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Description

Technical field

[0001] The presentinvention generally relates to techniques for monitoring one or more properties of the cardiovascular
system of a subject. The present invention is e.g. applicable in arrangements for extracorporeal blood treatment.

Background Art

[0002] Itis known in the art to measure different properties of the cardiovascular system of a human or animal subject.
However, known techniques require installation of separate and specialized instruments and sensors for measuring a
particular property.

[0003] The scientific paper "ldentification of Patient Parameters during Hemodialysis" in: Automatisierungstechnik 50:
220-227 (2002) by Wabel et al. discloses calculation of the heart rate of a patient from pressure wave analysis in an
extracorporeal fluid circuit.

Summary

[0004] Itis an object of the invention, the scope of which is defined by the attached claims, to at least partly overcome
one or more limitations of the prior art. Specifically, it is an object to provide an alternative or complementary technique
for monitoring a cardiovascular property of a subject connected to an apparatus for extracorporeal blood treatment.
[0005] This and other objects, which will appear from the description below, are at least partly achieved by means of
devices according to the independent claim, embodiments thereof being defined by the dependent claims.

[0006] The presentinvention is a device for monitoring a cardiovascular property of a subject. The device comprises
an input configured to obtain measurement data from a primary pressure wave sensor which is arranged to detect
pressure waves in an extracorporeal fluid circuit which is connected in fluid communication with the cardiovascular
system of the subject. The device further comprises a signal processor configured to: generate a time-dependent mon-
itoring signal based on the measurement data, such that the monitoring signal comprises a sequence of heart pulses,
wherein each heart pulse represents a pressure wave originating from a heart beat in the subject; determine beat
classification data for each heart pulse in the monitoring signal; and calculate, based at least partly on the beat classi-
fication data, a parameter value indicative of the cardiovascular property.

[0007] Still other objectives, features, aspects and advantages of the present invention will appear from the following
detailed description, from the attached claims as well as from the drawings.

Brief Description of the Drawings

[0008] Exemplary embodiments of the invention are described in more detail with reference to the accompanying
schematic drawings.

Fig. 1 is a schematic view of a system for hemodialysis treatment including an extracorporeal blood flow circuit.
Fig. 2(a) is a plot in the time domain of a pressure signal containing both pump pulses and heart pulses, and Fig.
2(b) is a plot of the corresponding signal in the frequency domain.

Fig. 3 is a flow chart of a process for monitoring a property of the cardiovascular system in a subject.

Fig. 4 is a block diagram of a surveillance device implementing the process of Fig. 3.

Fig. 5 is an expanded flow chart of a step included in the process of Fig. 3.

Fig. 6 is an expanded flow chart of a step included in the process of Fig. 5.

Figs 7(a)-7(b) are power spectra of a heart rate signal obtained from a normal subject during a resting condition
and a 90 degree head-up tilt, respectively.

Fig. 8 is an RR interval tachogram that illustrates various parameters indicative of heart rate turbulence.

Figs 9(a)-9(b) are average heart pulses to illustrate the influence of arterial stiffness.

Fig. 10is aflow chart of a process for signal analysis of a pressure signal obtained in the system configuration of Fig. 1.
Fig. 11 is a plot of a reference profile of pump pulses in a pressure signal acquired from a venous pressure sensor
in the system of Fig. 1.

Fig. 12 is a flow chart of a process for obtaining a predicted signal profile.

Fig. 13 is a plot to illustrate an extrapolation process for generating a predicted signal profile.

Fig. 14(a) is a plot to illustrate an interpolation process for generating a predicted signal profile, and Fig. 14(b) is an
enlarged view of Fig. 14(a).

Fig. 15(a) represents a frequency spectrum of pump pulses at one flow rate, Fig. 15(b) represents corresponding
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frequency spectra for three different flow rates, wherein each frequency spectrum is given in logarithmic scale and
mapped to harmonic numbers, Fig. 15(c) is a plot of the data in Fig. 15(b) in linear scale, and Fig 15(d) is a phase
angle spectrum corresponding to the frequency spectrum in Fig. 15(a).

Fig. 16 is a schematic view of an adaptive filter structure operable to filter a pressure signal based on a predicted
signal profile.

Figs 17(a)-17(d) illustrate processing of candidate pulses identified in a reference signal, for generation of timing data.

Detailed Description of Exemplary Embodiments

[0009] In the following, embodiments will be described with reference to an extracorporeal blood flow circuit. In par-
ticular, exemplary embodiments for monitoring a cardiovascular property of patient connected to such a circuit are
described. A description is also given of embodiments for detecting and extracting signals indicative of such a cardio-
vascular property. Throughout the following description, like elements are designated by the same reference signs.

I. EXAMPLE OF EXTRACORPOREAL CIRCUIT

[0010] Fig. 1 shows an example of an extracorporeal blood flow circuit 20, which is part of an apparatus for blood
treatment, in this case a dialysis machine. The extracorporeal circuit 20 is connected to the cardiovascular system of a
patient by means of a connection system C. The connection system C comprises an arterial access device 1 for blood
extraction (here in the form of an arterial needle), a connection tube segment 2a and a connector C1a. The connection
system C also comprises a venous access device 14 for blood reintroduction (here in the form of a venous needle), a
connection tube segment 12b, and a connector C2a. The connectors C1a, C2a are arranged to provide a releasable or
permanent engagement with a corresponding connector C1b, C2b in the circuit 20 so as to form a blood path between
the circuit 20 and the arterial needle 1 and the venous needle 14, respectively. The connectors C1a, C1b, C2a, C2b
may be of any known type.

[0011] In the illustrated example, the extracorporeal circuit 20 comprises the connector C1b, an arterial tube segment
2b, and a blood pump 3 which may be of peristaltic type, as indicated in Fig. 1. At the inlet of the pump there is a pressure
sensor 4a (hereafter referred to as arterial sensor) which measures the pressure before the pump in the arterial tube
segment 2b. The blood pump 3 forces the blood, via a tube segment 5, to the blood-side of a dialyser 6. In many dialysis
machines, the circuit 20 is additionally provided with a pressure sensor 4b that measures the pressure between the
blood pump 3 and the dialyser 6. The blood is led via a tube segment 10 from the blood-side of the dialyser 6 to a venous
drip chamber or deaeration chamber 11 and from there back to the connection system C via a venous tube segment
12a and the connector C2b. A pressure sensor 4c (hereafter referred to as venous sensor) is provided to measure the
pressure on the venous side of the dialyser 6. In the illustrated example, the pressure sensor 4c measures the pressure
in the venous drip chamber 11. Both the arterial needle 1 and the venous needle 14 are connected to the cardiovascular
system of a human or animal patient by means of a blood vessel access. The blood vessel access may be of any suitable
type, e.g. afistula, a Scribner-shunt, a graft, etc. Depending on the type of blood vessel access, other types of access
devices may be used instead of needles, e.g. catheters.

[0012] Herein, the "venous side" of the extracorporeal circuit 20 refers to the part of the blood path located downstream
of the blood pump 3, whereas the "arterial side" of the extracorporeal circuit 20 refers to the part of the blood path located
upstream of the blood pump 3. In the example of Fig. 1, the venous side is made up of tube segment 5, the blood-side
of the dialyser 6, tube segment 10, drip chamber 11 and tube segment 12a, and the arterial side is made up of tube
segment 2b.

[0013] The dialysis machine also includes a dialysis fluid circuit 35, which is only partly shown in Fig. 1 and which is
operated to prepare, condition and circulate dialysis fluid through the dialysis fluid-side of the dialyser 6, via tube segments
15, 16.

[0014] In Fig. 1, a control unit 23 is provided, inter alia, to control the blood flow in the circuit 20 by controlling the
revolution speed of the blood pump 3.

[0015] A surveillance/monitoring device 25 is connected to the dialysis machine and configured to monitor as property
of the cardiovascular system of the patient. In the example of Fig. 1, the surveillance device 25 is electrically connected
to receive measurement data from one or more of the pressure sensors 4a-4c. As described in detail in the following
Sections, the monitoring is based on heart pulses, which are identified in the measurement data and which are analysed
for calculation of a value of one or more parameters that represent a cardiovascular property of the patient.

[0016] As indicated in Fig. 1, the device 25 may also be connected to the control unit 23. Alternatively or additionally,
the device 25 may be connected to a pump sensor 26, such as a rotary encoder (e.g. conductive, optical or magnetic)
or the like, for indicating the frequency and/or phase of the blood pump 3. The device 25 is tethered or wirelessly
connected to a local or remote device 27 for generating an audible/visual/tactile alarm or warning signal based on
calculated values (or a diagnose deduced from the calculated values), for displaying the calculated values and/or for
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storing the calculated values generated by the device 25. The surveillance device 25 and/or the alarm/display/storage
device 27 may be incorporated as part of the dialysis machine, or be separate components.

[0017] Itisto beunderstoodthatthe surveillance device 25 may execute any number of other functions. The surveillance
device 25 may e.g. execute safety functions, in which it acquires and analyses output signals of a number of dedicated
or general sensors in the dialysis machine for identification or prevention of one or more fault conditions. One such fault
condition is dislodgement of the venous or arterial access device 1, 14 from the blood vessel access, i.e. that the access
device comes loose from the cardiovascular system of the patient. Another fault condition is disconnection of the venous
or arterial access device 1, 14 from the circuit 20, typically by disruption/defective coupling/uncoupling of the connectors
C1a, C1b and C2a, C2b, respectively.

[0018] Inthe example of Fig. 1, the surveillance device 25 comprises an input/output (I/O) part 28 for sampling meas-
urement data from various sensors included in, or otherwise associated with, the dialysis machine, and for transmitting
control signals to the various components included in, or otherwise associated with, the dialysis machine. The 1/O part
28 may also be configured to pre-process the measurement data. For example, the 1/O part 28 may include an A/D
converter with a required minimum sampling rate and resolution, and one or more signal amplifiers. Generally, the
measurement data is a time sequence of data samples, each representing an instantaneous sensor value. The 1/O part
28 generates a number of measurement signals (e.g. one or more pressure signals), which are provided as input to a
data analysis part 29 that executes the actual monitoring of the cardiovascular property. Depending on implementation,
the surveillance device 25 may use digital components or analog components, or a combination thereof, for acquiring,
processing and analysing the measurement data.

Il. HEART PULSE ANALYSIS

[0019] Embodiments of the invention relates to techniques for monitoring one or more properties of the cardiovascular
system of a patient that is connected to an extracorporeal circuit. The cardiovascular system is the circulatory system
that distributes blood in the body of patient, and is formed by the heart, the blood and the blood vessels. In the following,
the monitored property is represented as a value of a cardiovascular parameter, which thus is related to a property of
either the heart or the blood vessels in the patient. In certain embodiments, the parameter value may represent one or
more of the arterial status (arterial stiffness) of the blood vessels, the degree of calcification of the blood vessels, and
the status of the blood vessel access. In other embodiments, the parameter value may represent one of more of the
heart rate variability (HRV), the heart rate (HR), the heart rate turbulence (HRT), the rate of ectopic beats (ectopic beat
count, EBC), or the origin of ectopic beats (e.g. atria/ventricular).

[0020] As exemplified in Fig. 1, the extracorporeal circuit 20 may be connected to the cardiovascular system of the
patient so as to circulate blood from the patient through a blood processing device 6 and back to the patient. The
cardiovascular property is monitored based on a "heart pulse analysis" of a monitoring signal. The monitoring signal
originates from ameasurement signal which is obtained from a pressure wave sensorin (or attached to) the extracorporeal
circuit. The pressure wave sensor is arranged to detect pressure waves that originate from the heartbeats of the patient.
As used herein, a "pressure wave" is a mechanical wave in the form of a disturbance that travels or propagates through
a material or substance. In the context of the following examples, the pressure waves propagate in the liquid system
extending from the heart to the pressure wave sensor, which is in direct or indirect hydraulic contact with the liquid
system, at a velocity which typically lies in the range of about 3-20 m/s. Specifically, the pressure waves propagate in
the blood path that extends from the heart, through part of the cardiovascular system, the connection system C, and
into the extracorporeal circuit 20.

[0021] The pressure wave sensor generates measurement data that forms a pressure pulse for each pressure wave.
A "pressure pulse" is thus a set of data samples that define a local increase or decrease (depending on implementation)
in signal magnitude within a time-dependent measurement signal ("pressure signal"). Correspondingly, a "heart pulse"
is a pressure pulse that originates from the patient’s heartbeat. Generally, the heart pulses appear at a rate proportional
to the beat rate of the heart.

[0022] The pressure wave sensor may be of any conceivable type, e.g. operating by resistive, capacitive, inductive,
magnetic, acoustic or optical sensing, and using one or more diaphragms, bellows, Bourdon tubes, piezo-electrical
components, semiconductor components, strain gauges, resonant wires, accelerometers, etc. For example, the pressure
wave sensor may be implemented as a conventional pressure sensor, a bioimpedance sensor, a photoplethysmography
(PPG) sensor, etc.

[0023] In the example of Fig. 1, any one of the existing pressure sensors 4a-4c in the extracorporeal circuit 20 may
be used as the pressure wave sensor.

[0024] The pressure wave sensor may also detect pressure waves that originate from other pulse generators than the
patient’s heart. These other pulse generators thus generate interference pulses in the pressure signal.

[0025] The interference pulses may originate from pumps and other mechanical pulse generators in the apparatus for
blood treatment, e.g. in the extracorporeal circuit 20 or the dialysis fluid circuit 35. This type of interference pulses are
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collectively denoted "pressure artefacts" or "pump pulses"” in the following description.

[0026] Fig. 2(a) shows an example of a pressure signal in the time domain, and Fig. 9(b) shows the corresponding
energy spectral density, i.e. signal amplitude as a function of frequency. The pressure signal is obtained from the venous
pressure sensor 4c in the extracorporeal circuit 20 in Fig. 1. The energy spectral density reveals that the detected
pressure signal contains a number of different frequency components emanating from the blood pump 3. In the illustrated
example, there is a frequency component at the base frequency (f;) of the blood pump (at 1.5 Hz in this example), as
well as its harmonics 2f,, 3f, and 4f,. The base frequency, also denoted pumping frequency in the following, is the
frequency of the pump strokes that generate pulse waves in the extracorporeal blood flow circuit. For example, in a
peristaltic pump of the type shown in Fig. 1, two pump strokes are generated for each full revolution of the rotor 3’, i.e.
one pump stroke for each roller 3a, 3b. Fig. 2(b) also indicates the presence of a frequency component at half the
pumping frequency (0.5fy) and harmonics thereof, in this example at least f;, 1.5f;, 2f, and 2.5f,. Fig. 2(b) also shows
a heart signal (at 1.1 Hz) which in this example is approximately 40 times weaker than the blood pump signal at the
base frequency fj. In the example of Fig. 2, the pressure signal thus contains heart pulses and pump pulses, with the
latter dominating the pressure signal.

[0027] Alternatively or additionally, the interference pulses may originate from one or more physiological phenomena
in the patient’s body (other than the heart). Such physiological phenomena may be occasional, repetitive or cyclical (i.e.
periodic). Occasional physiological phenomena include reflexes, sneezing, voluntary muscle contractions, and non-
voluntary muscle contractions. Periodic physiological phenomena include the breathing (respiration) system, the auton-
omous system for blood pressure regulation and the autonomous system for body temperature regulation.

[0028] As explained above, the monitoring process operates on one or more "monitoring signals”. In one embodiment,
the pressure signal acquired from the pressure wave sensor is used as a monitoring signal. However, if the pressure
signal contains interference pulses, the monitoring signal may be obtained by processing the pressure signal to remove
or at least suppress the interference pulses, while essentially retaining the heart pulses. Suitably, the signal processing
results in a monitoring signal that contains heart pulses and is essentially free of interference pulses. By "essentially
free" is meant that the interference pulses are removed from the pressure signal to such an extent that the heart pulses
may be detected and analysed for the purpose of monitoring. Different signal processing techniques for removal/sup-
pression of interference pulses are discussed in Sections 1lI-V below.

[0029] Fig. 3 is a flow chart of a heart pulse analysis included in an embodiment of the monitoring process. In the
illustrated example, the heart pulse analysis iterates through a sequence of steps 302-312. Each iteration operates on
an evaluation segment in the monitoring signal and results in a parameter value that represents a cardiovascular property
of the patient. Thus, continuous monitoring (repeated iterations), typically involves calculating a time sequence of pa-
rameter values based on a time sequence of evaluation segments in the monitoring signal. The evaluation segments
may be overlapping or nonoverlapping in time.

[0030] In step 302, the process inputs an evaluation segment from the monitoring signal. The evaluation segment
corresponds to a time window in the monitoring signal, which may be selected so as to comprise at least part of one
heart pulse. In the following examples, it is assumed that the time window is selected such that each evaluation segment
comprises a sequence of heart pulses, i.e. two or more heart pulses.

[0031] In step 304, the process inputs timing data (also denoted "primary timing data" herein) that indicates a time
point for each heart pulse in the evaluation segment. The primary timing data may, e.g., be represented as a sequence
of occurrence times for the heart pulses, or a sequence of time differences between the heart pulses. Examples of
different techniques for obtaining the primary timing data is described below in Section VI.

[0032] In step 306, the evaluation segment is processed based on the primary timing data for extraction of shape data
for each heart pulse in the evaluation segment. The primary timing data is used for determining the location of each
heart pulse in the evaluation segment. The shape data may represent any shape feature of the heart pulse. Examples
of shape features that may be extracted include the amplitude/magnitude of the heart pulse (e.g. the maximum amplitude
of the pulse, or the integrated area under the pulse), the number of local maxima/minima within the heart pulse, the ratio
between the amplitude of a first and a second maximum in the heart pulse (if two or more local maxima are present), a
rise time of the heart pulse (e.g. time to reach maximum value), a fall time of the heart pulse (e.g. time to descend from
maximum value), exponential decay of the heart pulse (e.g. given by an exponential function fitted to the trailing end of
the heart pulse), the width of the heart pulse (e.g. at a given percentage of the maximum amplitude), etc. In a further
variant, the shape data is a representation of the entire temporal signal profile of the heart pulse, e.g. given as a subset
of the signal values in the evaluation segment, an up- or down-sampled version of these signal values, or a curve fitted
to the signal values.

[0033] In step 308, each heart pulse in the evaluation segment is classified based on the shape data and the primary
timing The classification aims at identifying ectopic beats among the heart pulses, i.e. to determine if each heart pulse
originates from a normal heart beat or an ectopic beat (or possibly, if the heart pulse originates from neither a normal
heartbeat nor an ectopic beat). Thus, step 308 may result in classification data containing the beat classes: e.g. [INORMAL,
ECTOPIC] or [NORMAL, OTHER] or [NORMAL, ECTOPIC, OTHER]. It is also conceivable that the classification is
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operable to distinguish between different types of ectopic beats, e.g. atria or ventricular, and the classification data may
contain corresponding beat classes. It is to be understood that one beat class may be implicit, such that the absence of
a classification for a heart pulse would imply a certain beat class of this heart pulse.

[0034] In step 310, the classification data for each heart pulse is used for calculating one or more parameter values
that each represent a cardiovascular property of the patient.

[0035] In step 312, the parameter value is output and the process returns to step 302 for a new iteration.

[0036] Embodiments of the invention also relate to the structure of a surveillance device (e.g. the device 25 in Fig. 1)
that effects the monitoring. Fig. 4 is a block diagram to illustrate an embodiment of such a surveillance device 25. The
device 25 includes a data acquisition part 400 which is configured to sample data from e.g. the venous pressure sensor
4c in the extracorporeal circuit 20 (Fig. 1) and to generate a pressure signal. The data analysis part 29 includes a block
401 which receives and processes the pressure signal for generation of a monitoring signal. The monitoring signal
contains heart pulses and is suitably essentially free of interfering pulses (such as pump pulses and pulses from other
physiological phenomena than the heart). For example, block 401 may be configured to implement any of the embodi-
ments for signal processing described in Sections 11I-V below, or another signal processing. The data analysis part 29
may also includes a block 402 which sequentially obtains evaluation segments from block 401 and generates shape
data for each heart pulse in the evaluation segment, e.g. according to step 306 in Fig. 3. The block 402 uses primary
timing data, which (in this example) is input via the data acquisition part 400. A block 403 is configured to operate on
the shape data from block 402, as well as the primary timing data, to generate classification data for each heart pulse
in the evaluation segment, e.g. according to step 308 in Fig. 3. A block 404 is configured to calculate the cardiovascular
parameter value based on (in this example), classification data from block 403, the evaluation segment obtained from
block 401 and the primary timing data. Thus, block 404 may e.g. implement step 310 in Fig. 3. The device 25 further
includes a data output part 405, which receives and outputs the parameter value. It should be understood that the parts
400 and 405 may form part of the I/O part 28 in Fig. 1. It should be emphasized that the use and flow of data in Fig. 4
is merely given for the purpose of illustration. For example, block 403 may operate on either shape data or primary timing
data, or both, to generate the classification data. In another example, block 404 may operate on the shape data instead
of (or in addition to) the evaluation segment, with or without access to the primary timing data, to generate the cardio-
vascular parameter value. In yet another example, block 404 may operate solely on the primary timing data and the
classification data.

[0037] In Fig. 4, the data analysis part 29 also includes a pulse prediction block 410 which implements a step for
obtaining a pulse profile which is a predicted temporal profile of pump pulses generated in the extracorporeal circuit.
The pulse prediction block 410 may operate on data from a database DB (a reference library). The resulting pulse profile
may be provided to block 401, which may be configured to use the pulse profile for time domain filtering, as will be
explained in detail in Section IlI-V below.

[0038] The data analysis part 29, and thus blocks 401-404 and 410, may be implemented by software instructions
that are executed by a processing device, such as a general- or special-purpose computer device or a programmed
microprocessor. However, it is conceivable that some or all blocks are fully or partially implemented by dedicated hard-
ware, such as an FPGA, an ASIC, or an assembly of discrete electronic components (resistors, capacitors, operational
amplifiers, transistors, etc), as is well-known in the art. The skilled person realizes that the blocks 400-405, 410 need
not retrieve/supply data directly from/to one another, but might instead store and retrieve data from an intermediate
electronic storage, such as a computer memory.

[0039] In the following, different embodiments of the classification step 308 (and thus at least part of the functionality
in block 403), and the parameter calculation step 310 (and thus at least part of the functionality in block 404), will be
exemplified and described in further detail.

Classification of heart pulses (step 308/block 403)

[0040] The classification of the heart pulses may be done in many different ways, e.g., with the help of the primary
timing data and/or the shape data.

Use of primary timing data

[0041] In healthy subjects under calm conditions, variations in heart rhythm (heart rate variability, HRV) may be as
large as 15%. Unhealthy subjects may suffer from severe heart conditions such as atrial fibrillation and supraventricular
ectopic beating, which may lead to an HRV in excess of 20%, and ventricular ectopic beating, for which HRV may be
in excess of 60%. These heart conditions are not uncommon among, e.g., dialysis patients. Thus, the labelling of different
heart pulses may be based on a classification criterion involving heart rhythm.

[0042] For example, the primary timing data, which represents the occurrence times of the heart pulses, may be used
to check if the time intervals between heart pulses are "normal” or "abnormal”. In order to determine if a time interval is
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normal or abnormal, an interval-based criterion may be used, where the criterion, e.g., may be defined to classify an
interval as abnormal if the interval is 20% larger than mean of the preceding intervals. If the time interval is determined
as abnormal the associated heart pulse may be classified as ectopic.

Use of shape data

[0043] If the shape data is a representation of the entire temporal signal profile of the respective heart pulse (denoted
"heart pulse profile"), each heart pulse profile may be classified as originating from a normal heart beat or an ectopic
beat by matching the heart pulse profile to a set of templates. The set of templates may represent one or more temporal
signal profiles (shapes) of the different beat classes, and the matching may be done using any suitable convolution
method, including cross-correlation. The heart pulse profile may then be classified in one of the available beat classes
based on the outcome of the matching (e.g. the maximum correlation coefficient(s)). If desired, each heart pulse profile
may be subjected to linear-phase, bandpass filtering in order to remove frequencies which are less essential for classi-
fication (e.g., using a 3-dB filter with cut-off frequencies at 1 and 35 Hz, respectively). The above-mentioned templates
are typically fixed and predetermined.

[0044] Since ectopic pulses may vary a lot in shape, it may be desirable to allow for the use of templates that are not
fixed and predetermined. In such a variant, the heart pulse profiles are classified using a cross-correlation-based (CC)
method (or any other convolution method) which involves the heart pulse profiles and a measure of the local signal-to-
noise ratio (SNR) before the respective heart pulse in the evaluation segment. The CC method may be adaptive and
initialized by using the first heart pulse profile in the evaluation segment as a template. Subsequently, a current heart
pulse profile may be compared to the current set of templates by computing the corresponding CC coefficients, wherein
each coefficient is computed by shifting the current heart pulse profile with respect to each template in the current set
of templates until the best correlation is found. A new template may be created, from the current heart pulse profile,
whenthe CC coefficientdrops below an SNR-dependent threshold. The SNR may continuously be updated and measured
as a root-mean-square value (or equivalent) of the high-pass filtered samples contained in an interval prior to the
respective heart pulse in the evaluation segment. A heart pulse profile that is classified as being similar to a current
template will update the template through averaging, e.g. using exponential averaging with a forgetting factor.

[0045] Itis to be understood that only part of each heart pulse profile might be matched against the set of templates
in either of the above-described variants.

[0046] If the shape data for each heart pulse contains N different shape features (N > 1), the heart pulse may be
represented in an N-dimensional space spanned by the N different shape features. Different types of heart pulses (e.g.
originating from a normal heart beat, different ectopic beats, and possibly other beat structures) may form distinct or at
least distinguishable clusters in the N-dimensional space. Thus, the shape data of each heart pulse may define a given
location in the N-dimensional space, and the heart pulse may be thus be classified based on the distance from this
location to the different clusters. For example, the heart pulse may be given the classification of the nearest cluster
(given by any suitable metric) in the N-dimensional space. Of course, there may be other ways to classify a heart pulse
based on the shape feature(s) in the shape data, which is obvious to a person skilled in the art of, e.g., classical
classification theory based on feature extraction.

[0047] The skilled person also realizes that combinations of primary timing data and shape data may be used in order
to classify a heart pulse, e.g. by including the primary timing data (or a feature derived thereform) in the N-dimensional
space, or by using the primary timing data to facilitate/improve the matching or CC calculations.

Calculation of parameter value (step 310/block 404)

[0048] The calculation of the parameter value is further exemplified in Fig. 5 which illustrates different calculation
procedures that may be executed based on the outcome of the preceding classification step (308 in Fig. 3). If the
classification data indicates absence of ectopic pulses in the evaluation segment, a decision step 502 directs the cal-
culation process to execute one or more of the calculation procedures 504, 506 and 508. If the classification data indicates
presence of ectopic pulses in the evaluation segment, the calculation process is directed (in step 502) to execute one
or more of calculation procedures 510, 512, 514.

[0049] Conceptually, the decision step 502 also involves a step of generating secondary timing data, which indicates
the timing of heart pulses to be used in the calculation procedures 504-516. In the majority of the illustrated calculation
procedures, the secondary timing data is identical to the primary timing data. In these cases, if the primary timing data
has already been obtained (e.g. in step 304 in the example of Fig. 3), the primary timing data may be used as secondary
timing data; otherwise the secondary timing data may be obtained according to the examples given in Section VI, if
needed in a particular calculation procedure. However, in certain implementations of the calculation procedure 514, as
will be described below, the secondary timing data may be generated to replace the primary timing data in the calculation
of the parameter value. Since the step 310 of calculating the parameter value involves step 502, which analyses the
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classification data and generates the secondary timing data, it may be said that step 310 involves a preparatory step of
generating secondary timing data based on the classification data irrespective of the downstream calculation procedure.
[0050] As indicated in Fig. 5, the calculation procedures 504, 510 and 512 all involve a step of averaging either normal
heart pulses (procedures 504 and 510) or ectopic heart pulses (procedure 512). Such an averaging procedure may
involve using the secondary timing data (and in procedure 512, the classification data) to extract a set of heart pulse
segments (each typically containing a single heart pulse) from the evaluation segment, aligning the heart pulse segments
in the time domain based on the secondary timing data, and generating an average representation based on the aligned
signal values for each time value in the time domain. If the shape data is in the form of heart pulse profiles, these heart
pulse profiles may be processed for averaging instead of the heart pulse segments. Each set of aligned signal values
may e.g. be processed to generate a sum, average or median. The skilled person realizes that there are further equivalent
ways to process the aligned signal values to achieve an average representation. Fig. 5 also indicates that each of the
calculation procedures 504, 510 and 512 is combined with a calculation procedure 516 that performs a heart shape
analysis on the average representation to generate a parameter value. It should also be understood that the average
representation may be calculated repeatedly during the heart pulse analysis (cf. 300 in Fig. 3), resulting in a sequence
of average representations, each resulting in a cardiovascular parameter. Any number of heart pulses (two or more)
may be combined to yield the average representation. In certain embodiments, the average representation may be
obtained by combining heart pulses obtained during a large part of a treatment session, e.g. during several hours.
[0051] The calculation procedure 506 involves a heart rate variability (HRV) analysis of the (normal) heart pulses in
the evaluation segment. The calculation procedure 508 involves a heart rate (HR) analysis of the (normal) heart pulses
in the evaluation segment. The calculation procedure 514 involves an ectopic beat analysis of the ectopic heart pulses
in the evaluation segment.

[0052] Below, each of the calculation procedures 506, 508, 514 and 516 are exemplified in further detail.

HRYV analysis (calculation procedure 506)

[0053] Variations in heart rate are described with the widely accepted term heart rate variability (HRV). The heart rate
is influenced by the parasympathetic and sympathetic activity, causing the heart rate to vary. Thus, the analysis of HRV
is a useful non-invasive tool for deriving information about the state of the ANS (Autonomic Nervous System) in the
patient, which information reflects the balance between parasympathetic and sympathetic activity.

[0054] There are two main approaches to characterize HRV, namely, time domain methods and frequency domain
methods (also denoted spectral analysis).

[0055] Time domain methods offer a simple approach to access the autonomic tone of the heart rate. A large number
of parameter values may be obtained by applying mean and standard deviation to the time difference between heart
pulses (defined as RR intervals) in various ways, e.g., the standard deviation of normal-to-normal RR intervals (also
known as SDNN), and the standard deviation of the 5 minute normal-to-normal RR interval mean, (also known as
SDANN). Other time domain methods for calculating parameter values are based on the differences between adjacent
RR intervals, such as pNN50 (the proportion of RR intervals where the difference is > 50 ms) and pNN6.25% (the
proportion of RR intervals where the difference is > 6.25% of the mean heart period). There is a large positive correlation
between many of the time domain parameters.

[0056] Other time domain methods are the so-called geometrical methods, e.g., histograms and Poincaré plots. Com-
monly used histograms include the sample density histogram of RR interval duration and the sample density histogram
of differences between successive RR intervals. The so-called Poincaré plot analysis is a well-known non-linear time
domain method to assess the dynamics of HRV. The Poincaré plot is a representation of a time series into a Cartesian
plane, where each RR interval is plotted as a function of the previous RR interval. Analysis of Poincaré plots may be
performed by a simple visual inspection of the shape and geometry of the plot. A quantitative analysis of the HRV may
be obtained by converting the two-dimensional plot into various one-dimensional views, e.g., by fitting an ellipse to the
plot shape. If this technique is applied, three popular parameter values may be obtained: the standard deviation (SD)
of the instantaneous beat-to-beat RR interval variability (minor axis of the ellipse or SD1), the SD of the long term RR
interval variability (major axis of the ellipse or SD2) and the axes ratio (SD1/SD2).

[0057] A simple characterization of HRV is provided by the RR interval tachogram, i.e., the RR intervals as a function
of beat number. A HRV parameter value is then easily obtained from the discrete Fourier transform (DFT), since the
tachogram is reviewed as a regularly sampled signal. However, the resulting spectral estimate is not expressed in terms
of Hz, since the tachogram is not given in seconds. If instead the interval function is used, which is defined by the RR
interval as a function of its occurrence time, it is possible to express the spectral estimate in Hz. In order to obtain the
spectral estimate of the HRV, interpolation and resampling may have to be done prior to use of the DFT, since the
interval function is generally an irregularly sampled signal. Alternatively, techniques for unevenly sampled signals may
be employed, e.g., Lomb’s method.

[0058] Another approach to derive an estimate of the HRV is based on the inverse interval function, i.e., the instan-
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taneous heart rate (the inverse of the RR interval) as a function of its occurrence time. A continuous representation of
the heart rate, i.e., the heart rate signal, may be obtained by interpolation of the inverse interval function. Resampling
of the heart rate signal followed by use of the DFT yields an estimate of the HRV. The heart rate signal is commonly
used in order to obtain an estimate of the HRV. A resampled version of the heart rate signal may be acquired in a fast
and easy manner. Alternatively, techniques for unevenly sampled signals may be employed directly on the inverse
interval function.

[0059] Yet another approach to HRV analysis is to employ model-based methods, which are based on certain phys-
iological properties of the sinoatrial node. One such method is the heart timing (HT) signal, which is based on the well-
known integral pulse frequency modulation (IPFM) model.

[0060] As noted in the foregoing, prior to performing a spectral analysis, it may be important to consider the limitations
of the heart rate signal caused by the physiological properties of the heart. The heart rate is generally an unevenly
sampled signal, where the heart rate itself is the sampling rate. Hence, all frequency domain methods should take aliasing
into consideration, at around half the mean heart rate, at least for HRV methods that make use of the beat occurrence
times. In an evaluation segment with amean heart rate of 60 bpm, or equivalently 1 Hz, one should not analyze frequencies
above 0.5 Hz. The spectrum is often divided into two sub-bands: the low frequency (LF) band (0.04-0.15 Hz) and the
high frequency (HF) band (0.15-0.40 Hz). Sometimes an additional sub-band is used: the very low frequency (VLF) band
(below 0.04 Hz).

[0061] Respiratory activity as well as blood pressure and thermoregulation generate oscillatory behavior in the spon-
taneous variations in heart rate. A respiratory peak is often found in an interval ranging from 0.2-0.4 Hz, thus affecting
the HF band. The LF band is affected by the baroreceptor reflex with a blood pressure peak around 0.1 Hz, and a peak
from thermoregulation may be found in the VLF band. The oscillatory behavior, especially from blood pressure and
thermoregulation, is sometimes less pronounced in order to render peaks in the spectra. The effect on HRV due to
changes in the autonomic balance has been investigated in several studies, with the main conclusion that the LF band
is influenced by sympathetic activity, whereas parasympathetic activity influences the HF band. This is further illustrated
in Fig. 7, which shows a power spectrum obtained by fitting a 7th-order autoregressive (AR) model to a heart rate signal
acquired from a normal subject during (a) resting conditions and (b) a 90 degree head-up tilt. The head-up tilt increases
sympathetic activity as reflected by the increased peak at 0.1 Hz. The peak at 0.25 Hz may be attributed to respiration
as controlled by parasympathetic activity. Thus, the spectral power ratio, the so-called LF/HF ratio, reflects autonomic
balance. The total power of a spectrum equals the variance of the corresponding time domain signal, and thus correlates
with the time domain variable SDNN. Furthermore, the time domain variable pNN50 is correlated with the HF power.
[0062] Heart rate variability has an important clinical significance in various medical fields, especially in the field of
cardiac-related diseases. As mentioned, normal heart rate is not associated with clockwork regularity, but with variability,
e.g., due to respiration, exercise, and physical or mental stress. Absence of such variability is proven to be a significant
predictor of adverse outcomes following acute myocardial infarction, including all-cause mortality, ventricular fibrillation
and sudden cardiac death. Heart rate variability is also markedly reduced in sudden cardiac death survivors compared
with normal controls. Furthermore, it is well-known that HRV is reduced in patients with heart failure, and that HRV is
altered in patients after cardiac transplantation and in other cardiovascular diseases. The clinical importance of HRV in
fetal monitoring is well accepted. The HRV of the fetal heart is one of the most reliable indicators of fetal well-being, e.g.,
monitoring of fetal ANS development or fetal behavior states (quiet or active sleep, presence or absence of breathing
movements). Heart rate variability analysis has also been utilized in noncardiac disorders that likely influence the car-
diovascular system, as in diabetes patients for diagnostic purposes, and in such wide areas as ageing, Alzheimer’s
disease, and Chagas’ disease.

[0063] Heartrate variability has been widely studied in connection with hemodialysis. Studies have shown a decrement
in HRV in hemodialysis patients, and a reduced HRV may have independent prognostic value in chronic hemodialysis
patients since patients with an increased risk for all-cause mortality and sudden cardiac death may be identified. Auto-
nomic dysfunction during hemodialysis have been studied, as well as determinants of HRV in hemodialysis patients.
Relationships between HRV and blood pressure during hemodialysis have also been investigated. However, little is yet
known about changes in the activity of the ANS occurring just before and during a hypotensive episode. Most attention
has been focused on the LF/HF ratio, in hypotension-prone and hypotension-resistant uremic patients. It has been
concluded that the LF/HF ratio may be used as a marker of hypotension in hemodialysis patients, since a significant
increase in the LF/HF ratio was observed during dialysis sessions without hypotension, whereas, at the time of collapse,
the LF/HF ratio fell markedly in sessions with hypotension. It has also been suggested that the LF/HF ratio may reveal
differences between groups with different propensity to hypotension and thus give a deeper insight into autonomic control
during dialysis and provide a useful index for discriminating between hypotension prone and hypotension resistant
patients.

[0064] The inventors have also realized that the HRV measure obtained via the HRV analysis in step 506 includes
disturbances from pumps and other mechanical pulse generators in the apparatus for blood treatment, even if the
corresponding interference pulses have been removed in the monitoring signal. The transit time of the pressure wave
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originating from the heart is affected by the average pressure in the blood line(s) that transmits the pressure wave. For
example, since this average pressure is modulated by the pump strokes of the blood pump 3, the HRV measure may
include variations in transit time caused by the operation of the pump. In one embodiment, the heart pulse analysis
includes a compensation step designed wholly or partly compensate for the influence of the blood pump (and other
mechanical pulse generators) on the resulting HRV measure. Such a compensation step may be implemented in many
different ways.

[0065] In one embodiment, the compensation is made in the time domain, and involves adjusting the primary timing
data (the occurrence times of heart pulses) which is derived from the monitoring signal. The adjustment may be done
with the help of the current absolute pressure in the relevant blood line(s), e.g. obtained from any one of the pressure
sensors 4a-4c. The absolute pressure affects the transit time of a pulse, thus the occurrence time may be adjusted in
time, e.g. with the help of a look-up table associating absolute pressure with transit time. Following the compensation
step, the HRV measure may be calculated using either a time domain or a frequency domain method.

[0066] In another embodiment, a compensation measure representing the HRV disturbance is obtained as the differ-
ence between the calculated HRV measures in a first time period while the blood pump is stopped and a second time
period while the blood pump is running. Both energy/magnitude and frequency content of the HRV disturbance may be
calculated. The compensation measure may e.g. be obtained at the beginning of a treatment session and/or by inter-
mittently stopping the blood pump during a treatment session.

[0067] In another embodiment, the compensation measure is obtained in a laboratory setting, which allows heart
pulses to be generated with constant rate (i.e., no HRV) while a blood pump is running. In the laboratory setting, the
compensation measure may be obtained by calculating the HRV measure at different blood flows for a given constant
heart rate, since the calculated HRV measure is solely caused by the blood pump. During treatment, the compensation
measure is subtracted from the calculated HRV, where the compensation measure is selected based on the current
blood flow rate, e.g. given by a set value of the control unit 23 (Fig. 1), or by an output signal of the pump sensor 26.
[0068] Inyetanother embodiment, the compensation measure is obtained during treatment as the difference between
the calculated HRV measures at two different blood flow rates close in time. The similarity between the two HRV measures
is the "true" HRV, and the difference is caused by the blood pump.

[0069] In afurther embodiment, the compensation measure is obtained during treatment by comparing HRV measures
that are calculated based on monitoring signals generated from concurrently obtained measurement data from the
venous sensor 4a and the arterial sensor 4c (Fig. 1). It is understood that the blood pump will affect the transit time
differently in the venous line and the arterial line, and that the difference between the HRV measures is indicative of the
HRYV disturbance.

[0070] In yet another embodiment, the compensation involves estimating one or more frequency bands affected by
the blood pump, e.g. based on the speed of the blood pump and the current heart rate. Then, the energy in the frequency
band(s) may be disregarded (suppressed) when the HRV measure is calculated using a frequency domain method.

HR analysis (calculation procedure 508)

[0071] The heart rate may be calculated according to the description given above in relation to HRV analysis. The
parameter value may be calculated to represent, e.g., the average heart rate over a predetermined time period (e.g.
within one evaluation segment, or over a number of evaluations segments), and/or the instantaneous heart rate.

Ectopic beat analysis (calculation procedure 514)

[0072] Theectopicbeatanalysis 514 mayinvolve one or more calculation procedures 602, 604, 606, 608, as exemplified
in Fig. 6. The calculation procedure 602 involves a process of correcting the ectopic beats in the evaluation segment,
and a process of performing a heart rate variability (HRV) analysis of the heart pulses in the thus-corrected evaluation
segment. The HRV analysis may be performed according to the calculation procedure 506 described above. The cal-
culation procedure 604 also involves the process of correcting the ectopic beats in the evaluation segment, and a process
of performing a heart rate (HR) analysis of the heart pulses in the thus-corrected evaluation segment. The HR analysis
may be performed according to the calculation procedure 508 described above. The calculation procedure 606 involves
an ectopic beat count (EBC) analysis of the ectopic pulses in the evaluation segment. The calculation procedure 608
involves a heart rate turbulence (HRT) analysis based on the ectopic pulses in the evaluation segment.

[0073] Below, the ectopic beat correction of calculation procedures 602 and 604, as well as the calculation procedures
606 and 608, are exemplified in further detail.

Ectopic beat correction (calculation procedures 602, 604)

[0074] The presence of ectopic beats perturbs the impulse pattern initiated by the sinoatrial node, thus introducing
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errors in HRV and HR analyses. The errors consist of impulse-like artefacts in the RR interval series, introduced by the
RR intervals adjacent to an ectopic beat. Prolonged RR intervals, missed or falsely detected beats introduce similar
impulse-like artefacts in the RR interval series, and implies that such RR intervals neither may be used for HRV or HR
analysis. Since ectopic beats may occur in both normal subjects and patients with heart disease, their presence represents
an error source which should be dealt with before spectral or time domain analysis of the heart pulses in the evaluation
segment. If not dealt with, the analysis of an RR interval series containing ectopic beats may result in a power spectrum
with spurious frequency components. A number of techniques have been developed which deal with the presence of
ectopic beats, all techniques conforming to the restriction that only evaluation segments with occasional ectopic pulses
should be processed. Evaluation segments containing frequent ectopic pulses or, worse, runs of ectopic pulses, perturb
the underlying sinus rhythm and should therefore be excluded from further analysis. A simplistic approach to the correction
of an occasional ectopic beat is to delete the aberrant RR intervals from the series of RR intervals. However, interval
deletion does not try to fill in the interval variation that should have been present, had no ectopic beat occurred, and, as
a result, the "corrected" interval series remains less suitable for HRV and HR analysis. Interval deletion may, however,
be successfully employed in time domain methods, since time domain methods usually do not use variations on a beat-
to-beat level.

[0075] Other techniques for ectopic beat correction strive to reproduce the interval variation that should have been
present, had no ectopic beat occurred. Interpolation is often used in order to correct for the presence of ectopic beats
in the non-model based methods mentioned above, e.g., the heart rate signal. In this correction technique, some kind
of interpolation is performed over the gap caused by the ectopic beat in order to obtain values that align with the adjacent
values of normal heart pulses. A low order interpolation is usually employed, in which interpolation is performed in an
interval covering the disrupted signal values adjacent to the ectopic beat. Compensation for the presence of an ectopic
beat may also be obtained in the above-mentioned IPFM-based method.

[0076] Thus, it should be understood that the ectopic beat correction operates to generate secondary timing data
which typically differs from the primary timing data (cf. step 304 in Fig. 3), since the influence of ectopic beats is eliminated
or at least reduced.

EBC analysis (calculation procedure 606)

[0077] Ectopic beats may be analyzed in terms of how frequently they occur, solely requiring that their occurrence
times are available. Their occurrence times are given by the classification data (which identifies the ecotopic heart pulses)
in combination with the secondary timing data (which identifies the occurrence time of each heart pulse).

[0078] The EBC analysis may detect changes in the behavior of the occurrence times of the ectopic beats, i.e., changes
in the intensity. Since the instantaneous intensity of the ectopic beats may be associated with a large variance, the mean
intensity over a time window may be used as a parameter. The analysis is then performed by sliding the time window
over the evaluation segment. If a fixed intensity is assumed within the time window, a blockwise updated trend describing
the intensity of ectopic beats may be obtained.

[0079] The easiest way to measure the intensity of ectopic beats within a window would simply be to count the number
of ectopic beats present within that window.

[0080] Another parameter that represents the intensity of ectopic beats may be obtained by modelling the occurrence
times by a random point process, or a counting process which describes the number of ectopic beats until a given time
(i.e., the integral of the point process). The counting process may be modelled by a least informative statistical distribution,
namely, the Poisson process. Accordingly, the interval lengths between successive occurrence times will be independent
of each other and completely characterized by an exponential probability density function (PDF) with an intensity pa-
rameter. The maximum likelihood estimate (MLE) of this intensity parameter may be derived, which will represent the
intensity of the ectopic beats.

HRT analysis (calculation procedure 608)

[0081] The short-term fluctuation in heart rate which follows a ventricular ectopic beat (VEB) is referred to as heart
rate turbulence (HRT). In normal subjects, the heart rate first increases and then decreases to baseline, immediately
after a VEB. The increase in heart rate is hypothesized to be due to compensation of the sudden drop in blood pressure
induced by the VEB and subsequently sensed by the baroreceptors. Once blood pressure is restored, the heart rate
returns to baseline in order to maintain the blood pressure. The subject’s ability to recover from a local decrease in blood
pressure is reflected by the strength of turbulence. The spectral content of HRT is typically in the LF band (0.04-0.15
Hz), since the LF band is affected by the baroreceptor reflex and a blood pressure peak often appears around 0.1 Hz.
The absence of HRT reflects autonomic dysfunction. It has been demonstrated that HRT is a powerful predictor of
mortality after acute myocardial infarction. The analysis of HRT offers considerable potential in other areas as well, e.g.,
congestive heart failure, diabetes mellitus, and hypotension in hemodialysis patients.
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[0082] Several parameters for HRT characterization have been presented of which turbulence onset (TO) and turbu-
lence slope (TS) are, by far, the most commonly employed. Fig. 8 is an RR interval tachogram for a normal subject,
wherein beat numbers 3 and 4 are the shortened and prolonged RR intervals induced by a VEB (the coupling interval
and the compensatory pause). In Fig. 8, the two HRT parameters TO and TS are also illustrated.

[0083] The parameter TO is a measure of the initial acceleration in heart rate and TS is a measure of the deceleration
of heart rate back to baseline. The parameter TO is the relative change of RR intervals enclosing a VEB, defined by the
relative difference of the averages of the two normal RR intervals before and after the VEB. Since TO measures the
relative change in RR intervals, negative values of TO imply heart rate acceleration following the VEB, whereas positive
values imply heart rate deceleration. The parameter TS is defined by the steepest slope observed over 5 consecutive
RR intervals in the first 15 RR intervals following the VEB, see Fig. 8. Prior to computation of TO and TS, an average
RR interval tachogram is determined from available VEBs. Several studies have shown that TS is clinically more powerful
than TO, e.g., as a predictor of mortality after acute myocardial infarction. However, TS has certain drawbacks. First,
TS is overestimated at low signal-to-noise ratios (SNRs), i.e., when few VEBs are used for averaging or when the
underlying HRV is considerable. Second, TS leads to structural correlation between HRT and heart rate. A low heart
rate produces large TS, and, conversely, a high heart rate produces small TS, due to the very definition of TS.

[0084] Besides TO and TS, several other HRT parameters have been presented of which the majority are closely
related to TO and TS, such as combined TO and TS analysis, and an adjusted TS parameter with respect to either heart
rate or the number of averaged beats. Furthermore, the first beat number of the 5 RR interval sequence from which TS
is determined (i.e., where the steepest slope of RR intervals is observed) is denoted turbulence timing. The correlation
coefficient of TS is defined as the correlation coefficient of the regression line fitted to the 5 RR intervals of TS. Other
parameters are the turbulence jump, defined as the maximum difference between adjacent RR intervals, and the turbu-
lence dynamics, quantifying the correlation between TS and heartrate. Yet another parameter is the turbulence frequency
decrease that results from fitting a sine function to the RR intervals following the compensatory pause. The relationship
between HRT and heart rate has been analyzed, where several studies have shown a correlation between them; low
heart rate associated with large HRT, and high heart rate with small HRT. This correlation may be due to that the degree
of blood pressure reduction induced by a VEB is influenced by heart rate. The relationship between HRT and heart rate
has been suggested to have diagnostic value when quantified as turbulence dynamics, i.e., the steepness of the corre-
lation; strong correlation is considered healthy.

[0085] Furthermore, a generalized likelihood ratio test (GLRT) statistic has been proposed for detection and charac-
terization of heart rate turbulence (HRT), where a set of Karhunen-Loeve basis functions models HRT. The detector
structure is based on an extended integral pulse frequency modulation (IPFM) model which accounts for the presence
of ectopic beats and HRT. In one variant, the test statistic takes a priori information regarding HRT shape into account,
whereas another variant uses a GLRT detector that relies solely on the energy contained in the signal subspace.

Heart shape analysis of average representation (calculation procedure 516)

[0086] As noted in relation to Fig. 5, the heart shape analysis may be performed on either an average representation
of normal heart pulses or an average representation of ectopic heart pulses.

Average representation of normal heart pulses

[0087] The average shape of the normal heart pulses may, e.g., be used in order to determine arterial stiffness, and/or
degree of calcification, and/or flow rate.

Arterial stiffness:

[0088] The heart pulse waveform has two phases: the rising and falling edges of the pulse (the anacrotic and catacrotic
phases). Systole is mainly associated with the first phase, while the second phase is associated with diastole and wave
reflections from the periphery. Subjects with healthy compliant arteries usually have a dicrotic notch in the catacrotic
phase. Fig. 9(a) is a plot of a normalized average heart pulse of a young healthy person, exhibiting a dicrotic notch. It
has been shown in healthy subjects that the process of hardening/stiffening of the arteries may start from around the
first or second decades of life, and may be accelerated by medical conditions including renal disease and diabetes
mellitus. Arterial stiffness is associated with hypertension, a risk factor for stroke and heart disease. A common cause
of death in renal patients is sudden cardiac death, where coronary artery disease is the predominant cause. Stiffening
of the arteries cause the dicrotic notch and higher harmonic frequencies in the heart pulse signal to be diminished. Thus,
vascular ageing causes a triangulation in the normalized heart pulse shape. This is illustrated in Fig. 9(b) which is a plot
of a normalized average heart pulse of an old renal patient.

[0089] Clearly, parameter values may be calculated based on shape of the average heart pulse to represent the degree
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of arterial stiffness.
Calcification:

[0090] In dialysis patients calcification is a common co-morbidity. There is a high correlation between calcification and
arterial stiffness, since calcification may cause arterial stiffness. Thus, parameter values representing arterial stiffness
may also be used to represent the degree of calcification.

Stenosis:

[0091] Thereis a correlation between calcification/arterial stiffness and stenosis. Thus, parameter values representing
arterial stiffness may also used to indicate an elevated risk for stenosis, e.g. in the blood vessel access.

Cardiovascularflow rate:

[0092] Monitoring of cardiovascular flows may provide numerous benefits, in particular in connection with extracor-
poreal treatments. One cardiovascular flow is cardiac output, which is the quantity of blood pumped each minute by the
heart into the aorta, i.e. the total blood flow in the circulation of the subject. Monitoring of cardiac output may e.g. be
beneficial in connection with dialysis since water removal, i.e. ultrafiltration, during dialysis may reduce cardiac output,
which may lead to an increased risk for the subject undergoing the treatment to suffer from hypotension. The reason is
that cardiac output depends on the venous blood flow returning to the heart, which in turn may decrease as the total
blood volume decreases (relative blood volume reduction) after running ultrafiltration at higher rate compared to the
vascular refill rate.

[0093] Continuous or intermittent measurement of cardiac output may be important in adjusting the ultrafiltration rate
properly to reduce the risk for hypotension. In addition, variation in cardiac output between treatments or over longer
periods may be an indication of a heart condition, which may call for further medical investigation. Additionally, provided
that other properties of the cardiovascular system remain constant over time, e.g. no stenosis formation, a calibration
of the cardiac output measurement may remain valid and be used for monitoring of long-term changes in cardiac output.
[0094] Another cardiovascular flow is access flow, which is the flow of blood that passes the blood vessel access.
Access flow measurement may be important for the clinician to determine if a blood vessel access of a dialysis patient
is capable of providing sufficient blood flow to allow adequate dialysis treatment. Normally, access flow measurements
are conducted regularly, e.g. once a month, using specialized equipment, in order to detect low values or declining
trends. Such indications may urge the physician to perform an access intervention by angioplasty or surgery to alleviate
the situation.

[0095] The presentAssignee hasfound that pressure variations in the extracorporeal circuit may be caused by pressure
and flow variations in the cardiovascular system. Thus, variations in e.g. cardiac output and access flow both cause
variations in the heart pulses in the evaluation segment, e.g. manifested as variations in amplitude, shape and phase.
Hence, by monitoring pressure variations in the extracorporeal circuit and relating these variations to relevant cardio-
vascular relationships, a parameter value representing a particular cardiovascular flow rate may be determined. These
variations may be monitored for individual normal heart pulses in the evaluation segment, but may also be identified in
the average representation.

[0096] For example, it has been found that the cardiovascular flow rate selectively affects the damping and delay of
the frequency components of the heart pulses, and thereby the shape of the normal heart pulses. Thus, a parameter
value indicative of the cardiovascular flow rate may be obtained by mapping the average representation of the normal
heart pulses against a set of predetermined heart signal profiles, each representing a particular cardiovascular flow rate.
Alternatively, the parameter value may be derived from the magnitude (e.g. maximum amplitude) of the average repre-
sentation, since the magnitude may be proportional to the cardiovascular flow rate.

[0097] In addition to the above description, reference is also made to U.S. provisional application No. 61/290,319,
entitled "Device and method for monitoring a fluid flow rate in a cardiovascular system", which was filed on 28 December
20009.

Average representation of ectopic heart pulses

[0098] The average shape of the ectopic heart pulses may, e.g., be used in order to determine the origin of the ectopic
beat, and/or arterial stiffness, and/or degree of calcification, and/or flow rate.
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Origin of ectopic beat:

[0099] The shape of the averaged ectopic pulse may be used to identify the origin of the ectopic beat, since the shape
of the ectopic pulse is known to vary considerably depending on the source of the ectopy. There is generally a greater
similarity in shape between a supraventricular ectopic pulse (an ectopic pulse which originates from the atria) and a
normal heart pulse, than between a ventricular ectopic pulse (an ectopic pulse which originates from the ventricle) and
a normal heart pulse. Furthermore, the shape of different ventricular ectopic pulses may also vary depending on where
in the ventricle the ectopic beat is initiated. The origin of the ectopic pulse may be determined according to the above-
described classification techniques based on shape data. From a medical point of view it may be important to know the
origin of the ectopic beat. Depending on the origin, different decisions (e.g., medication, surgery, follow-up, continue
with additional testing) may be taken in order to assure patient well-being.

Arterial stiffness:

[0100] Like for normal heart pulses, the shape of the averaged ectopic heart pulse may change depending on the
stiffness of the arteries. The change in shape is similar to that of the average normal heart pulses, i.e., the higher harmonic
frequencies in the ectopic heart pulse signal may be diminished with increasing arterial stiffness.

Calcification:

[0101] There is a high correlation between calcification and arterial stiffness, since calcification may cause arterial
stiffness. Thus, parameter values representing arterial stiffness may also used to represent the degree of calcification.

Stenosis:

[0102] Thereis a correlation between calcification/arterial stiffness and stenosis. Thus, parameter values representing
arterial stiffness may also used to indicate an elevated risk for stenosis, e.g. in the blood vessel access.

Cardiovascular flow rate:

[0103] Like for normal heart pulses, the amplitude, shape and phase of the ectopic heart pulses may change depending
on the flow rate. Thus, these cardiovascular properties may be assessed based on the average representation of ectopic
heart pulses in the same way as for normal heart pulses, although possibly based on different criteria.

Ill. SIGNAL PROCESSING OF PRESSURE SIGNAL

[0104] This Section describes differenttechniques for removing/suppressing pump pulses in a pressure signal obtained
by sampling measurement data from a pressure wave sensor in an apparatus such as the dialysis machine in Fig. 1.
Still further, as explained above, more than one physiological phenomenon in the patient may give rise to pressure
pulses in the pressure signal. Such physiological phenomena include the breathing system, the autonomous system for
blood pressure regulation and the autonomous system for body temperature regulation. In certain situations, it may thus
be desirable to process the pressure signal for isolation of heart pulses among other physiological pulses.

[0105] Fig. 10 is a flow chart that illustrates steps of a signal analysis process 1000 according to an embodiment of
the present invention. ltis initiated by acquiring a pressure signal, step 1001, e.g. from the venous or the arterial pressure
sensor (4a, 4cin Fig. 1), comprising a number of pressure wave-induced signal components. The signal analysis process
may be divided into a number of main steps: a pre-processing step 1002, a signal extraction step 1003 and an analysis
step 1004. The pre-processing step 1002 includes elimination or reduction of signal noise, such as offset, high frequency
noise and supply voltage disturbances. The signal extraction step 1003 may conceptually be separated into two sub-
steps: an elimination or reduction of pressure artefacts (pump pulses) originating from pulse generators in (or associated
with) the extracorporeal fluid system (step 1003’) and an isolation of pressure data originating from heartbeats (step
1003"). In the context of the present disclosure, the signal extraction step 1003 denotes a process of generating a time-
dependentsignal (also denoted "monitoring signal" herein) which is free or substantially free from any unwanted pressure
modulations.

[0106] It should be noted that the steps 1002, 1003’, 1003" may be executed in any order, and also that the functionality
of one step may be included in another step. For example, all or part of the elimination of signal noise and signal offset
(i.e. step 1002), as well as all or part of the elimination of pressure artefacts (step 1003’), may be included in the algorithms
for pressure data isolation (step 1003"). For instance, the pressure signal may be band-pass filtered or low-pass filtered
to isolate the heart pulses in a way such that signal noise and/or signal offset and/or pressure artefacts are eliminated
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from the pressure signal. Furthermore, any of steps 1002, 1003’ and 1003" may be omitted, depending on the amount
of signal interference and the required quality of the resulting monitoring signal.

[0107] In the analysis step 1004, a dedicated signal analysis algorithm is applied for extraction of a parameter value,
e.g. as described in Section Il above. Thus, step 1004 may correspond to steps 302-310 in Fig. 3. In step 1005, which
corresponds to step 312 in Fig. 3, the parameter value is output.

[0108] In the following, different embodiments of the signal extraction step 1003 will be exemplified and described in
further detail.

Elimination of artefacts (step 1003’)

[0109] In the simplest case, no pump or other source of pressure artefacts is present in the extracorporeal circuit 20
(Fig. 1) connected to the patient during the data acquisition. For instance, the blood pump 3 may have been shut down.
In such a case, step 1003’ may be omitted.

[0110] Inthe general case, however, one or more pumps are running or other sources of cyclic or non-cyclic, repetitive
or non-repetitive artefacts are present during the data acquisition. Information on cyclic disturbances may be known
from external sources, e.g. other sensors (e.g. the pump sensor 26 in Fig. 1), or may be estimated or reconstructed from
system parameters.

[0111] Cyclic pressure artefacts may originate from operating one or more blood pumps, and further pumps such as
pumps for dialysis fluid, repetitive actuation of valves, and movements of membranes in balancing chambers. According
to the findings in connection with the present invention, artefacts may also originate from mechanical resonance of
system components such as swinging movements of bloodlines energized by e.g. a pump. Frequencies of bloodline
movements are given by the tube lengths and harmonics thereof and by the beating between any frequencies involved,
i.e. between different self-oscillations and pump frequencies. These frequencies may differ between the venous and
arterial lines. Mechanical fixation of the bloodlines and other free components may remedy the problem of mechanical
resonance. Alternatively, an operator may be instructed to touch or jolt the blood lines to identify natural frequencies
associated with the blood lines, which information may be used in the analysis for improved removal of components not
belonging to the pressure data of interest.

[0112] Examples of non-cyclic artefacts are subject movement, valve actuation, movements of tubing, etc.

[0113] Elimination of artefacts may, e.g., be provided by:

Controlling a pulse generator in the extracorporeal fluid system, such as a pump

o By temporarily shutting down the pulse generator;
o Shifting the pulse generator frequency;

- Low pass, band pass or high pass filtering;
Spectral analysis and filtering in the frequency domain;
- Time domain filtering.

Controlling a pulse generator

[0114] Artefacts from a pulse generator, such as a pump, in the extracorporeal circuit may be avoided by temporarily
shutting down (disabling) the pulse generator, or by shifting the frequency of the pulse generator away from the frequencies
of the heartbeats.

[0115] A feedback control with respect to the heart rate, e.g. obtained from a dedicated pulse sensor attached to the
patient or obtained via the HR analysis in one or more preceding iterations of the heart pulse analysis (cf. Fig. 3 in
combination with calculation procedure 508 in Fig. 5 or calculation procedure 604 in Fig. 6), may be used to set the
pump frequency optimally for detection of heart pulses. Hence, the control unit 23 of Fig. 1 may be operated to control
the pump frequency in order to facilitate the detection of the heart pulses, e.g. the pump frequency may be controlled
to minimize any overlap in frequency between the pump pulses and the heart pulses. For example, the pump frequency
may be periodically increased and decreased around the overlap frequency, so as to maintain the overall blood flow
rate. In a variant, the pump frequency is instead controlled so as to synchronize the rate of pump pulses with the rate
of heart pulses while applying a phase difference between the pump pulses and the heart pulses. Thereby, the pump
pulses and the heart pulses will be separated in time, and the heart pulses may be detected in the time domain, even
without removal of the pump pulses. The phase difference may be approximately 180°, since this may maximize the
separation of the pump pulses and the heart pulses in the time domain. This so-called phase-locking technique may be
activated when it is detected that the rate of heart pulses approaches the rate of pump pulses, or vice versa.

[0116] In one embodiment, the surveillance device 25 operates as master and is thus able to instruct the control unit
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23 to shift frequency of the blood pump 3 or temporarily shut down the blood pump 3. In another embodiment, the control
of the blood pump 3 is executed independently of the surveillance device 25, e.g. by the control unit 23 or another
controller in the dialysis machine, which triggers the surveillance device 25 to execute the signal analysis process 1000
on the pressure signal when the blood pump 3 has been appropriately controlled.

Applying low pass, band pass or high pass filters

[0117] The inputsignal to step 1003’ may be fed into a filter, e.g. digital or analog, with frequency characteristics, such
as frequency range and/or centre of frequency range, matched to the frequencies generated by a pulse generator, such
as the blood pump 3 (Fig. 1), in the extracorporeal circuit. For instance, in a case where the blood pump operates within
the frequency range of 1 Hz, a suitable low pass filter may be applied in order to remove pressure artefacts above 1 Hz
while retaining frequency components of the heart pulses below 1 Hz. Correspondingly, a high pass filter may be applied
to retain frequency components of the heart pulses above a frequency of the pulse generator. Alternatively, one or more
notch filters or the like may be utilised to remove/attenuate frequencies in one or more confined ranges.

Spectral analysis and filtering in the frequency domain

[0118] The input signal to step 1003’ may be subjected to spectral analysis, e.g. by applying a Fourier transformation
technique, such as FFT (Fast Fourier Transform) to convert the input signal into the frequency domain. The resulting
energy spectrum (amplitude spectrum) may then be multiplied by an appropriate filter function and then re-transformed
into the time domain. There are many alternative and equivalent filtering techniques available to the skilled person.

Time domain filtering

[0119] Artefact elimination by filtering in the time domain is further disclosed and exemplified below in Sections IV and
V. In addition to Sections IV and V, reference is also made to WO2009/156175.

[0120] By filtering the pressure signal in the time domain, it is possible to essentially eliminate artefacts, even if the
artefacts and heart pulses overlap or nearly overlap in the frequency domain, and even if the heart pulses are much
smaller in amplitude than the artefacts. By "essentially eliminating" is meant that the artefacts are removed from the
pressure signal to such an extent that the heart pulses can be detected and analysed for the purpose of monitoring a
cardiovascular property of the patient.

[0121] A frequency overlap is not unlikely, e.g. if one or both of the artefacts and the heart pulses is made up of a
combination of frequencies or frequency ranges.

[0122] Furthermore, the frequency, amplitude and phase content of the artefacts and the heart pulses may vary over
time. For example, such variations are known occur in the heart rhythm, as explained in Section Il above.

[0123] Any frequency overlap may make it impossible or at least difficult to remove artefacts by conventional filtering
in the frequency domain. Furthermore, frequency variations may make it even harder to successfully remove artefacts,
since the frequency overlap may vary over time. Even in the absence of any frequency overlap, frequency variations
may make it difficult to define filters in the frequency domain.

[0124] Still further, the time domain filtering may make it possible to remove artefacts for individual heart pulses, and
may thus improve the response time compared to filtering in the frequency domain, which may need to operate on a
sequence of artefacts and heart pulses in the pressure signal.

Isolating pressure data from a heart beat (step 1003")

[0125] Isolating pressure data originating from one or more heart beats may be provided by any or a combination of:

- Low pass, band pass or high pass filtering;
- Spectral analysis and filtering in the frequency domain; or
- Time domain filtering.

Applying low pass, band pass or high pass filters

[0126] Theinput signal to step 1003" may be fed into a filter, e.g. digital or analog, with frequency characteristics, such
as frequency range and/or centre of frequency range, matched to the frequencies of the heart pulses. Typically such
filtering may pass frequencies in the range of about 0.5-3 Hz.

[0127] According to an alternative, the surveillance device 25 is configured to set the cut-off frequency or frequencies
of the filter, at least in part, based on patient-specific information, i.e. existing data records for the patient, e.g. obtained
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in earlier treatments of the same patient. The patient-specific information may be stored in an internal memory of the
surveillance device 25, on an external memory which is made accessible to the surveillance device, or on a patient card
where the information is e.g. transmitted wirelessly to the surveillance device, e.g. by RFID (Radio Frequency IDentifi-
cation).

Spectral analysis and filtering in the frequency domain

[0128] The input signal may be subjected to spectral analysis, e.g. by applying a Fourier transformation technique,
such as FFT (Fast Fourier Transform) to convert the input signal into the frequency domain. The resulting energy
spectrum (amplitude spectrum) may then be multiplied by an appropriate filter function and then re-transformed into the
time domain. There are many alternative and equivalent filtering techniques available to the skilled person.

Time domain filtering

[0129] Pressure data originating from heartbeats may be extracted as an error signal of an adaptive filter. The adaptive
filter is fed with both the input signal and a predicted signal profile of a cyclic disturbance. The cyclic disturbance may
be one or more pressure pulses from any other physiological phenomenon (e.g. breathing). Particularly, a reconstructed
pressure profile originating from the breathing system of the patient may be input to the adaptive filter. This and other
time domain filtering techniques for removing unwanted signal components from a measurement signal is further dis-
closed and exemplified in Section V below. Although Section V is concerned with eliminating pressure artefacts originating
from a pulse generator in an extracorporeal circuit, such as a pumping device, it is equally applicable for eliminating e.g.
pulses originating from unwanted physiological phenomena, as long as a predicted signal profile of the unwanted pulses
may be obtained. The skilled person realizes that such a predicted signal profile may be obtained in ways equivalent to
those described in Section IV below. Such ways include using a signal profile which is fixed and predetermined, e.g. by
simulation or reference measurement, using a signal profile which is intermittently updated based on reference meas-
urements, using a signal profile which is obtained from a reference library based on one or more current system parameter
values, and using a signal profile which is obtained by modifying a predetermined profile based on one or more current
system parameter values. The system parameter values may relate to a rate of heart/breathing pulses.

IV. OBTAINING A PUMP PROFILE

[0130] This Section describes different embodiments for predicting or estimating the signal profile of pump pulses in
any one of the system configurations discussed herein. The predicted signal profile is typically given as a series of
pressure values over a period of time normally corresponding to at least one complete pump cycle (pump stroke) of the
blood pump 3.

[0131] Fig. 11 illustrates an example of a predicted signal profile u(n) for the system in Fig. 1, and specifically for the
pressure signal obtained from the venous pressure sensor 4c. Since the blood pump 3 is a peristaltic pump, in which
two rollers 3a, 3b engage a tube segment during a full revolution of the rotor 3’, the pressure profile consists of two pump
strokes. The pump strokes may result in different pressure values (pressure profiles P1, P2), e.g. due to slight differences
in the engagement between the rollers 3a, 3b and the tube segment, and thus it may be desirable for the predicted signal
profile to represent both pump strokes. If a lower accuracy of the predicted signal profile may be tolerated,e.g. if the
output of the subsequent removal process (see Section V) is acceptable, the predicted signal profile might represent
one pump stroke only.

[0132] On a general level, the predicted signal profile may be obtained in a reference measurement, through mathe-
matical simulation of the fluid system, or combinations thereof.

Reference measurement

[0133] A first main group of methods for obtaining the predicted signal profile is based on deriving a time-dependent
reference pressure signal ("reference signal") from a pressure wave sensor in the system, typically (but not necessarily)
from the same pressure wave sensor that provides the measurement signal (pressure signal) that is to be processed
for removal of pump pulses. During this reference measurement, the heart pulses are prevented from reaching the
relevant pressure wave sensor, by isolating the pressure wave sensor from the pulse waves generated by the heartbeats.
For example, the reference measurement may be carried out during a priming phase, in which the extracorporeal circuit
20 is detached from the patient and a priming fluid is pumped through the bloodlines. Alternatively, the reference meas-
urement may be carried out in a simulated treatment with blood or any other fluid. Optionally, the reference measurement
may involve averaging a plurality of pump pulses to reduce noise. For example, a plurality of relevant signal segments
may be identified in the reference signal, whereupon these segments are aligned to achieve a proper overlap of the
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pump pulses in the different segments and then added together. The identifying of relevant signal segments may be at
least partially based on timing information ("pump pulse timing") which indicates the expected position of each pump
pulse in the reference signal. The pump pulse timing may be obtained from a trigger point in the output signal of the
pump sensor 26, in a control signal of the control unit 23, or in the pressure signal from another one of the pressure
sensors 4a-4c. For example, a predicted time point of a pump pulse in the reference signal may be calculated based
on a known time delay between the trigger point and the pressure sensor that generates the reference signal. In variant,
if the pump pulses are periodic, relevant signal segments may be identified by identifying crossing points between the
reference signal and a given signal level, wherein the relevant signal segments are identified to extend between any
respective pairs of crossing points.

[0134] In a first embodiment, the predicted signal profile is directly obtained in a reference measurement before the
extracorporeal circuit 20 is connected to the patient, and is then used as input to the subsequent removal process, which
is executed during the monitoring process (e.g. the heart pulse analysis in Fig. 3). In this embodiment, it is thus assumed
that the predicted signal profile is representative of the pump pulses when the extracorporeal circuit 20 is connected to
the patient. Suitably, the same pump frequency/speed is used during the reference measurement and during the mon-
itoring process. It is also desirable that other relevant system parameters are maintained essentially constant.

[0135] Fig. 12 is a flow chart of a second embodiment. In the second embodiment, a reference library or database is
first created based on the reference measurement (step 1201). The resulting reference library is typically stored in a
memory unit, e.g. RAM, ROM, EPROM, HDD, Flash, etc (cf. DB in Fig. 4) in the surveillance device 25. During the
reference measurement, reference pressure signals are acquired for a number of different operational states of the
extracorporeal circuit. Each operational state is represented by a unique combination of system parameter values. For
each operational state, a reference profile is generated to represent the signal profile of the pump pulses. The reference
profiles together with associated system parameter values are then stored in the reference library, which is implemented
as a searchable data structure, such as a list, look-up table, search tree, etc.

[0136] During the actual monitoring process, i.e. when pump pulses are to be eliminated from the pressure signal,
current state information indicating the current operational state of the extracorporeal circuit 20 is obtained from the
system, e.g. from the pump sensor 26, the control unit 23 or otherwise (step 1202). The current state information may
include a current value of one or more system parameters. The current value is then matched against the system
parameter values in the reference library. Based on the matching, one or more reference profiles are selected (step
1203) and used for preparing the predicted signal profile (step 1204).

[0137] Generally, the aforesaid system parameters represent the overall system state, including but not limited to the
structure, settings, status and variables of the dialysis machine or its components. In the system of Fig. 1, exemplary
system parameters may include:

Pump-related parameters: number of active pumps connected directly or indirectly (e.g. in a fluid preparation system
for the dialyser) to the extracorporeal circuit, type of pumps used (roller pump, membrane pump, etc), flow rate,
revolution speed of pumps, shaft position of pump actuator (e.g. angular or linear position), etc

Dialysis machine settings: temperature, ultrafiltration rate, mode changes, valve position/changes, etc

Disposable dialysis equipment/material: information on pump chamber/pump segment (material, geometry and wear
status), type of bloodline (material and geometry), type of dialyser, type and geometry of access devices, etc
Dialysis system variables: actual absolute pressures of the system upstream and downstream of the blood pump,
e.g. venous pressure (from sensor 4c), arterial pressure (from sensor 4a) and system pressure (from sensor 4b),
gas volumes trapped in the flow path, blood line suspension, fluid type (e.g. blood or dialysis fluid), etc

Patient status: blood access properties, blood properties such as e.g. hematocrit, plasma protein concentration, etc

[0138] It is to be understood that any number or combination of system parameters may be stored in the reference
library and/or used as search variables in the reference library during the monitoring process.

[0139] In the following, the second embodiment will be further explained in relation to a number of examples. In all of
these examples, the pump revolution frequency ("pump frequency"), or a related parameter (e.g. blood flow rate) is used
to indicate the current operational state of the extracorporeal circuit 20 during the monitoring process. In other words,
the pump frequency is used as search variable in the reference library. The pump frequency may e.g. be given by a set
value for the blood flow rate output from the control unit 23, or by an output signal of the pump sensor 26. Alternatively,
the pump frequency may be obtained by frequency analysis of the pressure signal from any of the sensors 4a-4c (Fig.
1) during operation of the fluid system. Such frequency analysis may be achieved by applying any form of harmonics
analysis to the pressure signal, such as Fourier or wavelet analysis. As indicated in Fig. 2(b), the base frequency f; of
the pump may be identified in a resulting power spectrum.

[0140] Inthe following, three examples are given of techniques for generating the predicted signal profile by accessing
such a reference library.

[0141] In a first example, the reference profiles stored in the reference library are temporal profiles. The reference
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library is searched for retrieval of the reference profile that is associated with the pump frequency that lies closest to the
current pump frequency. If no exact match is found to the current pump frequency, an extrapolation process is executed
to generate the predicted signal profile. In the extrapolation process, the retrieved reference profile is scaled in time to
the current pump cycle, based on the known difference ("pump frequency difference") between the current pump fre-
quency and the pump frequency associated with the retrieved reference profile. The amplitude scale may also be adjusted
to compensate for amplitude changes due to pump frequency, e.g. based on a known function of amplitude as a function
of pump frequency. Fig. 13 illustrates a reference profile r;(n) obtained at a flow rate of 470 ml/min, and a predicted
signal profile u(n) which is obtained by scaling the reference profile to a flow rate of 480 ml/min. For comparison only,
a reference profile ry.,4(n) obtained at 480 ml/min is also shown, to illustrate that extrapolation process indeed may
yield a properly predicted signal profile.

[0142] In a second example, the reference profiles stored in the reference library are temporal profiles. The reference
library is again searched based on current pump frequency. If no exact match is found to the current pump frequency,
a combination process is executed to generate the predicted signal profile. Here, the reference profiles associated with
the two closest matching pump frequencies are retrieved and combined. The combination may be done by re-scaling
the pump cycle time of the retrieved reference profiles to the current pump frequency and by calculating the predicted
signal profile via interpolation of the re-scaled reference profiles. For example, the predicted signal profile u(n) at the
current pump frequency v may be given by:

un) = g(v-vi) - rin) + (1- g(v-vi)) - ri(n),

wherein rj(n) and rj(n) denotes the two retrieved reference profiles, obtained at a pump frequency v; and v;, respectively,
after re-scaling to the current pump frequency v, and g is a relaxation parameter which is given as a function of the
frequency difference (v - v;), wherein v;< v<v;and 0 < g < 1. The skilled person realizes that the predicted signal profile
u(n) may be generated by combining more than two reference profiles.

[0143] Fig. 14(a) illustrates a predicted signal profile u(n) at a current flow rate of 320 ml/min for a pressure signal
obtained from the venous sensor 4c in the system of Fig. 1. The predicted signal profile u(n) has been calculated as an
average of a reference profile ry(n) obtained at a flow rate of 300 ml/min from the venous sensor and a reference profile
ro(n) obtained at a flow rate of 340 mi/min from the venous sensor. For comparison only, a reference profile ryqp,4/(n)
obtained at 320 ml/min is also shown, to illustrate that the combination process indeed may yield a properly predicted
signal profile. In fact, the differences are so small that they are only barely visible in the enlarged view of Fig. 14(b).
[0144] The first and second examples may be combined, e.g. by executing the extrapolation process of the first
example if the pump frequency difference is less than a certain limit, and otherwise executing the combination process
of the second example.

[0145] In a third embodiment, like in the second embodiment shown in Fig. 12, a number of reference signals are
acquired in the reference measurement, wherein each reference signal is obtained for a specific combination of system
parameter values. The reference signals are then processed for generation of reference spectra, which are indicative
of the energy and phase angle as function of frequency. These reference spectra may e.g. be obtained by Fourier
analysis, or equivalent, of the reference signals. Corresponding energy and phase data are then stored in a reference
library together with the associated system parameter values (cf. step 1201 in Fig. 12). The implementation of the
reference library may be the same as in the second embodiment.

[0146] During the actual monitoring process, i.e. when pump pulses are to be eliminated from the pressure signal, a
current value of one or more system parameters is obtained from the extracorporeal circuit (cf. step 1202 in Fig. 12).
The current value is then matched against the system parameter values in the reference library. Based on the matching,
a specific set of energy and phase data may be retrieved from the reference library to be used for generating the predicted
signal profile (cf. step 1203 in Fig. 12). The predicted signal profile may be temporal and may be generated by adding
sinusoids of appropriate frequency, amplitude and phase, according to the retrieved energy and phase data (cf. step
1204 in Fig. 12).

[0147] Generally speaking, without limiting the present disclosure, it may be advantageous to generate the predicted
signal profile from energy and phase data when the pump pulses (to be removed) contain only one or a few base
frequencies (and harmonics thereof), since the predicted signal profile may be represented by a small data set (containing
energy and phase data for the base frequencies and the harmonics). One the other hand, when the power spectrum of
the pump pulses is more complex, e.g. a mixture of many base frequencies, it may instead be preferable to generate
the predicted signal profile from one or more temporal reference profiles.

[0148] Fig. 15(a) represents an energy spectrum of a reference signal acquired at a flow rate of 300 ml/min in the
system of Fig. 1. In this example, the reference signal essentially consists of a basic pump frequency at 1.2 Hz (f, first
harmonic) and a set of overtones of this frequency (second and further harmonics). Compared to the power spectrum
of Fig. 2(b), the pressure signals used for generating the graphs in Fig. 15(a)-15(d) do not contain any significant frequency
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component at 0.5f; and its harmonics. The graph in Fig. 15(a) displays the relative energy distribution, wherein the
energy values have been normalized to the total energy for frequencies in the range of 0-10 Hz. Fig. 15(b) represents
energy spectra of reference signals acquired at three different flow rates in the system of Fig. 1. The energy spectra are
given in logarithmic scale versus harmonic number (first, second, etc). As shown, an approximate linear relationship
may be identified between the logarithmic energy and harmonic number for the first four to five harmonic numbers. This
indicates that each energy spectrum may be represented by a respective exponential/polynomial function. Fig. 15(c)
illustrates the data of Fig. 15(b) in linear scale, wherein a respective polynomial function has been fitted to the data. As
indicated in Figs 15(a)-15(c), the energy spectra may be represented in different formats in the reference library, e.g.
as a set of energy values associated with discrete frequency values or harmonic numbers, or as an energy function
representing energy versus frequency/harmonic number.

[0149] Fig. 15(d) illustrates a phase angle spectrum acquired together with the energy spectrum in Fig. 15(a), i.e. for
a flow rate of 300 ml/min. The graph in Fig. 15(d) illustrates phase angle as a function of frequency, and a linear function
has been fitted to the data. In an alternative representation (not shown), the phase spectrum may be given as a function
of harmonic number. Like the energy spectra, the phase spectra may be represented in different formats in the reference
library, e.g. as a set of phase angle values associated with discrete frequency values or harmonic numbers, or as a
phase function representing phase angle versus frequency/harmonic number.

[0150] From the above, it should be understood that the energy and phase data that are stored the reference library
may be used to generate the predicted signal profile. Each energy value in the energy data corresponds to an amplitude
of a sinusoid with a given frequency (the frequency associated with the energy value), wherein the phase value for the
given frequency indicates the proper phase angle of the sinusoid. This method of preparing the predicted signal profile
by combining (typically adding) sinusoids of appropriate frequency, amplitude and phase angle allows the predicted
signal profile to include all harmonics of the pump frequency within a desired frequency range.

[0151] When a predicted signal profile is to be generated, the reference library is first searched based on a current
value of one or more system parameters, such as the current pump frequency. If no exact match is found in the reference
library, a combination process may be executed to generate the predicted signal profile. For example, the two closest
matching pump frequencies may be identified in the reference library and the associated energy and phase data may
be retrieved and combined to form the predicted signal profile. The combination may be done by interpolating the energy
data and the phase data. In the example of Figs 15(a)-15(d), an interpolated energy value may be calculated for each
harmonic number, and similarly an interpolated phase value may be calculated for each harmonic number. Any type of
interpolation function may be used, be it linear or non-linear.

[0152] In the first, second and third embodiments, one and the same pressure wave sensor is suitably used in both
the reference measurement and the actual monitoring process. Alternatively, different pressure wave sensors may be
used, provided that the pressure wave sensors yield identical signal responses with respect to the pump pulses or that
the signal responses may be matched using a known mathematical relationship.

[0153] To further improve the first, second and third embodiments, the process of generating the predicted signal
profile may also involve compensating for other potentially relevant factors that differ between the reference measurement
and the current operational state. These so-called confounding factors may comprise one or more of the system param-
eters listed above, such as absolute average venous and arterial pressures, temperature, blood hematocrit/viscosity,
gas volumes, etc. This compensation may be done with the use of predefined compensation formulas or look-up tables.
[0154] In further variations, the second and third embodiments may be combined, e.g. in that the reference library
stores not only energy and phase data, but also reference profiles, in association with system parameter value(s). When
an exact match is found in the library, the reference profile is retrieved from the library and used as the predicted signal
profile, otherwise the predicted signal profile is obtained by retrieving and combining (e.g. interpolating) the energy and
phase data, as in the third embodiment. In a variant, the predicted signal profile u(n) at the current pump frequency v is
obtained by:

u(n) = ri(n) - Yi(n) + (n),

wherein ri(n) denotes a reference profile that is associated with the closest matching pump frequency v; in the reference
library, rf(n) denotes a reference profile that is reconstructed from the energy and phase data associated with the closest
matching pump frequency v;in the reference library, and rf(n) denotes an estimated reference profile at the current pump
frequency v. The estimated reference profile rf(n) may be obtained by applying predetermined functions to estimate the
energy and phase data, respectively, at the current pump frequency v based on the energy and phase data associated
with the closest matching pump frequency v;. With reference to Figs 15(b)-15(c), such a predetermined function may
thus represent the change in energy data between different flow rates. Alternatively, the estimated reference profile rf(n)
may be obtained by retrieving and combining (e.g. interpolating) energy and phase data for the two closest matching
pump frequencies v; and v;as in the third embodiment.
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[0155] In a further variant, the reference measurement is made during regular operation of the extracorporeal circuit
20, instead of or in addition to any reference measurements made before regular operation (e.g. during priming or
simulated treatments with blood). This reference measurement may be made by obtaining the reference signal from a
pressure wave sensor which is substantially isolated from the pressure waves originating from the patient’s heart, and
use the reference signal for generating the predicted signal profile (optionally after adjustment/modification for differences
in confounding factors), whichis then used for removing pump pulses from the pressure signal. For example, the reference
signal may be obtained from the system sensor 4b (Fig. 1) which may be essentially isolated from the pressure waves
originating from the patient’s heart.

Simulations

[0156] As an alternative to the use of reference measurements, the predicted signal profile may be obtained directly
through simulations, i.e. calculations using a mathematical model of the extracorporeal circuit 20, based on current state
information indicating the current operational state of the system. Such current state information may include a current
value of one or more of the above-mentioned system parameters. The model may be based on known physical rela-
tionships of the system components (or via an equivalent representation, e.g. by representing the system as an electrical
circuit with fluid flow and pressure being given by electrical current and voltage, respectively). The model may be
expressed, implicitly or explicitly, in analytical terms. Alternatively, a numerical model may be used. The model may be
anything from a complete physical description of the system to a simple function. In one example, such a simple function
may convert data on the instantaneous angular velocity of the pump rotor 3’ to a predicted signal profile, using empirical
or theoretical data. Such data on the instantaneous angular velocity might be obtained from the pump sensor 26 in Fig. 1.
[0157] In another embodiment, simulations are used to generate reference profiles for different operational states of
the system. These reference profiles may then be stored in a reference library, which may be accessed and used in the
same way as described above for the second and third embodiments. It is also to be understood that reference profiles
(and/or corresponding energy and phase angle data) obtained by simulations may be stored together with reference
profiles (and/or corresponding energy and phase angle data) obtained by reference measurement.

V. TIME DOMAIN FILTERING

[0158] There are several different ways of removing one or more pump pulses from the pressure/input signal, using
a predicted signal profile of the pump pulses (e.g. obtained as described in Section IV above). Here, two different removal
processes will be described: Single Subtraction and Adaptive Filtering. Of course, the description of removal processes
and their implementations is not comprehensive (neither of the different alternatives, nor of the implementations), which
is obvious to a person skilled in the art.

[0159] Depending on implementation, the predicted signal profile may be input to the removal process as is, or the
predicted signal profile may be duplicated to construct an input signal of suitable length for the removal process.

Single Subtraction

[0160] In this removal process, a single predicted signal profile is subtracted from the pressure signal. The predicted
signal profile may be shifted and scaled in time and scaled in amplitude in any way, e.g. to minimize the error of the
removal. Different minimization criterions may be used for such an auto-scaling, e.g., minimizing the sum of the squared
errors, or the sum of the absolute errors. Alternatively or additionally, the predicted signal profile is shifted in time based
on the -mentioned pump pulse timing (cf. Section 1V), i.e timing information that indicates the expected timing of the
pump pulse(s) in the pressure signal.

[0161] One potential limitation of this removal process is that the relationship between different frequencies in the
predicted signal profile is always the same, since the process only shifts and scales the predicted signal profile. Thus,
it is not possible to change the relationship between different harmonic frequencies, neither is it possible to use only
some of the frequency content in the predicted signal profile and to suppress other frequencies. To overcome this
limitation, adaptive filtering may be used since it uses a linear filter before subtraction, e.g. as described in the following.

Adaptive Filtering

[0162] Fig. 16 is a schematic overview of an adaptive filter 160 and an adaptive filter structure which is designed to
receive the predicted signal profile u(n) and a pressure signal d(n), and to output an error signal e(n) which forms the
aforesaid monitoring signal in which the pump pulses are removed.

[0163] Adaptivefilters are well-known electronicfilters (digital or analog) that self-adjust their transfer function according
to an optimizing algorithm. Specifically, the adaptive filter 160 includes a variable filter 162, typically a finite impulse
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response (FIR) filter of length M with filter coefficients w(n).

[0164] Even if adaptive filters are known in the art, they are not readily applicable to cancel the pump pulses in the
pressure signal d(n). In the illustrated embodiment, this has been achieved by inputting the predicted signal profile u(n)
to the variable filter 162, which processes the predicted signal profile u(n) to generate an estimation signal ef(n), and to
an adaptive update algorithm 164, which calculates the filter coefficients of the variable filter 162 based on the predicted
signal profile u(n) and the error signal e(n). The error signal e(n) is given by the difference between the pressure signal
d(n) and the estimation signal Ad(n).

[0165] Basically, the calculation of the error signal e(n) involves a subtraction of the predicted signal profile u(n) from
the pressure signal d(n), since each of the filter coefficients operates to shift and possibly re-scale the amplitude of the
predicted signal profile u(n). The estimation signal Ad(n), which is subtracted from the pressure signal d(n) to generate
the error signal e(n), is thus formed as a linear combination of M shifted and amplitude-scaled predicted signal profiles u(n).
[0166] The adaptive update algorithm 164 may be implemented in many different ways, some of which will be described
below. The disclosure is in no way limited to these examples, and the skilled person should have no difficulty of finding
further alternatives based on the following description.

[0167] There are two main approaches to adaptive filtering: stochastic and deterministic. The difference lies in the
minimization of the error signal e(n) by the update algorithm 164, where different minimization criteria are obtained
whether e(n) is assumed to be stochastic or deterministic. A stochastic approach typically uses a cost function J with
an expectation in the minimization criterion, while a deterministic approach typically uses a mean. The squared error
signal e2(n) is typically used in a cost function when minimizing e(n), since this results in one global minimum. In some
situations, the absolute error |e(n)| may be used in the minimization, as well as different forms of constrained minimizations.
Of course, any form of the error signal may be used, however convergence towards a global minimum is not always
guaranteed and the minimization may not always be solvable.

[0168] In a stochastic description of the signal, the cost function may typically be according to,

Jy=E{|em|'},

and in a deterministic description of the signal the cost function may typically be according to,

J(n)y=>Ye*(n).

[0169] The pump pulses will be removed in the estimation signal a(n) when the error signal e(n) (cost function J(n))
is minimized. Thus, the error signal e(n) will be cleaned from pump pulses while retaining the heart pulses, once the
adaptive filter 160 has converged and reached the minimum error.

[0170] In order to obtain the optimal filter coefficients w(n) for the variable filter 162, the cost function J needs to be
minimized with respect to the filter coefficients w(n). This may be achieved with the cost function gradient vector VJ,
which is the derivative of J with respect to the different filter coefficients wy, wy, ..., wy,.,. Steepest Descent is a recursive
method (not an adaptive filter) for obtaining the optimal filter coefficients that minimize the cost function J. The recursive
method is started by giving the filter coefficients an initial value, which is often set to zero, i.e., w(0) = 0. The filter
coefficients is then updated according to,

wn+1)=wn)+ %,u [— VJ(n)],
where w is given by,

wz[w0 W WM_I]T M x1.

[0171] Furthermore, the gradient vector VJ points in the direction in which the cost is growing the fastest. Thus, the
filter coefficients are corrected in the direction opposite to the gradient, where the length of the correction is influenced
through the step size parameter u. There is always a risk for the Steepest Descent algorithm to diverge, since the
algorithm contains a feedback. This sets boundaries on the step size parameter u in order to ensure convergence. It
may be shown that the stability criterion for the Steepest Descent algorithm is given by,
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where A, is the largest eigenvalue of R, the correlation matrix of the predicted signal profile u(n), given by

#(0) F) e (M=)
P r(:1) r(:0) ) r(M:— 2|
FM=1) r(M=2) - r0)

where u(n) is given by,

ﬁ(n)z[u(n) un—-1 .. u(n—M+1)]T M x1.

[0172] If the mean squared error (MSE) cost function (defined by J = E {|e(n)|2}) is used, it may be shown that the filter
coefficients are updated according to,

w(n+1) = w(n)+ uE| 7(n) en) |,

where e(n) is given by,

e(n)=d(n)—u" (n)ywn).

[0173] The Steepest Descent algorithm is a recursive algorithm for calculation of the optimal filter coefficients when
the statistics of the signals are known. However, this information is often unknown. The Least Mean Squares (LMS)
algorithm is a method that is based on the same principles as the Steepest Descent algorithm, but where the statistics
is estimated continuously. Thus, the LMS algorithm is an adaptive filter, since the algorithm is able to adapt to changes
in the signal statistics (due to continuous statistic estimations), although the gradient may become noisy. Because of
the noise in the gradient, the LMS algorithm is unlikely to reach the minimum error J,,;,, which the Steepest Descent
algorithm does. Instantaneous estimates of the expectation are used in the LMS algorithm, i.e., the expectation is
removed. Thus, for the LMS algorithm, the update equation of the filter coefficients becomes

wn+1l)=wn)+ g u(n)e(n).

[0174] The convergence criterion of the LMS algorithm is the same as for the Steepest Descent algorithm. In the LMS
algorithm, the step size is proportional to the predicted reference profile u(n), i.e., the gradient noise is amplified when
the predicted reference profile is strong. One solution to this problem is to normalize the update of the filter coefficients with

— 2 —7 —
||u(n) || =u' (n)un).
[0175] The new update equation of the filter coefficients is called the Normalized LMS, and is given by

~

i

wn+1) =wn)+ >
o+t

u(n)e(n),

where 0 < /1 < 2, and a is a positive protection constant.
[0176] There are many more different alternatives to the LMS algorithm, where the step size is modified. One of them
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is to use a variable adaptation step,

wn+1)=wh)+a(n)u(n)e(n),

where «a(n) for example may be,

an) =——,
n+c

where c is a positive constant. It is also possible to choose independent adaptation steps for each filter coefficient in the
LMS algorithm, e.g., according to,

wn+D)=whn)+Au(n)e(n),

where A is given by,

a 0 0
0 a, O
A=10 0 a, 0
100 0 a,, |

[0177] If instead the following cost function

J(n) =E{|em)|}

is used, then the update equation becomes

wn+)=wh)+«a sign[e(n)] un).

[0178] This adaptive filter is called the Sign LMS, which is used in applications with extremely high requirements on
low computational complexity.
[0179] Another adaptive filter is the Leaky LMS, which uses a constrained minimization with the following cost function

Jy=E| e[ J+ af win [

[0180] This constraint has the same effect as if white noise with variance o was added to the predicted signal profile
u(n). As aresult, the uncertainty in the predicted signal profile u(n) is increased, which tends to hold the filter coefficients
back. The Leaky LMS is preferably used when R, the correlation matrix of u(n), has one or more eigenvalues equal to
zero. However, in systems without noise, the Leaky LMS makes performance poorer. The update equation of the filter
coefficients for the Leaky LMS is given by,

wn+1)=(1-uax)ywn)+ g u(n)e(n).

[0181] Instead of minimizing the MSE cost function as above, the Recursive Least Squares (RLS) adaptive filter
algorithm minimizes the following cost function
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Ty =Y 27 e[
i=1

where A is called forgetting factor, 0 <A < 1, and the method is called Exponentially Weighted Least Squares. It may be
shown that the update equations of the filter coefficients for the RLS algorithm are, after the following initialization

w(0) = Opyxq

P(0)=6"1

MxM

where Iy, is the identity matrix MxM, given according to

B A'P(n-Di(n)
1+ A7 7 () P(n—-D)u(n)

k(n)

Em)y=dn)—w' (n—-1) u(n)
w(n) =wn -1+ k(n)&(n)

Pn)=A2"Pn-D-A k(m)ua"(n)P(n-1),

where 3 is a small positive constant for high signal-to-noise ratio (SNR), and a large positive constant for low SNR,
§<<0.015,2, and &(n) corresponds to e(n) in the preceding algorithms. During the initialization phase the following cost
function

n

J(n) = Zﬂ”_i|e(i)|2 + SN

i=1

2
>

w(n)|

is minimized instead, due to the use of the initialization P(0) = 5. The RLS algorithm converges in approximately 2M
iterations, which is considerably faster than for the LMS algorithm. Another advantage is that the convergence of the
RLS algorithm is independent of the eigenvalues of R, which is not the case for the LMS algorithm.

[0182] Several RLS algorithms running in parallel may be used with different A and &, which may be combined in order
to improve performance, i.e., A = 1 may also be used in the algorithm (steady state solution) with many different 5:s.
[0183] It should be noted that both the LMS algorithm and the RLS algorithm may be implemented in fixed-point
arithmetic, such that they may be run on a processor that has no floating point unit, such as a low-cost embedded
microprocessor or microcontroller.

[0184] Irrespective of implementation, the performance of the adaptive filter 160 may be further improved by switching
the adaptive filter 160 to a static mode, in which the update algorithm 164 is disabled and thus the filter coefficients of
the filter 162 are locked to a current set of values. The switching of the adaptive filter 160 may be controlled by an
external process that analyses the heart pulses in the error signal e(n), typically in relation to the above-mentioned pump
pulse timing, which may be obtained from the pressure signal, a reference signal (see above), a dedicated pulse sensor,
a control unit for the blood pump, etc. The adaptive filter 160 may be switched into the static mode if the external process
reveals that the rate of heart pulses starts to approach the rate of the pump pulses and/or that the amplitude of the heart
pulses is very weak (in relation to an absolute limit, or in relation to a limit given by the amplitude of the pump pulses).
The adaptive filter 160 may remain in static mode for a predetermined time period, or until released by the external process.
[0185] In a variant, a predicted signal profile of the heart pulses (denoted "predicted heart profile") is used as input
signal to the adaptive filter 160 (instead of the predicted signal profile of the pump pulses), and the monitoring signal is
formed by the estimation signal Ad(n) (instead of the error signal e(n)). The foregoing discussion with respect to adaptive
filters is equally applicable to this variant.

[0186] Difference embodiments and examples of techniques for obtaining such a predicted heart profile is disclose in
Section VI below, together with techniques for obtaining the primary timing data used in the monitoring (cf. step 304 in
Fig. 3). In addition to Section VI, reference is also made to W0O2009/156174.
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VI. OBTAINING TIMING DATA AND PREDICTED HEART PROFILE
Timing data

[0187] Thetiming data (cf. step 304 in Fig. 3) may be obtained in a plurality of different ways. All of these ways typically
involve detecting pulses in an input signal, and estimating the occurrence time of each pulse in the input signal. In
essence, any known pulse detection technique may be used, be it digital or analog. Such techniques include, but are
not limited to: convolution/matching with static or dynamic pulse templates, peak detection (e.g. via detection of local
maxima/minima), and thresholding. Many different input signals may be used, as will exemplified in following.

[0188] For example, the timing data may be extracted from the output signal of a pulse sensor coupled to the patient.
The output signal may indicate individual heart pulses or an average time between heart pulses. In either case, a predicted
time point for a heart pulse in the pressure signal may be calculated based on the output signal of the pulse sensor and
a known difference in arrival time between the pulse sensor and the pressure wave sensor that generates the pressure
signal. The pulse sensor may sense the pressure waves that are generated in the patient’s cardiovascular system by
the heartbeats, or it may directly reflect the beat generation process in patient’s heart. In such an application, the timing
data may be provided by any conventional pulse sensor such as a pulse watch, a photoplethysmograph (PPG) such as
a pulse oximeter, an electrocardiograph (ECG), etc.

[0189] Alternatively, the timing data may be obtained by sequentially identifying the heart pulses in the monitoring
signal. Such a process may, but need not, involve a step of predicting the time point for subsequent heart pulse(s) based
on the time difference between the two most recently detected heart pulses.

[0190] Alternatively, the timing data may be obtained from one or more reference signals originating from a reference
sensor in the extracorporeal circuit. The reference sensor may sense the pressure waves that are generated in the
patient’s cardiovascular system by the heartbeats and propagated into the extracorporeal circuit, or it may directly reflect
the beat generation process in patient’s heart.

[0191] One example of such a reference sensor is an ECG apparatus which is configured to detect the patient’s
electrical voltages transmitted from the access devices 1, 14 to dedicated electrodes in the connection system C or the
extracorporeal circuit 20 via the blood, via electrically conductive blood tubing or on other conductive pathways. The
use of such an ECG apparatus for the purpose of detecting disconnection of an access device from the blood access
of a patient is disclosed in US2007/0000847, which is incorporated herein by this reference.

[0192] Another example of such a reference sensor is a pressure wave sensor in the extracorporeal circuit 20 (Fig.
1). For example, if the monitoring signal is generated from a pressure signal acquired from one of the pressure sensors
4a-4c, the reference signal may be acquired from another of the pressure sensors 4a-4c. The reference signal may be
processed for detection of at least one heart pulse (e.g. according to Section Ill). The time point of the detected heart
pulse in the reference signal may then be converted to a predicted time point in the monitoring signal/evaluation segment
using a known/measured difference in pulse arrival/transit time between the reference sensor and the pressure sensor
that provides the pressure signal for monitoring. Thus, in one embodiment, the difference in transit time is given by a
fixed and predefined value.

[0193] In another embodiment, the difference in transit time between a bloodline on the arterial side and a bloodline
on the venous side in the extracorporeal circuit 20 is determined based on the actual arterial and venous pressures
(absolute, relative, or average), which may be derived from any suitable sensor in the extracorporeal circuit (including
the pressure sensors 4a-4c). The transit time decreases if the pressure increases, i.e., high pressure equals short transit
time. During operation of the extracorporeal circuit 20, the venous pressure should be higher than the arterial pressure,
and thus the transit time should be shorter in the venous bloodline compared to the transit time in the arterial bloodline.
The difference in transit time may be determined based on, e.g., a physical model or a look-up table. The model/table
may not only include information about pressure (absolute, relative, or average), but also information about material
(elasticity, plasticity, etc), geometry (length, diameter, wall thickness, etc), temperature (both fluids and ambient tem-
perature), mechanical factors (clamp, tension, actuators, kinking/occlusion, etc), fluid properties (viscosity, water/blood,
chemical composition, etc), etc. The thus-determined difference in transit time may then be used to relate a time point
of a detected heart pulse in the reference signal from the arterial/venous pressure sensor to a predicted time point in
the monitoring signal/evaluation segment originating from the venous/arterial pressure sensor.

[0194] In a variant, an improved estimation of the timing data may be obtained by aligning and combining a first
reference signal (e.g. derived from the venous/arterial pressure signal) with a second reference signal (e.g. derived from
the arterial/venous pressure signal), to thereby calculate an average time-dependent reference signal with improved
SNR. The first and second reference signals are suitably filtered for removal of interference pulses (e.g. according to
Section Ill). The aligning may be based on the aforesaid difference in transit time, given by the actual arterial and venous
pressures (absolute, relative, or average). By identifying one or more heart pulses in the average reference signal, an
improved estimation of the timing data may be obtained.

[0195] Alternatively or additionally, to potentially improve the precision of the timing data, the timing data may be
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obtained by intermittently stopping the pulse generator(s) in the extracorporeal circuit 20, while identifying at least one
heart pulse in the monitoring signal, the reference signal or the first and second reference signals, as applicable.
[0196] Optionally, the process of obtaining timing data based on an identified heart pulse in the monitoring signal or
the reference signal(s) may involve validating the identified heart pulse (a candidate pulse) against a temporal criterion.
Such a temporal criterion may, e.g., indicate an upper limit and/or a lower limit for the time difference between the time
point for the candidate pulse and one or more previously identified (and suitably validated) heart pulses. These limits
may be fixed, or they may be set dynamically in relation to a preceding time difference. Any candidate pulse that violates
the temporal criterion may be removed/discarded from use in obtaining the timing data.

[0197] Fig. 17 illustrates such a validation method for processing of candidate pulses. In the illustrated example, it is
assumed that each candidate pulse is associated with a probability value, which indicates the likelihood that the candidate
pulse is a heart pulse. The probability value may be given by a magnitude the candidate pulse (e.g. maximum amplitude,
integrated area, etc) or a measure resulting from an identification process (e.g. a correlation value). Fig. 17(a) illustrates
a sequence of candidate pulses (denoted by X), as well as a sequence of preceding heart pulses (denoted by Y), laid
out on a time axis. In a first validation step, predicted time points (arrows { in Fig. 17(b)) are calculated based on the
heart pulses Y. In a second validation step, a first temporal criterion is applied to remove/discard any candidate pulses
that lie too far from the predicted time points, as also shown in Fig. 17(b). In a third validation step, a second temporal
criterion is applied to retain only the candidate pulse with the largest probability value among any candidate pulses that
lie too close to each other, as shown in Fig. 17(c).

[0198] In all of the above embodiments and examples, the monitoring signal and the reference signal(s) may be up-
sampled (e.g. by means of interpolation) before being processed for determining the timing data. This may increase the
accuracy of the timing data.

Predicted heart profile

[0199] The predicted heart profile may be generated as an average of a number of recordings of heart pulses. For
example, it may be generated by aligning and combining (adding, averaging, etc) a number of heart pulse segments in
the monitoring signal/evaluation segment, before and/or during the monitoring process. The averaging may or may not
use the timing data to align the heart pulse segments.

[0200] To improve the signal quality of the predicted heart profile, with or without averaging, the pressure signal may
be acquired while the blood pump is stopped, whereby the pressure signal is free of pump pulses. Thus, the blood pump
may be intermittently stopped during the monitoring process for calculation of an updated signal profile of the heart pulses.
[0201] In another variant, the predicted heart profile is obtained from the above-mentioned reference signal, which
may be used for deriving the timing data.

[0202] Alternatively, the predicted heart profile may be pre-generated, e.g. by averaging recordings of heart pulses
from a number of similar extracorporeal circuits. Optionally, such a pre-generated signal profile may be adapted to
specifics of the extracorporeal circuit to be used for monitoring, by applying a mathematical model taking into account
arrangement-specific parameters, such a type of blood vessel access, connection system, flow rate, fluid characteristics,
etc. Alternatively, the predicted heart profile may be obtained entirely by mathematical modelling based on arrangement-
specific parameters. According to yet another alternative, a standard profile is used as predicted heart profile, e.g. a
bell-shaped function such as a Gaussian distribution function.

[0203] The invention has mainly been described above with reference to a few embodiments and examples. However,
as is readily appreciated by a person skilled in the art, other embodiments than the ones disclosed above are equally
possible within the scope of the invention, which is defined and limited only by the appended patent claims.

[0204] Some of the filtering techniques described above in relation to step 1003’ and/or step 1003" may automatically
be achieved by down-sampling of the pressure signal, since the desired filtering may be achieved by the anti-aliasing
filter included in a down-sampling signal processing algorithm. Additionally, some of the above-described filtering tech-
niques may also be achieved directly in hardware, e.g., in the Analog-to-Digital (A/D) conversion by choosing an appro-
priate sampling frequency, i.e. due to the anti-aliasing filter which is applied before sampling.

[0205] The extracorporeal circuitmay include any type of pumping device, not only rotary peristaltic pumps as disclosed
above, but also other types of positive displacement pumps, such as linear peristaltic pumps, diaphragm pumps, as well
as centrifugal pumps.

[0206] Embodiments of the invention are also applicable when the connection system comprises a single access
device, such as in so-called single needle treatment.

[0207] The embodiments of the invention are applicable to all types of extracorporeal blood flow circuits in which blood
is taken from the systemic blood circuit of the patient to have a process applied to it before it is returned to the patient.
Such blood flow circuits include circuits for hemodialysis, hemofiltration, hemodiafiltration, plasmapheresis, apheresis,
extracorporeal membrane oxygenation, assisted blood circulation, extracorporeal liver support/dialysis, and blood frac-
tion separation (e.g. cells) of donor blood. The inventive technique is likewise applicable for monitoring in other types of
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extracorporeal fluid circuits, such as circuits for blood transfusion, infusion, as well as heart-lung-machines.

[0208] Furthermore, the monitoring process may operate on more than one monitoring signal, with each monitoring
signal being generated from a pressure signal acquired from a respective pressure wave sensor. In all embodiments,
each monitoring signal may be generated from more than one pressure signal, e.g. by combining (e.g. averaging)
corresponding heart pulses in (filtered) pressure signals (e.g. as described above in relation to the first and second
reference signals).

[0209] In a specific embodiment, the monitoring technique may be dynamically adjusted based on the magnitude of
the pump pulses and/or the heart pulses in the pressure signal/monitoring signal/reference signal. The dynamic adjust-
ment may e.g. affect the process for obtaining timing data, the process for calculating the parameter value, or the process
for removing interference pulses. In one example, the surveillance device receives two or more pressure signals (from
different pressure wave sensors), and monitors the magnitude ofthe heart pulses in each pressure signal. The surveillance
device may be configured to dynamically select, based on the magnitude of the heart pulses in the different pressure
signals, one or more pressure signals to be used for the generation of the monitoring signal, and/or for the determination
of the timing data, and/or for the determination of the predicted heart profile. The magnitude of the heart pulses may be
compared to a predetermined absolute limit, or the magnitude of the heart pulses may be compared between the different
pressure signals. In another example, the surveillance device dynamically selects a technique for the removal of inter-
ference pulses, based on the magnitude of the heart pulses in the pressure signal/monitoring signal. In yet another
example, the surveillance device dynamically selects the parameter value to be calculated and/or the procedure for
calculating the parameter value, based on the magnitude of the heart pulses in the pressure signal/monitoring signal.
In the above examples, if the magnitude of the pump pulses and the heart pulses are covariant entities, the dynamic
adjustment may alternatively be based on the magnitude of pump pulses, or the magnitude of a combination of pump
and heart pulses.

[0210] In one embodiment, the blood pump is regularly (intermittently or periodically) stopped, and the pressure signal
and/or reference signal is analysed for determination of at least one of shape, amplitude, frequency and phase (timing)
of heart pulses. This embodiment may, e.g, be used for the dynamic control of the monitoring technique, as described
above. Alternatively or additionally, if the magnitude of the heart pulse(s) detected during such a stop is smaller than a
certain limit (chosen with a margin for safe detection), an alert on "uncertain detection" may be issued. Alternatively, if
the magnitude is smaller than another limit, the blood pump may be actively controlled to be stopped at specific time
intervals, where the information obtained during each stop may be used to modify the monitoring technique. For example,
the thus-obtained information may be used to change (or add) threshold values in the procedures for calculating the
parameter value, or to determine if an alternative parameter value should be calculated or an alternative calculation
procedure should be used. In another example, if the thus-obtained information indicates the rate of heart pulses, a
dedicated bandpass filter (e.g. centred on the thus-obtained pulse rate) may be operated on the reference/pressure
signal to further improve the input to the process for obtaining timing data and/or the process for calculating the parameter
value based on the monitoring signal. In one embodiment, such a bandpass filter is applied if the rates of the pump
pulses and the heart pulses are found to differ by more than a certain limit, e.g. about 10%.

[0211] The above-described monitoring process may be executed by a surveillance device (cf. 25 in Fig. 1), which
may be implemented by special-purpose software (or firmware) run on one or more general-purpose or special-purpose
computing devices. In this context, it is to be understood that each "element" or "means" of such a computing device
refers to a conceptual equivalent of a method step; there is not always a one-to-one correspondence between ele-
ments/means and particular pieces of hardware or software routines. One piece of hardware sometimes comprises
different means/elements. For example, a processing unit serves as one element/means when executing one instruction,
but serves as another element/means when executing another instruction. In addition, one element/means may be
implemented by one instruction in some cases, but by a plurality of instructions in some other cases. Such a software
controlled computing device may include one or more processing units, e.g. a CPU ("Central Processing Unit"), a DSP
("Digital Signal Processor"), an ASIC ("Application-Specific Integrated Circuit"), discrete analog and/or digital compo-
nents, or some other programmable logical device, such as an FPGA ("Field Programmable Gate Array"). The surveillance
device may further include a system memory and a system bus that couples various system components including the
system memory to the processing unit. The system bus may be any of several types of bus structures including a memory
bus or memory controller, a peripheral bus, and a local bus using any of a variety of bus architectures. The system
memory may include computer storage media in the form of volatile and/or non-volatile memory such as read only
memory (ROM), random access memory (RAM) and flash memory. The special-purpose software, and the adjustment
factors, may be stored in the system memory, or on other removable/non-removable volatile/non-volatile computer
storage media which is included in or accessible to the computing device, such as magnetic media, optical media, flash
memory cards, digital tape, solid state RAM, solid state ROM, etc. The surveillance device may include one or more
communication interfaces, such as a serial interface, a parallel interface, a USB interface, a wireless interface, a network
adapter, etc, as well as one or more data acquisition devices, such as an A/D converter. The special-purpose software
may be provided to the surveillance device on any suitable computer-readable medium, including a record medium, a

28



10

15

20

25

30

35

40

45

50

55

EP 2 519 145 B1

read-only memory, or an electrical carrier signal.

[0212] Itis also conceivable that some (or all) method steps are fully or partially implemented by dedicated hardware,
suchasan FPGA, an ASIC, or an assembly of discrete electronic components (resistors, capacitors, operational amplifier,
transistors, filters, etc), as is well-known in the art.

Claims

10.

A device for monitoring a cardiovascular property of a subject, wherein the device comprises an input (28) configured
to obtain measurement data from a primary pressure wave sensor (4a-4c) which is arranged to detect pressure
waves in an extracorporeal fluid circuit (20) which is connected in fluid communication with the cardiovascular system
of the subject, wherein the device further comprises a signal processor (29) configured to:

generate a time-dependent monitoring signal based on the measurement data, such that the monitoring signal
comprises a sequence of heart pulses, wherein each heart pulse represents a pressure wave originating from
a heart beat in the subject;

determine beat classification data for each heart pulse in the monitoring signal; and

calculate, based at least partly on the beat classification data, a parameter value indicative of the cardiovascular
property, characterized in

that the beat classification data distinguishes between heart pulses originating from normal heart beats and
heart pulses originating from ectopic heart beats, and

that the signal processor (29) is configured to determine the beat classification data by: extracting at least part
of a temporal profile of each heart pulse, and matching said at least part of the temporal profile against a set of
templates, wherein the set of templates represents one or more temporal profiles of the normal heart beats and
the ectopic heart beats.

The device of claim 1, wherein the signal processor (29) is further configured to determine the beat classification
data based on primary timing data, which represents the occurrence time of each heart pulse in the monitoring signal.

The device of claim 2, wherein the signal processor (29) is configured to determine the beat classification data by:
obtaining, based on the primary timing data, time differences between heart pulses in the monitoring signal, and
evaluating each time difference against a time interval criterion.

The device of any one of claims 2-3, wherein the signal processor (19) is configured to obtain the primary timing
data by at least one of: processing the monitoring signal for identification of heart pulses, and processing a reference
signal obtained via the input (28) from a reference sensor (4a-4c) in the extracorporeal circuit (20) or on the subject.

The device of any preceding claim, wherein the signal processor (29) is configured to calculate the parameter value
by: generating secondary timing data based on the beat classification data, the secondary timing data representing
the occurrence times of the heart pulses for use in calculating the parameter value.

The device of claim 5, wherein the signal processor (29) is configured to, if the beat classification data identifies
heart pulses originating from ectopic heart beats and if a selection criterion is met, generate the secondary timing
data by estimating a corrected time point for each heart pulse that is classified as originating from an ectopic heart beat.

The device of claim 6, wherein the selection criterion indicates that the parameter value is at least one of heart rate
and heart rate variability.

The device of any one of claims 5-7, wherein the signal processor (29) is configured to process the secondary timing
data for calculation of the parameter value as a measure of at least one of heart rate variability and heart rate.

The device of any one of claims 5-8, wherein the signal processor (29) is configured to, if the beat classification
data identifies heart pulses originating from ectopic heart beats, process the beat classification data and the sec-
ondary timing data, for calculation of the parameter value as a measure of heart rate turbulence.

The device of any one of claims 5-9, wherein the signal processor (29) is configured to, if the beat classification

data identifies heart pulses originating from ectopic heart beats, select, based on the beat classification data, a
subset of the heart pulses in the monitoring signal and to generate the parameter value as a measure of the average
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temporal shape of the selected subset.

The device of any preceding claim, wherein the signal processor (29) is configured to, if the beat classification data
identifies heart pulses originating from ectopic heart beats, process the beat classification data for calculation of the
parameter value as a count of ectopic heart beats.

The device of any preceding claim, wherein the measurement data comprises the sequence of heart pulses and at
least one interference pulse, wherein the signal processor (29) is configured to generate the monitoring signal by
processing the measurement data to essentially eliminate said at least one interference pulse.

The device of any preceding claim, wherein the signal processor (29) implements a first process for generating the
monitoring signal, and a second process for obtaining primary timing data, and a third process for calculating the
parameter value, wherein the signal processor (29) is further configured to evaluate the magnitude of the heart
pulses in the monitoring signal, or in a reference signal obtained from a reference sensor (4a-4c), and to selectively
control at least one of the first, second and third processes based on the magnitude of the heart pulses.

The device of any preceding claim, wherein the measurement data comprises the sequence of heart pulses and at
least one interference pulse, which originates from at least one pumping device (3) in the extracorporeal fluid circuit
(20), wherein the signal processor (29) is further configured to calculate a rate of heart pulses in the monitoring
signal, or in a reference signal obtained from a reference sensor (4a-4c), and to cause a pumping frequency of said
at least one pumping device (3) to be controlled in relation to the rate of heart pulses.

The device of any preceding claim, wherein the cardiovascular property is at least one of an arterial status of the
cardiovascular system of the subject, a degree of calcification in the cardiovascular system of the subject, a status
of a blood vessel access used for connecting the extracorporeal fluid circuit (20) to the cardiovascular system of
the subject, a heart rate variability, a heart rate, a heart rate turbulence, an ectopic beat count, and an origin of
ectopic beats.

The device of any preceding claim, wherein the extracorporeal fluid circuit (20) comprises at least one pumping
device (3) which, when in an operating state, generates interference pulses in the measurement data, wherein the
device is configured to obtain the measurement data while said at least one pumping device (3) is intermittently set
in a disabled state.

An apparatus for blood treatment, comprising an extracorporeal blood flow circuit (20) adapted for connection to
the vascular system of a subject and operable to circulate blood from the subject through a blood processing device
(6) and back to the subject, and the device as set forth in any one of claims 1-16.

Patentanspriiche

1.

Vorrichtung zur Uberwachung einer kardiovaskularen Eigenschaft eines Patienten, wobei die Vorrichtung eine Ein-
gabe (28) umfasst, die ausgelegt ist, um Messdaten aus einem primaren Druckwellensensor (4a - 4c) zu erhalten,
derangeordnetist, um Druckwellen in einem extrakorporalen Fluidkreislauf (20) festzustellen, der in Fluidverbindung
mit dem Herzkreislaufsystem des Patienten steht, wobei die Vorrichtung ferner einen Signalprozessor (29) umfasst,
der ausgelegt ist, um:

ein zeitabhangiges Uberwachungssignal auf der Basis der Messdaten zu erzeugen derart, dass das Uberwa-
chungssignal eine Folge von Herzpulsen umfasst, wobei jeder Herzpuls eine Druckwelle darstellt, die aus einem
Herzschlag in dem Patienten stammt;

Schlagklassifikationsdaten fiir jeden Herzpuls im Uberwachungssignal zu bestimmen; und

basierend mindestens teilweise auf den Schlagklassifikationsdaten einen Parameterwert zu berechnen, der ein
Indikator fir die kardiovaskulare Eigenschaft ist, dadurch gekennzeichnet,

dass die Schlagklassifikationsdaten zwischen Herzpulsen, die aus normalen Herzschldgen stammen, und Herz-
pulsen, die aus ektopischen Herzschlagen stammen, unterscheiden, und

dass der Signalprozessor (29) ausgelegt ist, um die Schlagklassifikationsdaten durch: Extrahieren von min-
destens Teil eines zeitlichen Profils von jedem Herzpuls und Vergleichen von mindestens Teil des zeitlichen
Profils miteinem Satz von Schablonen zu bestimmen, wobei der Satz von Schablonen ein oder mehrere zeitliche
Profile der normalen Herzschlage und der ektopischen Herzschladge darstelit.
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Vorrichtung nach Anspruch 1, wobei der Signalprozessor (29) ferner ausgelegt ist, um die Schlagklassifikationsdaten
auf der Basis von primaren Zeitgabedaten zu bestimmen, welche die Zeit des Auftretens von jedem Herzpuls im
Uberwachungssignal darstellen.

Vorrichtung nach Anspruch 2, wobei der Signalprozessor (29) ausgelegt ist, um die Schlagklassifikationsdaten wie
folgt zu bestimmen: auf der Basis der primaren Zeitgabedaten Erhalten von Zeitdifferenzen zwischen Herzpulsen
im Uberwachungssignal und Bewertung von jeder Zeitdifferenz anhand eines Zeitintervallkriteriums.

Vorrichtung nach einem der Anspriiche 2 - 3, wobei der Signalprozessor (19) ausgelegt ist, um die primaren Zeit-
gabedaten mit mindestens einem von Folgendem zu erhalten: Verarbeiten des Uberwachungssignals zur Identifi-
zierung von Herzpulsen und Verarbeiten eines Bezugssignals, das iber die Eingabe (28) aus einem Bezugssensor
(4a - 4¢) im extrakorporalen Kreislauf (20) oder am Patienten erhalten wurde.

Vorrichtung nach einem vorstehenden Anspruch, wobei der Signalprozessor (29) ausgelegt ist, um den Parame-
terwert wie folgt zu berechnen: Erzeugen von sekundaren Zeitgabedaten auf der Basis der Schlagklassifikations-
daten, wobei die sekundaren Zeitgabedaten die Zeiten des Auftretens der Herzpulse zur Anwendung bei der Be-
rechnung des Parameterwerts darstellen.

Vorrichtung nach Anspruch 5, wobei der Signalprozessor (29) ausgelegt ist, um, wenn die Herzklassifikationsdaten
Herzpulse identifizieren, die aus ektopischen Herzschldgen stammen, und wenn ein Auswahlkriterium erfillt ist, die
sekundaren Zeitgabedaten durch Einschéatzen eines korrigierten Zeitpunkts fir jeden Herzpuls zu erzeugen, der
als aus einem ektopischen Herzschlag stammend klassifiziert wird.

Vorrichtung nach Anspruch 6, wobei das Auswahlkriterium angibt, dass der Parameterwert mindestens eins von
Herzfrequenz und Herzfrequenzvariabilitat ist.

Vorrichtung nach einem der Anspriiche 5 - 7, wobei der Signalprozessor (29) ausgelegt ist, um die sekundaren
Zeitgabedaten zur Berechnung des Parameterwerts als ein MaR fir mindestens eins von Herzfrequenzvariabilitat
und Herzfrequenz zu verarbeiten.

Vorrichtung nach einem der Anspriiche 5 - 8, wobei der Signalprozessor (29) ausgelegt ist, um, wenn die Schlag-
klassifikationsdaten Herzpulse identifizieren, die aus ektopischen Herzschlagen stammen, die Schlagklassifikati-
onsdaten und die sekundéren Zeitgabedaten zu verarbeiten, um den Parameterwert als ein MaR fir die Herzfre-
quenzturbulenz zu berechnen.

Vorrichtung nach einem der Anspriiche 5 - 9, wobei der Signalprozessor (29) ausgelegt ist, um, wenn die Herzklas-
sifikationsdaten Herzpulse identifizieren, die aus ektopischen Herzschlagen stammen, auf der Basis der Schlag-
klassifikationsdaten einen Teilsatz der Herzpulse im Uberwachungssignal auszuwéhlen und den Parameterwert als
ein MaR fur die durchschnittliche zeitliche Form des gewahlten Teilsatzes zu erzeugen.

Vorrichtung nach einem vorstehenden Anspruch, wobei der Signalprozessor (29) ausgelegtist, um, wenn die Schlag-
klassifikationsdaten Herzpulse identifizieren, die aus ektopischen Schlagen stammen, die Schlagklassifikationsda-
ten flr die Berechnung des Parameterwerts als eine Anzahl von ektopischen Herzschlagen zu verarbeiten.

Vorrichtung nach einem vorstehenden Anspruch, wobei die Messdaten die Folge der Herzpulsen und mindestens
einen Stérungspuls umfasst, wobei der Signalprozessor (29) ausgelegt ist, um das Uberwachungssignal durch
Verarbeiten der Messdaten zu erzeugen, um im Wesentlichen den mindestens einen Stérpuls zu eliminieren.

Vorrichtung nach einem vorstehenden Anspruch, wobei der Signalprozessor (29) einen ersten Prozess zur Erzeu-
gung des Uberwachungssignals und einen zweiten Prozess zum Erhalten von priméren Zeitgabedaten und einen
dritten Prozess zur Berechnung des Parameterwerts implementiert, wobei der Signalprozessor (29) ferner konfigu-
riert ist, um die GréRe der Herzpulse im Uberwachungssignal oder in einem aus dem Bezugssensor (4a - 4c)
erhaltenen Bezugssignal zu bewerten, und selektiv mindestens einen von erstem, zweitem und drittem Prozess auf
der Basis der GroRRe der Herzpulse zu steuern.

Vorrichtung nach einem vorstehenden Anspruch, wobei die Messdaten die Folge von Herzpulsen und mindestens

einen Storpuls umfassen, der aus mindestens einer Pumpvorrichtung (3) im extrakorporalen Fluidkreislauf (20)
stammt, wobei der Signalprozessor (29) ferner ausgelegt ist, um eine Frequenz von Herzpulsen im Uberwachungs-
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signal oder in einem Bezugssignal zu berechnen, das aus dem Referenzsensor (4a - 4c) erhalten wurde, und zu
veranlassen, dass eine Pumpfrequenz der mindestens einen Pumpvorrichtung (3) in Beziehung zur Frequenz von
Herzpulsen gesteuert wird.

Vorrichtung nach einem vorstehenden Anspruch, wobei die kardiovaskulare Eigenschaft mindestens eins von ar-
teriellem Zustand des Herzkreislaufsystems des Patienten, Grad der Verkalkung im Herzkreislaufsystem des Pati-
enten, einem Zustand eines BlutgefalRzugangs fiir den Anschluss des extrakorporalen Fluidkreislaufs (20) an das
Herzkreislaufsystem des Patienten, einer Herzfrequenzvariabilitat, einer Herzfrequenz, einer Herzfrequenzturbu-
lenz, einer ektopischen Schlagzahl und eines Ursprungs von ektopischen Schlagen ist.

Vorrichtung nach einem vorstehenden Anspruch, wobei der extrakorporale Fluidkreislauf (20) mindestens eine
Pumpvorrichtung (3) umfasst, die in Betriebszustand Stérpulse in den Messdaten erzeugt, wobei die Vorrichtung
ausgelegt ist, um die Messdaten zu erhalten, wahrend mindestens eine Pumpvorrichtung (3) periodisch in einem
deaktivierten Zustand ist.

Vorrichtung zur Blutbehandlung, umfassend einen extrakorporalen Blutstromkreislauf (20), der fiir den Anschluss
an das vaskuldre Systems eines Patienten geeignet ist, und funktionsbereit ist, um Blut aus dem Patienten durch
eine Blutverarbeitungsvorrichtung (6) und zurlick an den Patienten zu zirkulieren, und die Vorrichtung, wie in einem
der Anspriiche 1 - 16 dargelegt.

Revendications

Dispositif de surveillance d’'une propriété cardio-vasculaire d’'un sujet, le dispositif comprenant une entrée (28)
configurée pour obtenir des données de mesure a partir d’'un capteur d’'ondes de pression primaires (4a-4c) qui est
agenceé pour détecter des ondes de pression dans un circuit de fluide extracorporel (20) quiestrelié en communication
fluidique avec le systéme cardio-vasculaire du sujet, le dispositif comprenant en outre un processeur de signal (29)
configuré pour :

générer un signal de surveillance dépendant du temps basé sur les données de mesure, de telle sorte que le
signal de surveillance comprend une séquence de pulsations cardiaques, chaque pulsation cardiaque repré-
sentant une onde de pression provenant d’'un battement de coeur chez le sujet ;

déterminer des données de classification de battement pour chaque pulsation cardiaque dans le signal de
surveillance ; et

calculer, en se basantau moins en partie sur les données de classification de battement, une valeur paramétrique
représentative de la propriété cardio-vasculaire, caractérisé

en ce que les données de classification de battement établissent une distinction entre des pulsations cardiaques
provenant de battements de coeur normaux et des pulsations cardiaques provenant de battements de coeur
ectopiques, et

en ce que le processeur de signal (29) est configuré pour déterminer les données de classification de battement :
en extrayant au moins une partie d’un profil temporel de chaque pulsation cardiaque, et en mettant en corres-
pondance ladite au moins une partie du profil temporel avec un ensemble de modéles, 'ensemble de modeles
représentant un ou plusieurs profils temporels des battements de coeurs normaux et des battements de coeur
ectopiques.

Dispositif de la revendication 1, dans lequel le processeur de signal (29) est également configuré pour déterminer
les données de classification de battement en se basant sur des données chronométriques primaires, qui repré-
sentent le temps d’occurrence de chaque pulsation cardiaque dans le signal de surveillance.

Dispositif de la revendication 2, dans lequel le processeur de signal (29) est configuré pour déterminer les données
de classification de battement : en obtenant, en se basant sur les données chronométriques primaires, des diffé-
rences de temps entre pulsations cardiaques dans le signal de surveillance, et en évaluant chaque différence de
temps au regard d’un critére d’intervalle de temps.

Dispositif de 'une quelconque des revendications 2 et 3, dans lequel le processeur de signal (19) est configuré pour
obtenir les données chronométriques primaires : en traitant le signal de surveillance pour I'identification de pulsations
cardiaques, et/ou en traitant un signal de référence obtenu par le biais de I'entrée (28) depuis un capteur de référence
(4a-4c) dans le circuit extracorporel (20) ou sur le sujet.
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Dispositif d’'une quelconque revendication précédente, dans lequel le processeur de signal (29) est configuré pour
calculer la valeur paramétrique : en générant des données chronométriques secondaires basées sur les données
de classification de battement, les données chronométriques secondaires représentant les temps d’occurrence des
pulsations cardiaques a utiliser dans le calcul de la valeur paramétrique.

Dispositif de la revendication 5, dans lequel le processeur de signal (29) est configuré pour, si les données de
classification de battement identifient des pulsations cardiaques provenant de battements de coeur ectopiques et
si un critére de sélection est respecté, générer les données chronométriques secondaires en estimant un point
temporel corrigé pour chaque pulsation cardiaque qui est classée comme provenant d’'un battement de coeur
ectopique.

Dispositif de la revendication 6, dans lequel le critére de sélection indique que la valeur paramétrique est une
fréquence cardiaque et/ou une variabilité de la fréequence cardiaque.

Dispositif de 'une quelconque des revendications 5 a 7, dans lequel le processeur de signal (29) est configuré pour
traiter les données chronométriques secondaires pour le calcul de la valeur paramétrique comme une mesure de
variabilité de la fréquence cardiaque et/ou de fréquence cardiaque.

Dispositif de 'une quelconque des revendications 5 a 8, dans lequel le processeur de signal (29) est configuré pour,
si les données de classification de battement identifient des pulsations cardiaques provenant de battements de
coeur ectopiques, traiter les données de classification de battement et les données chronométriques secondaires,
pour le calcul de la valeur paramétrique comme une mesure de turbulence de la fréquence cardiaque.

Dispositif de 'une quelconque des revendications 5 a 9, dans lequel le processeur de signal (29) est configuré pour,
si les données de classification de battement identifient des pulsations cardiaques provenant de battements de
coeur ectopiques, sélectionner, en se basant sur les données de classification de battement, un sous-ensemble
des pulsations cardiaques dans le signal de surveillance et pour générer la valeur paramétrique comme une mesure
de la forme temporelle moyenne du sous-ensemble sélectionné.

Dispositif d’'une quelconque revendication précédente, dans lequel le processeur de signal (29) est configuré pour,
si les données de classification de battement identifient des pulsations cardiaques provenant de battements de
coeur ectopiques, traiter les données de classification de battement pour le calcul de la valeur paramétrique comme
un nombre de battements de coeur ectopiques.

Dispositif d’'une quelconque revendication précédente, dans lequel les données de mesure comprennentla séquence
de pulsations cardiaques et au moins une pulsation d’interférence, dans lequel le processeur de signal (29) est
configuré pour générer le signal de surveillance en traitant les données de mesure pour éliminer I'essentiel de ladite
au moins une pulsation d’interférence.

Dispositif d’'une quelconque revendication précédente, dans lequel le processeur de signal (29) met en oeuvre un
premier processus destiné a générer le signal de surveillance, et un deuxieme processus destiné a obtenir des
données chronométriques primaires, et un troisieme processus destiné a calculer la valeur paramétrique, dans
lequel le processeur de signal (29) est également configuré pour évaluer I'amplitude des pulsations cardiaques
dans le signal de surveillance, ou dans un signal de référence obtenu a partir d’un capteur de référence (4a-4c), et
pour contréler sélectivement au moins un des premier, deuxiéme et troisiéme processus en se basant sur 'amplitude
des pulsations cardiaques.

Dispositif d’'une quelconque revendication précédente, dans lequel les données de mesure comprennentla séquence
de pulsations cardiaques et au moins une pulsation d’interférence, qui provient d’au moins un dispositif de pompage
(3) dans le circuit de fluide extracorporel (20), dans lequel le processeur de signal (29) est également configuré
pour calculer une fréquence de pulsations cardiaques dans le signal de surveillance, ou dans un signal de référence
obtenu a partir d’'un capteur de référence (4a-4c), et pour faire en sorte qu’'une fréquence de pompage dudit au
moins un dispositif de pompage (3) soit contrdlée en fonction de la fréquence de pulsations cardiaques.

Dispositif d’'une quelconque revendication précédente, dans lequel la propriété cardio-vasculaire en est au moins
une parmi un état artériel du systéme cardio-vasculaire du sujet, un degré de calcification dans le systéme cardio-
vasculaire du sujet, un état de I'accés a un vaisseau sanguin utilisé pour relier le circuit de fluide extracorporel (20)
au systéeme cardio-vasculaire du sujet, une variabilité de la fréquence cardiaque, une fréquence cardiaque, une
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turbulence de la fréquence cardiaque, un nombre de battements ectopiques, et une origine des battements ecto-
piques.

Dispositif d’'une quelconque revendication précédente, dans lequel le circuit de fluide extracorporel (20) comprend
au moins un dispositif de pompage (3) qui, dans un état de fonctionnement, génére des pulsations d’interférence
dans les données de mesure, le dispositif étant configuré pour obtenir les données de mesure alors que ledit au
moins un dispositif de pompage (3) est placé par intermittence dans un état désactivé.

Appareil de traitement du sang, comprenant un circuit de circulation sanguine extracorporelle (20) adapté pour étre

relié au systéme vasculaire d’'un sujet et utilisable pour faire circuler du sang depuis le sujet a travers un dispositif
detraitement du sang (6) et le faire retourner au sujet, etle dispositif selon I'une quelconque des revendications 1a 16.
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