volume may be calcu-
lated in real-time on a beat-to-beat basis.

[0004] Pulse pressure (PP) is the difference between the
systolic (P,,) and diastolic (P,,) blood pressure over a
cardiac cycle:

PP=P,~P g,

[0005] Variations in stroke volume or pulse pressure over
a respiratory cycle caused by mechanical ventilation of a
patient are good predictors of preload dependence and fluid
responsiveness. In other words, stroke volume variation
(SVV) and pulse pressure variation (PPV) have been proven
to reliably predict the stroke volume response to a fluid
challenge. This allows a clinician to predict how likely
stroke volume (and therefore, cardiac output) will increase
should fluids be administered to the patient. If a fluid
responsive patient has a low cardiac output, then adminis-
tering fluids should improve stroke volume and (unless the
heart rate changes) cardiac output. This would usually
improve oxygen delivery.
[0006] SVV and PPV may be derived from a continuous
arterial blood pressure waveform taken either invasively
(e.g. via an arterial line) or non-invasively (e.g. via the
LiDCOrapidv* monitor available from LiDCO Group PLC.,
London, UK).
[0007] In order for SVV and PPV to be useful indicators
of fluid responsiveness and preload dependence, the patient
should:

[0008] 1. have a closed chest (this is not usable, for

instance, for cardiovascular or thoracic surgery);
[0009] 2. be ventilated at a minimum of 8§ ml Tidal
Volume/Kg of ideal body weight;
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[0010] 3. have a normal sinus rhythm (which provides
a consistent filling period for the heart).

[0011] Ttis relatively easy for clinicians to control the first
two of these criteria. The third however, is a patient char-
acteristic over which clinicians have little control. Patients
can display varying degrees of abnormal sinus rhythm from
very occasional ectopic beats through to severe atrial fibril-
lation. It would therefore be useful to be able to provide a
means to compensate for such arrhythmias.
[0012] Stroke volume variation (and pulse pressure varia-
tion) is defined as the variation in stroke volume (or pulse
pressure) across a single respiratory cycle. Mathematically
this is expressed as the ratio of the difference between the
maximum and the minimum stroke volume (or pulse pres-
sure) values across the respiratory cycle divided by the mean
stroke volume (or pulse pressure) across the respiratory
cycle,

SVinax = SVimin
SVimean
PPmax - PPmin
PPoean

SVV =

PPV =

[0013] The effect of an abnormal heart rhythm is to
provide either much shorter or much longer filling periods,
which leads to lower or higher stroke volume (and pulse
pressure) values. These values, particularly the lower ones,
can easily become the maximum or minimum values for the
calculation and cause it to result in artificially high stroke
volume variation or pulse pressure variation values.

[0014] There is therefore a need for a method and appa-
ratus for filtering out irregular cardiac cycles so that deriva-
tive haemodynamic parameters such as stroke volume varia-
tion and pulse pressure variation may be more accurately
calculated.

BRIEF DESCRIPTION OF THE FIGURES

[0015] Systems and methods in accordance with non-
limiting embodiments will now be described with reference
to the accompanying figures in which:

[0016] FIG. 1 shows a haemodynamic monitor comprising
a device for filtering haemodynamic data in accordance with
an embodiment of the invention;

[0017] FIG. 2 shows how a filtering window may be
updated over time according to an embodiment;

[0018] FIG. 3 shows the different states of filtering that are
implemented in the present embodiment; and

[0019] FIG. 4 shows a method of filtering haemodynamic
data according to an embodiment.

[0020] FIG. 5 shows the output of the filter according to an
embodiment.

SUMMARY OF INVENTION
[0021] According to a first aspect of the invention there is

provided a method for filtering outliers from regular physi-
ological values, the method being implemented by a device
comprising a controller, the method comprising: (a) popu-
lating a window with n physiological values taken, in
sequence, from a sequence of physiological values, wherein
nis a positive integer; (b) determining whether the variabil-
ity in the physiological values within the window is less than
a predetermined threshold; (¢) responsive to the variability
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in the physiological values within the window being less
than a predetermined threshold, determining that the win-
dow comprises no outliers, and/or responsive to the vari-
ability in the physiological values within the window not
being less than a predetermined threshold, determining that
the window comprises at least one outlier; (d) responsive to
the variability in the physiological values within the window
being less than a predetermined threshold, updating the
window by moving the window on by x physiological values
in the sequence, wherein X is a positive integer that is less
than n divided by two, and repeating steps (b) and (c) based
on the updated window; and (e) responsive to the variability
in the physiological values within the window not being less
than the predetermined threshold, updating the window by
moving the window on by z physiological values in the
sequence, wherein 7 is a positive integer equal to n or equal
to n minus x, and repeating steps (b) and (¢) based on the
updated window.

[0022] Embodiments allow irregular physiological values
(outliers) to be filtered out from regular (normal) physiologi-
cal values. The regular values may be output for further
calculation or for display on a monitor. Alternatively, or in
addition, the irregular values may be of use and therefore
may be output. By filtering out irregular physiological
values, subsequent calculations based on the regular values
can be made more accurate, especially variation calculations
that are heavily affected by irregular maximum or minimum
values.

[0023] The physiological values may be received by
receiving physiological measurements and calculating
physiological values, for instance, receiving blood pressure
values and calculating pulse pressure or stroke volume
values. Accordingly, the physiological values may be hae-
modynamic values derived from blood pressure measure-
ments, or at least, may relate to a haemodynamic parameter
that can be derived from blood pressure.

[0024] The method applies a sliding window to a sequence
of physiological values to locate outliers. The window may
move forward or backward in the sequence. Equally, the
values selected in the window need not be consecutive
values, but should be in sequence order. The sequence may
be a sequence of values that has already been measured or
received, or may be a sequence of values that will be
received (i.e. a continuous stream of incoming values). An
outlier is an irregular value, that is, a value that causes the
window to exceed the predetermined variability. Con-
versely, physiological values that are within the predeter-
mined threshold variability are considered regular or verified
as acceptable.

[0025] When no outliers are located, the window is moved
on by a small amount x, wherein x is less than half the
window size (1n/2). This allows each new group of x values
to be tested against a previously verified group of n-x
values. If an outlier is detected, the window can be moved
forward by n values or by n-x values.

[0026] Moving the window on by n values allows a
completely new set of values to be considered. The x
outlier(s) may be discarded, marked as an outlier or output
for further analysis. Moving the window on by n values
allows the method to analyse the data more quickly.
[0027] Moving the window on by n-x values clears the
window of all previously verified values, moves the x
newest values in the window on to the back of the window
and populates the rest of the window. This means that the x
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values that have been found to comprise an outlier are
quickly tested against the next n—x values. If the new values
in the window have a variability that is less than the
predetermined threshold, then the values are found to not
comprise any outliers. This means that the filter can cope
with gradual and step-wise changes in the physiological
values but can pick up on individual groups of values that
differ greatly from the surrounding values. Identification of
a step-wise change is a third state that lies between a normal
and outlier value. Data that represent a step-wise change
may be marked as such and included in selected calcula-
tions, while being excluded from others based on the posi-
tion of the data in the sequence used for calculation.

[0028] Moving the window on by n-x values when an
outlier is detected is efficient as it avoids the system repeat-
edly testing the remaining values in the window that have
previously been confirmed to be regular, but also allows
avoids data being mischaracterised as outliers in the event
of, for instance, a step change in the data.

[0029] According to an embodiment populating the win-
dow with n physiological values from the sequence of
physiological values comprises selecting n minus X sequen-
tial physiological values that have previously been con-
firmed to not be outliers and selecting the next x physiologi-
cal values from the sequence.

[0030] According to a further embodiment selecting the
window of n physiological values from the sequence of
physiological values comprises populating the window with
n earlier physiological values taken, in sequence, from the
sequence of physiological values; determining that the vari-
ability in the n earlier physiological values is less than the
predetermined threshold; and moving the window on by x
physiological values in the sequence.

[0031] Accordingly, the system may enter a “locked”
mode when a window of values is found to not comprise any
outliers. By moving the window on by x values, the next x
values are verified relative to the n-x previously confirmed
values.

[0032] According to a further embodiment the method
comprises, responsive to the determination that the variabil-
ity in the n earlier physiological values is less than the
predetermined threshold, outputting an indication that the n
earlier physiological values do not comprise an outlier.

[0033] According to a further embodiment the method
further comprises, responsive to the variability in the physi-
ological values within the window being less than a prede-
termined threshold, outputting an indication that the window
comprises no outliers, and/or responsive to the variability in
the physiological values within the window not being less
than a predetermined threshold, outputting an indication that
the window comprises at least one outlier.

[0034] Accordingly, where the window comprises no out-
liers, the method may output a notification to this effect. The
indication may comprise the physiological values that are
found to not be outliers or some identifier of these physi-
ological values, for instance, a set of measurement numbers.
Equally, where one or more outliers are found, an indication
of this may also be issued. Again, this may be an output of
the outliers or an identifier of the outliers. Furthermore, the
indication(s) may comprise a flag associated with each value
indicating the status of the value (e.g. outlier or not outlier).
Alternatively, simply outputting the values themselves may
be the indication that they are, or are not, outliers.
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[0035] In one embodiment, outputting includes outputting
physiological values further analysis and/or for display on a
monitor. Further analysis may be the calculation of the
variation in the physiological values over a respiratory
cycle, or of any other relevant parameter. Such further
calculation may be performed by the device. Accordingly,
the output may be considered an output from the filtering
method (for instance, for further analysis) even if no values
are output from the device itself.

[0036] According to a further embodiment outputting an
indication that the window comprises at least one outlier
comprises outputting an indication that the final x values in
the sequence within the window comprise at least one
outlier; and/or outputting an indication that the window
comprises no outliers comprises outputting an indication
that the final x values in the sequence within the window are
not outliers. As the locked mode compares the x most recent
values to n—-x values previously verified values, the output
need only indicate whether the x most recent values in the
window are, or are not, outliers. This means that the
“locked” mode of the present embodiment provides a real-
time output of the status of the x most recent values.
[0037] According to a further embodiment the method
further comprises: (f) responsive to the variability of the
physiological values within the updated window not being
less than the predetermined threshold, selecting n further
physiological values by moving the window on by x physi-
ological values in the sequence and repeating steps (b) and
(¢) based on the further physiological values within in the
window. Accordingly, after an outlier is found the method
transfers to an unlocked state, where any determination of a
further outlier results in the window moving on by x values
(rather than n—x values). This is because, in this unlocked
state, the systemn does not know where any outliers may be
in the window. Accordingly, the system moves on in steps of
X values. This is in contrast to the “locked” state, in which
the previous n—x values are known to not contain any
outliers. This means that the window can be moved on to
exclude these values once an outlier is found.

[0038] According to an embodiment the method further
comprises, responsive to the variability of the physiological
values within the updated window not being less than the
predetermined threshold, outputting an indication that the
first x physiological values in the sequence within the
updated window comprise an outlier. This is because these
x values have passed through the window without being
verified. Accordingly, when the window moves past them,
the method determines that these x values must comprise at
least one outlier. The first x values can be considered the x
earliest values in the sequence that are still in the window.
Equally, they can be considered the x oldest values in the
window, in that they have been in the window the longest.
[0039] According to one embodiment, z is a positive
integer equal to n minus x and the method further comprises:
(g) responsive the window being updated by moving the
window on by z physiological values in the sequence, and
responsive to the variability of the physiological values
within the updated window being less than the predeter-
mined threshold, outputting an indication that the updated
window comprises a step-wise change. This means that
values previously considered to be irregular in the “locked”
mode may be identified as part of a step-wise change if they
are subsequently found to agree with the values that follow
them. These values may then be marked as forming part of
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a step-wise change in addition to, or as an alternative to,
marking these values as regular. By marking values that
form part of a step-wise change, they can be filtered out from
the remaining values during analysis or can be isolated for
analysis themselves.

[0040] In one embodiment, outputting an indication that
the updated window comprises a step-wise change com-
prises outputting an indication that the first x values in the
sequence within the updated window comprise a step-wise
change. As the first x values in the updated window are the
ones that were previously considered to be irregular relative
to the previous window, these specific values can be con-
firmed to be part of the step-wise change.

[0041] According to one embodiment, the variability is the
coeflicient of variation. That is, the method determined the
coeflicient of variation of the physiological values in the
window and filters the values based on whether the coefli-
cient of variation is less than a predetermined threshold.
[0042] In one embodiment the sequence of physiological
values is a sequence of haemodynamic values relating to a
single haemodynamic parameter, each haemodynamic value
corresponding to a respective cardiac cycle of a chronologi-
cally ordered set of cardiac cycles, and wherein cardiac
cycles not corresponding to outliers are determined to be
regular cardiac cycles. Accordingly, the method may be
applied to filter regular and irregular cardiac cycles.
[0043] According to an embodiment the method further
comprises utilising the haemodynamic values corresponding
to regular cardiac cycles to calculate the variation in the
haemodynamic parameter over each respiratory cycle and/or
the haemodynamic parameter is stroke volume or pulse
pressure. Note that stroke volume variation and pulse pres-
sure variation are different parameters to the variability in
stroke volume or pulse pressure. Nevertheless, stroke vol-
ume variation and pulse pressure variation are heavily
influenced by irregular cardiac cycles. The variability in
stroke volume and/or pulse pressure are good indicators of
irregular cardiac cycles. This therefore allows irregular
cycles to be filtered out so that subsequent calculations, such
as the calculation of stroke volume variation or pulse
pressure variation, can be made reliably based on the filtered
haemodynamic parameters. Stroke volume variation and
pulse pressure variation are good indicators of preload
dependence or fluid responsiveness.

[0044] According to a further embodiment the method
further comprises changing n and/or x and repeating the
method from step (a). This allows the window and/or step
size to be tuned according to the user’s requirements.
[0045] According to a further aspect of the invention there
is provided a device comprising a controller configured to
implement any of the methods described herein.

[0046] According to an embodiment there is provided a
haemodynamic monitor comprising the above device.
[0047] According to a further embodiment there is pro-
vided a computer readable medium comprising instructions
that, when executed by a computer, cause the computer to
implement any of the methods described herein. The com-
puter readable medium may be a non-transitory computer
readable medium such as NAND flash memory.

DETAILED DESCRIPTION

[0048] Embodiments of the invention provide a means of
filtering haemodynamic parameters such as stroke volume or
pulse pressure to remove irregular cardiac cycles to allow
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derivative parameters such as stroke volume variation or
pulse pressure variation to be calculated more accurately.
This may be performed on a beat-to-beat basis using hae-
modynamic values received in real-time. Accordingly, the
digital signal processing described herein may be performed
derivative physiologic parameters that are produced from
beat-to-beat analysis of the arterial blood pressure wave-
form. The effect of the filtering is to identify individual beats
and their associated derived parameters (for instance, stroke
volume or pulse pressure) that should be excluded from
subsequent calculations.

[0049] The embodiments described herein detect abnor-
mal levels of variation based, for instance, on the coefficient
of variation (CV) derived from a sample of values covering
at three or more heartbeats. The threshold of variation is set
based on the haemodynamic parameter being filtered.
[0050] FIG. 1 shows a haemodynamic monitor 10 com-
prising a device 100 for filtering haemodynamic data in
accordance with an embodiment of the invention. The
haemodynamic monitor 10 further comprises an input/out-
put interface 20 configured to receive haemodynamic data,
such as blood pressure measurements, a processor 30 and a
display 40. The input/output interface 20 is configured to
provide the haemodynamic data to the device 100 for
filtering. The device 100 produces a set of filtered and
analysed data that is provided to the processor 30. The
processor 30 is configured to cause the display 40 to display
the filtered and analysed results. The processor 30 controls
the functions of the haemodynamic monitor and may be
further configured to cause the display to display measured
blood pressure values received from the input/output inter-
face 20. In one embodiment, the processor 30 is configured
to perform further analysis on the filtered data received from
the device 100 for filtering, and on the haemodynamic data
received from the input/output device 20 to derive further
physiological parameters.

[0051] The device 100 comprises a controller 110 for
executing the functions of the filtering device and an input/
output interface 120 for receiving input signals and output-
ting output signals. The controller executes its functions
based on executable software code stored in memory 130.
[0052] The input/output interface 120 is configured to
interface with other input/output means such as monitors,
printers and keyboards etc. The input/output interface 120
may consist of a single port or may comprise a plurality of
ports for interfacing with external electronic equipment. It
will be appreciated that, whilst FIG. 1 shows a joint input/
output interface 120, in an alternative embodiment the
device 100 may have separate input and output interfaces.
[0053] The input/output interface 120 is configured to
receive haemodynamic data. The haemodynamic data com-
prises haemodynamic values, such as stroke volume values
or pulse pressure values. Each of these values corresponds
to a different cardiac cycle in a sequence of contiguous
cardiac cycles. As shall be discussed below, the haemody-
namic values may be received in real time, as they are
measured, or may be received as a set of historical mea-
surements.

[0054] In an alternative embodiment, the controller 110 is
configured to calculate the haemodynamic value for each
cardiac cycle based on a blood pressure signal received via
the input/output interface 120. Accordingly, the controller
110 may derive pulse pressure or stroke volume values from
a received blood pressure signal. The blood pressure signal
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may be non-invasively measured or may be measured
directly from an indwelling arterial line. An example of a
continuous non-invasive blood pressure monitor is the LID-
COrapid”* from LiDCO Group PLC, London, UK.

[0055] The controller 110 comprises a filter module 112
and an analysis module 114. The filter module 112 is
configured to monitor the received haemodynamic values
and detect irregular cardiac cycles based on the haemody-
namic values. The filter module 112 is configured to filter out
any values that correspond to irregular cardiac cycles and to
output to the analysis module 114 any values that relate to
regular cardiac cycles.

[0056] The analysis module 114 is configured to calculate
the variation in the output haemodynamic values over a
predefined period of time. In the present embodiment, the
analysis module is configured to calculate the respiratory
variation in the haemodynamic values relating to regular
cardiac cycles. In one embodiment, the haemodynamic
values are stroke volume values and the calculated variation
is stroke volume variation. Alternatively, or additionally,
pulse pressure values may be filtered and pulse pressure
variation may be calculated based on the output pulse
pressure values. Pulse pressure variation and stroke volume
variation are particularly useful haemodynamic parameters
as they are good indicators of preload dependence or fluid
responsiveness.

[0057] In an alternative embodiment, the controller 110
comprises only the filter module 112 and the analysis is
performed externally of the device 100, for instance, by the
processor 30 of the haemodynamic monitor 10 or by another
device. Accordingly, haemodynamic values relating to regu-
lar cardiac cycles are output via the input/output interface
120 for further analysis. If the processor 30 is performing the
further analysis, it is configured to perform the analysis that
would have otherwise be performed by the analysis module
114.

[0058] As an alternative to outputting the haemodynamic
values themselves, the filter module 112 may instead output
indications of the haemodynamic values or the correspond-
ing cardiac cycles that allow the analysis module 114 (or the
other device performing the analysis) to identify the regular
cardiac cycles and their corresponding haemodynamic val-
ues. For instance, the haemodynamic values may be origi-
nally provided to both modules, either directly or via the
memory 130, and the filter module may provide information
identifying the regular cardiac cycles (such as the location of
the regular cardiac cycles in the overall sequence of cardiac
cycles).

[0059] Embodiments of the invention provide an effective
means of filtering haemodynamic values over multiple car-
diac cycles to remove values that relate to irregular cardiac
cycles so that further analysis of these values may be
performed more accurately. The present embodiments are
particularly effective at filtering stroke volume (SV) and
pulse pressure (PP) values so that more accurate stroke
volume variation (SVV) and pulse pressure variation (PPV)
values may be calculated. These derivative parameters are
more likely to be adversely affected by irregular cardiac
cycles due to their reliance on maximum and minimum
values.

[0060] The filtering method described herein utilises a
sliding window to monitor a predefined number of cardiac
cycles. FIG. 2 shows how this filtering window may be
updated over time. In the present embodiment the window
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comprises a set of three haemodynamic values (e.g. stroke
volume or pulse pressure values) relating to three contiguous
cardiac cycles. These three haemodynamic values are ana-
lysed, as shall be discussed below, to filter out haemody-
namic values relating to irregular cardiac cycles.

[0061] As a new haemodynamic value 210 is received (for
instance, in real time as a new cardiac cycle is being
measured), the window is moved forward by one haemo-
dynamic value to include the new haemodynamic value. The
oldest haemodynamic value 220 in the previous set of
haemodynamic values window is removed. The new set of
three haemodynamic values encompassed by the window is
then analysed to filter out irregular cardiac cycles. In this
way, the window scans through the haemodynamic values
being received.

[0062] At any one time, the haemodynamic value that has
most recently been added to the window is the “head” of the
window. Equally, the haemodynamic value that has occu-
pied the window for the longest (i.e. is the next to be
removed from the window) is the “tail” of the window.
[0063] Whilst the window in the present embodiment
comprises three haemodynamic values, larger window sizes
may be utilised.

[0064] The present embodiment implements filtering in
real time as cardiac cycles are measured. The window is
therefore moved each time a new haemodynamic value
relating to a new cardiac cycle is received. In an alternative
embodiment, the filtering is applied to historical data. In this
case, all of the haemodynamic values to be analysed may be
received at the same time. In this case, the filtering need not
move the window forward in time. Accordingly, the direc-
tion of filtering may be reversed to move the window from
the newest haemodynamic values to the oldest haemody-
namic values. Either way, the filtering method involves
moving a window along a set of haemodynamic values.
[0065] The filtering method analyses the set of haemody-
namic values in the window and filters out irregular cardiac
cycles based on the variability of the haemodynamic values
in the window. Specifically, one embodiment calculates the
coeflicient of variation of the haemodynamic values in the
window and filters the values based on whether the coefhi-
cient of variation is greater than a predefined threshold. The
coeflicient of variation (CV) is a standardized measure of
variability (otherwise known as dispersion) and is defined as
the ratio of the standard deviation a of a set of values to the
mean | of the set of values:

CV:E
u

[0066] In alternative embodiments, the variability is mea-
sured based on the standard deviation of the haemodynamic
values or the mean difference of the haemodynamic values.
The mean difference (MD) of a set of n values, y,, can be
calculated via:
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[0067] The variability may also be based on the relative
mean difference (RMD). The relative mean difference if the
mean difference divided by the arithmetic mean.

[0068] As a number of haemodynamic values are required
to populate the window, there can be a delay in determining
whether a received haemodynamic value relates to a regular
cardiac cycle. This delay can be up to the window size minus
one beat (up to n-1 cardiac cycles, where the size of the
window is n). For example, if the window size is three beats,
then the delay for confirming that a given cardiac cycle is
regular could be up to two beats. To counteract this lag,
embodiments of the invention implement a three state sys-
tem.

[0069] FIG. 3 shows the different states of filtering that are
implemented in the present embodiment. The system moni-
tors the haemodynamic values and outputs indications of the
haemodynamic values that are deemed to relate to regular
cardiac cycles, thereby filtering out the irregular cardiac
cycles. This output may be to another module in the system,
such as the analysis module 114 of FIG. 1, so that further
analysis may be performed on the regular haemodynamic
values (e.g. calculating derivative parameters such as varia-
tion over a predetermined time), or may be an output to a
monitor to display the haemodynamic values that are
deemed to relate to regular cardiac cycles. The indication of
the haemodynamic values may be an identifier of the regular
haemodynamic values, such as a measurement number, or
may be the haemodynamic value itself. Equally, the indica-
tion may be a simple “yes” or “no” indication for the
received haemodynamic values, indicating whether the cor-
responding haemodynamic value is regular.

[0070] The first state, the unlocked state, is the native state
upon starting the filtering or after an irregular beat has been
detected. During the unlocked state the system is delayed by
n-1 cardiac cycles. The system outputs only the tail hae-
modynamic value (the oldest value in the window) if the
variability of the haemodynamic values in the window is
below a threshold value. At this point, the system moves into
the intermediate state.

[0071] In the intermediate state, the system steps forward
through the current window and outputs each of the hae-
modynamic values in the window until it reaches the head
(the newest value in the window). At this point the system
moves into the locked state and waits for a new haemody-
namic value to be received.

[0072] It should be noted that the window doesn’t move
between the unlocked and intermediate states (the unlocked
and intermediate states are applied to the same set of
haemodynamic values). In the present figure, the s™ haemo-
dynamic value is at the head of the window in the unlocked
and intermediate states and the window, being three cardiac
cycles long, ranges from s-2 to s. Accordingly, the inter-
mediate state is simply an output state, in which the values
in the window of the previous unlocked state are output,
before the window is moved on by one value and system
moved into the locked state.

[0073] In the locked state, the window is moved forward
by one cardiac cycle (a new haemodynamic value is added
at the head and the previous tail value is removed from the
window). The system then interrogates the head of the
window (the s+1” value) to see whether it appears to be
regular relative to the previous haemodynamic values that
have already been confirmed to be regular. The system then
outputs the haemodynamic value at the head if the variabil-
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ity of the haemodynamic values in the window (the new set
of haemodynamic values) is below the predefined threshold.
If so, the cardiac cycle at the head is confirmed to be regular
and the corresponding haemodynamic value is output.
Accordingly, there is no lag when the system operates in the
locked state and haemodynamic values may be filtered in
real-time.

[0074] If, in the locked state, the variability is found to not
be below the predefined threshold, then the system moves
back to the unlocked state and waits for the window to be
repopulated until the currently unconfirmed value (the s+1%
value in the present example) reaches the tail.

[0075] In one embodiment the predefined threshold for the
variability is 8%. Alternative embodiments utilise thresholds
in the range of 5 to 15%.

[0076] FIG. 4 shows a method of filtering haemodynamic
data according to an embodiment. This method may be
implemented by the filter module 112 of the device of FIG.
1. The method 400 starts 410 in the unlocked state. As
discussed above, a window of a predetermined size is
populated 412 with haemodynamic values relating to the
same haemodynamic parameter, such as stroke volume or
pulse pressure, and each relating to a different cardiac cycle
of a contiguous set of cardiac cycles. The coeflicient of
variation (CV) for the haemodynamic values in the window
is then calculated 414.

[0077] If the coefficient of variation is not less than a
predetermined threshold then the haemodynamic value at
the tail of the window is output with an indicator that it is
irregular and the window is moved on by one cardiac cycle
418. The steps of the unlocked state (steps 414-416 and
possibly step 418) are then repeated. Moving the window on
by one comprises removing the oldest haemodynamic value
in the previous window (the “tail”) and adding a new
haemodynamic value that corresponds to a cardiac cycle that
immediately follows the newest cardiac cycle in the previ-
ous window. The new set of cardiac cycles covered by the
window includes the new cardiac cycle and the n-1 most
recent cardiac cycles of the set of cardiac cycles previously
covered by the window (where n is the size of the window).
[0078] If the coefficient of variation is less than a pre-
defined threshold then the method moves into the interme-
diate state wherein the cardiac cycles in the window are
determined to be regular and the haemodynamic values in
the window are output with indicators that they are regular
420.

[0079] If the special case occurs where the tail value was
previously identified as a potential outlier in the ‘locked’
state (step 438, discussed later), and has subsequently been
found to be regular in step 420, then this value may be
marked as having a third state indicating that a step-wise
change has occurred. This third state is distinct from both
normal and outlier and represents a special case for subse-
quent calculations. The step-wise change status may be
added to the value in addition to the value being marked as
regular, or may be added instead of the value being marked
as regular.

[0080] The method then moves into the locked state. The
window is moved on by one cardiac cycle 430. The coef-
ficient of variation of the haemodynamic values in the
window are then calculated 432.

[0081] If the coefficient of variation of the values in the
window in the locked state is less than the predefined
threshold then the haemodynamic value at the head of the
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window is output with an indicator that it is regular 436. This
head is the most recently added haemodynamic value, i.e.
the one that has not previously been confirmed to correspond
to a regular cardiac cycle. The remaining haemodynamic
values in the window do not need to be output at this time
as they have already been confirmed to relate to regular
cardiac cycles. The method then loops back to step 430 to
move the window on by one and repeat the steps of the
locked state on a new set of haemodynamic values.

[0082] If the coeflicient of variation of the values in the
window in the locked state is not less than the predefined
threshold then the haemodynamic value at the head 1s output
with an indicator that it is potentially irregular and the
window is moved on by n-1 438. This moves the uncon-
firmed value currently at the head back to the tail of the
window. The method then loops back to step 414 to repeat
the steps of the unlocked state.

[0083] This allows the potentially irregular value to be
checked against the values that follow it to either confirm
that it is irregular in step 418, or to determine that the value
is actually regular in step 420 (as it agrees with the values
that follow it). Alternatively, or in addition, the value that
was previously marked as possibly irregular may be iden-
tified as a value in a step-wise change in step 420 if the
coeflicient of variation of the window when the possibly
irregular value is at the tail of the window is less than the
threshold.

[0084] It should be noted that marking a value as “poten-
tially irregular” may be different to marking a value as
irregular, or may simply involve marking the value as
irregular in the interim period until it has been tested against
the following values (in step 420). If the value is confirmed
to be irregular then no further changes to the status of the
value may be required (although a signal confirming that the
value is irregular may still be output). If the value turns out
to be part of a step-wise change, then the value may be
marked with a new status that supersedes its previous
(irregular/potentially irregular) status. As mentioned above,
this may be marking the value as “regular” and/or marking
the value as part of a step wise change.

[0085] If the system is operating on real-time haemody-
namic data then the method may have to wait for the new
haemodynamic value to be received or calculated each time
the window is moved on by one haemodynamic value (or
cardiac cycle). If the system is operating on historical
haemodynamic data then moving the window on by one may
simply involve selecting the next haemodynamic value in a
sequence of historical haemodynamic values that have pre-
viously been received.

[0086] Alternative embodiments utilise larger steps to
move through large data sets more quickly and efficiently.
Accordingly, whilst the embodiment of FIG. 4 moves the
window on by one value, unless the system is moving from
the locked to the unlocked states, any other size of step may
be used, provided that the step (x) is less than half the size
of the window (n). In this case, the window could be moved
on by n-x values when moving from the locked state to the
unlocked state.

[0087] Equally, whilst the window is moved on by n-1 (or
n—x) values in step 438 of FIG. 4, alternative embodiments
move the window on by n values (the window size) at this
point. This clears the window of all previously analysed
values and allows a completely new set of values to be
considered.
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[0088] FIG. 5 shows the output of the filter according to an
embodiment. Haemodynamic values relating to individual
beats are fed into the filter in a chronological order. The filter
then determines whether each beat is regular (“R”) or
irregular (“T””) and outputs each haemodynamic value along
with a status indicator (or marker) that indicates whether the
respective haemodynamic value is regular or irregular. If,
after an initial determination is made, the filter then deter-
mines the beat to be of a different status, then a new status
indicator is output along with the corresponding haemody-
namic value. This may happen, for instance, where a beat is
initially determined to be irregular when moving from the
locked to the unlocked state in step 438 of FIG. 4 but is
subsequently found to be regular based on the following
haemodynamic parameters in step 420 of FIG. 4.

[0089] Whilst the embodiment of FIG. 5 outputs the
haemodynamic value corresponding to each status indicator
the filter may alternatively operate by outputting some other
indicator of the respective haemodynamic value or corre-
sponding cardiac cycle (e.g. a measurement 1D associated
with the haemodynamic value or a cardiac cycle ID asso-
ciated with the cardiac cycle). The combination of an
identifier of the haemodynamic value and/or cardiac cycle
and the status indicator results in an indication of the status
of the haemodynamic value and/or cardiac cycle.

[0090] An important aspect of the filter is that it allows for
the isolation of singular cardiac cycles that are outside that
limit on the variability from the rest of the data set within the
defined window, as opposed to excluding the entire data set.
Once the window has moved past the irregular cardiac cycle,
any regular cardiac cycles that follow would by analysed in
the unlocked state independently of the previous irregular
beat and, should they fall within the threshold variability, the
system would lock to register the cardiac cycles as regular.
[0091] This filter can be applied simultaneously to more
than one derived parameter to evaluate a single beat. For
instance, the methods described herein may be applied
independently to pulse pressure and to stroke volume. In this
embodiment, the method only registers a given cardiac cycle
as regular if both the pulse pressure and stroke volume sets
of values indicate that the cardiac cycle is regular. If one or
more of the filters deems the cardiac cycle to be irregular
then the method will register the cardiac cycle as irregular
and inhibit the output of the haemodynamic values for
further analysis. This ensures that only values that appear
regular with regard to both stroke volume and pulse pressure
are deemed regular and are therefore output for further
analysis. In an alternative embodiment, both pulse pressure
and stroke volume are filtered according to the above
methods; however, a cardiac cycle is deemed regular if at
least one of the parameters indicates that the cardiac cycle is
regular. In a further embodiment, where multiple parameters
are being filtered, only the parameter that is deemed regular
is output.

[0092] There is no lag on the analysed data when in the
system is in the locked state. In the unlocked state, the lag
of analysed data display is minimised to the window size
minus one cardiac cycle (n-1 cardiac cycles). For example,
if the window size is three beats, then the lag for determi-
nation of regular beats would be up to two beats.

[0093] By filtering the data based on the variability over a
moving window, the method can identify regular cardiac
cycles even where the values are increasing or decreasing.
For instance, where an initial increase in the haemodynamic
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value may initially be registered as irregular as it does not
correspond to the previous values, the value may subse-
quently be registered as regular if later values continue the
trend or stay at the increased level. This therefore provides
a more accurate method of detecting regular cardiac cycles.
[0094] Whilst the above embodiments discuss the filter
module outputting the haemodynamic values corresponding
to regular cardiac cycles, alternative embodiments may
output one or more indications of the regular cardiac cycles
or the corresponding haemodynamic values instead. Such
indications may be references to the cardiac cycles, such as
measurement numbers of the regular cardiac cycles. In this
case, the analysis module may have independently received
the haemodynamic values (or may even have calculated the
haemodynamic values from a blood pressure signal) and
may utilise the indication of the regular cardiac cycles to
identify the regular cardiac cycles for further analysis.
[0095] Whilst the above embodiments are discussed with
regard to the analysis of cardiac cycles and haemodynamic
values, it will be appreciated that the embodiments may
equally be applied to any set of physiological values in order
to filter out irregular and regular physiological values. Such
irregular physiological values may be caused by measure-
ment error or actual physiological effects but may result in
misleading data if included in subsequent calculations.
[0096] As discussed above, indicators of regular and/or
irregular data may be output. Accordingly, the filter may be
utilised to locate and output irregular values for further
analysis (e.g. to determine the cause of the irregular values)
or may be utilised to filter out irregular values to ensure the
accuracy of subsequent calculations or to remove misleading
data. Equally, both regular and irregular status indicators
may be output, this may allow the irregular data to be
displayed in a different format (e.g. in a different colour on
a display to regular data) to provide the data to the user, but
allow the user to distinguish regular data from irregular data
that may be less reliable.

[0097] Whilst certain embodiments have been described,
the embodiments have been presented by way of example
only, an area not intended to limit the scope of the inven-
tions. Indeed, the novel methods and devices described
herein may be embodied in a variety of other forms; fur-
thermore, various omissions, substitutions and changes in
the form of the methods and devices described herein may
be made without departing from the spirit of the inventions.
The accompanying claims and their equivalents are intended
to cover such forms or modifications as would fall within the
scope and spirit of the inventions.

1-17. (canceled)

18. A method for filtering outliers from regular physi-
ological values, the method being implemented by a device
comprising a controller, the method comprising:

(a) populating a window with n physiological values
taken, in sequence, from a sequence of physiological
values, wherein n is a positive integer;

(b) determining whether the variability in the physiologi-
cal values within the window is less than a predeter-
mined threshold;

(c) responsive to the variability in the physiological
values within the window being less than a predeter-
mined threshold, determining that the window com-
prises no outliers, and/or responsive to the variability in
the physiological values within the window not being
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less than a predetermined threshold, determining that
the window comprises at least one outlier;

(d) responsive to the variability in the physiological
values within the window being less than a predeter-
mined threshold, updating the window by moving the
window on by x physiological values in the sequence,
wherein x is a positive integer that is less than n divided
by two, and repeating steps (b) and (c) based on the
updated window; and

(e) responsive to the variability in the physiological
values within the window not being less than the
predetermined threshold, updating the window by mov-
ing the window on by z physiological values in the
sequence, wherein z is a positive integer equal to n or
equal to n minus x, and repeating steps (b) and (¢) based
on the updated window.

19. The method of claim 18 wherein populating the
window with n physiological values from the sequence of
physiological values comprises selecting n minus x sequen-
tial physiological values that have previously been con-
firmed to not be outliers and selecting the next x physiologi-
cal values from the sequence.

20. The method of claim 19 wherein selecting the window
of n physiological values from the sequence of physiological
values comprises:

populating the window with n earlier physiological values
taken, in sequence, from the sequence of physiological
values;

determining that the variability in the n earlier physiologi-
cal values is less than the predetermined threshold; and

moving the window on by x physiological values in the
sequence.

21. The method of claim 20 further comprising, respon-
sive to the determination that the variability in the n earlier
physiological values is less than the predetermined thresh-
old, outputting an indication that the n earlier physiological
values do not comprise an outlier.

22. The method of claim 18 further comprising:

responsive to the variability in the physiological values
within the window being less than a predetermined
threshold, outputting an indication that the window
comprises no outliers; and/or

responsive to the variability in the physiological values
within the window not being less than a predetermined
threshold, outputting an indication that the window
comprises at least one outlier.

23. The method of claim 22 wherein:

outputting an indication that the window comprises at
least one outlier comprises outputting an indication that
the final x values in the sequence within the window
comprise at least one outlier; and/or

outputting an indication that the window comprises no
outliers comprises outputting an indication that the
final x values in the sequence within the window are not
outliers.
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24. The method of claim 18 further comprising:

(f) responsive to the variability of the physiological values
within the updated window not being less than the
predetermined threshold, selecting n further physi-
ological values by moving the window on by x physi-
ological values in the sequence and repeating steps (b)
and (c) based on the further physiological values within
in the window.

25. The method of any of claim 18 further comprising,
responsive to the variability of the physiological values
within the updated window not being less than the prede-
termined threshold, outputting an indication that the first x
physiological values in the sequence within the updated
window comprise an outlier.

26. The method of claim 18 wherein z is a positive integer
equal to n minus x and the method further comprises:

) responsive the window being updated by moving the
window on by z physiological values in the sequence,
and responsive to the variability of the physiological
values within the updated window being less than the
predetermined threshold, outputting an indication that
the updated window comprises a stepwise change.

27. The method of claim 26 wherein outputting an indi-
cation that the updated window comprises a stepwise change
comprises outputting an indication that the first x values in
the sequence within the updated window comprise a step-
wise change.

28. The method of claim 18 wherein the variability is the
coefficient of variation.

29. The method of claim 18 wherein the sequence of
physiological values is a sequence of haemodynamic values
relating to a single haemodynamic parameter, each haemo-
dynamic value corresponding to a respective cardiac cycle
of a chronologically ordered set of cardiac cycles, and
wherein cardiac cycles not corresponding to outliers are
determined to be regular cardiac cycles.

30. The method of claim 28 further comprising utilising
the haemodynamic values corresponding to regular cardiac
cycles to calculate the variation in the haemodynamic
parameter over each respiratory cycle and/or wherein the
haemodynamic parameter is stroke volume or pulse pres-
sure.

31. The method of claim 18 further comprising changing
n and/or x and repeating the method from step (a).

32. A device comprising a controller configured to imple-
ment method of claim 18.

33. A haemodynamic monitor comprising the device of
claim 32.

34. A computer readable medium comprising instructions
that, when executed by a computer, cause the computer to
implement the method according to claim 18.

* #* * #* #®
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