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MONITORING APPARATUS FOR
MONITORING A PHYSIOLOGICAL SIGNAL

FIELD OF THE INVENTION

[0001] The invention relates to a monitoring apparatus, a
monitoring method and a monitoring computer program for
monitoring a physiological signal.

BACKGROUND OF THE INVENTION

[0002] U.S. Pat. No. 6,997,882 B1 discloses a method for
monitoring respiratory functions of a subject. Acceleration
signals are acquired from at least one accelerometer module
attached to the subject. The acceleration signals are processed
to obtain anterior-posterior acceleration signals representing
anterior-posterior acceleration vectors largely free of medio-
lateral acceleration vectors. An acceleration component that
is due to breathing is extracted from the anterior-posterior
acceleration signals, wherein the extraction comprises the
application of a least means square adaptive noise-cancella-
tion technique. The extracted acceleration component is
likely to be adversely affected by non-breathing motion. The
quality of the extracted acceleration component is therefore
reduced.

SUMMARY OF THE INVENTION

[0003] Ttis an object of the present invention to provide a
monitoring apparatus, a monitoring method and a monitoring
computer program for monitoring a physiological signal,
wherein the quality of determining physiological information
can be improved. In a first aspect of the present invention a
monitoring apparatus for monitoring a physiological signal is
presented, wherein the monitoring apparatus comprises:

[0004] a physiological signal providing unit for provid-
ing a periodic physiological signal,

[0005] a segmentation unit for determining signal seg-
ments from the physiological signal, which correspond
to periods of the physiological signal,

[0006] aclassification unit for classifying the signal seg-
ments into a valid class and a non-valid class based on
characteristics related to the signal segments,

[0007] a physiological information determination unit
for determining physiological information from at least
one of 1) signal segments classified into the valid class
and ii) signal segments classified into the non-valid
class.

[0008] Since the segmentation unit determines signal seg-
ments from the physiological signal, which correspond to
periods of the physiological signal, wherein then the classi-
fication unit classifies the signal segments into a valid class
and a non-valid class based on characteristics related to the
signal segments, and the physiological information determi-
nation unit determines physiological information from at
least one of 1) signal segments classified into the valid class
and i1) signal segments classified into the non-valid class, the
physiological information can be determined based on the
knowledge whether the respective signal segment is valid or
not. For example, the physiological information determina-
tion unit can be adapted to determine a physiological param-
eter like a breathing rate depending on valid adapted seg-
ments of the physiological signal, which are adapted to
periods of the physiological signal, for example, which are
adapted to single breaths of a breathing signal. This allows
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improving the quality of determining physiological informa-
tion from a periodic physiological signal.

[0009] The physiological signal providing unit can be a
storing unit, in which the periodic physiological signal is
stored already and from which the physiological signal can be
retrieved for providing the same. The physiological signal
providing unit can also be a receiving unit for receiving the
periodic physiological signal via a wireless or wired data
connection, wherein the physiological signal providing unit
provides the received periodic physiological signal. The
physiological signal providing unit can also be a measure-
ment unit for measuring the periodic physiological signal. For
example, the physiological signal providing unit can be an
accelerometer for measuring an accelerometer breathing sig-
nal. The period of the physiological signal corresponds pref-
erentially to single breath.

[0010] Itis preferred that the segmentation unit is adapted
to find valleys in the physiological signal and to determine a
signal segment as a segment of the physiological signal
between two neighbored valleys. The valleys can indicate a
start and an end of a period of the physiological signal. Thus,
by defining a signal segment by two neighbored valleys the
signal segment can represent a period of the physiological
signal.

[0011] Ttis further preferred that the segmentation unit is
adapted to 1) find valleys in the physiological signal, ii) apply
aset of predefined rules to characteristics of the physiological
signal around the found valleys, wherein the set of rules
defines whether a found valley is a start or an end of a period
of the physiological signal based on the characteristics of the
physiological signal around the found valleys, iii) discard the
found valleys which do not define a start or an end of a period,
iv) determine a signal segment as a segment of the physiologi-
cal signal between two neighbored non-discarded valleys. In
a preferred embodiment, the segmentation unit is adapted to
apply a set of rules according to which at least one of the
amplitude, skewness and slope of the physiological signal
before the respective found valley is compared with that of the
respective physiological signal after the respective found val-
ley, and to determine whether the respective found valley is
caused by a beginning or an end of a period of the physiologi-
cal signal depending on the comparison. The physiological
signal can be corrupted by, for example, artifacts, noise and
other imperfections, or may deviate from a sinusoidal wave-
form due to the nature of the respective measurement prin-
ciple used for measuring the physiological signal, which may
resultin valleys which are not caused by a beginning or an end
of a period of the physiological signal. Thus, by applying the
set of rules and by discarding the found valleys which,
according to the set of rules, do not define a start or an end of
a period of the physiological signal, the quality of determin-
ing the signal segments can be improved.

[0012] The classification unit is adapted to classify the sig-
nal segments into a valid class and a non-valid class based on
characteristics related to the signal segments. Characteristics
related to the signal segments are, for example, temporal,
spectral and spatial characteristics. They can be characteris-
tics of the respective signal segment itself Characteristics
related to the signal segments can also be characteristics
which correspond to properties of a measuring unit used for
measuring the physiological signal, the condition of the per-
son or animal, et cetera, while the respective signal segment
has been measured. For instance, the physiological signal can
be an accelerometer signal, wherein the classification unit can
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be adapted to classify the signal segments based on a rotation
angle defining the rotation of the accelerometer while the
respective signal segment has been measured. The rotation
angle is preferentially defined as the angle to which an accel-
erometer is rotated in space during a single period, i.e. the
rotation angle can be defined as the difference between the
orientation of the accelerometer at the start of the respective
signal segment and the orientation at the end of the respective
signal segment. For signal segments from motion artifacts the
rotation angles are usually larger when compared to signal
segments from physiological signals. In particular, breathing
signals, which do not comprise motion artifacts, can in prin-
ciple yield a zero net rotation angle during a single breathing
period, i.e. the accelerometer returns substantially to its initial
orientation atthe end of one breath. The classification unit can
also be adapted to classify the signal segments based on other
characteristics related to the signal segments like the spectral
entropy of the respective signal segment, the number of val-
leys within the respective signal segment and/or the shape of
valleys within the respective signal segment.

[0013] Preferentially, the classification unit is adapted to
use a decision tree classifier for classifying the signal seg-
ments into a valid class and a non-valid class. This allows
classifying the signal segments in a simple way and in real-
time.

[0014] It is also preferred that the classification unit is
adapted to determine an accuracy value being indicative of
the accuracy of classifying a signal segment into the valid
class or the non-valid class depending on the respective signal
segment. For example, if the classification unit is adapted to
use a decision tree classifier for classifying the signal seg-
ments into a valid class and a non-valid class, a cross-valida-
tion of the decision tree classifier with ground truth can be
performed, wherein an accuracy value can be determined for
a certain leaf node, to which a valid label or a non-valid label
has been assigned, by determining the ratio of correct deci-
sions made at the leaf node to that of all decisions at the leaf
node. The accuracy value can be used as an indication for the
quality of the classification, which can be shown to a user
and/or used in further processings.

[0015] In a preferred embodiment, the monitoring appara-
tus further comprises a classification correction unit for cor-
recting the classification of the signal segments into the valid
class and the non-valid class. In particular, the classification
correction unit can be adapted to correct a classification of a
certain signal segment, if the accuracy value of the certain
signal segment is below a predefined accuracy threshold. For
example, depending on the criticality of the physiological
parameters and the application scenario, an appropriate value
for the accuracy threshold can be set. In an embodiment, the
classification correction unit can comprise assignments
between a) physiological parameters and/or applications and
b) accuracy thresholds, wherein the classification correction
unit can use an accuracy threshold based on the assignments
and the currently monitored physiological parameter and/or
the current application. The classification correction unit can
comprise a set of correction rules, which define, whether and
how a classification of a segment has to be corrected based on
at least one of correction features like the accuracy value,
characteristics of the respective segment, characteristics of
neighboring segments, user characteristics like a user activity
level, environmental characteristics like the environmental
temperature, the time of day, et cetera. For example, the set of
rules can define that, if a segment is labeled as being valid and
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has an accuracy value being smaller than the accuracy thresh-
old, which may be 60%, and if the temporarily neighboring
segments are non-valid segments, the classification correc-
tion unit corrects the particular segment’s label as non-valid.
This allows improving the quality of the classification of the
segments into valid and non-valid segments, thereby further
improving the quality of the determination of the physiologi-
cal parameter.

[0016] The physiological information determination unit
can be adapted to determine a physiological parameter as the
physiological information from the signal segments classified
into the valid class. For example, a breathing rate or a heart
rate can be determined as the physiological parameter. In
particular, the physiological signal providing unit can be
adapted to provide a breathing signal as the physiological
signal, wherein the physiological information determination
unit can be adapted to determine the respiration rate as the
physiological parameter from the signal segments classified
into the valid class by, for example, inverting the duration of
a signal segment classified into the valid class. The physi-
ological information determination unit can further be
adapted to determine a physiological pattern as the physi-
ological information from the signal segments classified into
the valid class and from the signal segments classified into the
non-valid class. The physiological pattern is, for example, a
breathing pattern or a heart beat pattern, i.e. a cardiac pattern.
In particular, the physiological information determination
unit can be adapted to determine breathing patterns such as
Cheyne-stokes respiration, periodic breathing, Apnea et cet-
era. For determining a breathing pattern, the physiological
information determination unit is preferentially adapted to
not only use valid segments, but also non-valid segments. In
particular, the physiological information determination unit
can be adapted to determine a breathing pattern based on valid
and non-valid segments, which cover a duration of, for
example, two minutes, and characteristics of these valid and
non-valid segments. The physiological information determi-
nation unit can comprise a set of rules, which determine a
breathing pattern based on these valid and non-valid seg-
ments and their characteristics. For example, the set of rules
can define that, if a part of the physiological signal with
contiguous non-valid segments with a variance being lower
than a predefined variance threshold is followed by a part of
the physiological signal with contiguous valid segments of
modulated amplitudes, a Cheyne-stokes respiration pattern is
present. The part of the physiological signal with contiguous
non-valid segments with thelow variance can represent apnea
and the part of the physiological signal with contiguous valid
segments of modulated amplitudes can represent hyperpnea.

[0017] Itis preferred that the monitoring apparatus further
comprises a pre-processing unit for pre-processing the physi-
ological signal by performing at least one of the following:
filtering, normalization, offset removing, down-sampling.
The pre-processing can improve the quality of the physiologi-
cal signal and/or reduce the computational load for further
processing of the respiratory signal. For example, by down-
sampling of the physiological signal, the computation time
and load for further processing can be reduced. In an embodi-
ment, the physiological signal is a respiratory signal and the
respiratory signal is down-sampled to less than 20 Hz, pref-
erentially to about 16 Hz.

[0018] Inanembodiment, the physiological signal provid-
ing unit is adapted to provide several periodic physiological
signals like a respiratory signal and a pulse signal. The seg-
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mentation unit can then be adapted to determine signal seg-
ments for the different physiological signals, the classifica-
tion unit can be adapted to classify the signal segments of the
different physiological signals, and the physiological infor-
mation determination unit can be adapted to determine physi-
ological parameters for the different physiological signals.
For example, a respiration rate and a pulse rate can be deter-
mined. In order to use the physiological parameters detet-
mined for the different physiological signals for an evaluation
of the condition of the monitored object, in particular, the
condition of a human being or an animal, the pre-processing
unit can be adapted to apply a phase correction to the different
physiological signals such that they are in phase.

[0019] In an embodiment, the physiological signal is a
breathing signal and the pre-processing unit is adapted to
apply a band-pass filter of 0.1 to 2 Hz to the breathing signal.
Thus, only frequencies pass the pre-processing unit, which
may be correlated to the breathing, thereby improving the
quality of the breathing signal.

[0020] In a further embodiment, the physiological signal
providing unit is adapted to provide three physiological sig-
nals, which correspond to three axes of a tri-axial accelerom-
eter, wherein the pre-processing unit is adapted to fuse the
three physiological signals to a single physiological signal.
For example, the pre-processing unit can apply a principle
component analysis (PCA) to the physiological signal. The
PCA transforms a data set of three correlated signals, which
preferentially correspond to three different axes of an accel-
erometer, into a data set of three orthogonal signals, where the
first principle component carries maximum variance. The
pre-processing unit can be adapted to determine the first
principle component of the PCA as the fused single physi-
ological signal, thereby reducing three-dimensional data to
one-dimensional data. This can lower the computational time
and load for further processing.

[0021] Preferentially, the monitoring apparatus further
comprises a display for displaying the determined physi-
ological parameter.

[0022] In a further aspect of the present invention a moni-
toring method for monitoring a physiological signal is pre-
sented, wherein the monitoring method comprises:

[0023] providing a periodic physiological signal by a
physiological signal providing unit,

[0024] determining signal segments from the physi-
ological signal, which correspond to periods of the
physiological signal, by a segmentation unit,

[0025] classifying the signal segments into a valid class
and a non-valid class based on characteristics related to
the signal segments by a classification unit,

[0026] determining physiological information from at
least one of 1) signal segments classified into the valid
class and ii) signal segments classified into the non-valid
class by a physiological information determination unit.

[0027] In a further aspect of the present invention a moni-
toring computer program for monitoring a physiological sig-
nal is presented, wherein the monitoring computer program
comprises program code means for causing a monitoring
apparatus as defined in claim 1 to carry out the steps of the
monitoring method as defined in claim 14, when the computer
program is run on a computer controlling the monitoring
apparatus.

[0028] It shall be understood that the monitoring apparatus
of claim 1, the monitoring method of claim 14 and the moni-
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toring computer program of claim 15 have similar and/or
identical preferred embodiments, in particular, as defined in
the dependent claims.

[0029] It shall be understood that a preferred embodiment
of the invention can also be any combination of the dependent
claims with the respective independent claim.

[0030] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] In the following drawings:

[0032] FIG. 1 shows schematically and exemplarily an
embodiment of a monitoring apparatus for monitoring a
physiological signal,

[0033] FIGS. 2 and 3 show exemplarily a part ofa breathing
signal with valleys and peaks,

[0034] FIG. 4 shows exemplarily a breathing signal with
valid signal segments and non-valid signal segments, and
[0035] FIG. 5shows a flowchart exemplarily illustrating an
embodiment of a monitoring method for monitoring a physi-
ological signal.

DETAILED DESCRIPTION OF EMBODIMENTS

[0036] FIG. 1 shows schematically and exemplarily an
embodiment of a monitoring apparatus for monitoring a
physiological signal. The monitoring apparatus 1 comprises a
physiological signal providing unit 2 for providing a periodic
physiological signal. In this embodiment, the physiological
signal providing unit 2 is a storing unit, in which the periodic
physiological signal is stored already. The physiological sig-
nal is preferentially an accelerometer breathing signal, which
has been measured by using an accelerometer. The acceler-
ometer is an electromechanical sensor that measures both,
gravitational, induced by the earth gravity (g=9.8 ms?), and
inertia accelerations induced by movements. In particular, the
accelerometer is a three-axial accelerometer, which is
attached to a thorax, preferably on the left rib cage, of a
human being, in order to measure projections of the gravity
vector onto its sensing axes. During breathing, the movement
of the rib cage rotates the sensor in an earth reference system,
thus causing a change of the projections of the gravity vector
on thethree axes, which is reflected on the sensor axes signals.
Thus, the accelerometer is preferentially used as an inclinom-
eter, in order to measure accelerometer breathing signals. By
using the accelerometer, a cable-less, unobtrusive, low-cost
and continuous respiration monitoring can be provided.
Instead of or in addition to attaching the accelerometer to the
thorax, the accelerometer can also be attached to another part
of a human being, which moves with breathing, like the
abdomen.

[0037] In another embodiment, the physiological signal
providing unit is adapted to measure the periodic physiologi-
cal signal. In particular, the physiological signal providing
unit can comprise an accelerometer for measuring an accel-
erometer breathing signal, an analogue-to-digital converter
for converting the measured analogue accelerometer breath-
ing signal to a digital accelerometer breathing signal and a
buffer for storing the digital accelerometer breathing signal
before providing it to a pre-processing unit 3.

[0038] The pre-processing unit 3 is adapted to pre-process
the provided physiological signal by performing at least one
of the following: filtering, normalization, offset-removing
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and down-sampling. This pre-processing is preferentially
performed such that the following signal processing is sim-
plified, without losing relevant information. For example, the
pre-processing unit 3 can be adapted to apply a band-pass
filter of0.1-1 Hz or 0.1-2 Hz to the breathing signal. Thus, the
filtering can be performed such that only frequencies pass the
pre-processing unit 3, which may be correlated to the breath-
ing, thereby improving the quality of the breathing signal.
The band-pass filter of 0.1-1 Hz corresponds to the normal
breathing rate of 6-60 breaths per minute. The band-pass filter
of 0.1-2 Hz also considers neonatal breathing.

[0039] In this embodiment, the physiological signal pro-
viding unit 2 is adapted to provide three accelerometer signals
of a tri-axial accelerometer as breathing signals. The three
accelerometer signals, which correspond to the three axes of
the accelerometer, are preferentially fused into one breathing
signal by using PCA by the pre-processing unit 3. The first
principle component of the PCA is preferentially the single
breathing signal, which is used for further processing.

[0040] The monitoring apparatus 1 further comprises a seg-
mentation unit 4 for determining signal segments from the
physiological signal, i.e., in this embodiment, the breathing
signal, which correspond to periods of the physiological sig-
nal. The segments can be regarded as breath candidates,
wherein the segmentation unit 4 prepares the breathing signal
for breath detection by generating the breath candidates,
which are basic units of a classification, which will be
described further below. A typical breathing cycle resembles
a sinusoidal-shaped breathing signal with a peak separating
inspiration and expiration, while the start of inspiration and
the end of expiration are marked by local minima in the
breathing signal.

[0041] The segmentation unit 4 can be adapted to find val-
leys in the physiological signal and to determine a signal
segment as a segment of the physiological signal between two
neighbored valleys. Thus, the segmentation unit 4 can be
adapted to find valleys in the breathing signal, which may be
defined as local minima below the mean of the breathing
signal, to identify start and end of a breath candidate. Since
not all of the valleys may be a true beginning/or end of a
breath due to, for example, the nature of the measurement
principle used for measuring the physiological signal, small
artifacts, noise and other imperfections, invalid valleys may
be present, which may lead to false candidates. The segmen-
tation unit 4 can therefore be adapted to apply a set of pre-
defined rules to characteristics of the breathing signal around
the found valleys, wherein the set of rules defines, whether a
found valley is a start of an end of a period of the breathing
signal, based on the characteristics of the breathing signal
around the found valleys. In particular, the segmentation unit
4 can be adapted to apply a set of rules according to which at
least one of the amplitude, the skewness and slope of the
breathing signal before the respective found valley is com-
pared with that of the respective breathing signal after the
respective found valley, wherein it is determined that the
respective found valley is caused by a beginning or an end of
aperiod of the breathing signal depending on the comparison.
The set of rules can be determined by calibration or training,
wherein the set of rules is defined such that for the calibration
or training breathing signals the accuracy of determining,
whether the respective found valley is caused by a beginning
or an end of a period of the breathing signal or not, is opti-
mized. Thus, a set of rules can be defined by learning from
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occurrences of, for example, false candidates, wherein the set
of rules are defined such that the occurrences of false candi-
dates are minimized.

[0042] The segmentation unit 4 can be further adapted to
discard the found valleys, which do not define a start or an end
of a period of the breathing signal and to determine a signal
segment as a segment of the breathing signal between two
neighboring non-discarded valleys.

[0043] FIGS. 2 and 3 show schematically and exemplarily
a part ofa fused accelerometer breathing signal, in particular,
the amplitude A of the signal in arbitrary units depending on
the time t in arbitrary units. In these figures, the crosses
indicate valleys, the vertical lines indicate peaks and the
ellipses indicate valleys to be removed. The segmentation
unit 4 can be adapted to find the valleys, which are denoted in
FIGS. 2 and 3 by ellipses, in order to identify these valleys as
valleys, which do not define a start or an end of a breathing
period.

[0044] The monitoring apparatus further comprises a clas-
sification unit 5 for classifying the signal segments into a
valid class and a non-valid class based on characteristics
related to the signal segments. Thus, the classification unit 5
is preferentially adapted to calculate characteristics, which
can also be regarded as a feature, related to the respective
signal element, 1.e. to the respective breath candidate, and to
classify the respective signal segment depending on the cal-
culated characteristics. The characteristics can be, for
example, at least one of temporal, spectral and spatial char-
acteristics related to the respective signal element. For
example, a rotation angle defining the rotation of the accel-
erometer while the respective signal segment has been mea-
sured can be calculated as a spatial characteristic, the spectral
entropy of the respective signal segment can be determined as
a spectral characteristic, and the number of valleys of the
respective signal segment and the shape of valleys of the
respective signal segment can be calculated as temporal char-
acteristics. The rotation angle is preferentially defined as the
angle to which an accelerometer is rotated in space during a
single period, i.e. the rotation angle can be defined as the
difference between the orientation of the accelerometer at the
start of the respective signal segment and the orientation at the
end of the respective signal segment. The classification unit 5
can, for example, be adapted to classify a respective signal
segment as valid, if the rotation angle is smaller than a pre-
defined rotation angle threshold, and to classify the respective
signal segment as non-valid, ifthe rotation angle is larger than
the predefined rotation angle threshold. The rotation angle
threshold can be predefined by calibration or training with
signal segments, which are unknown to be valid or non-valid.
[0045] The classification unit 5 is preferentially adapted to
determine a feature vector, which represents the characteris-
tics related to the respective signal element, for the signal
segments, i.e. for the breath candidates. The classification
unit then preferentially uses the feature vector to categorize a
particular breath candidate as either valid or non-valid, i.e. as
a breath segment or a non-breath segment. The classification
unit 5 can use various types of classifiers that may fulfill the
task. Preferentially, the classification unit 5 uses a decision
tree classifier, which allows to classify the signal segments in
a simple way and in realtime.

[0046] The decision tree classifier is also preferentially
trained or calibrated by using signal segments, of which it is
known, whether they are valid or non-valid. For example, the
decision tree classifier can be trained from manually anno-
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tated breathing data, wherein it is annotated whether the
respective signal segment is valid or non-valid. The breathing
data can be breathing data of several persons located in one or
several hospitals.

[0047] Inanembodiment, the feature vector comprises sev-
eral features, spanning across in time, frequency and/or spa-
tial domains. For example, the feature vector can comprise at
least one of the following features: width, mean, median,
amplitude variance, peak amplitude, amplitude at signal ele-
ment start, amplitude at signal element end, relative location
of peak within the respective signal element, positive width,
number of valleys inside signal segment but above mean,
slope of line passing through signal segment start and end
amplitudes, area under the signal segment curve, dominant
frequency, magnitude at dominant frequency, spectral
entropy, spectral centroid, magnitude in several, in particular,
four, different predefined frequency bands, rotation angle et
cetera. The several frequency bands can be predefined by
using training data sets comprising signal segments of which
the correct assignment to the valid class or the non-valid class
is known, wherein the frequency bands are chosen such that
the number of incorrectly classified signal segments of the
training data set is minimized.

[0048] The classification unit 5 can be adapted to pre-clas-
sify the signal segments before performing the above
described classification. Preferentially, the pre-classification
is performed by using a decision tree pre-classifier, which is
smaller than the decision tree classifier described above. In
particular, less features are determined for a signal segment
and the pre-classification is performed based on these few
features. For example, the features used for the pre-classifi-
cation can be easy-to-compute features like the width or
amplitude variance of the respective signal segment.

[0049] The pre-classification is preferentially used to iden-
tify obvious non-valid signal segments and can be trained be
using a training data set. The decision tree pre-classifier can,
for example, be adapted such that a signal segment having an
amplitude variance smaller than an apnea threshold is
regarded as being an obvious non-valid segment, because it is
assumed that such a signal segment is inside apnea. More-
ovet, the pre-classification can be performed such that a sig-
nal segment having an amplitude variance above a motion
threshold is identified as a non-valid signal segment, because
itis assumed that the relatively high variance of the amplitude
is caused by a motion artifact. The main classification is then
performed on the signal segments, which have not been iden-
tified as being obvious non-valid signal segments by the pre-
classification. The main classification is therefore performed
on less signal segments, thereby reducing the computational
load of performing the main classification.

[0050] The decision tree classifier performing the main
classification and the optional decision tree pre-classifier per-
forming the pre-classification can be, for example, a standard
C 4.5 decision tree classifier or a classification and regression
tree (CART).

[0051] The classification unit 5 is preferentially further
adapted to determine an accuracy value being indicative of
the accuracy of classifying a signal segment into the valid
class or the non-valid class depending on the respective signal
segment. This accuracy value, which is indicative of the accu-
racy of classifying the respective signal segment, i.e., which is
indicative of the label decision, is directly correlated to the
quality of the corresponding breath. The classification unit 5
can be adapted to cross-validate the decision tree classifier

Dec. 26, 2013

with ground truth and to determine the accuracy value as a
ratio of correct decisions made at the leaf, which assigns a
valid or non-valid label to the respective signal segment, to
that of all decisions at the leaf. In an embodiment, a training
data set comprising signal segments, of which is it known
whether they are valid or non-valid signal segments, is clas-
sified by the decision tree classifier. Since the correct classi-
fication of the respective signal segment is known, the clas-
sification resulting by using the decision tree classifier can be
compared with the correct classification, in order to deter-
mine for each leaf of the decision tree classifier an accuracy
value. For example, the accuracy value can be defined as the
number of correct decisions made at a respective leaf divided
by the overall number of decisions made at the respective leaf
After for each leaf an accuracy value has been determined, the
decision tree classifier can be applied to an actual signal
segment, of which the correct classification is not known,
wherein, after the classification has been performed, the
respective actual signal segment is assigned to a certain leaf of
the decision tree classifier, thereby defining the class of the
respective actual signal segment and the corresponding accu-
racy value.

[0052] FIG. 4 shows schematically and exemplarily the
amplitude A of a breathing signal depending on the timet. The
different signal segments are defined by the valleys, which are
indicated by crosses. The valid signal segments are denoted
by a solid line and the non-valid signal segments are denoted
by a dashed line. The numbers shown in FIG. 4 above the
respective signal segment indicate the respective accuracy
value.

[0053] As can be seen in FIG. 4, the signal segments 9
deviate from a sinusoidal shape and have a lower accuracy
value. This deviation and the small accuracy values may be
caused by an influence of the accelerometer signal by non-
breathing motion.

[0054] The monitoring apparatus 1 preferentially further
comprises a classification correction unit 6 for correcting the
classification of the signal segments into the valid class and
the non-valid class. In particular, depending on the accuracy
in labeling and the knowledge of surrounding labels, a clas-
sifier decision can be revoked to improve reliability.

[0055] Theclassification correction unit 6 can be adapted to
correct a classification of a certain signal segment, if the
accuracy value of the certain signal segment is below a pre-
defined accuracy threshold. For example, depending on the
criticallity of the physiological parameters and the applica-
tion scenario, an appropriate value for the accuracy threshold
can be set. In an embodiment, the classification correction
unit 6 can comprise assignments between a) physiological
parameters and/or applications and b) accuracy thresholds,
wherein the classification correction unit 6 can use an accu-
racy threshold based on the assignments and the currently
monitored physiological parameter and/or the current appli-
cation. For instance, the accuracy thresholds can be pre-
defined such that the classification of the signal segments 9
shown in FIG. 4 and having an accuracy value smaller than
0.8 is corrected from the valid class to the non-valid class.
[0056] The classification correction unit 6 can comprise a
set of correction rules, which define, whether and how a
classification of a segment has to be corrected based on the
accuracy threshold, characteristics of the respective segment,
characteristics of neighboring segments, user characteristics
like a user activity level, environmental characteristics like
the environmental temperature, the time of day, et cetera. For
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example, the set of rules can define that, if a segment is
labeled as being valid and has an accuracy value being smaller
than the accuracy threshold, which may be 60%, and if the
temporarily neighboring segments are non-valid segments,
the classification correction unit 6 corrects the particular seg-
ment’s label as non-valid. This allows improving the quality
of the classification of the segments into valid and non-valid
segments, thereby further improving the quality of the deter-
mination of the physiological parameter.

[0057] The monitoring apparatus 1 further comprises a
physiological information determination unit 7 for determin-
ing physiological information from at least one of 1) signal
segments classified into the valid class and i1) signal segments
classified into the non-valid class. In particular, the physi-
ological information determination unit 7 is adapted to deter-
mine a physiological parameter from the signal segments
classified into the valid class. In this embodiment, the physi-
ological information determination unit 7 is adapted to deter-
mine the respiration rate as the physiological parameter from
the signal segments classified into the valid class. For
example, the physiological information determination unit 7
can be adapted to determine the respiration rate by inverting
the duration of a signal segment classified into the valid class.
The physiological information determination unit 7 can fur-
ther be adapted to determine breathing patterns such as
Cheyne-stokes respiration, periodic breathing, apnea, et cet-
era. For determining a breathing pattern, the physiological
information determination unit 7 is preferentially adapted to
not only use valid segments, but also non-valid segments. In
particular, the physiological information determination unit 7
can be adapted to determine a breathing pattern based on the
valid and non-valid labels of signal segments, which cover a
duration of, for example, two minutes, and characteristics of
these valid and non-valid segments. The physiological infor-
mation determination unit 7 can comprise a set of rules, which
determine a breathing pattern based on the valid and non-
valid labels of the signal segments and the characteristics of
the signal segments. For example, the set of rules can define
that, if a part of the physiological signal with contiguous
non-valid segments, which have preferentially a duration ofat
least 10 seconds, with a variance being lower than a pre-
defined variance threshold is followed by a part of the physi-
ological signal with contiguous valid segments of modulated
amplitudes, a Cheyne-stokes respiration pattern is present.
The part of the physiological signal with contiguous non-
valid segments with the low variance can represent apnea and
the part of the physiological signal with contiguous valid
segments of modulated amplitudes can represent hyperpnea.
Also the set of rules used by the physiological information
determination unit 7 can be defined by calibration or training,
wherein signal segments representing a known physiological
parameter and/or a known physiological pattern are used.

[0058] Themonitoring apparatus 1 further comprises a dis-
play 8 for displaying, for example, the physiological param-
eter like the breathing rate, the physiological pattern like the
breathing pattern, the valid signals and/or the non-valid sig-
nals. In particular, the display can be adapted to show the valid
and non-valid signal segments as exemplarily shown in FIG.
4.

[0059] In the following an embodiment of a monitoring
method for monitoring a physiological signal will exemplar-
ily be described with reference to a flowchart shown in FIG.
s
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[0060] 1Instep 101, the physiological signal providing unit
2 provides periodic physiological signals, which are, in this
embodiment, accelerometer breathing signals. In step 102,
the physiological signals are pre-processed by the pre-pro-
cessing unit 3. In particular, the physiological signals are
filtered by using a band-pass filter of 0.1-2 Hz. Moreover, the
pre-processing unit 3 fuses the accelerometer breathing sig-
nals, which are preferentially three accelerometer breathing
signals of a three-axial accelerometer, to a single breathing
signal by PCA. In step 103, the segmentation unit 4 deter-
mines signal segments from the pre-processed physiological
signal, which correspond to periods of the physiological sig-
nal, and, in step 104, the classification unit 5 classifies the
signal segments into a valid class and a non-valid class based
on characteristics related to the signal segments. In step 105,
the classification correction unit 6 corrects the classification
of the signal segments into the valid class and the non-valid
class, if required, and, in step 106, the physiological informa-
tion determination unit 7 determines physiological informa-
tion, for example, a physiological parameter like the breath-
ing rate from the signal segments classified into the valid class
or a physiological pattern like the breathing pattern from the
signal segments classified into the valid class and the signal
segments classified into the non-valid class. In step 107, at
least the determined physiological parameter and/or the
physiological pattern is shown on the display 8.

[0061] Although in the above described embodiments, the
physiological signal is an accelerometer breathing signal, the
monitoring apparatus and the monitoring method can also be
adapted to monitor a breathing signal, which is measured by
another device like a respiratory belt. The monitoring appa-
ratus and the monitoring method can also be adapted to moni-
tor another physiological signal like a cardiac signal, in par-
ticular, like an electro-cardiography signal.

[0062] The monitoring apparatus and the monitoring
method can be adapted to monitor one or several physiologi-
cal signals. For example, one or several accelerometers can be
used for monitoring one or several breathing signals. More-
over, the monitoring apparatus and the monitoring method
can be adapted to monitor different physiological signals like
a breathing signal and a cardiac signal, simultaneously.
[0063] Physiological parameters like breathing and heart
rates can have a high clinical value as an early indicator of
patient’s health deterioration. Traditionally, patients in the
intensive and medium care units are well-monitored, while
those in medical and post-surgical care units are not. Gener-
ally, a continuous monitoring of patient’s physiological
parameters over a long time period is an arduous task due to
the shortage of nursing personnel, lack of supervision and
unavailability of a suitable monitoring system, which may
lead to a sub-optimal care. The above described monitoring
apparatus can be a reliable, automatic and easy-to-use device
to measure physiological parameters for the general ward
patients.

[0064] The acceleration sensor is preferentially attached to
the patient’s thorax or abdomen and can be used to detect
breathing effort along with information such as heart-beating,
body-posture and activity level of the patient. The accelera-
tion sensor can be attached to patients, who are physically
more active than traditionally monitored patients of an inten-
sive careunit (ICU), wherein the sensor signals can be mixed-
up with accelerations due to patient’s body movements. The
monitoring apparatus and the monitoring method can be
adapted to ensure a reliable interpretation of the measured
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data by deriving the physiological parameters from clinical
relevant signals rather than motion-contaminated signals. By
doing so, false alarms are limited and the patient’s status can
be properly supervised. In particular, the monitoring appara-
tus and the monitoring method are preferentially adapted to
discard motion-contaminated signals, i.e. motion-contami-
nated signal segments, which are classified as non-valid, and
reliably extract respiration/pulse rates and trends from the
rest of the signal. Thus, an automatic algorithm can be pro-
vided, which intelligently identifies and removes motion-
contaminated measurements to make a continuous monitor-
ing of vital body signs in general ward patients meaningful.

[0065] The monitoring apparatus and monitoring method
are preferentially adapted to accurately detect every single
breath in a breathing signal. Thus, in contrast to a fixed time
frame analysis, in which a breathing signal is segmented and
processed in fixed-sized frames of, for example, 25 s, the
monitoring apparatus and monitoring method can be adapted
to operate at the finest resolution and thus captures every
single breath that is valid, thereby increasing the availability
of breathing information. The output such as the respiration
rate (RR), the accuracy value, which can also be regarded as
a confidence index (CI), the breathing pattern, et cetera, are
preferentially sent to the display to notify an observer. The
monitoring apparatus and monitoring method detect prefer-
entially every single breath after an adaptive segmentation of
the breathing signal. A sequence of operations is performed
on the breathing signal to calculate, for example, RR and a
corresponding CI. The CI quantifies preferentially the confi-
dence in evaluation of the respiratory rate from a single
breath. It reflects the accuracy in the breath detection and the
quality of the breath.

[0066] The breathing signal is preferentially a digitized
signal of an accelerometer and is preferentially buffered up to
one cycle of respiration, for example, for 10 seconds, before
being pre-processed by the pre-processing unit which prefer-
entially carries out operations such as filtering, DC-removal,
normalization, et cetera on the digitized and buffered raw
sensor signals. The segmentation unit then preferentially
demarcates the signal to generate breath candidates based on
pre-defined rules. In comparison to a fixed-frame classifica-
tion, the breath candidates, i.e. the signal segments, can be
seen as the high-resolution frames with time-varying lengths,
which are the basic units, on which the classification unit
operates. The classification unit calculates preferentially a set
of breath-specific features for each breath-candidate, which
are then classified into “breathing”, i.e. into valid, and “non-
breathing”, i.e. non-valid, categories using a classification
algorithm such as a decision tree. The physiological informa-
tion determination unit then preferentially calculates the res-
piratory rate along with the corresponding index of confi-
dence from the breath candidates that were classified as
“breathing”.

[0067] The monitoring apparatus and the monitoring
method can be adapted to be applied in a setting, where vital
body signs such as respiration are monitored by using one or
more sensors, in particular, one or more accelerometers. The
monitoring apparatus and the monitoring method can be
adapted to monitor respiration in general wards at the hospi-
tal. But, the monitoring apparatus and the monitoring method
can also be adapted for ICU monitoring and home healthcare.

[0068] Although in above described embodiments PCA is
used as a technique for fusing physiological signals, also
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other fusion techniques can be used like weighted sum beam-
forming (WSB), geometrical coordinates rotation and other
heuristic fusion methods.

[0069] 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 draw-
ings, the disclosure, and the appended claims.

[0070] 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.

[0071] A single unit or device 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.

[0072] Calculations like the determination of signal seg-
ments, the classification of the signal segments or the deter-
mination of physiological information, performed by one or
several units or devices, can be performed by any other num-
ber of units or devices. For example, steps 102 to 106 can be
performed by a single unit or by any other number of different
units. The calculations and/or the control of the monitoring
apparatus in accordance with the monitoring method can be
implemented as program code means of a computer program
and/or as dedicated hardware.

[0073] A computer program may be stored/distributed on a
suitable medium, such as an optical storage medium or a
solid-state medium, supplied together with or 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.

[0074] Any reference signs in the claims should not be
construed as limiting the scope.

[0075] The invention relates to a monitoring apparatus for
monitoring a physiological signal. A segmentation unit deter-
mines signal segments from a physiological signal, which
correspond to periods of the physiological signal, a classifi-
cation unit classifies the signal segments into a valid class and
anon-valid class based on characteristics related to the signal
segments, and a physiological information determination unit
determines physiological information from at least one of 1)
signal segments classified into the valid class and ii) signal
segments classified into the non-valid class. The physiologi-
cal information can therefore be determined based on the
knowledge whether the respective signal segment is valid or
not. For example, a physiological parameter like a breathing
rate can be determined depending on valid adapted segments
of the physiological signal, which are adapted to periods of
the physiological signal. This improves the quality of deter-
mining physiological information from a physiological sig-
nal.

1. A monitoring apparatus for monitoring a physiological

signal, the monitoring apparatus comprising;

a physiological signal providing unit for providing a peri-
odic physiological signal,

a segmentation unit for determining signal segments from
the physiological signal, which correspond to periods of
the physiological signal,

a classification unit for classifying the signal segments into
a valid class and a non-valid class based on characteris-
tics related to the signal segments,

a physiological information determination unit for deter-
mining physiological information from at least one of 1)
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signal segments classified into the valid class and ii)
signal segments classified into the non-valid class.

2. The monitoring apparatus as defined in claim 1, wherein
the segmentation unit is adapted to:

find valleys in the physiological signal,

determine a signal segment as a segment of the physiologi-

cal signal between two neighbored valleys.

3. The monitoring apparatus as defined in claim 1, wherein
the segmentation unit is adapted to:

find valleys in the physiological signal,

apply a set of predefined rules to characteristics of the

physiological signal around the found valleys, wherein
the set of rules defines whether a found valley is a start or
an end of a period of the physiological signal based on
the characteristics of the physiological signal around the
found valleys,

discard the found valleys which do not define a start or an

end of a period,

determine a signal segment as a segment of the physiologi-

cal signal between two neighbored non-discarded val-
leys.

4. The monitoring apparatus as defined in claim 3, wherein
the segmentation unit is adapted to:

apply a set of rules according to which at least one of the

amplitude, skewness and slope of the physiological sig-
nal before the respective found valley is compared with
that of the respective physiological signal after the
respective found valley,

determine whether the respective found valley is caused by

a beginning or an end of a period of the physiological
signal depending on the comparison.

5. The monitoring apparatus as defined in claim 1, wherein
the classification unit is adapted to classify the signal seg-
ments based on at least one of the temporal, the spectral and
the spatial characteristics of the respective signal segment.

6. The monitoring apparatus as defined in claim 1, wherein
the physiological signal is an accelerometer signal measured
by an accelerometer and wherein the classification unit is
adapted to classify the signal segments based on a rotation
angle defining a rotation of the accelerometer while the
respective signal segment has been measured.

7. The monitoring apparatus as defined in claim 1, wherein
the classification unit is adapted to use a decision tree classi-
fier for classifying the signal segments into a valid class and
a non-valid class.

8. The monitoring apparatus as defined in claim 1, wherein
the classification unit further adapted to determine an accu-
racy value being indicative of the accuracy of classifving a
signal segment into the valid class or the non-valid class
depending on the respective signal segment.
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9. The monitoring apparatus as defined in claim 1, wherein
the monitoring apparatus further comprises a classification
correction unit for correcting the classification of the signal
segments into the valid class and the non-valid class.

10. The monitoring apparatus as defined in claim 1,
wherein the physiological information determination unit
adapted to determine at least one of i) a physiological param-
eter as the physiological information from the signal seg-
ments classified into the valid class and ii) a physiological
pattern as the physiological information from the signal seg-
ments classified into the valid class and from the signal seg-
ments classified into the non-valid class.

11. The monitoring apparatus as defined in claim 10,
wherein the physiological signal providing unit is adapted to
provide a breathing signal as the physiological signal and
wherein the physiological information determination unit is
adapted to determine the respiration rate as the physiological
parameter from the signal segments classified into the valid
class.

12. The monitoring apparatus as defined in claim 1,
wherein the monitoring apparatus further comprises a pre-
processing unit for pre-processing the physiological signal by
performing at least one of the following: filtering, normaliza-
tion, offset removing, down-sampling.

13. The monitoring apparatus as defined in claim 12,
wherein the physiological signal providing unit is adapted to
provide three physiological signals, which correspond to
three axes of a tri-axial accelerometer, wherein the pre-pro-
cessing unit is adapted to fuse the three physiological signals
to a single physiological signal.

14. A monitoring method for monitoring a physiological
signal, the monitoring method comprising:

providing a periodic physiological signal by a physiologi-

cal signal providing unit,

determining signal segments from the physiological sig-

nal, which correspond to periods of the physiological
signal, by a segmentation unit,

classifying the signal segments into a valid class and a

non-valid class based on characteristics related to the
signal segments by a classification unit,

determining physiological information from at least one of

1) signal segments classified into the valid class and ii)
signal segments classified into the non-valid class by a
physiological information determination unit.

15. A monitoring computer program for monitoring a
physiological signal, the monitoring computer program com-
prising program code means for causing a monitoring appa-
ratus as defined in claim 1 to carry out the steps of the moni-
toring method, when the computer program is rim on a
computer controlling the monitoring apparatus.

# 0k % k&
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