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Description

Field of the Invention

[0001] The present invention relates to a method for
determining a confidence level in a heart rate obtained
from a patent, for example from an ECG signal of the
patent.

Background of the Invention

[0002] According to findings by the National Institute
for Healthcare and Clinical Excellence (NICE), there is
evidence that patients are receiving sub-optimal care in
hospitals because indications of clinical deterioration
were not appreciated or notacted uponin time. Vital signs
are typically recorded by nurses three times a day, that
is every 8 hours. There is a large body of evidence indi-
cating that during these intervals one or more adverse
physiological events flagging patient deterioration are
likely to occur.

[0003] Differentclinicians have expressed the need for
monitoring patients continuously, so that the appropriate
level of response can be quickly administered to prevent
patient deterioration following early warning signs. This
has motivated different research and development of
monitoring systems that are effective in reducing mortal-
ity rates and improving patient outcomes in clinical stud-
ies conducted around the world.

[0004] In response to this need, Toumaz Healthcare
Ltd has developed a patient surveillance system around
ultra-low power wireless wearable technologies, as de-
scribed in EP 1928311 and US 2008/0214946 A1.
[0005] Patients in general wards are patched up with
a low cost, light-weight and unobtrusive wireless digital
plaster that continuously monitors heart rate (HR), res-
piration activity and temperature. Thereby, physiological
data from patients are transmitted via hotspots (bridges)
to one or more servers that enable further analysis and
presentation of the values and trends of vital signs in
computer monitors. Such central stations are pro-
grammed to generate notifications/alerts when the nom-
inal values of one or more of these parameters have ex-
ceeded preset limits. Thus, the medical staff is warned
about adverse physiological events which may lead to
posterior deterioration of the patient if left untreated.
[0006] Figure 2 is a schematic illustration of a portion
of a typical ECG for a healthy patient. The heart rate
(typically measured in beats per minute) is determined
from the time between adjacent R peaks in the ECG sig-
nal. Systems that can determine the HR from an ECG
signal are known - for example they may use "QRS de-
tection" to identify occurrences of the three peaks la-
belled "Q", "R" and "S" in figure 2. For example, QRS
detection and determination of the HR may be performed
according to the Open Source ECG Analysis (OSEA)
model, P.S. Hamilton, 'Open Source ECG Analysis Soft-
ware (OSEA) Documentation’, www.eplimited.com.

10

15

20

25

30

35

40

45

50

55

[0007] The maijority of patients in a general ward are
ambulatory in nature. This introduces an additional chal-
lenge to early warning monitoring technologies. Motion
of a patent often results in artifacts contaminating the
physiological signals (such as the ECG) obtained from
that patient, owing to electrical signals generated by
movement of the patient’'s muscles. Such noisein aphys-
iological signal not only affects the quality and/or relia-
bility of the processed physiological values, but often in-
creases the incidence of false alerts. Accredited reports
have pointed out that a high incidence of false alerts is
dangerous as it might lead to the desensitization of the
clinical staff to adverse physiological events; and hence,
failure to trigger the timely response of the adequate med-
ical teams to patient deterioration - see, for example,
Emergency Care Research Institute, "Health Devices-
Top 10 Health Technology Hazards for 2013", 2013.
[0008] Unfortunately, the issue of artifacts in physio-
logical signals arising from motion of the patient is com-
plex, since such type of noise is always larger in ampli-
tude and is in-band with the physiological phenomena
being measured. This situation is aggravated in the case
of low-cost wireless single-lead ECG monitoring technol-
ogies, where the absence of additional reference signals
from alternative sensors and lack of computational power
makes difficult and often impossible to cancel the noise
and recover the meaningful information from the physi-
ological data - see, for example S. Choi, and Z. Jiang, "A
wearable cardiorespiratory sensor system for analyzing
sleep condition”, in Journal of Expert systems with appli-
cations; 2008, A. Johansson, "Neural network for photo-
plethysmographic respiratory rate monitoring", in Journal
of Medical and Biological Engineering and Computing,
2003; or K. Nuzeki, et. al., "Unconstrained cardiorespi-
ratory and body movement monitoring system for home
care", in Proceedings of the International Conference on
Acoustics, Speech, and Signal Processing, 2005.
[0009] Motion artifacts and other forms of noise exhibit
a non-periodic and stochastic (nondeterministic) behav-
ior. This characteristic has been exploited by developers
of single-lead ambulatory monitors, in order to discard
invalid readings that stem from severely corrupted data
- see M. A. Hernandez-Silveira, S. Ang, and A. Burdett,
"Wearable Ambulatory Sensor Devices: Challenges and
Trade-offs in the Development of Embedded Algorithms
for Vital Signs Monitoring", in the Proceedings of Inter-
national Conference on Biomedical Engineering, 2013.
Typically, the approach involves multivariate statistical
estimation and quantification of the regularity and sta-
tionarity of the signals to determine the level of confi-
dence in the interpretation or processed value. That is,
ECG signals from a patient may be processed to deter-
mine both a heartrate and a confidence value associated
with the determined heart rate. For example, in the case
of single-lead ECG obtained from an ambulatory patient,
an error code can be displayed when the confidence level
inthe determined HRis low (i.e. whenthe ECG s severely
corrupted by noise arising from the patient’'s movement),
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instead of presenting the computed heart rate value that
would be displayed on the screen if the results of the
confidence estimation were high (as would be the case
for a heart rate determined from a good quality, low-noise
ECG). Unless the number of error codes exceeds a pre-
set threshold (set by the clinical staff), a notification will
not be triggered. For healthy individuals with no history
of cardiac arrhythmias, we believe that this approach
would be effective in its prediction and it would lead to
reduction of false alerts.

[0010] Unfortunately, this approach is not suitable for
patients with certain cardiac abnormal rhythms, such as
atrial fibrillation (AF). Atrial fibrillation shows as an ape-
riodic rhythm in a patient's heartbeat, characterized by
irregular inter-beat intervals and rapid ventricular con-
tractions. (In a patient suffering from AF the P-waves
shown in figure 2 are not present, leading to an abnormal
heart rhythm.) It is desirable that a high HR in a patient
who suffers from AF would trigger a notification or alert
when detected by the monitoring system. Regrettably,
however, the opposite would actually occur in a system
merely based in the confidence indication approach de-
scribed above -i.e. the system would deem this abnormal
rhythm as noise and assign a low confidence level to the
determined HR - and consequently the system would
generate error codes, rather than presenting the actual
high HR value and triggering the required alert.

[0011] Solving this problem is advantageous because
AF is very common in the general ward, and is usually
first-time diagnosed in a large proportion of the patients
during their stay. Furthermore, the number of people who
will be suffering from this type of arrhythmia is expected
to rise substantially in the next 50 years (M. Cvach, "Mon-
itor Alarm Fatigue: an Integrative Review", in Journal of
Biomedical Instrumentation and Technology, 2012). In
addition, this arrhythmia usually leads to fatal conditions
if left untreated - i.e. AF is usually associated with the
onset of stroke and/or cardiac arrest.

[0012] Unfortunately, it is impractical and expensive to
fitall patients in the general ward with traditional bedside
devices. Instead, a far more attractive solution would be
to improve low-cost wireless surveillance systems, to en-
able them to adequately process the abnormal HR value
resulting from an aperiodic heart rhythm such as AF and
trigger a notification/alert during its onset.

[0013] Many methods for automatic arrhythmia detec-
tion exist. These methods are currently incorporated in
clinical bedside monitors and portable telemetry and Hol-
ter systems, as well as Implantable Medical Devices
(IMD) such as pacemakers, for the purpose of arrhythmia
detection. Also, in order for accurate diagnosis to take
place, multi-lead ECG systems are often required. Some
of these techniques are shown below.

[0014] United States Patent 8315699 (November 20,
2012): This method detects and discriminates between
supraventricular tachycardia (SVT) from ventricular tach-
ycardia (VT). This involves tracking increases in varia-
bility in the heartrate intervals when there is the variability
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in the RR intervals is low, and vice-versa.

[0015] United States Patent 8521281 (August 27,
2013): The proposed method comprises an implantable
medical device that determines the existence of Atrial
Fibrillation (AF) based on whether one atrial interval is
greater/lesser than pre-determined thresholds, the am-
plitude of an atrial sensed event is lesser than another
pre-determined threshold, and if the intervals from the
Ventricular sensed events are irregular.

[0016] United States Patent 8521277 (August 27,
2013): The proposed method comprises an implantable
medical device that detects Atrial Fibrillation by provoking
an atrial evoked response. The patient is deemed to be
suffering from AF if a change in one of the atrial evoked
response metrics occurs over time. These metrics in-
clude the minimum/maximum amplitude of the response,
peak-to-peak interval, as well as duration, area, slope,
and timing of the response.

[0017] United States Patent 8521268 (August 27,
2013): The proposed method makes use of a template,
encompassing the first two peaks in the signal, and com-
paring this template with other pairs of peaks within the
signal. AF is detected based on the similarities between
the template and the signal.

[0018] As yet, there is no evidence in the current state
of the art reporting or suggesting the use of methods to
enhance the reliability of single-lead HR algorithms in-
tended for ambulatory monitoring purposes only.
[0019] US 2011/0270110 proposes a method of mon-
itoring a patient’s heart thatincludes determining whether
a cardiac signal is noise corrupted by obtaining cardiac
signal pulses and generating a pulse amplitude threshold
in response to the plurality of signal pulses. The number
of signal sample points exceeding the pulse amplitude
threshold in each of the of signal pulses is computed.
The cardiac signal is determined to be noise corrupted
or non-corrupted in response to the computed number
of signal sample points.

[0020] US2013/289424 proposes an apparatus, sys-
tem and/or method directed to at least two ECG sensing
electrodes that adhere to remote locations on a patient
and sense ECG signals from the patient. An amplifier
circuit amplifies the sensed ECG signals to provide am-
plified ECG signals, and a digitizing circuit digitizes the
amplified ECG. A computing circuit processes the digi-
tized ECG signals (e.g., by removing noise). A battery
powers the aforesaid circuits, and a housing houses the
battery and aforesaid circuit. A fastener mechanically fas-
tens and electrically couples the housing to one of the
electrodes, and the other electrodes are coupled to the
amplifier via a flexible insulated lead wire.

[0021] US2014/00598 proposes that a de-noised
physiological signal is generated from an input signal in-
cluding a desired physiological signal and noise. The in-
put signal is decomposed from a first domain into sub-
components in a second domain of higher dimension
than the first domain. Target subcomponents of the input
signal that are associated with the desired physiological
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signal are identified, based upon the spatial distribution
of the subcomponents. A de-noised physiological signal
is constructed in the first domain from at least one of the
identified target subcomponents.

[0022] Q Lietal propose, in Robust heart rate estima-
tion from multiple asynchronous noisy sources using sig-
nal quality indices and a Kalman filter, Physiological
Measurement, Vol 29, No. 1,2008, pages 15-32, propose
an HR estimation method is that compensates for the
problems that physiological signals such as the electro-
cardiogram (ECG) and arterial blood pressure (ABP) in
the intensive care unit (ICU) are often severely corrupted
by noise, artifact and missing data, which lead to large
errors in the estimation of the heart rate (HR) and ABP.
A The method is based upon the concept of fusing mul-
tiple signal quality indices (SQlIs) and HR estimates de-
rived from multiple electrocardiogram (ECG) leads and
an invasive ABP waveform recorded from ICU patients.
Physiological SQls were obtained by analyzing the sta-
tistical characteristics of each waveform and their rela-
tionships to each other. HR estimates from the ECG and
ABP are tracked with separate Kalman filters, using a
modified update sequence based upon the individual
SQls. Data fusion of each HR estimate was then per-
formed by weighting each estimate by the Kalman filters’
SQIl-modified innovations.

Summary of the Invention

[0023] A first aspect of the present invention provides
a computer-implemented method comprising: determin-
ing a heart rate from a segment of an ECG signal, the
segment having a pre-determined length, and determin-
ing a first confidence level in the determined heart rate;
if the first confidence level does not exceed a predeter-
mined value: determining a set of features from the seg-
ment of the ECG signal; and classifying the segment of
the ECG signal based on one or more features selected
from the determined set of features and the heart rate;
wherein classifying the segment of ECG signal compris-
es classifying the segment of ECG signal as any one of
at least three classes: noise, an abnormal rhythm and a
normal rhythm; otherwise outputting the heart rate with-
out classifying the segment of the ECG signal.

[0024] The present invention proposes enhancing the
confidence estimator, so thatit may discriminate between
a normal rhythm, an abnormal rhythm and noise (where-
as conventional algorithms can only discriminate be-
tween noise and a normal rhythm). In simple terms, in-
stead of aiming to use sophisticated and burdensome
and expensive arrhythmia detection systems for diagno-
sis, the invention enables an affordable single-lead wire-
less monitoring system with the ability of displaying ab-
normal HRs in the presence of abnormal rhythms. This
will allow the nursing staff responsible for the hospitali-
zation floor to request the intervention of the appropriate
specialist when suspecting on the existence of this ar-
rhythmia and prescribe adequate diagnosis tests. The
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invention thus makes possible an improved low-cost
wireless surveillance systems, that may adequately proc-
ess the abnormal HR value resulting from an aperiodic
heart rhythm such as AF and trigger a notification/alert
during its onset.

[0025] The invention may classify a segment of ECG
signalinto exactly the three classes of noise, an abnormal
sinus rhythm and a normal sinus rhythm. It should how-
ever be understood that the invention is not limited to
classifying a segment of ECG signal into any one of only
three classes, and the invention may optionally be able
to classify a segment of ECG signal into any one of four,
or even more, classes.

[0026] We propose a novel approach that combines a
three-way (or higher) classification method with the ex-
isting capabilities of the decision making stage of an al-
gorithm for determining the heart rate, so that valid heart
rate values may be displayed and further processed only
if they correspond to normal or abnormal (periodic and
aperiodic) rhythms. In principle the three-way (or higher)
classifier will be able to discriminate between noise sig-
nals from normal rhythms and noise signals from aperi-
odic rhythms (AF and others such as heart blocks, ex-
trasystoles, etc.). It should be borne in mind that the use
of this classifier is not for diagnosis purposes. In contrast,
it is merely for improving monitoring capabilities ECG
systems, such as low cost single-lead ECG systems -
i.e. adding more confidence in the processed HR values
and allowing more reliable identification of abnormal
rhythms and thus decreasing the net amount of HRs that
are ignored due to the aperiodic nature of certain abnor-
mal rhythms.

[0027] An embodiment of the invention is the use of
arrhythmia detection techniques in combination with sta-
tistical and heuristic rules to enhance the robustness and
reliability of HR monitoring algorithms by rejecting those
signals severely corrupted by noise, and allowing calcu-
lations of reliable HRs whether they stem from normal
heart rhythms or from abnormal (aperiodic) heart
rhythms.

[0028] The present invention processes data in seg-
ments of a pre-determined length. From each segment,
a resulting class is computed, and the class may either
be noise, abnormal rhythm (such as Atrial Fibrillation),
or normal rhythm. To the best of our knowledge, there
are no classifiers reported in prior art that discriminates
noise separately from abnormal and normal rhythms.
[0029] The module for computing the class of a seg-
ment may be incorporated as an extension to an existing
HR algorithm, rather than being merged in the code. This
provides advantages. First, this enhances the perform-
ance of an HR existing algorithm without changing its
internal logic and structure. Second, its addition as a sub-
sequent stage makes it easier to disable/enable different
sub-modules within the algorithm. Third, it makes it easier
to maintain the code.

[0030] The method may comprise, if classifying the
segment of the ECG signal comprises classifying the
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segment of the ECG signal as indicative of an abnormal
rhythm or indicative of a normal rhythm, outputting the
determined heart rate after classifying the segment of
the ECG signal.

[0031] The method may comprise, if classifying the
segment of the ECG signal comprises classifying the
segment of the ECG signal as indicative of noise, further
comprising outputting an error indication.

[0032] Determining the first confidence level may com-
prise comprises determining a noise level in the segment
of the ECG signal.

[0033] Determining the set of features may comprise
processing the segment and determining the set of fea-
tures from the processed segment.

[0034] Classifying the segment of the ECG signal may
comprise classifying the segment of the ECG signal
based on two features selected from the determined set
of features and the heart rate.

[0035] The ECG signal may be a single lead ECG sig-
nal.

[0036] A second aspect of the invention provides an
apparatus comprising: a module configured to determine
a heart rate from a segment of an ECG signal, the seg-
ment having a pre-determined length, and to determine
a first confidence level in the determined heart rate; a
module configured to, if the first confidence level does
not exceed a predetermined value, determine a set of
features from the segment of the ECG signal; a classify-
ing module configured to, if the first confidence level does
not exceed the predetermined value, classify the seg-
ment of the ECG signal based on one or more features
selected from the determined set of features and the
heart rate, wherein the classifying module is configured
to classify the heart rate determined from the segment
of ECGssignalinto any one of atleast three classes: noise,
an abnormal rhythm and a normal rhythm; and a module
configured to, if the first confidence level exceeds the
predetermined value, output the heart rate without clas-
sifying the segment of ECG signal.

[0037] The apparatus may be configured to, if the clas-
sifying module classifies the segment of the ECG signal
as an abnormal rhythm or a normal rhythm, output the
determined heart rate.

[0038] The apparatus may be configured to classify
the segment of the ECG signal based on two features
selected from the determined set of features and the
heart rate.

[0039] The apparatus may further comprise an input
for receiving an ECG signal.

[0040] The apparatus may comprise a segmenter
module configured to segment an ECG signal received
at the input.

[0041] Athird aspectoftheinvention provides a system
comprising an apparatus of the second aspect and a sin-
gle lead ECG system connectable to the input of the ap-
paratus.

[0042] A fourth aspect of the invention provides a non-
transitory computer-readable medium containing in-
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structions that, when executed on a processor, cause
the processor to carry out a method of the first aspect.

Brief Description of the Drawings

[0043]

Figure 1 illustrates principal features of a method
according to the present invention;

Figure 2 show a typical heartbeat;

Figure 3 illustrates principal features of a device ac-
cording to the present invention;

Figure 4 is a schematic block diagram of an appa-
ratus for performing a method according to the
present invention; and

Figure 5 shows an example of a decision tree suit-
able for use in an embodiment of the invention.

Detailed Description

[0044] Figure 1 shows principal features of a method
according to one embodiment of the present invention,
which incorporates arrhythmia and noise detection tech-
niques in determining the level of confidence in the cal-
culated heart rate. More specifically, there are two stages
in determining the level of confidence of the HR. The
application of the second stage allows a larger proportion
of heart rates to be recovered if the ECG segment is re-
classified as AF or Normal, after having been classified
as invalid in the first stage of determining the confidence
level in the heart rate. Potentially, this will allow a notifi-
cation to be triggered early if the recovered heart rates
are out of the normal physiological range.

[0045] The principal stages of the method of figure 1
are as follows:

1. The patient’s heart rate HR (eg the RR interval
shown in Figure 2) is determined (1a) for a segment
of the patient's ECG signal. The RR intervals may
be extracted from the ECG segment using any suit-
able technique, for example by using a peak detector
to identify the R peaks in the ECG segment, or a
QRS detection and HR calculation module may be
applied to an ECG segment of a pre-determined
length at stage 1 to determine the patient’s heart
rate. Any suitable QRS detection method may be
used, for example a method thatimplements the OS-
EA model. The segmentofthe ECG signal is typically
of a pre-determined length, and is of a length that is
equal to several times the RR interval so that a set
of multiple RR intervals is obtained from the seg-
ment. The ECG signal may be obtained using a sin-
gle-lead ECG monitoring technique, although the in-
vention is not limited to use with single-lead ECG
techniques.

This first stage also comprises a determination (1b)
of the level of noise within the ECG signal and further
comprises a determination, based on the determined
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noise level, of a first confidence level in the heart
rate that is obtained from the ECG signals (eg a con-
fidence level in the set of ECG peak-to-peak (RR
intervals) intervals that is obtained). The outputs
from this stage, for the segment of the ECG signal,
thus may include a heart rate HR, as well as a meas-
ure of the noise in the segment of the ECG signal
and an initial level of confidence in the HR deter-
mined from the segment of the ECG signal.

2. Next, at stage 2 a determination is made whether
the heart rate obtained in the first stage is valid or
invalid. This may for example be made by comparing
the first level of confidence obtained in the first stage
with a threshold level, and determining the heart rate
obtained in the first stage to be valid if the level of
confidence obtained in the first stage exceeds the
threshold, otherwise determining the heart rate ob-
tained in the first stage to be invalid.

3. If the heart rate obtained in the first stage is
deemed to be valid, the heart rate determined for the
segment is returned at stage 3 of figure 1.

[0046] Steps 1,2 and 3 are typically repeated for many
segments of the patient’'s ECG signal.

[0047] If however the heart rate obtained in the first
stage is deemed at stage 3 to be invalid based the first
confidence level calculation, a second confidence level
calculation is applied. The second confidence level cal-
culation comprises 2 stages: - pre-processing, and noise
discrimination. The principal stages of the second confi-
dence level calculation are as follows.

4. At stage 4, the set of RR intervals obtained from
a segment of the ECG signal using the QRS detec-
tion algorithm is de-trended.

5. At stage 5, an ectopic filter is applied to the de-
trended RR intervals obtained from the previous
stage, to remove outliers caused by spurious non-
physiological spikes within the original signal. A re-
sulting set of Normal RR intervals ("NNs") is obtained
for the segment of the ECG signal.

6. At stage 6, a set of one or more relevant features
is computed from the NNs that were produced for
the segment of the ECG signal in the previous stage.
These one or more features measure the degree of
variability within the input set of NNs. The features
include but are not restricted to the Root Mean
Square of Successive Differences (RMSSD), Stand-
ard Deviation of Successive Differences (SDSD),
Sample Entropy, Shannon Entropy, Turning-point
ratio, Average Absolute Deviation, mean of the NN
intervals, and the Standard Deviation of the NN in-
tervals (SDNN). As noted each of these further fea-
tures measures the degree of variability within the
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input set of NNs, so that an input set of NNs for a
segment of the ECG signal is characterized by a sin-
gle RMSSD value, by a single mean NN value, etc.
The set of NNs obtained for the segment of the ECG
signal is also characterised by the HR obtained for
thatsegment at stage 1a; this HR value may be trans-
mitted together with the segment through the proc-
ess or may be stored after it has been obtained at
stage 1a and retrieved as necessary.

7. At stage 7 the feature(s) obtained in step 6 for the
segment of the ECG signal, and the heart rate, are
then normalized. In a preferred embodiment one of
three types of normalization techniques can be ap-
plied to the feature set. The first type is RMSSD nor-
malization (normalize using the mean of the NN in-
tervals), the second is Gaussian normalization (as
shown in equation (1)), and the third is Range nor-
malization (as shown in equation (2)).

-F
GaussianNorm(f) = / 3 (1)
o
F: Mean feature value
o Standard deviation of feature
_F.
RangeNorm( f)= Ffimm (2)

F,.... Minimum feature value

min-
F,.. Maximum feature value

max-
8. After the pre-processing stages, in the noise dis-
crimination stage (stage 8), a 3-way or higher clas-
sifier function is applied to one or more selected nor-
malized features for the segment of the ECG signal
to classify the original segment of ECG signal into
one of atleast three classes. The HR of the segment
may also be used in the process of classifying the
segment. For convenience, the invention will be de-
scribed with reference to an embodiment that uses
a three-way classifier, but as noted above the inven-
tion is not limited to this. In this embodiment using a
three-way classifier, the original ECG signal is clas-
sified into one of the following 3 classes: noise, ab-
normal rhythm (for example Atrial Fibrillation), and
normal rhythm.

9. If the segment is classified as either abnormal
rhythm or normal rhythm, the heart rate, for example
the heart rate as determined at stage 1a, is returned
as stage 9. If this heart rate is outside the normal
physiological bounds, a notification will be triggered.

10. Otherwise, the segment of ECG signal is classed
as having a high noise level, and an invalid code is
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returned at stage 10.

[0048] Figure 1 further shows one possible way in
which the three-way classification stage (stage 8) could
be implemented. In this implementation, stage 8 initially
includes a determination (stage 8a) of whether the nor-
malised features output from stage 7 indicate that the
patient suffers from abnormal rhythm (for example atrial
fibrillation). If this determination is positive, the heart rate
is output (stage 9a). If this determination is negative,
stage 8 then includes a determination (stage 8b) of
whether the normalised features output from stage 7 in-
dicate excessive noise in the input ECG - and if this de-
termination is positive an error code is output (stage 10),
whereas if this determination is negative the heart rate
is output (stage 9b).

[0049] The classification of a segment of the ECG sig-
nal at stage 8 may be carried out by using two (or in
principle more than two) of the normalised features de-
termined for the segment at stage 7 or by using the HR
and one (or in principle more than one) of the normalised
features determined for the segment. Two features, HR
and RMSSD as an example, may be considered as a 2-
D feature space (that is with HR along one axis and
RMSSD along the other axis). In this space, three differ-
ent clusters corresponding to noise, normal rhythm, and
abnormal rhythm can be observed. By partitioning up this
feature space, and allocating different regions of the par-
titioned space to pre-determined classes such as noise,
normal rhythm and abnormal rhythm, a segment of ECG
signal may be classified based on the feature values for
the segment alone.

[0050] Figure 5 shows a further example of how a seg-
ment may be classified into one of noise, normal rhythm
and abnormal rhythm using two of the normalised fea-
tures obtained for the segment. In the example of figure
5 the two features are the mean NN interval for the seg-
mentand the RMSSD for the segment. Figure 5illustrates
the use of a "decision tree" to classify a segment of ECG
signal based on its mean NN interval and RMSSD. There
are several types of classifiers that can be used to classify
a segment of ECG signal but a decision tree technique
may be advantageous because it can give the best per-
formance to computational requirements ratio. In princi-
ple, a decision tree starts at the highest level (or the root
node of the tree), where it compares a pre-computed
feature with a threshold value T1, in determining which
branch of the tree to take. It then makes further compar-
isons at other nodes of the tree until it arrives at the leaf
of the tree, where the class is determined.

[0051] In the example of figure 5, the decision tree
starts by comparing the normalised RMSSD value for the
segment with the threshold value T1. Depending on the
result of this comparison, the mean NN value of the seg-
ment is then compared with a threshold T3 (if the nor-
malised RMSSD value for the segment is less than T1)
or the mean NN value of the segment is then compared
with a threshold T2 (if the normalised RMSSD value for
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the segment is greater than T1). In the example of figure
5 the result of this second comparison may be sufficient
to classify the segment, although in the case of RMSSD
< T1 and Mean NN < T3 a further comparison is per-
formed.

[0052] Where a decision tree is used, the tree may for
example be created using an induction algorithm which
minimises the classification error by selecting the best
feature and the best threshold(s) for the comparison at
each node of the tree.

[0053] While the above examples of classifying a seg-
ment of the ECG signal use two features (eg. HR and
RMSSD; or mean NN value and RMSSD), in principle,
the invention is not limited to this and the classification
may, for example, make use of only one feature, or may
make use of more than two features.

[0054] Inthe example of figure 5 the decision tree clas-
sifies a segment of ECG signal into one of three classes,
namely noise, abnormal rhythm and normal rhythm. The
invention is not however limited to this as already noted,
and the invention may classify an ECG segmentinto one
of four, or even more, classes. An embodiment in which
an ECG segment is classified into one of four or more
classes may again be implemented using a decision tree
or other suitable classifier.

[0055] The presentinvention has at least the following
advantages.
[0056] Firstly the proposed technique is more robust

in terms of determining the level of confidence in the re-
sults of the HR algorithm, by making use of detection
module, for example an arrhythmia detection module, to
distinguish between noise, normal rhythm, and abnormal
or aperiodic rhythm such as AF). This feature provides
an efficient method for a low-cost wireless monitor to
achieve a high level of accuracy in the computed heart
rate, without discarding an excessive number of results.
[0057] Since the heart rate of subjects suffering from
AF is likely to be high, this approach can allow earlier
notifications to be sent as the corresponding heart rate
is less likely to be rejected. Treatment can then be ad-
ministered more quickly.

[0058] By taking a modular approach to the design of
the confidence level computation module, the algorithm
can be customized to different types of platforms by en-
abling/disabling different sub-modules, to exploit differ-
ent trade-offs between confidence level accuracy and
the resources (memory and execution speed) required
for implementation.

[0059] Figure 3 is a block diagram showing principal
features of an apparatus according to the invention. The
apparatus 1 has an input 2 for receiving segments, of a
pre-determined length, of an ECG signal, for example in
digitised form. Alternatively, the apparatus may receive
a complete ECG signal, and comprise a segmenter (not
shown in figure 3) for segmenting the received ECG sig-
nal into segments of a pre-determined length.

[0060] The apparatus has a module 3a for determining
the patient’s heart rate from a segment of the ECG signal,
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and this module 3a may for example be a QRS detection
and HR determination. The apparatus also has a module
3b for determining the noise level in the segment of ECG
signal, and a module 3c for determining a confidence
levelin the HR obtained from the segment of ECG signal.
[0061] The apparatus comprises a determination mod-
ule 4, for determining whether the segment of ECG signal
is valid or invalid (using the noise level determined for
the segment), and outputting the determined HR if the
segment of ECG signal is determined to be valid.
[0062] The apparatus comprises a detrending module
5 for detrending the set of RR intervals obtained using
the QRS detection algorithm as described for stage 4, a
filter module 6 for filtering the detrended set of RR inter-
vals to produce a set of NNs as described for stage 5, a
feature generating module 7 for determining features
from the NNs as described for stage 6, and a normalising
module 8 for normalising the features as described for
stage 7.

[0063] The apparatus further comprises a 3-way clas-
sification module 9 for determining, from the normalised
features obtained by the normalising module 8, whether
the HR obtained from a segment is indicative of an ab-
normal or aperiodic rhythm (such as AF), a normal heart
beat, orisinvalid owing to excessive noise, and an output
module 10 for outputting either the determined HR or an
indication that the determined HR is invalid. In one em-
bodiment, the 3-way classification module 9 comprises
a module 9a for determining whether the HR obtained
from a segment is indicative of an abnormal or aperiodic
rhythm, and a module 9b for determining whether the HR
obtained from a segment of the ECG signal is invalid
owing to excessive noise in the ECG signal.

[0064] It should be understood that the apparatus of
figure 3 may be implemented in many ways. In particular
one or more of the described modules may be imple-
mented in software, and indeed modules 2 to 10 may be
implemented by a suitably programmed processor.
[0065] Figure 4 is a schematic block diagram of an ap-
paratus 18 that is able to perform a method according to
the present invention.

[0066] The apparatus 18 comprises a programmable
data processor 11 with a program memory 12, for in-
stance in the form of a read only memory (ROM), storing
aprogram for controlling the data processor 11 to process
an ECG signal, for example a single lead ECG signal, by
a method of the invention. The apparatus further com-
prises non-volatile read/write memory 13 for storing, for
example, any data which mustberetained in the absence
of a power supply. A "working" or "scratch pad" memory
for the data processor is provided by a random access
memory RAM 14. An input device 15 is provided, for in-
stance for receiving user commands. One or more output
devices 16 are provided, for instance, for displaying in-
formation relating to the progress and result of the
processing. The output device(s) may be, for example,
a printer, a visual display unit, or an output memory.
[0067] The ECG signal may be supplied via the input
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device 15 or may optionally be provided by a machine-
readable data store 17.

[0068] The results of processing the ECG signal (that
is, the determined heart rate or an indication that the ECG
segment is invalid) may be output via the output device
16, may be stored, or may be transmitted to a user as,
for example an SMS message or an e-mail..

[0069] The program for operating the system and for
performing the method described hereinbefore is stored
in the program memory 12, which may be embodied as
a semiconductor memory, for instance of the well-known
ROM type. However, the program may well be stored in
any other suitable storage medium, such as a magnetic
or optical data carrier, DVD 12a, CD-ROM12b etc.

Claims
1. A computer-implemented method comprising:

determining (1a) a heart rate from a segment of
an ECG signal, the segment having a pre-deter-
mined length, and determining a first confidence
level in the heart rate determined from the seg-
ment of the ECG signal;

if the first confidence level does not exceed a
predetermined value:

determining (6) a set of features from the
segment of the ECG signal; and
classifying (8a,8b) the segment of the ECG
signal based on one or more features se-
lected from the determined set of features
and the heart rate, wherein classifying the
segment of ECG signal comprises classify-
ing the segment of ECG signal into any one
of at least three classes: noise, an abnormal
rhythm, and a normal rhythm;

otherwise, outputting (3) the heart rate deter-
mined from the segment of the ECG signal with-
out classifying the segment of the ECG signal.

2. A method as claimed in claim 1 and comprising, if
classifying the segment of the ECG signal comprises
classifying the segment of the ECG signal as an ab-
normal rhythm or a normal rhythm, outputting (9a,
9b) the heart rate determined from the segment of
the ECG signal after classifying the segment of the
ECG signal.

3. A method as claimedin claim 1 or 2 and, if classifying
the segment of the ECG signal comprises classifying
the segment of the ECG signal as indicative of noise,
further comprising outputting (10) an errorindication.

4. A method as claimed in claim 1, 2 or 3 wherein de-
termining the first confidence level in the heart rate
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determined from the segment of the ECG signal
comprises determining (1b) a noise level in the seg-
ment of the ECG signal and determining the first con-
fidence level in the heart rate based on the deter-
mined noise level in the segment of the ECG signal.

A method as claimed in any preceding claim wherein
determining the set of features comprises process-
ing (4,5) the segment of the ECG signal and deter-
mining the set of features from the processed seg-
ment.

A method as claimed in any preceding claim wherein
classifying (8a,8b) the segment of the ECG signal
comprises classifying the segment of the ECG signal
based on two features selected from the determined
set of features and the heart rate.

A method as claimed in any preceding claim wherein
the ECG signal is a single lead ECG signal.

An apparatus comprising:

a module configured to determine (1a) a heart
rate from a segment of an ECG signal, the seg-
menthaving a pre-determined length, and to de-
termine a first confidence level in the heart rate
determined from the segment of the ECG signal;
a module configured to, if the first confidence
level does not exceed a predetermined value,
determine (6) a set of features from the segment
of the ECG signal;

a classifying module configured to, if the first
confidence level does not exceed the predeter-
mined value, classify (8a, 8b) the segment of
the ECG signal based on features selected from
the determined set of features and the heartrate,
wherein the classifying module is configured to
classify the heart rate determined from the seg-
ment of ECG signal into any one of atleast three
classes: noise, an abnormal rhythm and a nor-
mal rhythm; and

a module configured to, if the first confidence
level exceeds the predetermined value, output
(3) the heart rate without classifying the segment
of ECG signal.

An apparatus as claimed in claim 8 and configured
to, if the classifying module classifies the segment
ofthe ECG signal as an abnormal rhythm or a normal
rhythm, output (9a, 9b) the heart rate determined
from the segment of the ECG signal.

An apparatus as claimed in claim 8 or 9 and config-
ured to classify the segment of the ECG signal based
on two features selected from the determined set of
features and the heart rate.
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1.

12.

13.

14.

An apparatus as claimed in claim 8, 9 or 10 and fur-
ther comprising an input for receiving an ECG signal.

An apparatus as claimed in claim 11 and comprising
a segmenter module configured to segmentan ECG
signal received at the input.

A system comprising an apparatus as defined in
claim 11 or 12 and a single lead ECG system con-
nectable to the input of the apparatus.

A computer-readable medium (12,12a,12b) contain-
ing instructions that, when executed on a processor
(11), cause the processor to carry out a method as
defined in any one of claims 1 to 7.

Patentanspriiche

1.

Computerimplementiertes Verfahren, umfassend:

Bestimmen (1a) einer Herzfrequenz aus einem
Segment eines EKG-Signals, wobei das Seg-
ment eine vorbestimmte Lange aufweist, und
Bestimmen eines ersten Vertrauensniveaus in
der Herzfrequenz, das von dem Segment des
EKG-Signal bestimmt wird;

falls das erste Vertrauensniveau einen vorbe-
stimmten Wert nicht Gberschreitet:

Bestimmen (6) eines Satzes von Merkma-
len aus dem Segment des EKG-Signals;
und

Klassifizieren (8a, 8b) des Segments des
EKG-Signals basierend auf einem oder
mehreren Merkmalen, ausgewahlt aus dem
bestimmten Satz von Merkmalen und der
Herzfrequenz, wobei das Klassifizieren des
Segments des EKG-Signals das Klassifi-
zieren des Segments des EKG-Signals in
eine von mindestens drei Klassen umfasst:
Rauschen, einen abnormalen Rhythmus
und einen normalen Rhythmus;
andernfalls, Ausgeben (3) der Herzfre-
quenz, die aus dem Segment des EKG-Si-
gnals bestimmt wurde, ohne das Segment
des EKG-Signals zu klassifizieren.

Verfahren nach Anspruch 1, und umfassend, falls
das Klassifizieren des Segments des EKG-Signals
das Klassifizieren des Segments des EKG-Signals
als ein abnormaler Rhythmus oder als ein normaler
Rhythmus umfasst, das Ausgeben (9a, 9b) der Herz-
frequenz, die aus dem Segment des EKG-Signals
bestimmt wurde, nach dem Klassifizieren des Seg-
ments des EKG-Signals.

Verfahren nach Anspruch 1 oder 2, und, falls das
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Klassifizieren des Segments des EKG-Signals das
Klassifizieren des Segments des EKG-Signals als
indikativ fur ein Rauschen umfasst, ferner umfas-
send das Ausgeben (10) einer Fehleranzeige.

Verfahren nach Anspruch 1, 2 oder 3, wobei das
Bestimmen des ersten Vertrauensniveaus in der
Herzfrequenz, die aus dem Segment des EKG-Sig-
nals bestimmt wurde, das Bestimmen (1b) eines
Rauschniveaus in dem Segment des EKG-Signals
und das Bestimmen des ersten Vertrauensniveaus
in der Herzfrequenz basierend auf dem bestimmten
Rauschniveau in dem Segment des EKG-Signals
umfasst.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei das Bestimmen des Satzes von Merk-
malen das Verarbeiten (4, 5) des Segments des
EKG-Signals und das Bestimmen des Satzes von
Merkmalen aus dem verarbeiteten Segment um-
fasst.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei das Klassifizieren (8a, 8b) des Segments
des EKG-Signals das Klassifizieren des Segments
des EKG-Signals basierend auf zwei Merkmalen
umfasst, die aus dem bestimmten Satz von Merk-
malen und der Herzfrequenz ausgewahlt werden.

Verfahren nach einem der vorhergehenden Ansprii-
che, wobei das EKG-Signal ein Einzelleitung-EKG-
Signal ist.

Vorrichtung, umfassend:

ein Modul, das konfiguriert ist, um eine Herzfre-
quenz aus einem Segment eines EKG-Signals
zu bestimmen (1a), wobei das Segment eine
vorbestimmte Lange aufweist, und um ein ers-
tes Vertrauensniveau in der Herzfrequenz zu
bestimmen, das von dem Segment des EKG-
Signal bestimmt wird;

ein Modul, das konfiguriertist, um, falls das erste
Vertrauensniveau einen vorbestimmten Wert
nicht Uberschreitet, einen Satz von Merkmalen
aus dem Segment des EKG-Signals zu bestim-
men;

ein Klassifiziermodul, das konfiguriert ist, um,
falls das erste Vertrauensniveau den vorbe-
stimmten Wertnicht iberschreitet, das Segment
des EKG-Signals basierend auf den Merkmalen
zu klassifizieren (8a, 8b), die aus dem vorbe-
stimmten Satz von Merkmalen und der Herzfre-
quenz ausgewahlt wurden, wobei das Klassifi-
ziermodul konfiguriert ist, um die Herzfrequenz,
die aus dem Segment des EKG-Signals be-
stimmtwurde, inirgendeine von mindestens drei
Klassen zu klassifizieren: Rauschen, einen ab-
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10.

1.

12.

13.

14.

normalen Rhythmus und einen normalen Rhyth-
mus; und

ein Modul, das konfiguriertist, um, falls das erste
Vertrauensniveau den vorbestimmten Wert
Uberschreitet, die Herzfrequenz auszugeben
(3), ohne das Segment des EKG-Signals zu
klassifizieren.

Vorrichtung nach Anspruch 8 und konfiguriert, um,
falls das Klassifiziermodul das Segment des EKG-
Signals als ein abnormaler Rhythmus oder als ein
normaler Rhythmus klassifiziert, die Herzfrequenz
auszugeben (9a, 9b), die aus dem Segment des
EKG-Signals bestimmt wurde.

Vorrichtung nach Anspruch 8 oder 9 und konfiguriert,
um das Segment des EKG-Signals basierend auf
zwei Merkmalen zu klassifizieren, die aus dem be-
stimmten Satz von Merkmalen und der Herzfre-
quenz ausgewahlt werden.

Vorrichtung nach Anspruch 8, 9 oder 10, und ferner
umfassend einen Eingang zum Empfangen eines
EKG-Signals.

Vorrichtung nach Anspruch 11, und umfassend ein
Segmentiermodul, das konfiguriert ist, um ein am
Eingang empfangenes EKG-Signal zu segmentie-
ren.

System, umfassend eine Vorrichtung nach An-
spruch 11 oder 12, und ein Einzelleitung-EKG-Sys-
tem, das mit dem Eingang der Vorrichtung verbind-
bar ist.

Computerlesbares Medium (12, 12a, 12b), das An-
weisungen umfasst, die, wenn sie auf einem Pro-
zessor (11) ausgefiihrt werden, veranlassen, dass
derProzessor ein Verfahren nach einem der Anspri-
che 1 bis 7 ausfihrt.

Revendications

1.

Procédé mis en oeuvre par un ordinateur,

comprenant :

la détermination (1a) d’'un rythme cardiaque a
partird’un segment d’'unsignal ECG, le segment
présentant une longueur prédéterminée, et la
détermination d’'un premier niveau de confiance
dans le rythme cardiaque qui est déterminé a
partir du segment du signal ECG;

si le premier niveau de confiance n’excede pas
une valeur prédéterminée :

la détermination (6) d’un jeu de caractéris-
tiques a partir du segment du signal ECG ;
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et

la classification (8a, 8b) du segment du si-
gnal ECG sur la base d’'une ou de plusieurs
caractéristiques qui sont sélectionnées par-
mi le jeu de caractéristiques déterminé et le
rythme cardiaque, dans lequel la classifica-
tion du segment de signal ECG comprend
la classification du segment de signal ECG
dans l'une quelconque d’au moins trois
classes : du bruit, un rythme anormal et un
rythme normal ;

sinon, I'émission en sortie (3) du rythme car-
diaque qui est déterminé a partir du seg-
ment du signal ECG sans classification du
segment du signal ECG.

Procédé tel que revendiqué selon la revendication
1, et comprenant, si la classification du segment du
signal ECG comprend la classification du segment
du signal ECG en tant que rythme anormal ou en
tant que rythme normal, I'émission en sortie (9a, 9b)
du rythme cardiaque qui est déterminé a partir du
segment du signal ECG apres la classification du
segment du signal ECG.

Procédé tel que revendiqué selon la revendication
1 ou 2, et, si la classification du segment du signal
ECG comprend la classification du segment du si-
gnal ECG comme étant indicatif d’'un bruit, compre-
nant en outre I'’émission en sortie (10) d’une indica-
tion d’erreur.

Procédé tel que revendiqué selon la revendication
1, 2 ou 3, dans lequel la détermination du premier
niveau de confiance dans le rythme cardiaque qui
est déterminé a partir du segment du signal ECG
comprend la détermination (1b) d’'un niveau de bruit
dans le segment du signal ECG et la détermination
du premier niveau de confiance dans le rythme car-
diaque sur la base du niveau de bruit déterminé dans
le segment du signal ECG.

Procédé tel que revendiqué selon I'une quelconque
des revendications qui précédent, dans lequel la dé-
termination du jeu de caractéristiques comprend le
traitement (4, 5) du segment du signal ECG et la
détermination du jeu de caractéristiques a partir du
segment traité.

Procédé tel que revendiqué selon I'une quelconque
des revendications qui précédent, dans lequel la
classification (8a, 8b) du segment du signal ECG
comprend la classification du segment du signal
ECG sur la base de deux caractéristiques qui sont
sélectionnées parmile jeu de caractéristiques déter-
miné et le rythme cardiaque.

Procédé tel que revendiqué selon I'une quelconque
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10.
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12.

13.

20

des revendications qui précédent, dans lequel le si-
gnal ECG est un signal ECG monofilaire.

Appareil comprenant :

un module qui est configuré pour déterminer
(1a) un rythme cardiaque a partir d’'un segment
d’'unssignal ECG, le segment présentantune lon-
gueur prédéterminée, etpour déterminer un pre-
mier niveau de confiance dans le rythme cardia-
que qui est déterminé a partir du segment du
signal ECG;

un module qui est configuré pour, si le premier
niveau de confiance n’excéde pas une valeur
prédéterminée, déterminer (6) un jeu de carac-
téristiques a partir du segment du signal ECG ;
un module de classification qui est configuré
pour, sile premier niveau de confiance n’excéde
pas la valeur prédéterminée, classifier (8a, 8b)
le segment du signal ECG sur la base de carac-
téristiques qui sont sélectionnées parmi le jeu
de caractéristiques déterminé et le rythme car-
diaque, dans lequel le module de classification
est configuré pour classifier le rythme cardiaque
qui est déterminé a partir du segment de signal
ECG dans 'une quelconque d’au moins trois
classes : du bruit, un rythme anormal et un ryth-
me normal ; et

un module qui est configuré pour, si le premier
niveau de confiance excéde la valeur prédéter-
minée, émettre en sortie (3) le rythme cardiaque
sans classifier le segment de signal ECG.

Appareil tel que revendiqué selon la revendication
8, et configuré pour, si le module de classification
classifie le segment du signal ECG en tant que ryth-
me anormal ou en tant que rythme normal, émettre
en sortie (9a, 9b) le rythme cardiaque qui est déter-
miné a partir du segment du signal ECG.

Appareil tel que revendiqué selon la revendication 8
ou 9, et configuré pour classifier le segment du signal
ECG sur la base de deux caractéristiques qui sont
sélectionnées parmile jeu de caractéristiques déter-
miné et le rythme cardiaque.

Appareil tel que revendiqué selon la revendication
8, 9 ou 10, et comprenant en outre une entrée pour
recevoir un signal ECG.

Appareil tel que revendiqué selon la revendication
11, etcomprenant un module de moyen de segmen-
tation qui est configuré pour segmenter un signal
ECG qui est regu au niveau de l'entrée.

Systéme comprenant un appareil tel que défini selon
la revendication 11 ou 12 et un systeme ECG mo-
nofilaire qui peut étre connecté avec I'entrée de I'ap-
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pareil.

Support pouvant étre lu par un ordinateur (12, 12a,
12b) contenant des instructions qui, lorsqu’elles sont
exécutées sur un processeur (11), forcentle proces-
seur a mettre en ceuvre un procédé tel que défini
selon l'une quelconque des revendications 1 a 7.
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