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(57) Abstract: The present invention relates to a device, system and method for determining
pulse pressure variation of a subject. To enable more reliably determining pulse pressure vari-
1 ation of a subject the device comprises a signal input (11) configured to obtain an input signal

/

representing a hemodynamic signal of the subject, a processor (12) configured to process the

input signal and compute a pulse pressure variation and a signal output (13) configured to output
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the pulse height baseline.
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FIG.A

the computed pulse pressure variation. The pulse pressure variation is computed by deriving
a pulse height signal from the input signal, deriving a pulse height baseline and a de-trended
pulse height signal from the pulse height signal as the ratio between the difference between ex-
trema of the de-trended pulse height signal and the respective value of the pulse height baseline
signal, and computing the pulse pressure variation from the de-trended pulse height signal and
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Device, system and method for determining pulse pressure variation of a subject

FIELD OF THE INVENTION
The present invention relates to a device, system and method for determining

pulse pressure variation of a subject.

BACKGROUND OF THE INVENTION

Optimal circulatory volume status is important for patients in the operating
room (OR) and the intensive care unit (ICU). On the one hand, hypovolemia can lead to
inadequate oxygen delivery to tissues. On the other hand, hypervolemia can induce tissue
edema and oxygen delivery alteration. Hemodynamic optimization, in the aim of optimal
circulatory volume, has been shown to be able to improve postoperative outcome and reduce
the cost of the surgery.

Unfortunately, circulatory volume status cannot be assessed directly. Fluid
responsiveness has been used as an indirect assessment of volume status. It answers the
question if a patient’s cardiac output and hence hemodynamics can be increased by giving
fluid. If not, extra fluid loading may cause complications. To evaluate fluid responsiveness,
static indicators and dynamic indicators have been proposed.

Static indicators such as central venous pressure (CVP), or left ventricular
end-diastolic area have been demonstrated to have poor performance for assessing fluid
responsiveness.

Dynamic indicators, relying on the cardiopulmonary interactions, have been
shown to be better predictors for patients undergoing mechanical ventilation. The rationale is
that mechanical ventilation induces cyclic changes in the intrathoracic pressure (i.c., the
external pressure on the heart muscle). The cyclic changes in the intrathoracic pressure can
induce cyclic changes in the preload of the heart (the end-diastolic blood volume inside the
heart). The cyclic changes in the preload can induce cyclic changes in the stroke volume of
the heart, which will appear as cyclic changes in the pulse height of a hemodynamic
waveform like the blood pressure waveform or a photoplethysmographic waveform. If the
cyclic changes in the intrathoracic pressure result in sufficiently strong cyclic changes of the

stroke volume, the patient is predicted to be fluid responsive. If the cyclic changes in the
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intrathoracic pressure do not result in sufficiently strong cyclic changes of the stroke volume,
the patient is predicted not to be fluid responsive.

Pulse pressure variations (PPV; also known as pulse height variations) are
designed to quantify the cyclic changes in the pulse height of a hemodynamic waveform.
PPV is originally defined on the arterial blood pressure signal and later extended to the
photoplethysmographic signal. PPV (%) = 100 x {(PHmax - PHmin)/ ([PHmax + PHmin]/2)},
where PH refers to the pulse height of cardiac pulse in the arterial blood pressure signal or
photoplethysmographic signal. During positive pressure ventilation, pulse height increases
with inspiration and decreases with expiration. PPV has been shown to be useful for
mechanically ventilated patients with acute circulatory failures related to sepsis, and for
patients who have undergone coronary artery bypass grafting. In general, the application of
PPV has been proven to decrease the length of stay in hospital.

Various PPV algorithms for an ABP (arterial blood pressure) wave can be
found in scientific literature. The most straightforward implementation of an algorithm is the
literal implementation of the original definition. Some improvements have been made by
implementing new methods to derive the pulse-pressure curve, and new methods for post-
processing the initial PPV values. Derichard et al., Automated pulse pressure and stroke
volume variations from radial artery: evaluation during major abdominal surgery, British
Journal of Anaesthesia, 103(5), 678—684, describes an algorithm which has a fixed window
length, and has strong post-processing of the initial PPV values.

Known algorithms have various disadvantages. During episodes of
hemodynamic changes (e.g. injection of vasoactive medication, injection of inotrope
medication, rapid blood loss, application/removal of a blood vessel clamp during surgery,
pain stimulus) the computed PPV values are often falsely elevated such that they do not
resemble the fluid responsiveness. Further, irregular heartbeats (e.g. premature ventricular
contraction or arrhythmia) greatly affect the computed PPV values. Still further, even during
situations of stable heart rhythms and no hemodynamic changes, the computation of the PPV
value is intrinsically noisy.

Falsely clevated or diminished PPV values are misleading to clinicians and
may lead to wrong decisions on fluid loading, resulting in patients with hypovolemia or
hypervolemia. These conditions can lead to serious complications.

US 2014/323876 A1l discloses methods and systems for determining fluid
responsiveness based on physiological signals. The system may detect gain changes or

excessive baseline modulations. In some embodiments, based on the detected gain changes or
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excessive baseline modulations, the system may ignore portions of physiological signals and
determine a parameter indicative of fluid responsiveness based on a plurality of amplitudes

determined from other portions of the physiological signals. In some embodiments, based on
the detected gain changes or excessive baseline modulations, the system may determine fluid

responsiveness, or refrain from determining fluid responsiveness.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a device, system and method
for more reliably determining pulse pressure variation of a subject.

In a first aspect of the present invention a device for determining pulse
pressure variation of a subject is presented comprising;:

a signal input configured to obtain an input signal representing a
hemodynamic signal of the subject;

a processor configured to process the input signal and compute a pulse
pressure variation by

- deriving a pulse height signal from the input signal,

- deriving a pulse height baseline and a de-trended pulse height signal from the
pulse height signal,

- computing the pulse pressure variation from the de-trended pulse height
signal and the pulse height baseline as the ratio between the difference between extrema of
the de-trended pulse height signal and the respective value of the pulse height baseline signal;
and

a signal output configured to output the computed pulse pressure variation.

In a further aspect of the present invention a system for determining pulse
pressure variation of a subject is presented comprising;:

- a signal acquisition unit configured to acquire an input signal representing a
hemodynamic signal of the subject;

- a device as disclosed herein for determining pulse pressure variation of a
subject based on the acquired input signal; and

- a signal issuing unit configured to issue the computed pulse pressure variation.

In yet further aspects of the present invention, there are provided a
corresponding method, a computer program which comprises program code means for
causing a computer to perform the steps of the method disclosed herein when said computer

program is carried out on a computer as well as a non-transitory computer-readable recording
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medium that stores therein a computer program product, which, when executed by a
processor, causes the method disclosed herein to be performed.

Preferred embodiments of the invention are defined in the dependent claims. It
shall be understood that the claimed method, system, computer program and medium have
similar and/or identical preferred embodiments as the claimed device, in particular as defined
in the dependent claims and as disclosed herein.

The present invention is based on the idea to solve or else at least alleviate the
problems of the known algorithms by introducing a post-processing step after the derivation
of the PH signal, and before the computation of the initial PPV-values. Disadvantages of the
known algorithms are thus at least partially overcome.

Determining PPV is important to prevent patients in the operating room or the
ICU from hypovolemia and hypervolemia. The underlying problem for the PPV computation
is that consistent changes in the pulse height, varying phase between cardiac and ventilation
cycle, and irregular beats will complicate the PPV computation, generate unreliable values
and potentially mislead clinicians. According to the present invention, the baseline is
extracted from the PH signal and used as the mean PH signal to compute PPV to suppress the
influence of baseline changes and thus avoid generating falsely elevated or diminished PPV
values. The present invention thus offers clinical decision support in determining volume
status in dynamic scenarios and potential benefits of preventing over-treatment.

According to a preferred embodiment the de-trended pulse height signal is
derived by subtracting the pulse height baseline from the pulse height signal. This provides a
computationally inexpensive way of obtaining a useful de-trended pulse height signal.

There are different options to obtain information concerning the ventilation
frequency of the subject. One option is that the signal input is configured to obtain the
ventilation frequency of the subject. Another option is that the processor is configured to
determine the ventilation frequency of the subject by extracting an input signal baseline from
the input signal and estimating the ventilation frequency from the input signal baseline, in
particular from an arterial blood pressure baseline. Still another option is that the processor is
configured to determine the ventilation frequency of the subject by extracting the ventilation
frequency from the de-trended pulse height signal. The various options require different
computation power and may be chosen according to circumstances, ¢.g. whether or not a
sensor for acquiring the ventilation frequency is available.

The present invention may use the finding that a blood pressure baseline is less

affected by artefacts than the baseline from a photoplethysmographic (PPG) signal. The
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dominant frequency in the PPG baseline often differs from the ventilation frequency due to
peripheral vasoactive oscillations. In contrast, the blood pressure baseline is less affected by
peripheral vasoactive oscillations as the blood pressure is determined by the central blood
pressure in the thorax.

In another embodiment the processor is configured to filter the de-trended
pulse height signal using a band pass filter around the ventilation frequency of the subject, in
particular a band pass filter having an adaptive or predetermined center frequency and/or
bandwidth, preferably a center frequency and/or bandwidth set based on the ventilation
frequency. The band pass filter may e.g. be a peak filter. With this embodiment the
subsequent processing focusses exclusively on the ventilation-induced components to
suppress the influence of varying phase between cardiac and ventilation cycle and irregular
beats.

The signal input may further be configured to obtain as input signal a signal
selected from the group of signals comprising an arterial blood pressure signal, a
photoplethysmographic signal, a blood flow signal, a Doppler ultrasound signal, a laser
Doppler signal, a speckle-contrast signal, a ballistocardiographic signal, an accelerometer
signal, a radio-frequency inductance signal or a bio-impedance signal acquired from the
subject.

The processor may preferably be configured to compute the pulse pressure
variation from the de-trended pulse height signal or the filtered de-trended pulse height signal
in a computing window having a predetermined window length or a window length
determined from the ventilation frequency of the subject, in particular having a window
length of at least one ventilation cycle or an integer multiple of one ventilation cycle. Hence,
the determined ventilation (= respiration frequency), ¢.g. determined from the baseline of the
hemodynamic signal, may be used to set the adaptive window length of the computation of
the initial PPV values.

In another embodiment the processor is configured to compute the pulse
pressure variation value in a computing window by computing the difference between the
maximum value and the minimum value or between an upper threshold value and a lower
threshold value of the de-trended pulse height signal in the computing window, said upper
threshold value being in a range of 75-99% and the lower threshold value being in a range of

1-25%. This further improves the accuracy of the computation.
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The pulse pressure variation is computed as the ratio between the difference
between extrema of the de-trended pulse height signal and the respective value (e.g. mean or
median) of the pulse height baseline signal.

The processor may further be configured to compute the pulse pressure
variation by dividing the computed pulse pressure variation values by the respective values of
the pulse height baseline.

Further, in an embodiment the processor may be configured to derive the pulse
height signal from the input signal by interpolation, in particular spline interpolation, and

low-pass filtering.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent from and elucidated
with reference to the embodiment(s) described hereinafter. In the following drawings

Fig. 1 shows a schematic diagram of an embodiment of a system and a device
for determining pulse pressure variation of a subject according to the present invention,

Fig. 2 shows a flow chart of a first embodiment of a method for determining
pulse pressure variation of a subject according to the present invention,

Fig. 3 shows a flow chart of a second embodiment of a method for
determining pulse pressure variation of a subject according to the present invention,

Fig. 4 shows a flow chart of an embodiment of a method for ventilation
frequency estimation according to the present invention,

Fig. 5 shows a flow chart of an embodiment of a method for filtering the pulse
height signal according to the present invention,

Fig. 6 shows a diagram of various signals used in the method according to the
present invention,

Fig. 7 shows a diagram of various further signals illustrating the effect of the
method according to the present invention, and

Fig. 8 shows a diagram of various further signals illustrating the effect of

adaptive filtering in the method according to the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
Before details of the present invention shall be explained with reference to the

figures, some general thoughts related to the present invention shall be discussed.
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The way known algorithms try to alleviate the earlier mentioned problems
include the steps of: derivation of the pulse height (PH) signal, computation of initial PPV
values, and post processing of the initial PPV values. The known algorithms alleviate the
problems by applying considerable post-processing on the computed PPV values, which
induces new problems and disadvantages. Post-processing involves averaging over long
time-windows, which increases the latency of the algorithms, which is highly unwanted.
Furthermore, post-processing of the initially-computed PPV values is often not adequate, and
false high values will still be produced.

The technical root causes of the problems and disadvantages are:

1) During episodes of hemodynamic changes, the baseline of the PH signal can
rapidly grow or decline. These changes are captured by the known algorithms and will result
in elevated PPV values. However, these rapid increases or decreases of the PH signal are not
preload-induced (not related to positive pressure ventilation), so these variations do not
represent fluid responsiveness.

i) Irregular heartbeats will generate wildly varying pulse heights. The variations
do not relate to fluid responsiveness. This noisy signal will cause the initially computed PPV
value to be falsely elevated.

1i1) Even during situations of stable heart rhythms and no hemodynamic changes,
the known algorithms compute noisy pulse heights, because the exact phase between the
heart cycle and the ventilation cycle determines the computed pulse heights. Since this phase
varies quickly over time, the computed pulse heights will also vary over time. These
variations do not relate to fluid responsiveness either.

These problems and disadvantages can be avoided or else at least alleviated in
the following ways by embodiments of device, system and method according to the present
invention:

a) According to the present invention the baseline of the pulse height signal is
extracted. Because of the extraction of the baseline signal, changes (but still slower than the
ventilation rate, i.e., < 0.1 Hz) in the PH signal are not present anymore and will therefore not
disturb the computed initial PPV values. The information of the baseline of the PH signal
needs to be reused separately in the computation of the PPV value, which means that this step
should not be regarded as removing the baseline, but as extracting the baseline for later use.
b) According to an embodiment of the present invention a band pass filter, in
particular an adaptive band pass filter, e.g. a peak (narrow band pass) filter, is applied on the

PH signal before the signal will be used for computing the initial PPV values. In this way,
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any irregularities that occur at a different frequency than the ventilation frequency (like for
example an irregular beat that causes an outlier in the PH signal) will be removed from the
PH signal.

c) The disadvantage iii) is also solved by applying the adaptive band pass filter
provided in an embodiment.

Since this post-processing of the PH signal is applied, there is no need to apply
post-processing of the PPV values, which makes the presented algorithm also faster in
response to changes of the fluid responsiveness.

Referring now to the drawings, Fig. 1 shows a schematic diagram of an
embodiment of a system 1 and a device 10 for determining pulse pressure variation of a
subject according to the present invention. Fig. 2 shows a flow chart of a corresponding
method 100. The system 1 comprises a signal acquisition unit 21 configured to acquire (step
S1) an input signal representing a hemodynamic signal of the subject. The signal acquisition
unit 21 may e.g. be an arterial line that provides an ABP signal or a photoplethysmographic
sensor that provides a PPG signal as input signal. Generally, other options for the signal
acquisition unit 21 include elements for acquiring a blood flow signal, a Doppler ultrasound
signal, a laser Doppler signal, a speckle-contrast signal, a ballistocardiographic signal, an
accelerometer signal, a radio-frequency inductance signal or a bio-impedance signal.

The system 1 further comprises the device 10 for determining pulse pressure
variation of a subject based on the acquired input signal (steps S2-S4). The device 10 may e.g.
be a processor, a computer or any electronic device, on which software is running for
implementing the disclosed method.

The system 1 further comprises a signal issuing unit 22 configured to issue
(step S5) the computed pulse pressure variation signal, which may be a display, e.g. of a
computer or user device, for instance a physician’s smartphone, or a patient monitor.

The device 10 comprises in an embodiment a processor configured to process
the input signal and compute a pulse pressure variation by deriving (step S2) a pulse height
(PH) signal from the input signal, deriving (step S3) a pulse height baseline and a de-trended
pulse height signal from the pulse height signal, and computing (step S4) the pulse pressure
variation from the de-trended pulse height signal and the pulse height baseline. Instead of a
processor, the device may comprise respective units or circuitry to carry out these steps, ¢.g.
a first unit 11 for carrying out step S2, a second unit 12 for carrying out step S3 and a third
unit 13 for carrying out step S4.
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Fig. 3 shows a flow chart of a second embodiment of a method 200 for
determining pulse pressure variation of a subject according to the present invention. After the
extraction of the baseline from the input signal (S1) and the derivation of a continuous PH
signal from the pulse height of the input signal (S2), the baseline is extracted from the PH
signal (S31). The baseline is then subtracted from the PH signal to obtain a de-trended PH
signal (S32). The ventilation frequency can be obtained in various ways: through estimation
from the baseline of the input signal (S33) or through estimation from the de-trended PH
signal (S34). In another alternative, the ventilation frequency may be obtained as further
input from a ventilation frequency sensor, ¢.g. respiration sensor (such as an accelerometer)
arranged at the subject’s chest. In still another alternative the ventilation frequency shown in
the ventilator may directly be input into the processor automatically or manually.

Subsequently, the de-trended PH signal is optionally filtered using an adaptive
band pass filter (e.g. a peak filter) with the ventilation frequency and a desirable bandwidth
(S35). Finally, the initial PPV is computed using the baseline and the filtered PH signal (S4),
and the obtained PPV is output (S5).

Fig. 4 shows a flow chart of an embodiment of a method 300 for ventilation
frequency estimation according to the present invention, which may be used for
implementing step S33 or S34. In a first step (S60) the baseline of the input signal or the de-
trended PH signal is obtained. In a second step (S61) a Fast Fourier Transform on the
obtained signal is performed in a time window of a recent time period (e.g. the recent 30
seconds) that is preferably overlapping with the preceding time window (e.g. by 15 seconds).
In a third step (S62) the dominant peak(s) and the ventilation frequency are identified. In a
fourth step (S63) the identified ventilation frequency is issued as output.

Fig. 5 shows a flow chart of an embodiment of a method 400 for filtering the
pulse height signal according to the present invention, which may be used for implementing
step S35. In a first step (S70) the updated ventilation frequency and a desired bandwidth are
obtained. In a second step (S71) updated filter parameters are obtained or determined. In a
third step (S72) the de-trended PH signal is obtained. In a fourth step (S73) the de-trended
PH signal is filtered. In a fifth step (S74) the filtered PH signal is issued as output.

Known methods for deriving a PH signal make use of linear interpolation and
Gaussian smoothing followed by a low-pass filtering. According to embodiments of the
present invention, spline interpolation followed by a low-pass filtering is used to reconstruct

missing PH extrema due to the varying phase between cardiac and ventilation cycle.
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Next, the post-processing of the PH signal performed before computing the
initial PPV. Firstly, the baseline is extracted and separated from the PH signal. In this way,
changes in the baseline will not complicate the computation of PPV. In addition, the
unwanted components and noise may be filtered out using an adaptive band pass filter. The
center frequency of the filter is estimated either from the baseline of the input signal (e.g. an
ABP or PPG signal) or from the de-trended PH signal. The bandwidth may be chosen to e.g.
5% of the ventilation frequency. Alternatively, it may also be subject to user configuration
(e.g. 0.04 Hz). By using such a filter, the processing focuses on the frequency components
close to the ventilation frequency.

The benefit of baseline extraction is illustrated in Fig. 6 showing a diagram of
various signals over time used in the method according to the present invention. Fig. 6 shows,
as an example of an input signal, an ABP signal 40, a PH signal 41, the baseline 42 of the PH
signal 41, a de-trended PH signal 43, a raw PPV signal 44 and a PPV signal 45 after baseline
extraction. The change in the baseline 42 manifests itself in the derived maximum and
minimum in the PH signal 41. The PPV computed in this situation is not only induced by
ventilation, but also the baseline change. After extracting the baseline, the de-trended PH
signal 43 is used for computing the difference between the maximum and minimum of the
PH and thus the initial PPV signal 44.

The illustration of the influence of varying phase between cardiac and
ventilation cycle and the influence of irregular beats are given in Figs. 7 and 8, respectively.
Fig. 7 shows a diagram of various further signals illustrating the effect of the method
according to the present invention and Fig. 8 shows a diagram of various further signals
illustrating the effect of adaptive filtering in the method according to the present invention.
Fig. 7 shows the ABP signal 40, the measured PH values 46, a PH signal 47 obtained from a
linear interpolation of the PH values 46 and a PH signal 48 obtained from a spline
interpolation of the PH values 46. Fig. 8 shows another ABP signal 50, a resulting PH signal
51, the baseline 52 of the PH signal 51, a de-trended PH signal 53, a filtered de-trended PH
signal 54, a raw PPV signal 55 and a PPV signal 56 obtained from the filtered de-trended PH
signal 54.

It can be seen from Fig. 7 that the actual maximum and minimum of PH
values are approached better by constructing continuous PH signals. In addition, in Fig. §,
filtering the derived PH signal, using an adaptive band pass filter, helps to obtain stable PPV
values in the presence of irregular beats by focusing exclusively on the ventilation-induced

components.
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For computing initial PPV, different sizes of window may be used. It can be
chosen between the fixed window length, long enough to cover at least one ventilation cycle,
and the estimated ventilation cycle. The fixed window length may be set to a default value,
¢.g. 8 seconds, and may also be subject to user configuration. The difference between the
maximum and minimum of PH is derived from the de-trended PH signal. The average of the
maximum and minimum of PH, used for normalization in the formula, is replaced by the
baseline of the PH signal.

For post-processing PPV values, three-point mean filter, five-point median
filter, suboptimal Kalman filter, and averaging over 15, 30, or longer seconds have been used
in known methods. In order to avoid masking real-time changes in the PPV, post-processing
PPV values is preferably avoided by the present invention. Nevertheless, the present
invention can also be embodied with post processing steps of, for example, a 3, 4 or 5 point
median or mean filter.

The present invention may be applied in devices, systems and methods for
measurements and monitors. For instance, monitors that compute the PPV value from the
blood pressure may make use of the invention to improve the stability and credibility of PPV
algorithm. Further, the present invention may be applied in devices, systems and methods for
medical consumables and sensors. For instance, disposables for hospitals may make use of
the invention, ¢.g. in capnography systems, photoplethysmography sensors (pulse oximeters)
and ventilation masks.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims.

In the claims, the word "comprising” does not exclude other elements or steps,
and the indefinite article "a" or "an" does not exclude a plurality. A single element or other
unit may fulfill the functions of several items recited in the claims. The mere fact that certain
measures are recited in mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.

A computer program may be stored/distributed on a suitable non-transitory

medium, such as an optical storage medium or a solid-state medium supplied together with or
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as part of other hardware, but may also be distributed in other forms, such as via the Internet
or other wired or wireless telecommunication systems.

Any reference signs in the claims should not be construed as limiting the scope.
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CLAIMS:
1. A device for determining pulse pressure variation of a subject, said device
comprising:

a signal input (11) configured to obtain an input signal representing a
hemodynamic signal of the subject;

a processor (12) configured to process the input signal and compute a pulse
pressure variation by

- deriving a pulse height signal from the input signal,

- deriving a pulse height baseline and a de-trended pulse height signal from the
pulse height signal,

- computing the pulse pressure variation from the de-trended pulse height
signal and the pulse height baseline as the ratio between the difference between extrema of
the de-trended pulse height signal and the respective value of the pulse height baseline signal;
and

a signal output (13) configured to output the computed pulse pressure variation.

2. The device as claimed in claim 1,
wherein the de-trended pulse height signal is derived by subtracting the pulse
height baseline from the pulse height signal.

3. The device as claimed in claim 1,
wherein the signal input (11) is configured to obtain the ventilation frequency

of the subject.

4, The device as claimed in claim 1,

wherein the processor (12) is configured to determine the ventilation
frequency of the subject by extracting an input signal baseline from the input signal and
estimating the ventilation frequency from the input signal baseline, in particular from an

arterial blood pressure baseline.
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5. The device as claimed in claim 1,
wherein the processor (12) is configured to determine the ventilation
frequency of the subject by extracting the ventilation frequency from the de-trended pulse

height signal.

6. The device as claimed in claim 1,

wherein the processor (12) is configured to filter the de-trended pulse height
signal using a band pass filter around the ventilation frequency of the subject, in particular a
band pass filter having an adaptive or predetermined center frequency and/or bandwidth,

preferably a center frequency and/or bandwidth set based on the ventilation frequency.

7. The device as claimed in claim 1,

wherein the signal input (11) is configured to obtain as input signal a signal
selected from the group of signals comprising an arterial blood pressure signal, a
photoplethysmographic signal, a blood flow signal, a Doppler ultrasound signal, a laser
Doppler signal, a speckle-contrast signal, a ballistocardiographic signal, an accelerometer
signal, a radio-frequency inductance signal or a bio-impedance signal acquired from the

subject.

8. The device as claimed in claim 1 or claim 6,

wherein the processor (12) is configured to compute the pulse pressure
variation from the de-trended pulse height signal or the filtered de-trended pulse height signal
in a computing window having a predetermined window length or a window length
determined from the ventilation frequency of the subject, in particular having a window

length of at least one ventilation cycle or an integer multiple of one ventilation cycle.

9. The device as claimed in claim 8§,

wherein the processor (12) is configured to compute the pulse pressure
variation value in a computing window by computing the difference between the maximum
value and the minimum value or between an upper threshold value and a lower threshold
value of the de-trended pulse height signal in the computing window, said upper threshold

value being in a range of 75-99% and the lower threshold value being in a range of 1-25%.
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10. The device as claimed in claim 8§,
wherein the processor (12) is configured to compute the pulse pressure
variation by dividing the computed pulse pressure variation values by the respective values of

the pulse height baseline.

11. The device as claimed in claim 1,
wherein the processor (12) is configured to derive the pulse height signal from
the input signal by interpolation, in particular spline interpolation or linear interpolation, and

low-pass filtering.

12. A system for determining pulse pressure variation of a subject, said system
comprising:

- a signal acquisition unit (21) configured to acquire an input signal representing
a hemodynamic signal of the subject;

- a device (10) as claimed in claim 1 for determining pulse pressure variation of
a subject based on the acquired input signal; and

- a signal issuing unit (22) configured to issue the computed pulse pressure

variation.

13. A method for determining pulse pressure variation of a subject, said method
comprising:

- obtaining an input signal representing a hemodynamic signal of the subject;

- deriving a pulse height signal from the input signal;

- deriving a pulse height baseline and a de-trended pulse height signal from the
pulse height signal;

- computing the pulse pressure variation from the de-trended pulse height signal
and the pulse height baseline signal as the ratio between the difference between extrema of
the de-trended pulse height signal and the respective value of the pulse height baseline signal;
and

- outputting the computed pulse pressure variation.

14. A computer program comprising program code means for causing a computer
to carry out the steps of the method as claimed in claim 13 when said computer program is

carried out on the computer.
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