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( Flowchart 40 )

y

Signal 542: ECG waveform conditioning
conditioner |=—"> (Bandpass-filtering, SVD, CC-filtering)
27a (Figs. 3-6)
Feature 544: ECG feature extraction
extractor :'\I/ (Frequency domain: AMSA; Time domain: dPower)
27b (Figs. 4-6)
Rhythm $46: Rhythm classification
classifier :{) (Fig. 7)
=
@eturn 42/ Terminate)

FIG. 2
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( Flowchart 60 )
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( Flowchart 80 )
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( Flowchart 110 )
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Flowchart 140 )
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ASYSTOLE DETECTION FOR
CARDIOPULMONARY RESUSCITATION

[0001] The present invention generally relates to monitor-
ing of cardiopulmonary resuscitation (“CPR”) of a patient
by an Automatic External Defibrillator (“AED”), an
Advanced Life Support (“ALS”) defibrillator/monitor,
patient monitor and/or other medical devices having patient
monitoring and/or defibrillation functionality. The present
invention specifically relates to detecting asystole, a non-
shockable rhythm, during CPR of a cardiac arrest patient.

[0002] Generally, automatic analysis of an ECG rhythm
for sudden cardiac arrest patients during CPR can be unre-
liable due to a chest compression (“CC”) artifact on a ECG
waveform. Techniques have been proposed to filter the CC
artifact to enable automated shock advisory during CPR.
However during non-shockable rhythms, in particular asys-
tole rhythms, filtering residuals of the CC artifact can make
the shock advisory algorithm to erroneously call the rhythm
shockable because the filtering residuals or mechanically-
induced electrical activity can look like a shockable rhythm
to the shock advisory algorithm.

[0003] More particularly, a defibrillation shock is advised
only to the patients who have specific shockable rhythms
(e.g., ventricular fibrillation (“VF”) or ventricular tachycar-
dia (“VT”)). Defibrillation is delivered using an AED or
automatic mode of an ALS defibrillator/monitor, which
automatically analyze the ECG to indicate if a shock is
needed, or using manual defibrillators, including ALS defi-
brillator/monitors typically operated by medical practitio-
ners or other trained users. In current practice, chest com-
pression during CPR has to be interrupted for automated
rhythm analysis by the AED or ALS defibrillator/monitor,
because most shock advisory algorithms cannot reliably
analyze the rhythm during chest compression. This is mainly
because the mechanical activity from the chest compression
introduces CC artifact to the ECG waveform which makes
determining the underlying rhythm technically very difficult.

[0004] However, interrupting CPR for a reliable rhythm
analysis by the AED or ALS defibrillator/monitor can
adversely affect the probability of survival of a patient in
cardiac arrest. Both American Heart Association (“AHA™)
guidelines and European Resuscitation Council (“ERC”)
guidelines focus on minimizing “hands-off time”, which is
a time interval a patient in cardiac arrest is not receiving
chest compressions. The primary device-related cause of CC
interruption is automated ECG rhythm analysis for accurate
shock advisory. The mechanical activity of chest compres-
sion produces CC artifact on the ECG waveform that most
automated ECG analysis programs cannot fully differentiate
from the patient’s inherent ECG morphology. Furthermore,
clinicians observing an ECG waveform on a display of an
AED or ALS defibrillator/monitor currently cannot see the
patient’s underlying rhythm through the electrical noise
created by the chest compression, which forces an interrup-
tion to the chest compression for rhythm assessment.

[0005] Recently, reliable rhythm analysis without inter-
rupting chest compression has become an active research
field in the hope of improving the survival rate of sudden
cardiac arrest patients. Several methods have been proposed
to analyze the ECG waveform during chest compression.
For example, some algorithms are based on features
obtained directly from the ECG waveform corrupted by the
CC artifact, while other algorithms first filter the CC artifact
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out of ECG waveform and then classify the filtered ECG
using a shock advisory algorithm.

[0006] Methods based on filtering CC artifact are reported
to present better results than methods based on the analysis
of the CC-corrupted ECG. However, a limitation of such
filter-based techniques is that imperfect filtering of CC
artifact can leave some residuals on the ECG waveform,
which can potentially lead to incorrect determination of the
underlying rhythm by the shock advisory algorithm. Fur-
thermore, even if it was possible to perfectly filter out every
bit of CC artifact out of the ECG waveform, there is
evidence that the mechanical activity performed on the chest
during chest compression can cause electrical activity on the
heart which could be confused with VF by shock advisory
algorithms.

[0007] Furthermore, delivering a shock is not advised to
patients with asystole thythm. and imperfect filtering of CC
artifact from asystole rhythm can leave residuals on the ECG
waveform which can look like VF. Furthermore, mechanical
activity during CC can introduce some VF-like electrical
activity on the ECG waveform. Therefore, filter-based shock
advisory techniques, which try to analyze the ECG wave-
form without interrupting chest compression, have a weak-
ness in accurately detecting asystole rhythm of the ECG
waveform. Consequently, such shock advisory techniques
can erroneously advise shock for asystole rhythm, which is
not recommended by the AHA and ERC guidelines.
[0008] The present invention provides a solution to the
aforementioned limitation of filter-based shock advisory
algorithms by detecting asystole rhythms through harness-
ing information extracted from both a CC-filtered ECG
waveform and a recorded CC-corrupted ECG waveform.
The result is an increase in the specificity of the shock
advisory algorithm during CPR for asystole rhythms. In
other words, the present invention proposes to reduce the
number for false shocks erroneously advised by shock
advisory algorithms for asystole rhythms.

[0009] Additionally, in view of a capability of detecting
asystole during chest compression, the present invention can
assist a user with selecting the correct treatment for a cardiac
arrest patient. For example, without the need of pausing
CPR for a reliable rhythm analysis, the user can immediately
decide if she/he needs to continue chest compression or
resort to drug intervention or therapeutic hypothermia based
on the asystole detection.

[0010] One form of the present invention is a patient
monitoring device employing an ECG monitor and a con-
troller. In operation, the ECG monitor monitors a corrupted
ECG waveform of a heart of a patient and the controller
classifies the corrupted ECG waveform as one of a non-
shockable rhythm or a potentially shockable rhythm. Spe-
cifically, the controller classifies the corrupted ECG wave-
form as the non-shockable rhythm responsive to a detection
by the controller of a presence of an asystole rhythm within
the corrupted ECG waveform. Conversely, the controller
classifies the corrupted ECG waveform as the potentially
shockable rhythm responsive to a detection by the controller
of an absence of the asystole rhythm within the corrupted
ECG waveform. The controller can classify the corrupted
ECG waveform as the potentially shockable rhythm respon-
sive to an indetermination by the controller as to the pres-
ence or the absence of the asystole rhythm within the
corrupted ECG waveform. The patient monitoring device
according to this form of the present invention can be an
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AED, ALS defibrillator (or ALS defibrillator/monitor),
patient monitor and/or other medical devices having patient
monitoring and/or defibrillation functionality.

[0011] The foregoing form and other forms of the present
invention as well as various features and advantages of the
present invention will become further apparent from the
following detailed description of various embodiments of
the present invention read in conjunction with the accom-
panying drawings. The detailed description and drawings
are merely illustrative of the present invention rather than
limiting, the scope of the present invention being defined by
the appended claims and equivalents thereof.

[0012] FIG. 1 illustrates an exemplary embodiment of a
cardiac therapy system in accordance with the present
invention.

[0013] FIG. 2 illustrates a flowchart representative of an
exemplary embodiment of an asystole detection method in
accordance with the present invention.

[0014] FIG. 3 illustrates a flowchart representative of an
exemplary embodiment of a raw ECG extraction method in
accordance with the present invention.

[0015] FIG. 4 illustrates a flowchart representative of an
exemplary embodiment of a singular value decomposition
extraction method in accordance with the present invention.
[0016] FIG. 5 illustrates an exemplary subsegmentation/
matrix construction of a ECG waveform in accordance with
the present invention.

[0017] FIG. 6 illustrates a flowchart representative of an
exemplary embodiment of a SB filter extraction method in
accordance with the present invention.

[0018] FIG. 7 illustrates a flowchart representative of an
exemplary embodiment of rhythm classification method in
accordance with the present invention.

[0019] FIGS. 8A-8C illustrate three (3) exemplary
examples of an execution of the flowcharts of FIGS. 4-7 on
clinical ECG recordings.

[0020] In a clean ECG waveform (e.g., without any CC
artifact), an asystole rhythm shows as almost a flat line,
which indicates a state of no or low cardiac electrical activity
in the patient’s heart. During a chest compression, the
asystole rhythm of the ECG waveform is dominated by
either the CC artifact (“CC-corrupted ECG waveform”) or
any filtering residual if the CC artifact is filtered (“CC-
filtered ECG waveform”). However, the present invention is
premised on a discovery of several signal features preserved
in both the CC-corrupted ECG waveform and the CC-
filtered ECG waveform that can distinguish a asystole
rhythm from other cardiac rhythms even during chest com-
pression as exemplarily described herein in connection with
FIG. 2.

[0021] One example of the preserved signal features is an
amplitude spectrum area (“AMSA”), which measures the
area under the curve from an amplitude frequency spectrum
over a certain frequency range. Another example of the
preserved signal features is a power of a first difference of
ECG (dPower), which measures a temporal smoothness (i.e.,
slope) of the ECG waveform over a range of one ECG
segment.

[0022] Generally, the present invention extracts a set of
preserved signal features from both a time domain and a
frequency domain for a segment of the ECG waveform and
the extracted signal features are analyzed to separate and
distinguish any asystole rhythm from other cardiac rhythms.
More particularly, the set of preserved signal features is
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extracted from the raw ECG waveform corrupted by the CC
artifact as exemplarily described herein in connection with
FIG. 4. Alternatively or concurrently, the set of preserved
features can be extracted from a processed ECG waveform
(e.g., reconstructed and/or filtered). For filtering purposes of
the ECG waveform, the present invention proposes any
suitable technique as known in the art. For example, a
reference signal-based CC filtering and a blind source sepa-
ration as exemplarily described herein for AMSA and
dPower in connection with FIGS. 5 and 6. After extraction,
various parameters of the signal features are then analyzed
in combination to separate and distinguish any asystole
thythm from other cardiac rhythms. For example, a multi-
stage thresholding and a decision tree can be executed to
separate and distinguish any asystole rhythm from other
cardiac rhythms as exemplarily described herein for AMSA
and dPower in connection with FIG. 7.

[0023] To facilitate an understanding of the present inven-
tion, exemplary embodiments of a cardiac therapy system of
the present invention in the form of an automated external
defibrillator of the present invention will be provided herein
in connection with the description of FIGS. 1-7. While the
exemplary embodiments are described in the context of the
preserved signal features of a CC-corrupted ECG waveform
being ASMA and dPower, those having ordinary skill in the
art will appreciate how to apply the principles of the present
invention to other preserved signal features of a CC-cor-
rupted ECG waveform. Additionally, while the exemplary
embodiments are described in the context of supporting a
decision by a shock advisory algorithm with a likelihood
estimate of an asystole rhythm to potentially improve upon
the CPR quality of the shock advisory algorithm, those
having ordinary skill in the art will appreciate how to apply
the principles of the present invention for the support of
other ECG-based therapy/treatment techniques.

[0024] Also, for purposes of the description of the present
invention, the terms “ECG waveform”, “cardiac rhythm”,
“shockable rhythm”, “non-shockable rhythm”, “asystole
thythm”, “advisory”, “advisor”, “electrode pad/paddle”,
“compression pad” “controller”, “ECG monitor”, “shock
source”, “signal conditioner”, “feature extractor” and
“rhythm classifier” as well as synonymous and related terms
are to be broadly interpreted as known in the art of the
present invention. Additionally, as generally known in the
art, an advanced life support (“ALS”) defibrillator/monitor
can be synonymously referred to as an advanced life support
(“ALS”) defibrillator. Further, an ALS defibrillator/monitor
(or ALS defibrillator) can include functionality of an Auto-
matic External Defibrillator (“AED”) and be operable as an
AED in, e.g., an “AED mode”.

[0025] Referring to FIG. 1, an exemplary embodiment of
a patient monitoring device 20 in accordance with the
present invention is an advanced life support (“ALS”)
defibrillator/monitor which employs a pair of electrode
pads/paddles 21, optional ECG leads 22, an optional com-
pression pad 23, a ECG monitor 24 (internal or external),
and a shock source 25, and a patient monitoring device
controller 26, being an advanced life support (“ALS”)
controller in this exemplary embodiment. Alternatively, for
example, a patient monitor in accordance with the present
invention employs components 21-24 and 26, and omits
shock source 25.

[0026] Electrode pads/paddles 21 are structurally config-
ured as known in the art to be conductively applied to a
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patient 10 in an anterior-apex arrangement as shown in FIG.
1 or in an anterior-posterior arrangement (not shown).
Electrode pads/paddles 21 are structured to conduct a defi-
brillation shock from shock source 25 to a heart 11 of patient
10 as controlled by controller 26, and conduct electrical
activity of heart 11 of patient 10 to ECG monitor 24.
Alternatively or concurrently, ECG leads 22 as known in the
art can be connected to patient 10 to conduct the electrical
activity of heart 11 of patient 10 to ECG monitor 24.
[0027] Compression pad 23 is structurally configured as
known in the art to be applied 1o a chest of patient 10 relative
to heart 11 for purposes of providing feedback to controller
26 as shown with the feedback being indicative of a force
and/or a rate of a compression motion being applied via
compression pad 23 to the chest of patient 10.

[0028] ECG monitor 24 is structurally configured as
known in the art to measure an ECG waveform 30 of heart
11 of patient 10. Of importance is chest compression cor-
ruption of ECG waveform 30 will occur via use of com-
pression pad 23. As shown in FIG. 1, an example is a
corrupted ECG waveform 30a having a chest compression
(“CC”) corruption of an asystole rhythm (“AR”), a non-
shockable rhythm. Another example of is a corrupted ECG
waveform 305 indicating patient 10 having a chest com-
pression (“CC”) corruption of a ventricular fibrillation
(“VF”), a shockable rhythm.

[0029] In one exemplary embodiment, ECG monitor 24
employs a digital signal processor (not shown) for streaming
ECG waveform data to controller 26.

[0030] Shock source 25 is structurally configured as
known in the art to store electric energy for delivery of a
defibrillation shock 31 via electrode pads/paddles 21 to heart
11 of patient 10 as controlled by controller 26. In practice,
defibrillation shock 31 can have any waveform as known in
the art. Examples of such waveforms include, but are not
limited to, a monophasic sinusoidal waveform (positive sine
wave) 31a and a biphasic truncated waveform 315 as shown
in FIG. 1.

[0031] In one exemplary embodiment, shock source 25
employs a high voltage capacitor bank (not shown) for
storing a high voltage via a high voltage charger and a power
supply upon a pressing of a charge button. Shock source 25
further employs a switching/isolation circuit (not shown) for
selectively applying a specific waveform of an electric
energy charge from the high voltage capacitor bank to
electrode pads/paddles 21 as controlled by controller 26.
[0032] Controller 26 is structurally configured with hard-
ware, software, firmware and/or circuitry as known in the
art, responsive to corrupted ECG waveform 30 from ECG
monitor 24, to control shock source 25 in delivering defi-
brillation shock 31 via electrode pads/paddles 21 to heart 11
of patient 10 in accordance with one or more shock therapies
(e.g, synchronized cardioversion). To this end, the present
invention incorporates an asystole advisor 27 and a shock
advisor 28 within controller 26 for deciding whether or not
to advise a defibrillation of heart 11 of patient 10 based on
a detection or a failure to detect an asystole rhythm within
corrupted ECG waveform 30. As will be further explained
herein, asystole advisor 27 improves upon the accuracy of
shock advisor 27 by serving as a pre-processing stage of
corrupted ECG waveform 30.

[0033] Specifically, as shown in FIG. 1, asystole advisor
27 inputs and processes corrupted ECG waveform 30 for
detection of any asystole rhythm within corrupted ECG
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waveform 30 under the principles of the present invention as
will be further described herein in connection with FIGS.
2-8. If asystole advisor 27 detects a presence of an asystole
rhythm within corrupted ECG waveform 30, then asystole
advisor 27 classifies corrupted ECG waveform 30 as non-
shockable rhythm (“NSR”). Otherwise, if asystole advisor
27 detects an absence of an asystole rhythm within corrupted
ECG waveform 30 or is indeterminate as to a presence or an
absence of an asystole rhythm within corrupted ECG wave-
form 30, then asystole advisor 27 classifies corrupted ECG
waveform 30 as a potentially shockable rhythm (“PSR”) and
streams corrupted ECG waveform 30 to shock advisor 28 for
processing as known in the art to thereby classify the
corrupted ECG waveform 30 as shockable rhythm (“SR”) or
a non-shockable rhythm (“NSR”).

[0034] Alternatively, for a patient monitor according to the
present invention, shock advisor 28 is omitted and asystole
advisor 27 can be independently operated for facilitating a
clinical decision if chest compression should be continued or
halted based on the rhythm classification of corrupted ECG
waveform 30 by asystole advisor 27. For this embodiment,
one set of outputs for asystole advisor 27 can be “Asystole”,
“Likely Asystole” and “Not Asystole” whereby the clinician
could make an appropriate decision as to whether or not to
continue chest compression. Another set of outputs for
asystole advisor 27 can be “Non-Shockable Rhythm” when
detecting any asystole rhythm within corrupted ECG wave-
form 30 or “Potentially Shockable Rhythm” when failing to
detect any asystole rhythm within corrupted ECG waveform
30.

[0035] Referring to FIG. 2, in detecting any asystole
rhythm within corrupted ECG waveform 30, asystole advi-
sor 27 can employ a signal conditional 27a, a feature
extractor 27b and a rhythm classifier 27¢ for executing a
flowchart 40 representative of an asystole detection method
of the present invention, particularly for a CC-corruption of
corrupted ECG waveform 30.

[0036] Specifically, signal conditioner 27a implements
known signal condition technique(s) during a stage S42 of
flowchart 40 for conditioning corrupted ECG waveform 30
in multiple forms whereby feature extractor 27b implements
known feature extraction technique(s) during a stage Sd4 of
flowchart 40 for extracting a frequency domain feature
and/or a time domain feature from the multiple forms of the
conditioned corrupted ECG waveform 30.

[0037] Examples of known signal condition technique(s)
include, but are not limited to, sampling, bandpass filtering,
singular value decomposition (“SVD”), CC-artifact filtering
(e.g., SB filtering) and a signal reconstruction.

[0038] An example of a frequency domain feature of the
conditioned corrupted ECG waveform 30 includes, but is
not limited to, an amplitude spectrum area (“ASMA”) of
corrupted ECG waveform 30, and an example of a time
domain feature of the conditioned corrupted ECG waveform
30 includes, but is not limited to, is a dPower of corrupted
ECG waveform 30.

[0039] To facilitate a further understanding of stages S42
and S44 of flowchart 40, a description will now be provided
herein of (1) a flowchart 60 representative of a raw ECG
extraction method of the present invention as shown in FIG.
3, (2) a flowchart 80 representative of a SVD extraction
method of the present invention as shown in FIG. 4, (3) a
ECG subsegmentation/matrix construction in accordance
with the present invention as shown in FIG. 5, and (4) a



US 2016/0331260 A1

flowchart 110 representative of a SB filtering extraction
method of the present invention as shown in FIG. 6.

[0040] Referring to FIG. 3, a stage S62 of flowchart 60
encompasses signal conditioner 27a sampling a ECG seg-
ment 50 (FIG. 5) of corrupted ECG waveform 30 (e.g., a 4.5
second segment @200 samples/sec) and bandpass filtering
ECG segment 50 (e.g., 1 Hz-30 Hz cutoff frequencies). A
stage S64 of flowchart 60 encompasses signal conditioner
27a further segmenting ECG segment 50 into two (2) equal
subsegments 51 (FIG. 5) that are sampled by feature extrac-
tor 275 (e.g., a 2.25 second segments @200 samples/sec).

[0041] To distinguish any asystole rhythm from shockable
rhythms, stages S66-S70 of flowchart 60 extract a AMSA
feature from the ECG subsegments of stage S64, and stages
872-876 of flowchart 60 extract a dPower feature from the
ECG subsegments of stage S64.

[0042] Specifically, AMSA measures an area under a
curve from a amplitude frequency spectrum over a certain
frequency range. To extract the ASMA from each ECG
subsegment 51, feature extractor 275 executes a Fast Fourier
Transform (FFT) during stage S66 on each ECG subsegment
51 to thereby obtain a frequency spectrum of each ECG
subsegment 51, and calculates the AMSA for each ECG
subsegment 51 in accordance with the AMSA=e.x*., where
». is the amplitude at the i* frequency *. over the frequency
range between 1 Hz-30 Hz.

[0043] Stage S70 encompasses feature extractor 275 aver-
aging the ASMA for each ECG subsegment 51 to yield a raw
frequency variable AMSA_RAWECG.

[0044] Concurrently, feature extractor 275 measures a first
difference of each ECG subsegment 51 during stage S72 and
calculates the dPower of the measured first difference of
each ECG subsegment 51 during stage S74. Stage S76
encompasses feature extractor 275 averaging the dPower for
each ECG subsegment 51 to yield a raw frequency variable
dPOWER_RAWECG.

[0045] Referring to FIG. 4, a stage S82 of flowchart 80
encompasses signal conditioner 27a sampling and bandpass
filtering a ECG segment 50 (FIG. 5) of corrupted ECG
waveform 30 as previously described herein. A stage S84 of
flowchart 80 encompasses signal conditioner 27a construct-
ing a ECG matrix 52 of subsegments a-] having an equal
time window (e.g., 2.25 seconds) and each row being shifted
by a step window*t (e.g., 0.25 seconds), and a stage S86 of
flowchart 80 encompasses signal conditioner 27a applying a
singular value decomposition (SVD) on ECG matrix 52 to
decompose ECG matrix 52 into spatial components and
temporal components. Spectral analysis on the temporal
components of ECG matrix will typically show that the first
several major components are dominated by the CC artifact
(e.g., first 3 temporal components). These several major
temporal components are removed, and the remaining com-
ponents are re-combined by signal conditioner 27a during a
stage S88 of flowchart 80 to build a reconstructed ECG
matrix 52, which is re-organized to become a reconstructed
ECG segment SVDECG representative of ECG segment 50
being processed via a SVD-based method of blind source
separation called principal component analysis (“PCA”).
One advantage of reconstructed ECG segment SVDECG is
that no additional reference signal is needed to remove any
CC artifact from ECG segment 50.

[0046] A stage S90 of flowchart 80 encompasses signal
conditioner 27a further segmenting reconstructed ECG seg-
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ment SVDECG into two (2) equal subsegments that are
sampled by feature extractor 275 (e.g.. a 2.25 second seg-
ments @200 samples/sec).

[0047] To distinguish any asystole rhythm from shockable
rhythms, during stages 592-S96 of flowchart 80, feature
extractor 27b extracts a AMSA feature from the subseg-
ments of reconstructed ECG segment SVDECG of stage S90
to yield a SVD frequency variable AMSA_SVDECG similar
to the extraction of the AMSA from the raw ECG segment
50 as previously described herein.

[0048] Concurrently, during stages S98-S102 of flowchart
90, feature extractor 275 extracts a dPower feature from the
subsegments of reconstructed ECG segment SVDECG of
stage S90 to yield a SVD time variable (POWER_SVDECG
similar to the extraction of the dPower from the raw ECG
segment 50 as previously described herein.

[0049] Referring to FIG. 6, a stage S112 of flowchart 110
encompasses signal conditioner 27a sampling and bandpass
filtering a ECG segment 50 (FIG. 5) of corrupted ECG
waveform 30 as previously described herein. A stage S114
of flowchart 110 encompasses signal conditioner 27a apply-
ing a SB filter to ECG segment 50 to remove any CC-artifact
with ECG segment 50, and a stage S116 of flowchart 110
encompasses signal conditioner 27a generating a filtered
ECG segment SBEFCG.

[0050] A stage S118 of flowchart 110 encompasses signal
conditioner 27a further segmenting filtered ECG segment
SBEFCG into two (2) equal subsegments that are sampled
by feature extractor 275 (e.g., a 2.25 second segments @200
samples/sec).

[0051] To distinguish any asystole rhythm from shockable
rhythms, during stages S120-S124 of flowchart 110, feature
extractor 27b extracts a AMSA feature from the subseg-
ments of filtered ECG segment SBEFCG of stage S118 to
vield a SBF frequency variable AMSA_SBFECG similar to
the extraction of the AMSA from the raw ECG segment 50
as previously described herein.

[0052] Concurrently, during stages S126-S130 of flow-
chart 110, feature extractor 275 extracts a dPower feature
from the subsegments filtered ECG segment SBEFCG of
stage S118 to yield a SBF time variable I(POWER_SBFECG
similar to the extraction of the dPower from the raw ECG
segment 50 as previously described herein.

[0053] Referring back to FIG. 2, rhythm classifier 27¢
processes the aforementioned extracted AMSA/dPower
variables (FIGS. 3, 4 & 6) through a multi-stage threshold-
ing/decision tree during a stage S46 of flowchart 40 to yield
a classification of corrupted ECG waveform 30 (FIG. 1) as
either an asystole rhythm (“AR”), a not-asystole rhythm
(“NAR”), and a likely-asystole rhythm (“LAR”). More
particularly, asystole rhythm AR means rhythm classifier
27¢ is certain that analyzed corrupted ECG waveform 30 has
an asystole rhythm. Conversely, not-asystole rhythm NAR
means rhythm classifier 27¢ is certain that analyzed cor-
rupted ECG waveform 30 has a not-asystole rhythm. Of
unique significance is likely-asystole rhythm LAR means
rhythm classifier 27¢ thinks that the analyzed corrupted
ECG waveform 30 can have an asystole rhythm, but further
analysis is needed to confirm (e.g., by pausing CC and
analyzing a clean ECG).

[0054] To facilitate a further understanding stage S46 of
flowchart 40, a description will now be provided herein of
a flowchart 140 representative of a rhythm classification
method of the present invention as shown in FIG. 7. Refer-
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ring to FIG. 7, the multi-stage thresholding/decision tree
implemented by flowchart 140 involves flowing through
stages S142-S152 of flowchart 140 until such time rhythm
classifier 27¢ classifies the ECG waveform as an asystole
rhythm AR, a not-asystole rhythm NAR, and a likely-
asystole rhythm LAR.

[0055] Specifically, flowchart 140 inputs variables com-
paring raw frequency variable AMSA_RAWECG (FIG. 3),
raw time variable dPOWER_RAWECG (FIG. 3), SVD
frequency variable AMSA_SVDECG (FIG. 4), SVD time
variable ISPOWER_SVDECG (FIG. 4), SBF frequency vari-
able AMSA_SBFECG (FIG. 6) and SBF time variable
dPOWER_SBFECG (FIG. 6).

[0056] In practice, for ventricular fibrillation (“VF”), raw
frequency variable AMSA_RAWECG will typically be
greater than 18.59, raw time variable JPOWER_RAWECG
will typically be greater than 0.047, SVD frequency variable
AMSA_SVDECG will typically be greater than 13.57, SVD
time variable dSPOWER_SVDECG will typically be greater
than 0.030, SBF frequency variable AMSA_SBFECG will
typically be greater than 12.93 and SBF time variable
dPOWER_SBFECG will typically be greater than 0.033.
[0057] Stage S142 of flowchart 140 encompasses rhythm
classifier 27¢ comparing raw frequency variable AMSA_
RAWECG to an asystole detection threshold (e.g., 18.59)
and to a not-asystole detection threshold (e.g., 47.43). If the
raw frequency variable AMSA_RAWECG is less than the
asystole detection threshold, then rhythm classifier 27¢
proceeds through OR circuits 160 and 163 to yield a
classification of corrupted ECG waveform 30 as asystole
rhythm AR.

[0058] Ifthe raw frequency variable AMSA_RAWECG is
greater than the asystole detection threshold and equal to or
less than the not-asystole detection threshold, then rhythm
classifier 27¢ proceeds through OR circuits 170 and 173 to
yield a classification of corrupted ECG waveform 30 as
likely-asystole rhythm LAR. Otherwise, with raw frequency
variable AMSA_RAWECG being greater than the not-asys-
tole detection threshold, rhythm classifier 27¢ proceeds to
stage S144 to test raw time variable POWER_RAWECG
(F1G. 3).

[0059] Stage 3144 of flowchart 140 encompasses rhythm
classifier 27¢ comparing raw time variable IPOWER_RAW-
ECG to an asystole detection threshold (e.g., 0.047) and to
a not-asystole detection threshold (e.g., 0.447). If the raw
time variable JPOWER_RAWECG is less than the asystole
detection threshold, then rhythm classifier 27¢ proceeds
through OR circuits 160 and 163 to yield a classification of
corrupted ECG waveform 30 as asystole rhythm AR.
[0060] If the raw time variable APOWER_RAWECG is
greater than the asystole detection threshold and equal to or
less than the not-asystole detection threshold, then rhythm
classifier 27¢ proceeds through OR circuits 170 and 173 to
vield a classification of corrupted ECG waveform 30 as
likely-asystole thythm LAR. Otherwise, with raw time vari-
able APOWER_RAWECG being greater than the not-asys-
tole detection threshold, rhythm classifier 27¢ proceeds to
stage S146 to test SVD frequency variable AMSA_SV-
DECG (FIG. 4).

[0061] Stage S146 of flowchart 140 encompasses rhythm
classifier 27¢ comparing SVD frequency variable AMSA _
SVDECG to an asystole detection threshold (e.g., 13.57) and
to a not-asystole detection threshold (e.g., 28.99). If the SVD
frequency variable AMSA_SVDECG is less than the asys-
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tole detection threshold, then rhythm classifier 27¢ proceeds
through OR circuits 161 and 163 to yield a classification of
corrupted ECG waveform 30 as asystole rhythm AR.
[0062] Ifthe SVD frequency variable AMSA_SVDECG is
greater than the asystole detection threshold and equal to or
less than the not-asystole detection threshold, then rhythm
classifier 27¢ proceeds through OR circuits 171 and 173 to
vield a classification of corrupted ECG waveform 30 as
likely-asystole rhythm LAR. Otherwise, with SVD fre-
quency variable AMSA_SVDECG being greater than the
not-asystole detection threshold, rhythm classifier 27¢ pro-
ceeds to stage S148 to test SVD time variable JPOWER _
SVDECG (FIG. 4).

[0063] Stage S148 of flowchart 140 encompasses rhythm
classifier 27¢ comparing SVD time variable dPOWER_
SVDECG to an asystole detection threshold (e.g., 0.030) and
to a not-asystole detection threshold (e.g., 0.182). If the SVD
time variable APOWER_SVDECG 1is less than the asystole
detection threshold, then rhythm classifier 27¢ proceeds
through OR circuits 161 and 163 to yield a classification of
corrupted ECG waveform 30 as asystole rhythm AR.
[0064] If the SVD time variable JPOWER_SVDECG is
greater than the asystole detection threshold and equal to or
less than the not-asystole detection threshold, then rhythm
classifier 27¢ proceeds through OR circuits 171 and 173 to
yield a classification of corrupted ECG waveform 30 as
likely-asystole rhythm LAR. Otherwise, with SVD time
variable APOWER_SVDECG being greater than the not-
asystole detection threshold, rhythm classifier 27¢ proceeds
to stage S150 to test SBF frequency variable AMSA_
SBFECG (FIG. 6).

[0065] Stage S150 of flowchart 140 encompasses rhythm
classifier 27¢ comparing SBF frequency variable AMSA _
SBFECG to an asystole detection threshold (e.g., 12.93) and
to a not-asystole detection threshold (e.g., 29.99). If the SBF
frequency variable AMSA_SBFECG is less than the asys-
tole detection threshold, then thythm classifier 27¢ proceeds
through OR circuits 162 and 163 to yield a classification of
corrupted ECG waveform 30 as asystole rhythm AR.
[0066] Ifthe SBF frequency variable AMSA_SBFECG is
greater than the asystole detection threshold and equal to or
less than the not-asystole detection threshold, then rhythm
classifier 27¢ proceeds through OR circuits 172 and 173 to
vield a classification of corrupted ECG waveform 30 as
likely-asystole rhythm LAR. Otherwise, with SBF fre-
quency variable AMSA_SBFECG being greater than the
not-asystole detection threshold, rhythm classifier 27¢ pro-
ceeds to stage S152 to test SBF time variable dPOWER _
SBFECG (FIG. 4).

[0067] Stage S152 of flowchart 140 encompasses rhythm
classifier 27¢ comparing SBF time variable dPOWER_
SBFECG to an asystole detection threshold (e.g., 0.033) and
to a not-asystole detection threshold (e.g., 0.227). If the SBF
time variable dAPOWER_SBFECG is less than the asystole
detection threshold, then rhythm classifier 27¢ proceeds
through OR circuits 162 and 163 to yield a classification of
corrupted ECG waveform 30 as asystole rhythm AR.
[0068] If the SBF time variable dSPOWER_SBFECG is
greater than the asystole detection threshold and equal to or
less than the not-asystole detection threshold, then rhythm
classifier 27¢ proceeds through OR circuits 172 and 173 to
vield a classification of corrupted ECG waveform 30 as
likely-asystole rhythm LAR. Otherwise, with SBF time
variable dAPOWER_SBFECG being greater than the not-
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asystole detection threshold, rhythm classifier 27¢ proceeds
to stage S152 to yield a classification of corrupted ECG
waveform 30 as not-asystole rhythm NAR.

[0069] In an alternative embodiment of flowchart 140, OR
circuits 170-173 are replaced by AND circuits, and a LAR
classification for each stage is feed to a corresponding AND
circuit and also triggers stages S142-S150 to proceed to the
next stage. The exception would be stage S152 whereby a
LAR classification is only feed to the corresponding AND
circuit. The result of this embodiment, assuming each stage
failed to classify an AR, is stage S152 will either (1) output
a LAR classification based on all stages S142-S152 reaching
a LAR classification or (2) output a NA classification
because of a failure of one of the stages S142-S152 to
classify a LAR.

[0070] In another alternative embodiment of flowchart
140, OR circuit 173 is replaced by AND circuits, and a LAR
classification for each stage is feed to a corresponding OR
circuit and also triggers stages S142-S150 to proceed to the
next stage. The exception would be stage S152 whereby a
LAR classification is only feed to the corresponding OR
circuit. The result of this embodiment, assuming each stage
failed to classify an AR, is stage S152 will either (1) output
a LAR classification based on each stage pairing S142/S144,
S146/5148 and S150/S152 reaching a LAR classification or
(2) output a NA classification because of a failure of one of
the stage pairings S142/S144, S146/S148 and S150/S152 to
classify a LAR.

[0071] Referring back to FIG. 2, modules 27a-27¢ loop
through stages S142-S146 as needed until such time the
monitoring of corrupted ECG waveform 30 is terminated.

[0072] FIGS. 8A-8C shows three (3) examples of running
the asystole detection method of the flowcharts of FIGS. 4-7
(“asystole algorithm™) on clinical ECG recordings. In all
examples, the flowcharts of FIGS. 4-7 are applied on indi-
vidual fixed-length ECG segments to (1) process the ECG
signal into RawECG, SVDECG, and SBFECG and (2)
generate the classification of the three categories: “Asys-
tole”, “Not Asystole”, and “Likely Asystole”. Each example
also compares the output of the shock-advisory method from
a commercial shock advisory algorithm applied on the
CC-filtered ECG using SBF with the output generated by the
asystole algorithm.

[0073] FIG. 8A, in general, is an example of the asystole
rhythm correctly classified as “Asystole” by the asystole
algorithm with the same rhythm being misclassified as
shockable by a shock advisory algorithm after filtering the
chest compression (“CC”) artifact. Specifically, a portion of
a clinical ECG recording as shown in FIG. 8A indicates the
transition from performing CC to hands-off without per-
forming CC. In the top row of FIG. 8, the left part is ECG
with CC artifact and the right part is ECG without CC
artifact (hand-off period). The two bars on the ECG signal
indicate a 4.5-sec segment used for analysis. A commercial
shock advisory algorithm applied on the CC-filtered ECG
erroneously identified this ECG segment as shockable.
Rows 2-4 of FIG. 8A respectively show RawECG,
SVDECG and SBFECG when using the asystole algorithm
for the same ECG segment. The output of the asystole
algorithm correctly classified this case into category “Asys-
tole”, which is considered a non-shockable rhythm. This
example suggests that the present invention could poten-
tially help the shock advisory algorithm in detecting this
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non-shockable rhythm, and thus improves the performance
(specificity) of shock advisory algorithm.

[0074] FIG. 8B, in general, is an example of an asystole
case classified as “Likely Asystole” by the asystole algo-
rithm. Specifically, the shock advisory algorithm applied on
a CC-corrupted ECG segment identified the rhythm as
organized (a non-shockable rhythm). Rows 2-4 of FIG. 8B
respectively show RawECG, SVDECG and SBFECG when
using the asystole algorithm for the same ECG segment, and
the output of the asystole algorithm classified this case into
the category “Likely Asystole”, indicating the asystole algo-
rithm considers this case is possibly asystole, but further
analysis 1s needed. This case also suggests the asystole
algorithm could potentially help in making correct decision
when combining with other techniques.

[0075] FIG. 8C, in general, is an example of a ventricular
fibrillation (“VF”) case correctly classified as “Not Asys-
tole” by asystole algorithm, Specifically, the ECG recording
of FIG. 8C has a VF rhythm (shockable) is illustrated in FIG.
8. The shock advisory algorithm applied on CC-corrupted
ECG segment incorrectly identified the rhythm as non-
shockable. The shock advisory algorithm applied on ECG
after filtering CC artifact improves the performance by
correctly identifying the rhythm as shockable. Rows 2-4 of
FIG. 8B respectively show RawECG, SVDECG and
SBFECG when using the asystole algorithm for the same
ECG segment, and the output of the asystole algorithm
correctly classifies this case into the category “Not Asys-
tole”.

[0076] Referring back to FIG. 1, from the preceding
description of FIGS. 2-7, those having ordinary skill in the
art will appreciate an improvement by asystole advisor 27 in
the accuracy of shock advisor 28 by serving as a pre-
processing stage of any corrupted ECG waveform 30, or
alternatively facilitating a clinical decision if chest compres-
sion should be continued (asystole rhythmy/likely asystole
rhythm) or halted (not-asystole rhythm) based on the rhythm
classification of corrupted ECG waveform 30 by asystole
advisor 27.

[0077] Referring to FIGS. 1-8, those having ordinary skill
in the art will appreciate numerous benefits of the present
invention including, but not limited to, improving perfor-
mance of advanced life support devices by detecting any
asystole rhythm, a non-shockable rhythm, during CPR of a
sudden cardiac arrest patient.

[0078] While various embodiments of the present inven-
tion have been illustrated and described, it will be under-
stood by those skilled in the art that the embodiments of the
present invention as described herein are illustrative, and
various changes and modifications can be made and equiva-
lents can be substituted for elements thereof without depart-
ing from the true scope of the present invention. In addition,
many modifications can be made to adapt the teachings of
the present invention without departing from its central
scope. Therefore, it is intended that the present invention not
be limited to the particular embodiments disclosed as the
best mode contemplated for carrying out the present inven-
tion, but that the present invention includes all embodiments
falling within the scope of the appended claims.

1. A patient monitoring device, comprising:

an ECG monitor operable to monitor a corrupted ECG
waveform of a heart of a patient; and



US 2016/0331260 A1

a controller operably connected to the ECG monitor to
classify the corrupted ECG waveform as one of a
non-shockable rhythm or a potentially shockable
thythm,
wherein the controller includes a feature extractor
configured to extract at least one time domain feature
and at least one frequency domain feature from a
segment of the corrupted ECG waveform indicative
of a presence of an asystole rhythm within the
corrupted ECG waveform,

wherein the controller classifies the corrupted ECG
waveform as the non-shockable rhythm responsive
to a detection by the controller of the presence of the
asystole rhythm within the corrupted ECG waveform
based on the extracted at least one time domain
feature and at least one frequency domain feature,
and

wherein the controller classifies the corrupted ECG
waveform as the potentially shockable rhythm
responsive to a detection by the controller of an
absence of the asystole rhythm within the corrupted
ECG waveform based on the extracted at least one
time domain feature and at least one frequency
domain feature.

2. The patient monitoring device of claim 1, wherein the
controller classifies the corrupted ECG waveform as the
potentially shockable rhythm responsive to an indetermina-
tion by the controller as to the presence or the absence of the
asystole rhythm within the corrupted ECG waveform.

3. The patient monitoring device of claim 1, wherein the
patient monitoring device is at least one of an automatic
external defibrillator or an advanced life support defibrilla-
tor.

4. The patient monitoring device of claim 1, wherein the
patient monitoring device comprises at least one of an
automatic external defibrillator, an advanced life support
defibrillator or a patient monitor.

5. The patient monitoring device of claim 1, wherein the
controller includes a signal conditioner operably connected
to the ECG monitor to condition the segment of the cor-
rupted ECG waveform.

6. The patient monitoring device of claim 5, wherein the
signal conditioner removes any artifact from the ECG wave-
form.

7. The patient monitoring device of claim 5, wherein the
signal conditioner removes a chest compression artifact
from the ECG waveform.

8. The patient monitoring device of claim 1, wherein the
at least frequency domain feature includes an amplitude
spectrum area and the at least one time domain feature
includes a first difference power of the corrupted ECG
waveform.

9. The patient monitoring device of claim 1, wherein the
controller includes a rhythm classifier operably connected to
the feature extractor to detect any indication by at least one
of the at least one time domain feature and the at least one
frequency domain feature of the presence of the asystole
rhythm within the conditioned segment of the corrupted
ECG waveform.

10. The patient monitoring device of claim 1, wherein the
controller includes a rhythm classifier operably connected to
the feature extractor to detect any indication by the at least
one time domain feature and the at least one frequency
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domain feature of the absence of the asystole rhythm within
the conditioned segment of the corrupted ECG waveform.
11. The patient monitoring device of claim 1, wherein the
controller includes a rhythm classifier operably connected to
the feature extractor to detect any failure by at least one of
the at least one time domain feature and the at least one
frequency domain feature to indicate one of the presence and
the absence of the asystole rhythm within the conditioned
segment of the corrupted ECG waveform.
12. A patient monitoring device controller, comprising:
a feature extractor configured to extract at least one time
domain feature and at least one frequency domain
feature from a segment of a corrupted ECG waveform
indicative of a presence of an asystole rhythm within
the corrupted ECG waveform,
an asystole advisor operable to classify the corrupted
ECG waveform as one of a non-shockable rhythm or a
potentially shockable rhythm based on the extracted at
least one time domain feature and at least one fre-
quency domain feature,
wherein the asystole advisor classifies the corrupted
ECG waveform as the non-shockable rhythm
responsive to a detection by the asystole advisor of
a presence of an asystole rhythm within the cor-
rupted ECG waveform, and

wherein the asystole advisor classifies the corrupted
ECG waveform as the potentially shockable rhythm
responsive to at least one of a detection by the
asystole advisor of an absernce of the asystole rthythm
within the corrupted ECG waveform, or an indeter-
mination by the controller as to the presence of the
asystole rhythm within the corrupted ECG wave-
form; and

a shock advisor operably connected to the asystole advi-
sor to classify the corrupted ECG waveform as a
shockable rhythm or the non-shockable rhythm respon-
sive to the asystole advisor classifying the corrupted
ECG waveform as a potentially shockable rhythm.

13. The patient monitoring device controller of claim 12,

wherein the asystole advisor classifies the corrupted ECG
waveform as the potentially shockable thythm responsive to
an indetermination by the asystole advisor as to the presence
or the absence of the asystole rhythm within the corrupted
ECG waveform.

14. The patient monitoring device controller of claim 12,

wherein the asystole advisor includes:

a signal conditioner operable to condition a segment of
the corrupted ECG waveform

wherein the feature extractor is operably connected to the
signal conditioner to extract the at least one time
domain feature at the at least one frequency domain
feature from a conditioned segment of the corrupted
ECG waveform indicative of any presence of the
asystole rhythm within the corrupted ECG waveform.

15. The patient monitoring device controller of claim 12,

wherein the asystole advisor further includes:

a rhythm classifier operably connected to the feature
extractor to detect any indication by at least one signal
feature of the presence of the asystole rhythm within
the conditioned segment of the corrupted ECG wave-
form, to detect any indication by the at least one signal
feature of the absence of the asystole rhythm within the
conditioned segment of the corrupted ECG waveform,
and to detect any failure by the at least one signal
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feature to indicate one of the presence and the absence
of the asystole rhythm within the conditioned segment
of the corrupted ECG waveform.
16. A method, comprising:
monitoring a corrupted ECG waveform of a heart of a
patient;
extracting at least one time domain feature and at least one
frequency domain feature from a segment of the cor-
rupted ECG waveform indicative of a presence of an
asystole rhythm within the corrupted ECG waveform;
and
classifying the corrupted ECG waveform as one of a
non-shockable rhythm or a potentially shockable
thythm,
wherein the corrupted ECG waveform is classified as
the non-shockable rhythm responsive to a detection
by a controller of the presence of the asystole rhythm
within the corrupted ECG waveform based on the
extracted at least one time domain feature and at
least one frequency domain feature, and
wherein the corrupted ECG waveform is classified as
the potentially shockable rhythm responsive to at
least one of a detection by the controller of an
absence of the asystole rhythm within the corrupted
ECG waveform, or an indetermination by the con-
troller as to the presence of the asystole rhythm
within the corrupted ECG waveform based on the
extracted at least one time domain feature and at
least one frequency domain feature.
17. The method of claim 16, wherein classifying the
corrupted ECG waveform as one of a non-shockable rhythm
or a potentially shockable rhythm includes:
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conditioning the segment of the corrupted ECG wave-
form; and

extracting the least one time domain feature and the at
least one frequency domain feature from the condi-
tioned segment of the corrupted ECG waveform.

18. The method of claim 16, wherein classifying the
corrupted ECG waveform as one of a non-shockable rhythm
or a potentially shockable rhythm further includes:

detecting any indication by at least one of the at least one
time domain feature and the at least one frequency
domain feature of the presence of the asystole rhythm
within the conditioned segment of the corrupted ECG
waveform.

19. The method of claim 16, wherein classifying the
corrupted ECG waveform as one of a non-shockable rhythm
or a potentially shockable rhythm further includes:

detecting any indication by the at least one time domain
feature and the at least one frequency domain feature of
the absence of the asystole rhythm within the condi-
tioned segment of the corrupted ECG waveform.

20. The method of claim 17, wherein classifying the
corrupted ECG waveform as one of a non-shockable rhythm
or a potentially shockable rhythm further includes:

detecting any failure by at least one of the at least one time
domain feature and the at least one frequency domain
feature to indicate one of the presence and the absence
of the asystole rhythm within the conditioned segment
of the corrupted ECG waveform.
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