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(57) ABSTRACT 

The presence of a cardiac pulse in a patient is determined by 
evaluating physiological signals in the patient. In one 
embodiment, a medical device evaluates two or more differ 
ent physiological signals. Such as phonocardiogram (PCG) 
signals, electrocardiogram (ECG) signals, patient impedance 
signals, piezoelectric signals, and accelerometer signals for 
features indicative of the presence of a cardiac pulse. Using 
these features, the medical device determines whether a car 
diac pulse is present in the patient. The medical device may 
also be configured to report whether the patient is in a VF, VT, 
asystole, or PEA condition, in addition to being in a pulseless 
condition, and prompt different therapies, such as chest com 
pressions, rescue breathing, defibrillation, and PEA-specific 
electrotherapy, depending on the analysis of the physiological 
signals. Auto-capture of a cardiac pulse using pacing stimuli 
is further provided. 
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PULSE DETECTION APPARATUS, 
SOFTWARE, AND METHODS USING 
PATIENT PHYSIOLOGICAL SIGNALS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
patent application Ser. No. 09/410,198, filed Sep. 30, 1999, 
and U.S. patent application Ser. No. 10/013,941, filed Dec. 6, 
2001, priority from the filing dates of which is hereby claimed 
under 35 U.S.C. S 120. 

FIELD OF THE INVENTION 

0002 The invention relates generally to the detection of 
cardiac activity in a patient, and more specifically, to the 
detection of a cardiac pulse and the use of pulse detection in 
delivering therapy. 

BACKGROUND OF THE INVENTION 

0003. The presence of cardiac pulse, or heartbeat, in a 
patient is generally detected by palpating the patient's neck 
and sensing changes in the Volume of the patient's carotid 
artery due to blood pumped from the patient's heart. A graph 
representative of the physical expansion and contraction of a 
patient's carotid artery during two consecutive pulses, or 
heartbeats, is shown at the top of FIG. 1. When the heart's 
Ventricles contract during a heartbeat, a pressure wave is sent 
throughout the patient’s peripheral circulation system. The 
carotid pulse shown in FIG. 1 rises with the ventricular ejec 
tion of blood at systole and peaks when the pressure wave 
from the heart reaches a maximum. The carotid pulse falls off 
again as the pressure subsides toward the end of each pulse. 
0004. The opening and closing of the patient's heart valves 
during a heartbeat causes high-frequency vibrations in the 
adjacent heart wall and blood vessels. These vibrations can be 
heard in the patient’s body as heart Sounds. A conventional 
phonocardiogram (PCG) transducer placed on a patient con 
verts the acoustical energy of the heart Sounds to electrical 
energy, resulting in a PCG waveform that may be recorded 
and displayed, as shown by the graph in the upper middle 
portion of FIG. 1. Conventional methods for detecting and 
displaying a PCG waveform are known in the art. See, e.g., 
U.S. Pat. Nos. 5,687,738 and 4,548,204. 
0005. As indicated by the PCG waveform shown in FIG. 1, 
a typical heartbeat produces two main heart sounds. The first 
heart sound, denoted S1, is generated by vibration generally 
associated with the closure of the tricuspid and mitral valves 
at the beginning of systole. Typically, the heart sound S1 is 
about 14 milliseconds long and contains frequencies up to 
approximately 500 Hz. The second heart sound, denoted S2. 
is generally associated with vibrations resulting from the 
closure of the aortic and pulmonary valves at the end of 
systole. While the duration of the second heart sound S2 is 
typically shorter than the first heart sound S1, the spectral 
bandwidth of the heart sound S2 is typically larger than that of 
S1. 
0006 An electrocardiogram (ECG) waveform describes 
the electrical activity of a patient's heart. The graph in the 
lower middle portion of FIG. 1 illustrates an example of an 
ECG waveform for two heartbeats and corresponds in time 
with the carotid pulse and PCG waveform. Referring to the 
first shown heartbeat, the portion of the ECG waveform rep 
resenting depolarization of theatrial muscle fibers is referred 
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to as the “P” wave. Depolarization of the ventricular muscle 
fibers is collectively represented by the "Q,” “R” and “S” 
waves of the ECG waveform. Finally, the portion of the wave 
form representing repolarization of the Ventricular muscle 
fibers is known as the “T” wave. Between heartbeats, the ECG 
waveform returns to an isopotential level. 
0007 Fluctuations in a patient's transthoracic impedance 
also correlate with blood flow that occurs with each cardiac 
pulse wave. The bottom graph of FIG. 1 illustrates an example 
of a filtered impedance signal for a patient in which fluctua 
tions in impedance correspond in time with the carotid pulse, 
the PCG, and ECG waveforms. 
0008. The lack of a detectable cardiac pulse in a patient is 
a strong indicator of cardiac arrest. Cardiac arrest is a life 
threatening medical condition in which the patient's heart 
fails to provide enough blood flow to support life. During 
cardiac arrest, the electrical activity may be disorganized 
(ventricular fibrillation), too rapid (ventricular tachycardia), 
absent (asystole), or organized at a normal or slow heart rate 
without sufficient blood flow (pulseless electrical activity). A 
caregiver may apply a defibrillation shock to a patient in 
ventricular fibrillation (VF) or ventricular tachycardia (VT) 
to stop the unsynchronized or rapid electrical activity and 
allow a perfusing rhythm to return. External defibrillation, in 
particular, is provided by applying a strong electric pulse to 
the patient's heart through electrodes placed on the surface of 
the patient's body. If a patient lacks a detectable pulse but has 
an ECG rhythm of asystole or pulseless electrical activity 
(PEA), conventional therapy may include cardiopulmonary 
resuscitation (CPR), which causes some blood flow. 
0009. Before providing defibrillation therapy or CPR to a 
patient, a caregiver must first confirm that the patient is in 
cardiac arrest. In general, external defibrillation is suitable 
only for patients that are unconscious, apneic (i.e., not breath 
ing), pulseless, and in VF or VT. Medical guidelines indicate 
that the presence or absence of a pulse in a patient should be 
determined within 10 seconds. See, “American Heart Guide 
lines 2000 for Cardiopulmonary Resuscitation and Emer 
gency Cardiovascular Care, Part3: Adult Basic Life Support.” 
Circulation 102 suppl. I: I-22-I-59, 2000. 
0010 Unfortunately, under the pressures of an emergency 
situation, it can be extremely difficult for first-responding 
caregivers with little or no medical training to consistently 
and accurately detect a cardiac pulse in a patient (e.g., by 
palpating the carotidartery) in a short amount of time such as 
10 seconds. See, Eberle B., et al., “Checking the Carotid Pulse 
Diagnostic Accuracy of First Responders in Patients With and 
Without a Pulse' Resuscitation 33: 107-116, 1996. Neverthe 
less, because time is of the essence in treating cardiac arrest, 
a caregiver may rush the preliminary evaluation, incorrectly 
conclude that the patient has no pulse, and proceed to provide 
therapy; Such as defibrillation, when in fact the patient has a 
pulse. Alternatively, a caregiver may incorrectly conclude 
that the patient has a pulse and erroneously withhold defibril 
lation therapy. A need therefore exists for a method and appa 
ratus that quickly, accurately, and automatically determines 
the presence of a pulse in a patient, particularly to prompt a 
caregiver to provide appropriate therapy in an emergency 
situation. 

SUMMARY OF THE INVENTION 

0011. The present invention provides methods and appa 
ratus for determining the presence of a cardiac pulse in a 
patient by evaluating physiological signals in the patient. In 
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one embodiment, a medical device constructed according to 
the invention includes a sensor System comprised of one or 
more sensors. The sensor System is adapted to sense two or 
more different physiological signals in a patient. The two or 
more physiological signals are converted into digital physi 
ological signal data that is processed by processing circuitry 
in the medical device. The processing circuitry is configured 
to evaluate the data from each physiological signal for a 
feature indicative of the presence of a cardiac pulse. Using 
these features, the medical device determines whether a car 
diac pulse is present in the patient. The medical device further 
includes display that is used to automatically report whether 
a cardiac pulse is present in the patient. Exemplary embodi 
ments of the invention discussed herein use physiological 
signals such as phonocardiogram (PCG) signals, electrocar 
diogram (ECG) signals, and patient impedance signals. Also, 
as noted herein, embodiments of the invention may use sig 
nals obtained from piezoelectric sensors and/or accelerom 
eters placed on the patient's body. 
0012. A feature indicating the presence of a pulse may be 
obtained from an evaluation of temporal parameters or spec 
tral parameters in the physiological signal data In one aspect, 
temporal energy may be evaluated by estimating instanta 
neous and background energies in the signal data and com 
paring the instantaneous energy with the background energy. 
Energy in the signal data may also be calculated and com 
pared with a threshold energy. In another aspect, spectral 
energy may be evaluated by locating a peak energy value in 
the energy spectrum and comparing the peak energy value 
with a threshold energy value. Alternatively, or in addition, 
the frequency of the peakenergy value in the spectrum may be 
compared with a threshold frequency. 
0013. In embodiments of the invention that evaluate ECG 
data, a feature indicative of the presence of a pulse may be 
determined based on the presence of a Ventricular complex, 
such as a QRS complex, in the ECG data. Moreover, the 
presence of a ventricular complex in the ECG data may be 
used to select time segments of data from one or more of the 
other physiological signals that correspond in time with the 
Ventricular complex. Identifying and evaluating physiologi 
cal signal databased on the presence of a Ventricular complex 
helps focus the evaluation of the physiological signal data to 
that data which are more likely to indicate the presence of a 
pulse. 
0014 Features thus obtained from the physiological signal 
data are evaluated to determine whether a cardiac pulse is 
present in the patient. A medical device constructed in accor 
dance with the invention may further include a defibrillation 
pulse generator that is configured to automatically prepare a 
defibrillation pulse for delivery to the patient if the processing 
circuitry of the medical device determines that a cardiac pulse 
is not present in the patient. Alternatively, or in addition, the 
medical device may be configured to provide a message on its 
display prompting application of defibrillation electrodes to 
the patient if a cardiac pulse is determined not present. Fur 
ther, a message may be displayed prompting delivery of chest 
compressions or cardiopulmonary resuscitation to the patient 
if a cardiac pulse is determined not present in the patient. A 
graph may be provided on the display showing a representa 
tion of at least one of the two or more physiological signals 
obtained from the patient. 
0015. Another embodiment of the present invention is an 
electrotherapy device that includes electrodes adapted to 
sense a physiological signal. Such as a PCG signal, in a 
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patient. Processing circuitry in the electrotherapy device is 
configured to analyze the PCG signal for a feature indicative 
of the presence of a cardiac pulse and determine whether a 
cardiac pulse is present based on the feature. If a cardiac pulse 
is determined not present, the processing circuitry prompts 
the delivery of electrotherapy to the patient. Where the elec 
trotherapy is defibrillation therapy, the processing circuitry 
may be configured to report the return of spontaneous circu 
lation in the patient if a cardiac pulse is determined to be 
present after the delivery of the defibrillation therapy. 
0016. The electrotherapy device may further sense ECG 
signals in the patient and analyze the ECG signals for ven 
tricular fibrillation (VF), ventricular tachycardia (VT), asys 
tole, and pulseless electrical activity (PEA). In one aspect, if 
the patient is determined to be pulseless and experiencing 
Ventricular tachycardia, the electrotherapy device may 
prompt the delivery of defibrillation therapy. In another 
aspect, if the patient is determined to be pulseless and not in 
a VF, VT, or asystole condition, the processing circuitry may 
prompt delivery of electrotherapy that is specifically designed 
for pulseless electrical activity. The processing circuitry may 
also be configured to report whether the patient is in a VF, VT, 
asystole, or PEA condition, in addition to being in a pulseless 
condition. 
0017. In a further embodiment of the invention, the elec 
trotherapy device also includes electrodes adapted to receive 
an impedance-sensing signal that has been communicated 
through the patient. The PCG and impedance signals are each 
analyzed for features indicative of the presence of a cardiac 
pulse in the patient. The electrotherapy device uses these 
features to determine the presence of a cardiac pulse. The 
impedance signal may also be used to determine the presence 
of respiration in the patient. If respiration is determined not 
present in the patient, the processing circuitry may prompt 
delivery of rescue breathing. If the patient is also determined 
to be pulseless, the processing circuitry may prompt the deliv 
ery of chest compressions or full cardiopulmonary resuscita 
tion. 
0018 Yet another embodiment of the present invention 
provides an apparatus and method for delivering electro 
therapy to a patient in which the electrotherapy is comprised 
of pacing stimuli and seeks capture of a cardiac pulse in the 
patient. The method includes delivering a pacing stimulus to 
the patient, sensing a physiological signal in the patient from 
the surface of the patient’s body, determining whether a car 
diac pulse occurred in the patient after delivery of the pacing 
stimulus, and increasing the current of further pacing stimuli 
to be delivered to the patientifa cardiac pulse did not occur in 
the patient after delivery of the pacing stimulus. For example, 
the physiological signal may be a PCG signal that is analyzed 
for the presence of a heart sound, the electrotherapy device 
determining whether a cardiac pulse occurred in the patient 
based on the presence of a heart Sound. Consistent capture 
exhibited by a cardiac pulse may be required before making a 
final determination that capture of a cardiac pulse has been 
achieved. 
0019. Other applications and advantages of the present 
invention are apparent. For example, the invention may be 
implemented in an automated external defibrillator (AED). 
Embodiments of the invention intended for trained medical 
personnel may provide additional displays of the patient's 
physiological signal data for review. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020. The foregoing aspects and many of the attendant 
advantages of this invention will become more readily appre 
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ciated as the same become better understood by reference to 
the following detailed description, when taken in conjunction 
with the accompanying drawings, wherein: 
0021 FIG. 1 is a pictorial diagram of a carotid pulse wave 
form, a phonocardiogram (PCG) waveform, an electrocardio 
gram (ECG) waveform, and a filtered transthoracic imped 
ance signal for two consecutive heartbeats; 
0022 FIG. 2 is a pictorial diagram of a defibrillator and 
electrodes constructed in accordance with the present inven 
tion and attached to a patient; 
0023 FIG. 3 is a block diagram of the major components 
of a defibrillator as shown in FIG. 2; 
0024 FIG. 4 is a flow diagram of a pulse detection process 
performed by a defibrillator as shown in FIG. 2, in which a 
temporal energy analysis of PCG data is performed: 
0025 FIG. 5A is a graph illustrating a PCG waveform of 
raw PCG data collected from a patient; 
0026 FIG. 5B is a graph illustrating a filtered version of 
the PCG waveform shown in FIG.5A; 
0027 FIG. 5C is a graph illustrating an instantaneous, 
energy waveform and the background energy waveform com 
puted from the data in the PCG waveform shown in FIG. 5B 
in accordance with the pulse detection process shown in FIG. 
4. 
0028 FIG.5D is a graph illustrating the results of a com 
parison of the instantaneous energy and the background 
energy shown in FIG.5C in accordance with the pulse detec 
tion process shown in FIG. 4; 
0029 FIG. 6 is a flow diagram of another pulse detection 
process performed by a defibrillator as shown in FIG. 2, in 
which a spectral peak frequency analysis of PCG data is 
performed: 
0030 FIG. 7 is a graph illustrating two energy spectra 
calculated from PCG data using a maximum entropy method 
(“MEM spectra') in accordance with the pulse detection pro 
cess shown in FIG. 6; 
0031 FIG. 8A is a graph illustrating a PCG waveform of 
raw PCG data collected from a patient; 
0032 FIG.8B is a graph illustrating a series of frequencies 
of second peak energy values located in MEM spectra com 
puted in accordance with the pulse detection process shown in 
FIG. 6 using the PCG data shown in FIG. 8A, in which the 
frequency values at or below a frequency of 100 Hz are 
marked with an 'x'': 
0033 FIG. 8C is a graph illustrating a series of second 
peak energy values located in MEM spectra computed in 
accordance with the pulse detection process shown in FIG.9 
using the PCG data shown in FIG. 8A, in which the second 
peak energy values exceeding 0 dB are marked with an “X”: 
0034 FIG. 9 is a flow diagram illustrating another pulse 
detection process performed by a defibrillator as shown in 
FIG. 2, in which a spectral peak energy analysis is performed; 
0035 FIG. 10 is a flow diagram illustrating yet another 
pulse detection process performed by a defibrillator as shown 
in FIG. 2 that incorporates features of the pulse detection 
processes shown in FIGS. 4, 6 and 9: 
0036 FIG. 11 is a flow diagram of a pulse detection pro 
cess performed by a defibrillator as shown in FIG. 2, in which 
an analysis of impedance signal data is performed; 
0037 FIG. 12 is a flow diagram of a pulse rate analysis 
performed with the pulse detection process shown in FIG. 11; 
0038 FIG. 13 is a flow diagram of another pulse detection 
process performed in accordance with the present invention 
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in which an impedance signal pattern analysis is performed 
without an ECG signal analysis; 
0039 FIG. 14 is a flow diagram of a pulse detection pro 
cess of the present invention that analyzes multiple physi 
ological signals, in this case impedance and heart Sound sig 
nals, to determine the presence of a cardiac pulse: 
0040 FIG. 15 is a flow diagram of a procedure imple 
mented by a defibrillator as shown in FIG. 2 that incorporates 
a pulse detection process provided by the present invention; 
0041 FIG. 16 is a flow diagram of another procedure 
implemented by a defibrillator as shown in FIG. 2 that incor 
porates a pulse detection process provided by the present 
invention; 
0042 FIG. 17 is a flow diagram of still another procedure 
implemented by a defibrillator as shown in FIG. 2 that incor 
porates a pulse detection process provided by the present 
invention; 
0043 FIG. 18 is a flow diagram of an auto-capture detec 
tion process for cardiac pacing that uses a pulse detection 
process of the present invention; and 
0044 FIG. 19 is a flow diagram of a patient condition 
advisory process for use in a medical device that incorporates 
a pulse detection process of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

0045. The present invention may be implemented in a 
variety of applications. One particular implementation of the 
present invention is a defibrillator as illustrated in FIG. 2. In 
FIG. 2, the defibrillator 10 is shown connected to a patient 24 
via defibrillation electrodes 12 and 14 placed on the skin of 
the patient 24. The defibrillator 10 uses the defibrillation 
electrodes 12 and 14 to deliver defibrillation pulses to the 
patient 24. The defibrillator 10 may also use the electrodes 12 
and 14 to obtain ECG signals from the patient 24. 
0046 FIG. 2 further illustrates sensing devices 16 and 18 
placed on the patient 24. The sensing devices 16 and 18 are 
configured to detect a physiological signal in the patient. Such 
as acoustical energy from heart Sounds produced in the 
patient 24 or electrical energy that reflects a patient charac 
teristic Such as transthoracic impedance. In one exemplary 
embodiment discussed herein, the sensing devices 16 and 18 
are configured to detect acoustical energy while the defibril 
lation electrodes 12 and 14 are used for assessing patient 
impedance. Acoustical energy sensed by the devices 16 and 
18 is converted by the defibrillator 10 into digital phonocar 
diogram (PCG) data. 
0047. The sensing devices 16 and 18 may be integrated 
into or attached to the back of the electrodes 12 and 14. 
Alternatively, the sensing devices 16 and 18 may be embod 
ied in flaps 20 and 22 that are connected to the electrodes 12 
and 14. As another alternative, the sensing devices 16 and 18 
may be attached to the patient 24 by separate wires (not 
shown). 
0048. In one embodiment of the invention, the sensing 
devices 16 and 18 are comprised of transducers with a piezo 
electric membrane. The sensing devices 16 and 18 may alter 
natively be comprised of acoustic sensors known in the art, 
Such as electronic microphones used in stethoscopes. Trans 
ducers and/or microphones suitable for use in the present 
invention for detecting heart sounds are described, for 
example, in U.S. Pat. Nos. 4,446,873 and 5,825,895. 
0049. A device constructed in accordance with the present 
invention may also use measurements of a patient's transtho 
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racic impedance, separately or in connection with detecting 
heart sounds, to determine the presence of a cardiac pulse in 
a patient. In that regard, the electrodes 12, 14 may be config 
ured to communicate an impedance-sensing signal through 
the patient 24. The impedance-sensing signal is used by the 
defibrillator 10 to measure the patient’s impedance. 
0050 A preferred embodiment of the invention uses a 
high-frequency, low-level constant current technique to mea 
Sure the patient's transthoracic impedance, though other 
known impedance measuring techniques may be used. A 
signal generator included in the defibrillator 10 produces a 
low-amplitude, constant current, high-frequency signal (typi 
cally sinusoidal or square). The signal is preferably generated 
having a frequency in the range of 10 kHZ-100 kHz and 
causes a current to flow between the electrodes 12 and 14. The 
current flow causes a Voltage to develop across the patient's 
body that is proportional to the product of the patient’s imped 
ance and the applied current. To calculate the patient’s imped 
ance, the impedance measuring component in the defibrilla 
tor 10 divides the measured sensing voltage by the applied 
current. Of course, since the measured Voltage is linearly 
related to the patient's impedance, the impedance signal data 
used herein may be a calculated impedance signal or the 
measured Voltage signal. 
0051 While embodiments of the invention specifically 
described herein are shown implemented in a defibrillator 10, 
the present invention is not limited to Such specific type of 
application. Those of ordinary skill in the art will recognize 
that the advantages of the invention may similarly beachieved 
by implementing the present invention in cardiac monitors 
and other types of medical equipment that do not necessarily 
provide defibrillation therapy. 
0052 Prior to discussing various pulse detection pro 
cesses that the defibrillator 10 may implement in accordance 
with the present invention, a briefdescription of certain major 
components of the defibrillator 10 is provided. Referring to 
FIG. 3, the defibrillator 10 includes defibrillation electrodes 
30 (e.g., electrodes 12, 14 described above in FIG. 2). An 
impedance-sensing signal generator 56 communicates an 
impedance-sensing signal through the patient via the elec 
trodes 30. A signal amplifier 32 receives the impedance 
sensing signal from the electrodes 30 and amplifies the signal 
to a level appropriate for digitization by analog-to-digital 
(A/D) converter 36. Prior to A/D conversion, a bandpass filter 
34 filters the amplified impedance-sensing signal to isolate 
the portion of the signal that most closely reveals fluctuations 
due to blood flow from cardiac pulses. In one embodiment of 
the invention, the bandpass filter 34 is a 1-10 Hz bandpass 
filter. Fluctuations in the impedance signal below 1 Hz are 
believed more likely to becaused by respiration in the patient, 
and not blood flow. Accordingly, the bandpass filter attenu 
ates that component of the impedance signal. The portion of 
the impedance signal exceeding 10 Hz is believed more likely 
affected by surrounding noise and is likewise filtered out. 
0053. The filtered impedance signal is delivered to the A/D 
converter 36 which converts the impedance signal into digital 
impedance data for further evaluation. The bandpass filter 34 
or other filter may be provided to reduce any aliasing intro 
duced in the impedance signal by the A/D converter 36. The 
parameters of Such filtering depend, in part, on the sampling 
rate of the A/D converter. Bandpass and antialiasing filters, as 
well as A/D converters, are well-known in the art, and may be 
implemented in hardware or Software, or a combination of 
both. For example, a preferred embodiment uses a hardware 
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lowpass filter on the impedance signal before the A/D con 
verter 36, and then a software highpass filter on the digital 
impedance data after the A/D conversion. Another preferred 
embodiment additionally uses a software lowpass filter after 
the A/D conversion to further limit the bandwidth of the 
impedance signal. The A/D converter 36 delivers the digital 
impedance signal data to a processing circuit 38 for evalua 
tion. 
0054 The processing circuit 38 evaluates the impedance 
signal data for the presence of a cardiac pulse. The processing 
circuit 38 is preferably comprised of a computer processor 
that operates in accordance with programmed instructions 
stored in a memory 40 that implement a pulse detection 
process 42, described in more detail below. The processing 
circuit 38 may also store in the memory 40 the impedance 
signal data obtained from the patient, along with other event 
data and ECG signal data. The memory 40 may be comprised 
of any type or combination of types of storage medium, 
including, for example, a Volatile memory Such as a dynamic 
random access memory (DRAM), a non-volatile static 
memory, or computer-readable media Such as a magnetic tape 
or disk or optical storage unit (e.g., CD-RW or DVD) config 
ured with permanent or removable media. 
0055. The processing circuit 38 may report the results of 
the pulse detection process to the operator of the defibrillator 
10 via a display 48. The processing circuit 38 may also 
prompt actions (e.g., CPR) to the operator to direct the resus 
citation effort. The display 48 may include, for example, 
lights, audible signals, alarm, printer, tactile response, and/or 
display screen. The processing circuit 38 may also receive 
input from the operator of the defibrillator 10 via an input 
device 46. The input device 46 may include one or more keys, 
Switches, buttons, dials, or other types of user input devices. 
0056. The defibrillator 10 shown in FIG. 3 is also capable 
of sensing a patient's heart sounds using PCG electrodes 26 
(e.g., sensing devices 16 and 18, as described above in refer 
ence to FIG. 2). The PCG electrodes 26 provide the sensed 
heart sound signals, or PCG signals, to a signal amplifier 28 
that amplifies the PCG signals to a level sufficient for the 
defibrillator 10 to further analyze the PCG signals. 
0057 The signal amplifier 28 provides the amplified PCG 
signals to an anti-aliasing filter 29. The anti-aliasing filter 29 
is designed to reduce aliasing introduced in the PCG signals 
by the analog-to-digital (A/D) converter 36. The bandwidth 
of the anti-aliasing filter 29 depends, in part, on the sampling 
rate of the A/D converter 36. Anti-aliasing filters and A/D 
converters are well-known in the art and are readily available 
in off-the-shelf devices. Alternative embodiments of the 
defibrillator 10 may include additional signal amplification or 
signal filtering to adapt the defibrillator 10 for use in particu 
lar environments. 

0058. The A/D converter 36 converts the PCG signals into 
digitized PCG data and provides the PCG data to the process 
ing circuit 38 for evaluation. The processing circuit 38 evalu 
ates the PCG data using a pulse detection process described 
below in more detail. Programmed instructions 42 stored in 
the memory 40 may be used to implement the pulse detection 
process. Preferably, the processing circuit 38 also stores the 
PCG data in the memory 40. 
0059. The defibrillation electrodes 30 may further be used 
to sense the patient's electrocardiogram (ECG) signals. ECG 
signals obtained from the patient are amplified by the ECG 
signal amplifier 52 and filtered by the ECG bandpass filter 54 
in a conventional manner. The A/D converter 36 converts the 
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ECG signals into digitized ECG data and provides the ECG 
data to the processing circuit 38 for evaluation. 
0060 Preferably, the processing circuit 38 evaluates the 
ECG signals in accordance with programmed instructions 44 
stored in the memory 40 that carry out an ECG evaluation 
process to determine whether a defibrillation shock should be 
provided. A suitable method for determining whether to apply 
a defibrillation shock is described in U.S. Pat. No. 4,610,254, 
which is assigned to the assignee of the present invention and 
incorporated by reference herein. If the processing circuit 38 
determines that immediate delivery of a defibrillation pulse is 
appropriate, the processing circuit 38 instructs a defibrillation 
pulse generator 50 to prepare to deliver a defibrillation pulse 
to the patient. In that regard, the defibrillation pulse generator 
50 uses an energy source (e.g., a battery) to charge one or 
more defibrillation capacitors in the defibrillator 10. 
0061. When the defibrillation charge is ready for delivery, 
the processing circuit 38 advises the operator via the display 
48that the defibrillator 10 is ready to deliver the defibrillation 
pulse. The processing circuit 38 may ask the operator to 
initiate the delivery of the defibrillation pulse. When the 
operator initiates delivery of the defibrillation pulse (e.g., via 
the input device 46), the processing circuit 38 instructs the 
defibrillation pulse generator 50 to discharge through the 
patient the energy stored in the defibrillation capacitors (via 
the defibrillation electrodes 30). Alternatively, the processing 
circuit 38 may cause the defibrillation pulse generator 50 to 
automatically deliver the defibrillation pulse when specified 
conditions (e.g., expiration of a predetermined period of time, 
acceptable measured patient impedance, etc.) are met. 
0062. In some circumstances, it may be preferable to apply 
CPR to the patient before defibrillation even though cardiac 
conditions, such as VF, are detected, especially for patients in 
whom defibrillation is initially unlikely to succeed. See L. 
Cobb et al., “Influence of Cardiopulmonary Resuscitation 
Prior to Defibrillation in Patients With Out-of-Hospital Ven 
tricular Fibrillation” JAMA 281: 1182-1188 (1999), incorpo 
rated by reference herein. Thus, if desired, the defibrillator 10 
may recommend the application of chest compressions or 
CPR in situations where a cardiac pulse is not detected and the 
ECG reveals a cardiac rhythm for which immediate treatment 
by defibrillation therapy is not indicated. 
0063. While FIG. 3 illustrates certain major components 
of the defibrillator 10, those having ordinary skill in the art 
will appreciate that the defibrillator 10 may contain more or 
fewer components than those shown. The disclosure of a 
preferred embodiment of the defibrillator 10 does not require 
that all of these general conventional components be shown. 
It will further be appreciated that aspects of the invention may 
be implemented in a cardiac monitor having essentially the 
same components as the defibrillator 10 shown in FIG. 3, 
except that the cardiac monitor does not have the components 
necessary for delivering a defibrillation pulse. Furthermore, 
Some or all of the programmed instructions 44 may be imple 
mented in hardware as an alternative to Software instructions 
stored in the memory 40. 
0064. In one aspect, the pulse detection process conducted 
by the processing circuit 38 may analyze the patient’s PCG 
data to determine whether heart sounds S1 and/or S2 are 
present. The presence ofheart sounds S1 and/or S2 are used as 
an indication of the presence of a cardiac pulse in the patient. 
In another aspect, the pulse detection process may analyze the 
patient's impedance signal data to determine the presence of 
a cardiac pulse. The pulse detection process preferably uses a 
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portion of the impedance-sensing signal whose frequency 
range is most likely to reveal fluctuations indicating the pres 
ence of a cardiac pulse in the patient. Characteristic fluctua 
tions in patient impedance associated with a cardiac pulse are 
used as an indication of the presence of a cardiac pulse. In yet 
another aspect, the pulse detection process may analyze mul 
tiple physiological signals. For example, the pulse detection 
process may analyze both PCG data for heart sounds and 
impedance signal data for characteristic fluctuations in a 
combined manner to determine the presence of a cardiac 
pulse. 
0065 FIG. 4 illustrates a pulse detection process 60a that 
analyzes a temporal energy in the PCG data. The pulse detec 
tion process 60a begins at block 70 by obtaining PCG data 
from a patient. As noted earlier, PCG signals received from 
PCG sensing devices (e.g., sensing devices 16 and 18 in FIG. 
2) placed on the patient are converted into digital PCG data. 
0066. The pulse detection process 60a evaluates the PCG 
data for at least one feature indicative of the presence of a 
heart sound. In blocks 72 and 74, the pulse detection process 
60a preferably calculates estimates of the instantaneous 
energy and background energy in the PCG data. As shown in 
FIG.4, the estimated instantaneous energy may be calculated 
in block 72 simultaneously with the calculation of estimated 
background energy in block 74. Alternatively, the calculation 
of estimated instantaneous energy in block 72 may be per 
formed prior to or after the calculation of estimated back 
ground energy in block 74. 
0067. The estimated instantaneous energy is calculated in 
block 72, preferably using a set of PCG data obtained from the 
patient during a predetermined time window. One exemplary 
embodiment of the invention uses a time window of 20 mil 
liseconds in length, though a longer, shorter, or shifted time 
window may be used for estimating the instantaneous energy. 
The estimated instantaneous energy may be calculated by 
squaring and Summing each of the PCG data values in the 
predetermined time window. 
0068. The estimated background energy is calculated in 
block 74, preferably using a set of PCG data obtained in an 
earlier predetermined time window. One exemplary embodi 
ment of the invention calculates the estimated background 
energy using PCG data in a 100 millisecond time window 
commencing 220 milliseconds prior to the current time. The 
PCG data within the earlier time window may also be squared 
and Summed to produce the estimated background energy. 
Furthermore, other time window lengths and starting points 
may be used. 
0069. The estimated instantaneous energy and back 
ground energy are next compared at block 76 to determine a 
relative change in energy in the PCG data. The relative change 
in energy is used by the pulse detection process 60a as a 
feature indicative of the presence of a heart sound. If the 
relative change in energy between the estimated instanta 
neous energy and the estimated background energy exceeds a 
predetermined threshold, the pulse detection process 60a 
determines that a heart sound was detected. Note that the 
background and instantaneous energies should previously be 
normalized for purposes of comparison to each other. For 
example, if squaring and Summing is used and one energy 
uses a 100 ms time window and the other energy uses a 20 ms 
time window, the result of the energy using a 100 ms time 
window should be divided by 5 so it can be properly com 
pared against the result from a 20 ms time window. 
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0070. As discussed earlier, the present invention uses the 
detection of a heart Sound as an indication of the presence of 
a cardiac pulse in the patient. In decision block 78, if a heart 
Sound was detected, the pulse detection process 60a proceeds 
to block 80 and reports the presence of a cardiac pulse in the 
patient (thus indicating that defibrillation therapy for the 
patient is not advised). Otherwise, if a heart sound is not 
detected, the pulse detection process 60a determines in block 
82 that the patient is pulseless and that defibrillation therapy 
may be appropriate. A defibrillator 10 implementing the pulse 
detection process 60a may then proceed to determine whether 
defibrillation therapy is appropriate, e.g., by obtaining and 
processing ECG data from the patient as described in U.S. 
Pat. No. 4,610,254, referenced earlier and incorporated 
herein by reference. 
0071. In a further embodiment of the invention, the pulse 
detection process 60a may be repeated over a specified time 
interval or for a specified number of repetitions to produce a 
series of determinations of whether a heart sound is present in 
the patient. The time windows for computing the estimated 
instantaneous energy and background energy are shifted to 
correspond with each instance of time in which the pulse 
detection process 60a is performed. The pulse detection pro 
cess 60a may require a specified number of heart Sound 
detections before determining that a cardiac pulse is present 
in the patient. 
0072 FIGS.5A-5D illustrate a representative example of 
the processing performed by the pulse detection process 60a. 
In particular, FIG.5A is a graph showing a PCG waveform 84 
of raw PCG data as collected in block 70 (FIG. 4) from a 
patient. As noted above, the PCG data may be filtered to 
reduce noise and other signal contaminants. A filtered version 
of the PCG waveform 86 is shown in FIG.S.B. 
0073 FIG.5C illustrates a waveform 88 depicting an esti 
mated instantaneous energy in the PCG as calculated in block 
72 of the pulse detection process 60a. The waveform 90 
depicts an estimated background energy as calculated in 
block 74 of the pulse detection process 60a. Because the 
calculation of background energy 90 uses PCG data obtained 
in an earlier time window than the PCG data used to calculate 
instantaneous energy 88, the rise and fall of the background 
energy waveform 90 follows the rise and fall of the instanta 
neous energy waveform 88. 
0074 The comparison performed in block 76 of the pulse 
detection process 60a may produce a result as illustrated in 
FIG. 5D. During the time in which the instantaneous energy 
88 exceeds the background energy 90 by a predetermined 
threshold, the comparison performed in block 76 returns a “1” 
(signifying the detection of a heart Sound), as noted by refer 
ence numeral 92. The predetermined threshold may be 
adjusted to achieve a desired sensitivity and specificity of 
detection. When the relative change in energy between the 
instantaneous energy 88 and the background energy 90 does 
not exceed the predetermined threshold, the comparison per 
formed in block 76 returns a “0”, as noted by reference 
number 94, signifying that a heart Sound was not detected. 
0075 FIG. 6 illustrates another pulse detection process 
60b. As with the detection process 60a, the detection process 
60b analyzes PCG data to detect heart sounds in a patient. The 
detection process 60b, however, focuses on a spectral energy 
analysis of the PCG data (as compared to the temporal energy 
analysis performed in the detection process 60a). 
0076. The pulse detection process 60b begins at block 100 
by obtaining PCG data from the patient in a manner as dis 
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cussed above with respect to block 70 (FIG. 4). In block 102, 
the PCG data is preferably analyzed to identify a set of PCG 
data that likely contains an S1 or S2 heart sound. In that 
regard, an S1 or S2 heart sound candidate may be identified by 
using the temporal energy comparison discussed in block 76 
of the pulse detection process 60a. When the estimated 
instantaneous energy exceeds the estimated background 
energy by a predetermined threshold, the energy comparison 
Suggests that a potential S1 or S2 candidate has been detected. 
Alternatively, a set of PCG data containing a heart Sound may 
be identified by evaluating the patient's ECG data for the 
occurrence of an R-wave. The timing of an S1 or S2 heart 
Sound in relation to an R-wave is generally known in the art 
and may be used to predict the timing of a heart sound can 
didate in the PCG data. Other embodiments of the invention 
may compute an energy spectrum without first identifying 
candidate PCG data, e.g., by continuously computing an 
energy spectrum using the most current PCG data as the 
candidate data. 
(0077. Next, in block 104, the pulse detection process 60b 
computes an energy spectrum of the heart Sound candidate, 
preferably using a maximum entropy method, though other 
spectral calculations may be used. Computing an energy 
spectrum using a maximum entropy method ("MEM spec 
trum”) is well-known in the art. See, e.g., Modern Spectral 
Estimation. Theory and Application, by Stephen M. Kay, 
published by Prentice Hall of Englewood Cliffs, N.J., begin 
ning at p. 182, and incorporated herein by reference. An 
MEM spectrum typically appears much smoother than an 
energy spectrum produced by Fourier transform techniques. 
(0078 FIG. 7 illustrates a representative MEM spectrum 
120 for an interval of PCG data containing an S1 heart sound. 
FIG. 7 also illustrates a representative MEM spectrum 130 for 
a set of PCG data containing an S2 heart sound. The MEM 
spectrum 120 includes a number of peak energy values, 
including the first two peak values 122 and 124. Likewise, the 
MEM spectrum 130 includes a number of peak energy values, 
including the first two peak values 132 and 134. The MEM 
spectrum 120 or 130, whichever is used, may be normalized 
by removing a baseline (e.g., DC) energy value across the 
MEM spectrum. 
0079. As discussed below in more detail, the frequency of 
a peak energy value in the energy spectrum is used as a feature 
indicative of the presence of a heart Sound, and is evaluated 
against a predetermined threshold frequency value to decide 
whethera heart sound is detected. The pulse detection process 
60b shown in FIG. 6 evaluates the second peak energy value 
occurring in the energy spectrum measured from DC, e.g., the 
second peak value 124 in the MEM spectrum 120, or the 
second peak value 134 in the MEM spectrum 130. 
0080. In block 106 (FIG. 6), the pulse detection process 
60b evaluates the energy values in the MEM spectrum to 
determine the frequency of the second peak in the MEM 
spectrum. For example, if the pulse detection process 60b 
evaluates MEM spectrum 120, the frequency of the second 
peak 124 is determined. A similar analysis applied to the 
MEM spectrum 130 determines the frequency of the second 
peak 134. 
I0081. In block 108, the frequency of the second peak 124 
or 134 is compared with a predetermined threshold frequency 
to decide whether a heart sound is detected. For example, if 
the frequency of the second peak 124 or 134 is less than or 
equal to a threshold frequency, e.g., 100 Hz, the pulse detec 
tion process 60b determines that a heart sound was detected. 
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Alternative embodiments of the invention may use values 
other than 100 Hz for the predetermined threshold frequency. 
0082 If a heart sound was detected, the pulse detection 
process 60b proceeds from decision block 110 to block 112 
and determines that a pulse is present in the patient, thus 
advising against application of a defibrillation pulse. If, in 
decision block 110, a heart sound was not detected, the pulse 
detection process 60b determines in block 114 that the patient 
is pulseless and that defibrillation may be appropriate for the 
patient. In that case, further signal processing of ECG data 
obtained from the patient is preferably performed to deter 
mine the applicability of defibrillation therapy, e.g., as 
described in U.S. Pat. No. 4,610,254, referenced earlier. 
0083. One example illustrating the processing performed 
by the pulse detection process 60b is shown in FIGS. 8A and 
8B. FIG. 8A is a graph depicting a PCG waveform 140 of raw 
PCG data obtained from a patient in a manner as discussed 
above in regard to block 100 (FIG. 6). Although not shown in 
FIG.8, the PCG waveform 140 may be filtered to reduce noise 
and other signal contaminants (e.g., as described earlier in 
reference to FIG. 5B). 
0084. For purposes of demonstrating the detection of heart 
sounds in the detection process 60b, an MEM spectrum of the 
data in the PCG waveform 140 is computed for a number of 
instances in time, and the frequency of the second peak of 
each MEM spectrum is identified, as shown by the circles in 
FIG. 8B, without regard to whether the selected instance of 
time corresponds with a heart Sound candidate. Of course, in 
actual operation where results are needed for immediate and 
accurate evaluation of a patient, it is preferable that the PCG 
data first be screened for heart sound candidates. 
I0085. In FIG.8B, the circles enclosing an “X” identify the 
MEM spectra that, for this example, have a second peak 
located at or below a threshold frequency of 100 Hz. Note 
that, for the most part, the circles with an “X” in FIG. 8B 
correspond in time with the heart sounds evident in the PCG 
waveform 140 shown in FIG. 8A. For each circled “x, the 
pulse detection process 60b decides that a heart sound, and 
thus a pulse, is present in the patient. 
I0086 FIG. 9 illustrates another pulse detection process 
60c that also uses an MEM spectrum as calculated in block 
104 of the detection process 60b. Instead of analyzing the 
frequency location of the second peak in the MEM spectrum, 
as performed in the process 60b, the process 60c analyzes the 
energy value of the second peak in the MEM spectrum. 
I0087. The detection process 60c begins at block 150 by 
obtaining PCG data from the patient in a manner as discussed 
earlier with respect to block 70 (FIG. 4). The PCG data is 
analyzed in block 152 to identify PCG data corresponding to 
the time when a heart sound S1 or S2 likely occurred. The 
analysis performed in block 152 may include an energy com 
parison process or ECG analysis as described earlier with 
respect to block 102 of pulse detection process 60b (FIG. 6). 
An MEM spectrum of the heart sound candidate is then com 
puted in block 154 in a manner as discussed earlier with 
respect to block 104 (FIG. 6). Also, as noted before, the 
energy spectrum calculation process may be run continu 
ously. 
0088. In block 156, the pulse detection process 60c evalu 
ates the energy values in the MEM spectrum to locate the 
second peak value in the spectrum. The energy value of the 
second peak, determined in a block 158, is used as a feature 
indicative of the presence of a heart sound, and is compared in 
block 160 with a predetermined threshold energy to decide 
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whether a heart sound was detected. If the energy value of the 
second peak exceeds the thresholdenergy, the pulse detection 
process 60c determines in decision block 162 that a heart 
Sound was detected. 

0089. If, indecision block 162, a heart sound was detected, 
the pulse detection process 60c determines in block 164 that 
A cardiac pulse is present in the patient. In that circumstance, 
the detection process 60c may advise against providing 
defibrillation therapy to the patient. The detection process 
may also advise to checkpatient breathing. On the other hand, 
if a heart sound was not detected in decision block 162, the 
pulse detection process 60c determines in block 166 that the 
patient is pulseless and advises that defibrillation therapy may 
be appropriate for the patient. In other embodiments, the 
detection process may advise the application of chest com 
pressions or CPR in addition to or in place of advising 
defibrillation therapy for pulseless patients. An analysis of 
ECG data, as noted earlier, may be used to determine the 
applicability of defibrillation therapy. 
(0090 FIGS. 8A and 8C illustrate one example of the pro 
cessing performed by the pulse detection process 60c. As 
discussed earlier, FIG. 8A illustrates a PCG waveform 140 of 
raw PCG data obtained from a patient from which an MEM 
spectrum is computed for a number of instances in time. For 
each instance in time, the energy value of the second peak in 
the MEM spectrum is identified, as depicted by the circles in 
FIG. 8C. 

(0091. In FIG. 8C, the circles enclosing an “X” are the 
MEM spectra with a second peak having an energy value 
above a selected threshold energy, e.g., 0 dB. While a thresh 
old value of 0 dB is used in this specific example, other 
embodiments of the invention may use different threshold 
values to attain a desired sensitivity and specificity. The 
circles with an “X” in FIG. 8C generally correspond in time 
with the heart sounds evident in the PCG waveform 140 
shown in FIG. 8A. Thus, for each circled “x, the pulse 
detection process 60c decides that a heart Sound, and hence a 
cardiac pulse, is present in the patient. 
0092. On occasion, it is possible that noise in the PCG data 
may cause a false detection of a heart Sound when using one 
of the detection processes 60a, 60b, or 60c described above. 
See, e.g., the two circled X's in FIGS. 8B and 8C immediately 
following the time reference of 0.6 seconds, which do not 
appear to correspond with heart sounds evident in FIG. 8A. If 
the signal-to-noise ratio of the PCG data obtained from the 
patient is not high enough to avoid such false detection of a 
heart sound, the detection processes 60a, 60b, and 60c of the 
pulse detection process may be combined in one or more 
ways to produce a pulse detection process with improved 
specificity. For example, FIG. 10 illustrates a detection pro 
cess 60d that combines features of the detection processes 
60a, 60b, and 60C. 
0093. In FIG. 10, the pulse detection process 60d begins at 
block 170 by obtaining PCG data from a patient, e.g., in a 
manner as described earlier with respect to block 70 of pulse 
detection process 60a (FIG. 4). After the PCG data is 
obtained, estimates of the instantaneous energy and the back 
ground energy in the PCG data are computed in blocks 172 
and 174, e.g., in a manner as described earlier with respect to 
blocks 72 and 74. The estimated instantaneous and back 
ground energy values are then compared in a block 176, e.g., 
as described earlier with respect to block 76, to produce a first 
detection statistic, or feature, indicative of the presence of a 
heart sound. The first detection statistic produced in block 
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176 is provided to a multidimensional classifier in block 186 
that evaluates detection statistics to determine whethera heart 
Sound was present. Of course, those having ordinary skill in 
the art will recognize that the instantaneous and background 
energies computed in blocks 172 and 174 may also be directly 
provided as separate detection statistics to a multidimen 
sional classifier in block 186 for joint classification with any 
other detection statistics provided to the classifier (i.e., elimi 
nating the comparison performed in block 176). 
0094. The PCG data obtained in block 170 is also used in 
identifying a heart sound candidate and computing an MEM 
spectrum in block 178, in a manner as described earlier with 
respect to blocks 102 and 104 of pulse detection process 60b 
(FIG. 6). Once the MEM spectrum is computed, the pulse 
detection process 60d determines in block 180 the location of 
the second peak in the MEM spectrum. 
0095. The frequency of the second peak is determined in a 
block 182 and provided as a second detection statistic, or 
feature, to the classifier in block 186. Alternatively, the sec 
ond detection statistic may be produced by comparing the 
frequency of the second peak with a threshold frequency, e.g., 
in a manner as described earlier with respect to block 108 
(FIG. 6), to produce the second detection statistic. 
0096. In block 184, the pulse detection process 60d also 
determines the energy value at the second peak and provides 
the energy value as a third detection statistic, or feature, to the 
classifier in block 186. The second peak energy may alterna 
tively be compared with a threshold energy, e.g., in a manner 
as described earlier with respect to block 160 (FIG. 9), to 
produce the third detection statistic. 
0097. The classifier in block 186jointly classifies the first, 
second, and third detection statistics using a multidimen 
sional classifier to determine whether a heart sound, and 
hence a pulse, is present in the patient. Techniques for con 
structing multidimensional classifiers are well-known in the 
art. For an expanded description of classifiers suitable for use 
in the present invention, see, e.g., R. Duda and P. Hart, Pattern 
Classification and Scene Analysis, published by John Wiley 
& Sons, New York, and incorporated herein by reference. 
0098. The classifier in block 186 may also use a voting 
scheme to determine whether a pulse is present in the patient. 
For example, if any of the first, second, or third detection 
statistics indicates the detection of a heart sound (i.e., the 
instantaneous energy exceeded the background energy by a 
threshold value, the frequency of the second peak was equal 
to or less than a threshold frequency, or the energy of the 
second peak exceeded a threshold energy), the classifier may 
determine that a pulse is present in the patient. Alternatively, 
the classifier in block 186 may determine that a pulse is 
present by finding that a combination of the first, second, and 
third detection statistics indicates the presence of a heart 
Sound (e.g., a positive indication from the first detection sta 
tistic combined with a positive indication from the second or 
third detection statistics, etc.). The classifier in block 186 may 
also weight the first, second, or third detection statistics to 
emphasize one detection statistic over another in deciding 
whether a heart sound was detected. 
0099. If, indecision block188, aheart sound was detected, 
the pulse detection process 60d determines in block 190 that 
a pulse is present in the patient and may advise the operator of 
the defibrillator to not defibrillate the patient. The detection 
process may also advise to not perform CPR, in connection 
with or in place of any defibrillation advice. Otherwise, if a 
heart sound was not detected in decision block 188, the pulse 
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detection process 60d determines in block 192 that the patient 
is pulseless and that CPR/chest compressions and/or defibril 
lation therapy may be appropriate. An analysis of ECG data, 
as described earlier in reference to U.S. Pat. No. 4,610,254, 
may be used to determine if defibrillation therapy is appro 
priate. 
0100. An analysis of ECG data may also be combined with 
an analysis of PCG data to determine the presence of a cardiac 
pulse in the patient. In one aspect, detecting a QRS complex, 
or other ventricular complex, in the ECG data in time relation 
to the occurrence of a heart sound occurs may serve to con 
firm the detection of the heart sound. In another aspect, 
detecting a QRS complex or other ventricular complex in the 
ECG data may be used to identify PCG data for use in the 
heart sound detection process, since a heart sound is expected 
to occur in time proximity to the occurrence of a Ventricular 
complexifa cardiac pulse is present in the patient. This aspect 
of the invention is helpful in identifying a heart Sound candi 
date in the PCG data. It is also. helpful in identifying whether 
the patient is in a state of pulseless electrical activity. If a 
ventricular complex is found in the ECG data and a heart 
Sound does not occur within an expected time period there 
after, the patient may be considered in a state of pulseless 
electrical activity (PEA) which may be reported to the opera 
tor of the device. The operator may also be prompted to 
deliver PEA-specific therapy, as discussed herein. 
0101 While the pulse detection processes described thus 
far use an analysis of PCG data to determine the presence of 
a cardiac pulse, the pulse detection processes may analyze 
other physiological signals sensed in the patient for features 
indicative of the presence of a cardiac pulse. For instance, 
variations in the patient's transthoracic impedance may be 
associated with the discharge of blood from the heart. By 
monitoring characteristic variations in the patient's transtho 
racic impedance, the pulse detection process may monitor the 
patient's cardiac output, and hence determine the presence of 
a cardiac pulse. 
0102) Another physiological signal for use with the 
present invention may be obtained from a piezoelectric sen 
Sor, e.g., piezo film, placed on the Surface of the patent's body. 
Vibrations in the chest wall caused by the patient's heart cause 
the piezo film to produce corresponding electric signals. The 
pulse detection processes of the present invention may ana 
lyze the electric signals to determine whether a cardiac pulse 
is present. Additional detail regarding piezoelectric sensors 
and pulse detection processes that use piezoelectric signal 
data is provided in the copending U.S. Patent Application 
titled APPARATUS, SOFTWARE, AND METHODS FOR 
CARDIAC PULSE DETECTION USING A PIEZOELEC 
TRIC SENSOR, filed concurrently herewith under Attorney 
Docket No. PHYS119326, and expressly incorporated by 
reference herein. 
0103) Another physiological signal that could be used in 
the present invention is obtained from one or more acceler 
ometers placed on the patient. Vibrations in the patient from 
the patient's heart cause the accelerometer to output one or 
more electric signals, depending on the sensed axes of the 
accelerometers. These signals may be analyzed for one or 
more features indicative of a cardiac pulse. Additional detail 
regarding accelerometers and pulse detection processes using 
accelerometer signal data is provided in the copending U.S. 
Patent Application titled APPARATUS, SOFTWARE, AND 
METHODS FOR CARDIACPULSE DETECTIONUSING 
ACCELEROMETER DATA, filed concurrently herewith 
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under Attorney Docket No. PHYS1 19399, and expressly 
incorporated by reference herein. 
0104 Yet another physiological signal that could be used 
in the invention is derived from photodetection (e.g., a pulse 
Oximetry signal). Pulse oximetry uses light transmitted 
through the patient's skin to evaluate the oxygenation of the 
patient's blood. The presence of a cardiac pulse is reflected in 
the pulse oximetry signal. Apparatus and techniques for 
obtaining a pulse Oximetry signal are well known in the art. 
One suitable system includes a sensor with a red LED, a 
near-infrared LED, and a photodetector diode. The sensor is 
configured to place the LEDs and photodetector diode 
directly on the skin of the patient, typically on a digit (finger 
or toe) or earlobe. Other places on the patient may also be 
suitable, including the forehead or the chest. The LEDs emit 
light at different frequencies, which light is diffused through 
the vascular bed of the patient’s skin and received by the 
photodetector diode. The resulting pulse oximetry signal may 
then be analyzed according to the present invention for one or 
more features indicative of a cardiac pulse. Other simpler 
versions of a light-based pulse detection system may be used, 
including a version with a single light source of one or more 
frequencies. The absorbtion or reflectance of the light is 
modulated by the pulsatile arterial blood volume and detected 
using a photodetector device. One example is the Peripheral 
Pulse Sensor device marketed by Physio-Control in the 
1970s. 

0105. A CO waveform signal obtained from a standard 
capnography system is another physiological signal that 
could be used in the present invention. The CO waveform is 
known to be affected by “cardiogenic oscillations” which are 
oscillations in the capnogram associated with the beating of 
the heart against the lungs. The capnogram may therefore be 
analyzed in the present invention to determine the presence of 
a cardiac pulse in the patient, particularly when the analysis 
identifies the presence of cardiac oscillations. See e.g., J. S. 
Gravenstein et al., Gas Monitoring in Clinical Practice, 2nd 
edition, Butterworth-Heinemann pp. 23-42 (1995), incorpo 
rated herein by reference. 
0106 Still another physiological signal that could be used 
in the present invention is a Doppler probe signal, preferably 
obtained from a standard continuous waveform (CW) Dop 
pler system. A Doppler probe is attached to the patient and 
detects mechanical cardiac activity by sensing frequency 
shifts known as Doppler shifts. In accordance with the present 
invention, a CW Doppler probe detects Doppler shifts asso 
ciated with cardiac movement and the morphology of the 
Doppler shifts is analyzed to determine if a pulse is present in 
the patient. See e.g., L.A. Geddes et al., Principles of Applied 
Biomedical Instrumentation, 3rd edition, John Wiley and 
Sons, Inc., pp. 184-209 (1989), incorporated herein by refer 
CCC. 

0107 Although analysis of impedance signal data is dis 
cussed below as a way of describing further embodiments of 
the present invention, those of ordinary skill in the art will 
appreciate that the pulse detection processes of the present 
invention may use any physiological signal or combination of 
different physiological signals that reveal the presence of a 
cardiac pulse. These signals include, without limitation, 
piezoelectric signals, accelerometer signals, pulse oximetry 
signals, CO waveform signals, and Doppler probe signals as 
indicated above, as well as PCG signals, ECG signals, and 
impedance signals. 
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0.108 FIG. 11 illustrates a pulse detection process 200 that 
uses an analysis of impedance signal data to determine the 
presence of a pulse in a patient. Preferably, the impedance 
signal data selected for analysis is obtained during time inter 
vals associated with Ventricular complexes in the patient's 
ECG. 

0109 Beginning in block 202, the pulse detection process 
200 captures both ECG and impedance signal data, synchro 
nized in time, for a predetermined time interval (e.g., 10 
seconds). Preferably, persons around the patient are advised 
to not touch the patient during this time interval (e.g., the 
device could report 'Analyzing now ... Stand clear). Alter 
natively, the ECG and impedance capturing step may con 
tinue until the first or a specified number of ventricular com 
plexes, such as QRS complexes, in the ECG have been 
identified, or in the event of asystole or a low heart rate, a 
predetermined maximum period of time (e.g., 10 seconds) 
has passed. 
0110. In block 204, the pulse detection process 200 locates 
QRS complexes in the captured ECG signal. Identification of 
QRS complexes can be done using methods published in the 
literature and well-known to those skilled in the art of ECG 
signal processing. For example see, Watanabe K., et al., 
“Computer Analysis of the Exercise ECG: A Review.’ Prog 
Cardiovasc Dis 22: 423-446, 1980. 
0111. In block 206, for each time that a QRS complex was 
identified in the ECG signal, a segment of filtered impedance 
signal data obtained from the captured impedance data is 
selected. In one embodiment of the invention, the time win 
dow of each segment of impedance data is approximately 600 
milliseconds in length, and commences in time prior to the 
end of the identified QRS complex. If no QRS complexes 
were identified in the captured ECG signal in block 204 (as 
would happen for example, during asystole), no segments of 
impedance data are selected in block 206. 
0.112. In block 208, one or more measurements are made 
on a segment of impedance signal data selected in block 204 
to identify or calculate a feature indicative of a cardiac pulse. 
Non-limiting examples of the measurements may include one 
or more of the following temporal parameters: 
0113 (1) peak-to-peak amplitude of the impedance signal 
in the segment (measured in milliohms); 
0114 (2) peak-peak amplitude of the first derivative of the 
impedance signal in the segment (measured in milliohms per 
second): 
0115 (3) energy of the impedance signal in the segment 
(preferably calculated by squaring and Summing each of the 
impedance data values in the segment); or 
0116 (4) a pattern matching statistic. 
0117 The previously described instantaneous/back 
ground energy methods, as well as the spectral methods 
described herein, could be used in block 208 as well to iden 
tify or calculate a feature indicative of a cardiac pulse. 
0118 AS to pattern matching, the segment of impedance 
signal data is compared with one or more previously identi 
fied impedance signal patterns known to predict the presence 
of a pulse. The comparison produces a pattern match statistic. 
Generally, in this context, the greater the value of the pattern 
match statistic, the closer the patient’s impedance signal 
matches a pattern impedance signal that predicts the presence 
of a pulse. Other candidate measurements will be apparent to 
those skilled in the art, and may be used instead of, or in 
addition to, the aforementioned measurements. A measure 
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ment resulting from the analysis in block 208 constitutes a 
feature of the impedance signal data that may be indicative of 
the presence of a pulse. 
0119. In decision block 210, the one or more features from 
block 208 are evaluated to determine the presence of a cardiac 
pulse in the patient. The embodiment shown in FIG. 11 com 
pares the one or more features to predetermined thresholds to 
determine whether or not a pulse is detected. For example, an 
impedance peak-to-peak amplitude measurement would be 
consistent with the presence of a pulse if the measurement 
exceeded a certain threshold (e.g., 50 milliohms). Similarly, 
an impedance energy measurement would be consistent with 
a pulse if its magnitude exceeded a predetermined threshold. 
Likewise, a pattern matching statistic would be consistent 
with a pulse if it exceeded a predetermined threshold. If the 
feature exceeded the specified threshold, the pulse detection 
process determines that a pulse was detected, as indicated at 
block 212. If the feature did not exceed the specified thresh 
old, a pulse was not detected, as indicated at block 214. If no 
segments of impedance signal data were selected in block 206 
(i.e., no QRS complexes were located in block 202 in the 
captured ECG), the pulse detection process 200 would deter 
mine that a pulse was not detected, as indicated at block 214. 
0120. The embodiment shown in FIG. 11 uses threshold 
ing in block 210 to determine whether a pulse was detected. 
However, those skilled in the art will recognize otherforms of 
classification that may suitably be used in the invention. For 
example, multidimensional classifiers may be used in deci 
sion block 210 to determine whether a pulse was detected. 
Separate analyses of the amplitude and energy in the imped 
ance data segment may be performed, with the resultant out 
come of each analysis constituting a detection statistic that is 
provided to a multidimensional classifier. The detection sta 
tistics may be weighted and compared in the classifier to 
determine an overall conclusion whether a pulse is present in 
the patient. In other embodiments, individual calculations of 
instantaneous and background amplitudes and/or energies 
may be provided as detection features for evaluation in a 
multidimensional classifier. Pattern match statistics may also 
be evaluated in the multidimensional classifier, as may other 
candidate measurements of the impedance signal data. Fur 
thermore, spectral techniques can be used, such as the peak 
frequency or energy techniques described previously. Tech 
niques for constructing multidimensional classifiers are 
known in the art. See, e.g., R. Duda and P. Hart, Pattern 
Classification and Scene Analysis, referenced earlier and 
incorporated herein by reference. 
0121. After determining whether a pulse was detected 
(block 212) or not detected (block 214), the pulse detection 
process 200 determines whether all of the segments of imped 
ance signal data selected in block 206 have been analyzed. If 
not, the analysis and decision process of blocks 208,210, 212, 
and 214 is preferably repeated for a new impedance data 
segment. This continues until all of the impedance data seg 
ments selected in block 206 have been analyzed. 
0122. It is recognized that the resulting determination 
(pulse detected or no pulse detected) may not be the same for 
each impedance data segment analyzed. An additional deci 
sion step is used to determine the overall outcome of the pulse 
detection process 200. As indicated at decision block 218, the 
pulse detection process 200 may evaluate the determinations 
for each impedance data segment and decide that a pulse is 
present in the patient if a pulse was detected in a simple 
majority of the impedance segments analyzed. Of course, 
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other voting schemes may be used. If, in decision block 218, 
a majority is found, the pulse detection process concludes that 
a cardiac pulse is present in the patient, as indicated at block 
220. Otherwise, the pulse detection process 200 concludes 
that the patient is pulseless, as indicated at block 222. 
I0123 Requiring a pulse to be found in more than a simple 
majority of the impedance data segments would improve the 
specificity of the detection, but decrease the sensitivity for 
detecting a pulse. Conversely, requiring a pulse to be found 
for just one impedance segment or for less than a majority of 
the impedance segments would improve sensitivity for 
detecting a pulse but decrease specificity. If the pulse detec 
tion process 200 concludes that a pulse is present in the 
patient, the process 200 may optionally proceed to check the 
pulse rate of the patient, as illustrated in FIG. 12. 
0.124 Turning to FIG. 12, in block 224, the number of 
QRS complexes (located in block 204 in FIG. 11) are 
counted. Decision block 226. Subsequently compares the 
number of QRS complexes to a threshold. In one exemplary 
embodiment, the threshold is 5, corresponding to a heart rate 
of approximately 30 bpm. If the number of QRS complexes is 
at least equal to the threshold, the pulse detection process 200 
proceeds to block 228, concluding that the patient has a pulse 
and an adequate pulse rate. If the number of QRS complexes 
is less than the threshold, the pulse detection process 200 
proceeds to block 230, concluding that the patient has a pulse, 
but also severe bradycardia. At very low heart rates, however, 
the blood flow may be insufficient to support life. For that 
reason, below a certain heart rate (e.g., 30 bpm), the patient 
may instead be considered pulseless. 
0.125 While the pulse detection process shown in FIG. 11 
includes capturing both ECG and impedance signal data, and 
selecting the segments of impedance signal data based on 
ventricular complexes located in the ECG, other pulse detec 
tion processes may not capture or use the ECG signal. In FIG. 
13, an alternative pulse detection process 232 begins by cap 
turing only impedance signal data from the patient, as indi 
cated at block 234. Depending on the length of the time 
interval in which impedance data is captured, it may be 
advantageous to select a segment of the impedance signal 
data for further analysis, as indicated at block 236. In that 
regard, one Suitable selection process includes Scanning the 
impedance signal data for the maximum peak and selecting a 
segment of data that Surrounds the detected maximum peak. 
0.126 For exemplary purposes, the pulse detection process 
232 is shown evaluating the selected segment of impedance 
signal data using a pattern match analysis. However, those 
skilled in the art will recognize that other techniques (e.g., 
analysis of the amplitude or energy—temporal or spectral— 
in the impedance signal data, as discussed above), may be 
used. In block 238, the selected impedance data segment is 
compared with previously identified impedance signal pat 
terns known to predict the presence of a pulse. The resulting 
pattern match statistic is evaluated against a threshold in 
decision block 240 to determine whether a pulse was detected 
in the patient. If the pattern match statistic exceeded the 
threshold, the pulse detection process 232 concludes in block 
241 that a pulse was detected in the patient. Otherwise, the 
pulse detection process 232 concludes that the patient is 
pulseless, as indicated in block 242. At this point, the pulse 
detection process is finished. Alternatively, if a pulse was 
detected in the patient, the pulse detection process 232 may 
proceed to evaluate the patient's pulse rate in a manner 
described in reference to FIG. 12. 
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0127. The transthoracic impedance signal can contain 
fluctuations due to cardiac pulses, respiration, or patient 
motion. To assess whether a patient has a pulse, it is desirable 
to Suppress fluctuations in the patient's impedance that are 
due to causes other than cardiac pulses. Fluctuations due to 
noncardiac causes may contain components at frequencies 
similar to those of impedance fluctuations due to cardiac 
pulses. Consequently, bandpass filtering may not always 
adequately suppress fluctuations due to noncardiac causes. 
0128 Signal averaging of the impedance signal can be 
used to Suppress fluctuations that are due to noncardiac 
causes. Signal averaging makes advantageous use of the fact 
that impedance fluctuations due to cardiac pulses are gener 
ally synchronized to ventricular complexes in the ECG sig 
nal, whereas other impedance fluctuations are asynchronous 
to Ventricular complexes. Pulse detection may be more accu 
rately accomplished using an averaged impedance signal. 
0129. A preferred method for signal averaging of the 
impedance signal first stores the continuous ECG and tran 
sthoracic impedance signals, synchronized in time, for a pre 
determined time interval (e.g., ten seconds). The locations of 
the QRS complexes (if any) in the stored ECG signal are 
determined. Using true mathematical correlation (or an alter 
native correlation technique such as area of difference), the 
QRS complexes are classified into types, where all QRS 
complexes of the same type have high correlation with the 
first occurring QRS complex of that type. The dominant QRS 
type is selected as the type containing the most members, with 
a preference for the narrowest QRS type when a two or more 
types tie for most members. Using the first QRS of the domi 
nant type as a reference complex, the second QRS complex of 
the same type is shifted in time until it is best aligned with the 
reference complex (i.e., it achieves a maximum correlation 
value). The corresponding impedance signal is also shifted in 
time to stay synchronized with the time-shifted QRS com 
plex. When the second QRS complex is optimally aligned 
with the reference complex, the two QRS complexes are 
averaged together. Their corresponding impedance signals, 
over a time period from about the start of the QRS complex to 
about 600 milliseconds after the end of the QRS complex, are 
also averaged together. The averaged QRS complex is then 
used as a new reference complex and the process of averaging 
both the QRS complexes and the corresponding impedance 
data is repeated with the remaining QRS complexes of the 
dominant type. 
0130 Preferably, during the subsequent averaging of the 
QRS complexes and impedance segments, the new QRS com 
plex and impedance segment carry a weight of one and the 
previous averaged QRS complex and impedance segment 
carry a weight equal to the number of QRS complexes that 
have been included in the averaged QRS complex. When all 
of the QRS complexes of the dominant type have been pro 
cessed as described above, the averaged impedance segment 
is evaluated using one or more of the techniques previously 
described (e.g., amplitude, energy, pattern matching) to deter 
mine whether the patient has a pulse. 
0131 Averaging of the signal data (beit PCG data, imped 
ance data, etc., or combinations thereof) may also be accom 
plished without evaluating ECG data. For example, segments 
of impedance data may be analyzed and classified into types 
where segments of the same type have a high correlation. 
Impedance data of a dominant type, for example, may then be 
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averaged and evaluated as previously described (using ampli 
tude, energy, pattern matching, etc.) to determine whether the 
patient has a pulse. 
0.132. During severe bradycardia, there will be few QRS 
complexes in a 10-second period and signal averaging of the 
transthoracic impedance signal will not be as effective as 
when the heart rate is higher. However, at very low heart rates, 
there is unlikely to be enough blood flow to support life. For 
that reason, below a certain heart rate (e.g., 30 bpm), the 
patient may be considered pulseless. 
0.133 While the pulse detection processes described thus 
far separately use a PCG signal or impedance signal to deter 
mine the presence of a pulse, it is further within the scope of 
the present invention to combine multiple physiological sig 
nals into a pulse detection process. For example, the pulse 
detection process 244 depicted in FIG. 14 illustrates an exem 
plary process in which PCG data and impedance signal data 
are used in combination to determine the presence of a pulse. 
In block 246, the pulse detection process 244 captures imped 
ance signal data from the patient, and in this example, cap 
tures ECG data as well. This capturing process may be per 
formed in a manner similar to that described with respect to 
block 202 in FIG. 11. In block 248, the pulse detection pro 
cess 244 calculates one or more detection features or statis 
tics. For example, the detection process 244 may undertake 
actions similar to that described with respect to blocks 204, 
206, 208, and 210 to produce an impedance-based detection 
statistic reflecting a preliminary determination whether a 
pulse has been detected. 
I0134. At the same time as, or before or after, the imped 
ance signal analysis in blocks 246 and 248, the pulse detec 
tion process 244 also undertakes a PCG signal analysis. In 
that respect, in block 250, the detection process 244 obtains 
phonocardiogram (PCG) data from the patient as described 
earlier in block 70 of FIG. 4. The PCG data is used to calculate 
one or more detection features or statistics in block 252. For 
example, the detection process 244 may undertake actions as 
described above with regard to any or all of the pulse detec 
tion processes 60a, 60b, and/or 60c. As noted earlier, FIG. 10 
illustrates a PCG-based detection process 60d that combines 
the detection processes 60a, 60b, and 60c. As shown in FIG. 
10, each of the pulse detection processes produces a first, 
second, and third detection statistic that are fed to a multidi 
mensional classifier. In regard to FIG. 14, the detection sta 
tistics from the impedance-based and PCG-based detection 
processes are provided to a classifier for evaluation, as shown 
in block 254. The classifier in block 254 may be a multidi 
mensional classifier as described above with respect to block 
186 (FIG. 10). As noted earlier, the reference Pattern Classi 
fication and Scene Analysis by R. Duda and P. Hart, describes 
techniques for constructing Suitable multidimensional classi 
fiers. Additionally, techniques for multidimensional classifi 
ers are discussed in U.S. Pat. No. 6,171,256, assigned to the 
assignee of the present invention and incorporated by refer 
ence herein. 

0.135 The outcome of the classification performed in 
block 254 is provided to a decision block 256. If the detection 
statistics are classified as indicating the presence of a pulse, 
the pulse detection process 244 determines in block 257 that 
a cardiac pulse is present and preferably advises against pro 
viding defibrillation therapy to the patient. On the other hand, 
if the detection statistics are classified as not indicating the 
presence of a pulse, the pulse detection process 244 deter 
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mines in block 258 that a cardiac pulse was not detected and 
may advise the delivery of defibrillation therapy. 
0136. There is no restriction as to what constitutes a detec 
tion feature/statistic for the purposes of the pulse detection 
process 244. A detection feature/statistic may suitably be a 
preliminary determination of whether a pulse is present (i.e., 
a binary “yes” or “no outcome). A detection feature/statistic 
may also be data produced from the analyzed physiological 
signal. For example, a detection feature/statistic may be an 
amplitude, energy, or pattern match statistic as discussed 
earlier. The detection feature/statistic may also be an energy 
or frequency value in the temporal or spectral domain. A 
combination of two or more analyzed physiological signals 
may advantageously provide a more robust pulse detection 
process with improved detection characteristics. 
0.137. A pulse detection process as described herein may 
be used as part of an overall shock advisory process in a 
defibrillator. The shock advisory process determines whether 
to recommend defibrillation or other forms of therapy for a 
patient. FIG. 15 illustrates a pulse detection/defibrillation 
process 260, preferably for use in an automated external 
defibrillator (AED) capable of providing a defibrillation pulse 
if a patient is determined to be pulseless and in ventricular 
fibrillation or ventricular tachycardia. The AED may also be 
configured to prompt the application ofchest compressions or 
CPR as appropriate. 
0.138. In the pulse detection/defibrillation process 260, an 
AED initializes its circuits when it is first turned on, as indi 
cated at block 262. The defibrillation electrodes of the AED 
are placed on the patient. When the AED is ready for opera 
tion, the process 260 performs an analysis of the patient, as 
indicated at block 264, in which the AED obtains selected 
parameters such as impedance signal data, ECG data, and/or 
PCG data, from the patient. During the analysis performed in 
block 264, the AED preferably reports “Analyzing now . . . 
Stand clear to the operator of the AED. 
0.139. Using the information obtained in the patient analy 
sis, the process 260 determines in decision block 266 whether 
the patient is experiencing ventricular fibrillation (VF). If VF 
is present in the patient, the process 260 proceeds to block 276 
where the AED prepares to deliver a defibrillation pulse to the 
patient. In that regard, an energy storage device within the 
AED, such as a capacitor, is charged. At the same time, the 
AED reports "Shock advised to the operator of the AED. 
0140. Once the energy storage device is charged, the pro 
cess 260 proceeds to block 278 where the AED is ready to 
deliver the defibrillation pulse. The operator of the AED is 
advised “Stand clear... Push to shock.” When the operator of 
the AED initiates delivery of the defibrillation pulse, the 
process 260 delivers the defibrillation shock to the patient, as 
indicated in block 280. 
0141. The AED preferably records in memory that it deliv 
ered a defibrillation pulse to the patient. If the present pulse 
delivery is the first or second defibrillation shock delivered to 
the patient, the process 260 may return to block 264 where the 
patient undergoes another analysis. On the other hand, if the 
pulse delivery was the third defibrillation pulse to be deliv 
ered to the patient, the process 260 may proceed to block 274 
where the AED advises the operator to commence providing 
CPR therapy to the patient, e.g., by using the message “Start 
CPR.” The “No shock advised” prompt shown in block 274 is 
Suppressed in this instance. The AED may continue to prompt 
for CPR for a predetermined time period, after which the 
patient may again be analyzed, as indicated in block 264. 
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0142. Returning to decision block 266, if VF is not 
detected in the patient, the process 260 proceeds to decision 
block 268 and determines whether a cardiac pulse is present 
in the patient. The pulse detection performed in block 268 
may be any one or a combination of the pulse detection 
processes described above. 
0.143 Breathing may be checked manually by the operator 
or automatically by the device, as discussed below in regard 
to block 374 of FIG. 17. If, at decision block 268, a pulse is 
detected in the patient and the patient is not breathing, the 
process 260 proceeds to block 270 and reports “Pulse 
detected . . . Start rescue breathing to the operator. The 
process 260 may also report “Return of spontaneous circula 
tion’ if a pulse is detected in the patient any time after the 
delivery of a defibrillation pulse in block 280. In any event, 
after a predetermined time period for rescue breathing has 
completed, the process 260 preferably returns to block 264 to 
repeat an analysis of the patient. 
0144. If a cardiac pulse is not detected at decision block 
268, the process 260 determines whether the patient is expe 
riencing ventricular tachycardia (VT) with a heart rate of 
greater than a certain threshold, e.g., 100 beats per minute 
(bpm), as indicated at decision block 272. Other thresholds 
such as 120, 150, or 180 bpm, for example, may be used. If the 
determination at decision block 272 is negative, the process 
260 proceeds to block 274 and advises the operator to provide 
CPR therapy. Again, at this point, the AED reports “No shock 
advised... Start CPR to the operator. The prompt to provide 
CPR is preferably provided for a defined period of time. 
When the period of time for CPR is finished, the process 260 
preferably returns to block 264 and performs another analysis 
of the patient. If the determination at decision block 272 is 
positive (i.e., the patient is experiencing VT with a heart rate 
greater than the threshold), the process 260 performs the 
shock sequence shown at blocks 276, 278, 280 to deliver a 
defibrillation pulse. 
0145 Those having ordinary skill in defibrillation and 
cardiac therapy will recognize variations and additions to the 
process 260 within the scope of the invention. FIG. 16, for 
example, illustrates an alternative pulse detection/defibrilla 
tion process 300 for use in an AED. As with the process 260 
in FIG. 15, the AED begins by initializing its circuits at block 
302. At block 304, the AED performs an analysis of the 
patient in a manner similar to that described with respect to 
block 264 in FIG. 15. After completing the analysis of the 
patient, the process 300 proceeds to decision block 306 to 
determine whether a pulse is present in the patient. The pulse 
detection performed in block 306 may be, for example, any 
one of the pulse detection -processes discussed above or a 
combination or variation thereof. 
0146 If a pulse is detected in the patient, the process 300 
may enter a monitoring mode at block 308 in which the 
patient's pulse is monitored. The pulse monitoring performed 
at block 308 may use any one or a combination of the pulse 
detection processes described above. Preferably, the process 
300 is configured to proceed from block 308 to block 304 
after expiration of the predetermined monitoring time period. 
If the pulse monitoring at block 308 determines at any time 
that a pulse is no longer detected, the process 300 returns to 
block 304 to perform another analysis of the patient. The 
process 300 also preferably reports the change in patient 
condition to the operator. 
0147 If, at decision block 306, a pulse is not detected in 
the patient, the process 300 proceeds to decision block 310 
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where it determines whether the patient has a shockable car 
diac rhythm (e.g., VF or VT). As referenced earlier, U.S. Pat. 
No. 4,610,254, incorporated herein by reference, describes a 
suitable method for differentiating shockable from non 
shockable cardiac rhythms. 
0148 If a shockable cardiac rhythm, such as VF or VT, is 
detected, the process 300 proceeds to a shock delivery 
sequence at blocks 312,314, and 316, which may operate in 
a manner similar to that described with respect to blocks 276, 
278, and 280 in FIG. 15. If the pulse delivery was the third 
defibrillation shock delivered to the patient, the process 300 
may proceed to block 318 and prompt the delivery of CPR, as 
discussed with block 274 in FIGURE 15. 
0149. If VF or VT is not detected at decision block 310, the 
process 300 checks for asystole, as indicated at block 320. 
One suitable process for detecting asystole is described in 
U.S. Pat. No. 6,304.773, assigned to the assignee of the 
present invention and incorporated herein by reference. If 
asystole is detected at block 320, the process 300 proceeds to 
prompt the delivery of CPR, as indicated at block 318. If 
asystole is not detected, the process 300 determines that the 
patient is experiencing pulseless electrical activity (PEA), as 
indicated at block 322. PEA is generally defined by the pres 
ence of QRS complexes in a patient and the lack of a detect 
able pulse, combined with no detection of VT or VF. Detec 
tion of PEA in block 322 is achieved by ruling out the 
presence of a pulse (block 306), detecting noVF or VT (block 
310), and detecting no asystole (block 320). Alternatively, if 
the ECG signal is monitored for QRS complexes (e.g., as 
shown at block 202 in FIG. 11), the process 300 may conclude 
the patient is in a state of PEA if it repeatedly observes QRS 
complexes without detection of a cardiac pulse associated 
therewith. If a PEA condition is detected, the process 300 
proceeds to block 324 and prompts the operator to deliver 
PEA-specific therapy to the patient. One suitable method of 
treating PEA is described in U.S. Pat. No. 6,298.267, incor 
porated by reference herein. The process 300 may prompt 
other therapies as well, provided they are designed for a PEA 
condition. After a PEA-specific therapy has been delivered to 
the patient, possibly for a predetermined period of time, the 
process 300 returns to block 304 to repeat the analysis of the 
patient. 
0150 FIG. 17 illustrates yet another pulse detection/ 
defibrillation process 350 that may be used in an AED. At 
block 352, after the AED has been turned on, the AED ini 
tializes its circuits. The defibrillation electrodes are also 
placed on the patient. The AED is then ready to analyze the 
patient, as indicated at block 354. This analysis may be per 
formed in a manner similar to that described with respect to 
block 264 in FIG. 15. 

0151. If at any point the AED determines that the defibril 
lation electrodes are not connected to the AED, the process 
350 jumps to block 356 where the AED instructs the operator 
to “Connect electrodes.” When the AED senses that the elec 
trodes are connected, the process 350 returns to the analysis in 
block 354. Likewise, if the AED finds itself in any other state 
where the electrodes are not connected, as represented by 
block 358, the process 350 jumps to block 356 where it 
instructs the operator to connect the electrodes. 
0152. Furthermore, during the analysis performed in 
block 354, if the AED detects motion on the part of the 
patient, the process 350 proceeds to block 360 where the AED 
reports to the operator of the AED “Motion detected ... Stop 
motion.” If the patient is moved during the analysis process 

Jan. 26, 2012 

354, the data obtained during the analysis is more likely to be 
affected by noise and other signal contaminants. Motion of 
the patient may be detected in the impedance signal data 
collected by the present invention. A suitable method for 
detecting motion of the patient is described in U.S. Pat. No. 
4,610,254, referenced earlier and incorporated by reference 
herein. The AED evaluates the impedance measured between 
the defibrillation electrodes placed on the patient. As noted 
earlier, noise and signal components resulting from patient 
motion cause fluctuations in the impedance signal, generally 
in a frequency range of 1-3 HZ. If the measured impedance 
fluctuates outside of a predetermined range, the AED deter 
mines that the patient is moving or being moved and directs 
the process 350 to proceed to block 360. When the motion 
ceases, the process 350 returns to the analysis in block 354. 
0153. The process 350 next proceeds to decision block 
362 where it determines whether a pulse is detected in the 
patient. Again, the pulse detection processes performed in 
decision block 362 may be, for example, one of the pulse 
detection processes described above or combination or varia 
tion thereof. 
0154 If a pulse is not detected in the patient, the process 
350 proceeds to decision block 364 where it determines 
whether the patient has a shockable cardiac rhythm (e.g., VF 
or VT) or a non-shockable cardiac rhythm (such as asystole 
and bradycardia). As. referenced earlier, one suitable method 
for differentiating shockable from non-shockable cardiac 
rhythms is disclosed in U.S. Pat. No. 4,610:254, incorporated 
herein by reference. If the patient's cardiac rhythm is deter 
mined to be shockable (e.g., VF or VT is found), the process 
350 proceeds to blocks 366,368, and 370 to deliver a shock to 
the patient. The shock delivery may be performed as 
described earlier with respect to blocks 276,278,280 in FIG. 
15. 

(O155 If the pulse delivery was the third defibrillation 
pulse to be delivered to the patient, the process 350 proceeds 
to block 372 where the AED advises the operator to com 
mence providing CPR therapy to the patient. The CPR prompt 
may continue for a defined period of time, at which the 
process 350 returns to block 354 and performs another analy 
sis of the patient. 
0156. If, at decision block 364, the patient's cardiac 
rhythm is determined not shockable, the process 350 prefer 
ably proceeds to block 372 and advises the operator to pro 
vide CPR therapy, as discussed above. 
0157 Returning to decision block 362, if a pulse is 
detected in the patient, the process 350 proceeds to decision 
block 374 where it determines whether the patient is breath 
ing. In that regard, the AED may again use the impedance 
signal for determining whether a patient is breathing. As 
noted earlier, fluctuations in impedance of the patient below 1 
HZ are largely indicative of a change in Volume of the 
patient's lungs. The breathing detection at block 374 (and at 
blocks 376 and 378, discussed below) may monitor the 
impedance signal for characteristic changes that indicate 
patient breathing, e.g., as described in Hoffmans et al., "Res 
piratory Monitoring With a New Impedance Plethysmo 
graph.” Anesthesia 41: 1139-42, 1986, and incorporated by 
reference herein. Detection of breathing may employ a pro 
cess similar to that described above for detection of a pulse 
(i.e., evaluating impedance amplitude, energy, or pattern), 
though a different bandpass filter would be used to isolate the 
frequency components that more closely demonstrate patient 
breathing. If automatic means for detecting breathing in the 
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patient are not available, the AED may ask the operator of the 
AED to input information (e.g., by pressing a button) to indi 
cate whether the patient is breathing. 
0158 If, at decision block374, the process 350 determines 
that the patient is not breathing, the process 350 proceeds to a 
block 376 where the operator of the AED is advised to com 
mence rescue breathing. In that regard, the AED reports to the 
operator“Pulse detected... Start rescue breathing.” The AED 
also continues to monitor the patient's cardiac pulse and 
returns to block 354 if a cardiac pulse is no longer detected. If, 
at any point during the provision of rescue breathing, the AED 
detects that the patient is breathing on his own, the process 
350 proceeds to block 378 where the AED monitors the 
patient for a continued presence of breathing and a cardiac 
pulse. 
0159 Returning to decision block 374, if the process 350 
determines that the patient is breathing, the process. 350 
proceeds to block 378 where the AED monitors the pulse and 
breathing of the patient. In that regard, the AED reports 
"Pulse and breathing detected . . . Monitoring patient. If, at 
any time during the monitoring of the patient the process 350 
determines that the patient is not breathing, the process 350 
proceeds to block 376 where the operator of the AED is 
advised to commence rescue breathing. If a cardiac pulse is 
no longer detected in the patient, the process 350 proceeds 
from either block 376 or 378 to block 354 to commence a new 
analysis of the patient. 
0160 Lastly, as noted in FIG. 17, during the rescue breath 
ing procedure in block 376 or the monitoring procedure per 
formed in block 378, the AED may assess whether CPR is 
being administered to the patient. If the AED finds that CPR 
is being performed, the AED may prompt the operator to 
cease providing CPR. If, during the CPR period of block 372, 
the AED determines that CPR is not being administered to the 
patient, the AED may remind the operator to provide CPR 
therapy to the patient. One method for determining whether 
CPR is being administered is to monitor patient impedance to 
observe patterns of impedance fluctuation in the patient that 
are indicative of CPR. During CPR, repetitive chest compres 
sion typically causes repetitive fluctuations in the impedance 
signal. 
0161 FIG. 18 illustrates yet another application in which 
pulse detection according to the present invention may be 
used. The application described in FIG. 18 pertains to auto 
capture detection in cardiac pacing. 
0162 Specifically, the auto-capture detection process 380 
begins at block 382 in which pacing therapy for the patient is 
initiated. A counter N, described below, is set to equal 0. At 
block 384, a pacing pulse is delivered to the patient. There 
after, physiological signal data is obtained from the patient, as 
indicated at block 386. This data may include, for example, 
PCG data, ECG data impedance signal data, piezoelectric 
signal data, accelerometer data, etc., or a combination of this 
data, that is capable of indicating the presence of a cardiac 
pulse. The patient's physiological signal data is used in block 
388 to detect the presence of a cardiac pulse. The pulse 
detection process used in block 388 may be, for example, any 
one or combination or variation of the pulse detection pro 
cesses discussed above. 
0163 The sequence of delivering a pacing pulse and deter 
mining the presence of a cardiac pulse in blocks 384,386,388 
may be repeated a number of times. With respect to FIG. 18. 
for example, the sequence is repeated five times. At block 
390, the counter N is evaluated, and if not yet equal to 5, the 
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counter is incremented by 1 (block 392), following which the 
process 380 returns to deliver another pacing pulse to the 
patient (block 384). 
0164. If, at decision block 390, the counter Nequals 5, the 
process 380 determines at decision block 394 whether a car 
diac pulse occurred consistently after each pacing pulse. The 
process 380 requires that some portion or all of the pacing 
pulses result in a detectable cardiac pulse before pronouncing 
that capture has been achieved. If the presence of a cardiac 
pulse is determined to consistently follow the pacing pulses, 
the process 380 determines that capture has been achieved, as 
in indicated at block 396. Otherwise, the current of the pacing 
pulses is increased by a predetermined amount, e.g., 10 mil 
liamperes, as indicated at block398. At block399, the counter 
N is set back to equal 0 and the process 380 returns to the 
pacing capture detection sequence beginning at block 384. In 
this manner, the pacing current is increased until capture has 
been achieved. 
0.165. In FIG. 18, the presence of a pulse is used to deter 
mine whether the pacing stimulus has been captured by the 
ventricles of the patient's heart. Detection of QRS complexes 
in the patient's ECG may also be used as patient physiological 
signal data to identify pacing capture. A QRS complex will 
occur immediately following the pacing stimulus if capture 
has been achieved. If QRS complexes are not observed, the 
current of the pacing pulses may be increased, as discussed 
above, until capture has been achieved. 
0166 FIG. 19 illustrates still another application in which 
pulse detection according to the present invention may be 
used. The process 400 described in FIG. 19 is particularly 
suited for use in a manual defibrillator or patient monitor. 
Beginning at block 402, the process 400 monitors the 
patient's ECG for QRS complexes. At block 404, the process 
400 also obtains other physiological signal data, such as PCG 
data, impedance signal data, piezoelectric signal data, accel 
erometer data, etc., from the patient. The process 400 uses the 
ECG and other physiological signal data in decision block 
406 to determine the presence of a cardiac pulse. The pulse 
detection implemented in block 406 may be one of the pulse 
detection processes discussed herein. 
0.167 If a pulse is detected, the process 400 determines 
whether a defibrillation pulse has been provided to the patient 
and if so, reports the return of spontaneous circulation to the 
operator, as indicated at block 418. The process 400 then 
returns to block 402 to repeat the pulse detection analysis. If 
a pulse is not detected, the process 400 evaluates the ECG 
signal to determine whether the patient is experiencing ven 
tricular fibrillation or ventricular tachycardia with a heart rate 
greater than 100 bpm. If so, then the process identifies the 
patient's condition and produces aVT/VF alarm, as indicated 
at block 410. If not, the process 400 then proceeds to block 
412 to check for an asystole condition. 
0168 Detection of asystole may be accomplished as noted 
earlier and described in greater detail in U.S. Pat. No. 6,304, 
773, incorporated herein by reference. If asystole is detected, 
the process 400 identifies the patient's condition and sounds 
an asystole alarm, as indicated at block 414. Otherwise, the 
patient is experiencing PEA and the patient's condition is so 
identified, with the sound of a PEA alarm, as indicated at 
block 416. In this manner, the operator of the manual defibril 
lator or monitor is kept advised of the patient’s condition. 
0169. One having ordinary skill in the art will readily 
recognize that the present invention may be implemented by 
one or more devices that include logic circuitry. The one or 
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more devices perform functions and/or methods as described 
above. The logic circuitry may include a processor, Such as 
the processing circuit 38, that may be programmable for a 
general purpose, or dedicated, such as a microcontroller, a 
microprocessor, a digital signal processor (DSP), etc. For 
example, a device implementing the invention may be a digi 
tal computer-like device. Such as a general purpose computer 
selectively activated or reconfigured by a computer program 
stored in the computer. Alternatively, the device may be 
implemented as an application specific integrated circuit 
(ASIC), etc. 
0170 The invention additionally provides methods and 
algorithms as described above. The methods and algorithms 
presented above are not necessarily inherently associated 
with any particular computing device or other apparatus. 
Rather, various general purpose machines may be used with 
programs in accordance with the teachings herein, or it may 
prove more convenient to construct more specialized appara 
tus to perform the required method steps. The required struc 
ture for a variety of these machines is apparent from the 
description herein. 
0171 In all cases, it should be borne in mind the distinc 
tion between the method of the invention itself and the 
method of operating a computing machine. The present 
invention relates to both methods in general, and also to steps 
for operating a computer and for processing electrical or other 
physical signals to generate other desired physical signals. 
0172. The invention additionally provides programs and 
methods of program operation. A program is generally 
defined as a group of steps leading to a desired result. A 
program made according to an embodiment of the invention 
is most advantageously implemented as a program for a com 
puting machine. Such as a defibrillator 10 or other equipment 
housing a general purpose computer, a special purpose com 
puter, a microprocessor, etc. 
0173 The invention also provides storage media that, indi 
vidually or in combination with others, have stored thereon 
instructions of a program made according to the invention. A 
storage medium according to the invention is a computer 
readable medium, Such as a memory 40 as noted above, and is 
read by the computing machine mentioned above. 
0.174. It is readily apparent that the steps or instructions of 
a program made according to an embodiment of the invention 
requires physical manipulations of physical quantities. Usu 
ally, though not necessarily, these quantities may be trans 
ferred, combined, compared, and otherwise manipulated or 
processed according to the instructions, and they may also be 
stored in a computer-readable medium. These quantities 
include, for example, electrical, magnetic, and electromag 
netic signals, and also states of matter that can be queried by 
Such signals. It is convenient at times, principally for reasons 
of common usage, to refer to these quantities as signal data, 
bits, data bits, samples, values, symbols, characters, images, 
terms, numbers, or the like. It should be borne in mind, 
however, that all these and similar terms are associated with 
the appropriate physical quantities, that these terms are 
merely convenient labels applied to these physical quantities. 
0.175. This detailed description is presented largely in 
terms of flowcharts, display images, algorithms, processes, 
and symbolic representations of operations of data bits within 
at least one computer readable medium. The present descrip 
tion achieves an economy in that a single set of flowcharts is 
used to describe both methods of the invention and programs 
according to the invention. Such descriptions and represen 
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tations are the type of convenient labels used by those skilled 
in programming and/or data processing arts to effectively 
convey the substance of their work to others skilled in the art. 
A person skilled in the art of programming may use these 
descriptions to readily generate specific instructions for 
implementing a program according to the present invention. 
0176) Often, and for the sake of convenience only, it is 
preferred to implement and describe a program as various 
interconnected distinct software modules or features, indi 
vidually and collectively also known as Software, though Such 
modules may equivalently be aggregated into a single pro 
gram with unclear boundaries. The software modules or fea 
tures of the present invention may be implemented by them 
selves, or in combination with others. Although the program 
may be stored in a computer-readable medium, Such as a 
memory 40, a person skilled in the art will readily recognize 
that it need not be a single memory, or even a single machine. 
Various portions, modules, or features of the program may 
reside in separate memories, or even separate machines. The 
separate machines may be connected directly, or through a 
network, Such as a local area network (LAN), or a global 
network, Such as the Internet, by wired or wireless connec 
tions. For example, a data acquisition unit may collect the 
accelerometer signal data obtained in the present invention 
and communicate the data to a remote computing machine for 
analysis and report whether a cardiac pulse is present. 
(0177. It will be appreciated that some of the methods 
described herein may include software steps that can be per 
formed by different modules of an overall software architec 
ture. For example, data forwarding in a router may be per 
formed in a data plane, which consults a local routing table. 
Collection of performance data may also be performed in a 
data plane. The performance data may be processed in a 
control plane, which accordingly may update the local rout 
ing table, in addition to neighboring ones. A person skilled in 
the art will discern which step is performed in which plane. 
0178. In any event, in the present case, methods of the 
invention are implemented by machine operations. In other 
words, embodiments of programs of the invention are made 
such that they perform methods of the invention as described 
above. These may optionally be performed in conjunction 
with one or more human operators performing some, but not 
all of them. As per the above, these need not be co-located 
with each other, but each only with a machine that houses a 
portion of the program. Alternatively, Some of these machines 
may operate automatically, without users and/or indepen 
dently from each other. 
(0179 While various exemplary embodiments of the 
invention have been illustrated and described herein, persons 
having ordinary skill in the art will recognize variations of the 
same that are fully with the scope of the invention. Embodi 
ments of the invention described herein are shown processing 
digital physiological signal data. However, the invention also 
includes embodiments in which the physiological signal data 
is not converted to digital form, but remains in analog form. 
References to “data” thus encompass both digital and analog 
signal formats. Moreover, references to “physiological signal 
data” may refer to a raw physiological signal itself or signal 
information derived from the physiological signal in either 
digital or analog form. 
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The embodiments of the invention in which an exclusive 
property or privilege is claimed are defined as follows: 

1. A medical device for detecting the presence of a cardiac 
pulse, comprising: 

(a) a sensor system configured to sense two or more differ 
ent physiological signals in a patient and produce physi 
ological signal data in response thereto; and 

(b) processing circuitry configured to evaluate the physi 
ological signal data from the different physiological sig 
nals for features indicative of the presence of a cardiac 
pulse, the processing circuitry using the features to 
determine whether a cardiac pulse is present in the 
patient. 

2. The medical device of claim 1, in which one of the 
physiological signals is a phonocardiogram (PCG) signal 
sensed in the patient, and in which the physiological signal 
data includes PCG data. 

3. The medical device of claim 2, in which the feature from 
the PCG data is determined based on an evaluation of tem 
poral energy in the PCG data. 

4. The medical device of claim 3, in which the processing 
circuitry is configured to evaluate temporal energy in the PCG 
data by estimating instantaneous and background energies in 
the PCG data and comparing the instantaneous energy with 
the background energy. 

5. The medical device of claim 2, in which the feature from 
the PCG data is determined based on an evaluation of spectral 
energy in the PCG data. 

6. The medical device of claim 5, in which the processing 
circuitry is configured to evaluate spectral energy in the PCG 
data by calculating an energy spectrum of the PCG data, 
locating a peak energy value in the spectrum, and comparing 
the peak energy value with a threshold energy value. 

7. The medical device of claim 5, in which the processing 
circuitry is configured to evaluate spectral energy in the PCG 
data by calculating an energy spectrum of the PCG data, 
locating a peak energy value in the spectrum, and comparing 
the frequency of the peak energy value with a threshold fre 
quency. 

8. The medical device of claim 1, in which one of the 
physiological signals is an impedance signal that reflects an 
impedance of the patient, and in which the physiological 
signal data includes impedance signal data. 

9. The medical device of claim8, in which the feature from 
the impedance signal data is determined based on an evalua 
tion of energy in the impedance signal data. 

10. The medical device of claim 9, in which the processing 
circuitry is configured to evaluate the impedance signal data 
by calculating energy in the impedance signal data and com 
paring the energy in the impedance signal data with a thresh 
old energy. 

11. The medical device of claim 1, further comprising a 
defibrillation pulse generator in communication with the pro 
cessing circuitry that is configured to automatically prepare a 
defibrillation pulse for delivery to the patient if the processing 
circuitry determines that a cardiac pulse is not present in the 
patient. 

12. The medical device of claim 1, further comprising a 
display, in which the processing circuitry is configured to 
provide a message on the display prompting application, of 
defibrillation electrodes to the patient if a cardiac pulse is 
determined not present in the patient. 

13. The medical device of claim 1, in which the processing 
circuitry is further configured to provide a graph on the dis 
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play showing a representation of at least one of the two or 
more physiological signals in the patient. 

14. The medical device of claim 13, in which the graph 
includes a representation of a phonocardiogram (PCG) signal 
sensed in the patient. 

15. The medical device of claim 1, further comprising a 
display, in which the processing circuitry is configured to 
provide a message on the display prompting delivery of chest 
compressions or cardiopulmonary resuscitation to the patient 
if a cardiac pulse is determined not present in the patient. 

16. The medical device of claim 1, in which one of the 
physiological signals is an electrocardiogram (ECG) signal 
sensed in the patient, and in which the physiological signal 
data includes ECG data. 

17. The medical device of claim 16, in which the feature 
from the ECG data is determined based on the presence of a 
ventricular complex in the ECG data. 

18. The medical device of claim 17, in which the process 
ing circuitry is configured to evaluate the ECG data, deter 
mine the presence of a Ventricular complex, and evaluate 
physiological signal data from one or more of the other physi 
ological signals using the physiological signal data that cor 
responds in time proximity to the Ventricular complex. 

19. The medical device of claim 16, further comprising a 
display, in which the processing circuitry is configured to 
prompt a message via the display reporting whether the 
patient is in a state of pulseless electrical activity (PEA). 

20. The medical device of claim 19, in which the process 
ing circuitry determines the patient to be in a state of PEA if 
a ventricular complex is found in the ECG data and the patient 
is determined to be pulseless. 

21. The medical device of claim 19, in which the process 
ing circuitry is further configured to analyze the patient's 
ECG data for at least ventricular fibrillation (VF), ventricular 
tachycardia (VT), and asystole, and if the patient is deter 
mined to be pulseless and not in a VF, VT, or asystole condi 
tion, the processing circuitry then prompting the message 
reporting that the patient is in a state of PEA. 

22. The medical device of claim 1, further comprising a 
display, in which the processing circuitry is further config 
ured to report via the display whether a cardiac pulse is 
present in the patient. 

23. The medical device of claim 1, in which one of the 
physiological signals is obtained from photodetection, and in 
which the physiological signal data includes photodetection 
signal data. 

24. The medical device of claim 23, in which the photode 
tection signal is a pulse Oximetry signal. 

25. The medical device of claim 23, in which the process 
ing circuitry is configured to evaluate a temporal parameter in 
the photodetection signal data. 

26. The medical device of claim 23, in which the process 
ing circuitry is configured to evaluate a spectral parameter in 
the photodetection signal data. 

27. The medical device of claim 1, in which one of the 
physiological signals is a CO waveform signal from a cap 
nography system applied to the patient, and in which the 
physiological signal data includes capnography signal data. 

28. The medical device of claim 27, in which the process 
ing circuitry is configured to evaluate a temporal parameter in 
the capnography signal data. 

29. The medical device of claim 28, in which the temporal 
parameter reflects cardiogenic oscillations in the capnogra 
phy signal data. 
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30. The medical device of claim 27, in which the process 
ing circuitry is configured to evaluate a spectral parameter in 
the capnography signal data. 

31. The medical device of claim 1, in which one of the 
physiological signals is a Doppler probe signal, and in which 
the physiological signal data includes Doppler signal data. 

32. The medical device of claim 31, in which the process 
ing circuitry is configured to evaluate a temporal parameter in 
the Doppler signal data. 

33. The medical device of claim 33, in which the process 
ing circuitry is configured to evaluate a spectral parameter in 
the Doppler signal data. 

34. An electrotherapy device, comprising: 
(a) a sensor configured to sense a phonocardiogram (PCG) 

signal in a patient; 
(b) an electrotherapy generator for delivering electro 

therapy to the patient; and 
(c) processing circuitry configured to analyze the PCG 

signal for a feature indicative of the presence of a cardiac 
pulse in the patient and determine the presence of a 
cardiac pulse based on said feature. 

35. The electrotherapy device of claim34, further compris 
ing an electrode adapted to sense electrocardiogram (ECG) 
signals in the patient, the processing circuitry being further 
configured to analyze the patient's ECG signal for ventricular 
tachycardia and prompt the delivery of defibrillation therapy 
to the patient if the patient is determined to be pulseless and 
experiencing ventricular tachycardia. 

36. The electrotherapy device of claim 35, in which the 
processing circuitry is further configured to prompt the deliv 
ery of defibrillation therapy if the patient is determined to be 
pulseless and experiencing ventriculartachycardia with a rate 
exceeding 100 beats per minute. 

37. The electrotherapy device of claim34, further compris 
ing an electrode adapted to sense electrocardiogram (ECG) 
signals in the patient, the processing circuitry being config 
ured to analyze the patient's ECG signal for at least ventricu 
lar fibrillation (VF), ventricular tachycardia (VT), and asys 
tole, and if the patient is determined to be pulseless and not in 
aVF, VT, or asystole condition, the processing circuitry being 
further configured to prompt delivery of electrotherapy to the 
patient designed specifically for pulseless electrical activity 
(PEA). 

38. The electrotherapy device of claim 34, the processing 
circuitry being further configured to report the return of spon 
taneous circulation in the patient if a cardiac pulse is deter 
mined present in the patient after delivery of defibrillation 
therapy to the patient. 

39. The electrotherapy device of claim34, further compris 
ing an electrode adapted to sense electrocardiogram (ECG) 
signals in the patient, the processing circuitry being config 
ured to analyze the patient's ECG signal for one or more of 
ventricular fibrillation (VF), ventricular tachycardia (VT), 
asystole, and pulseless electrical activity (PEA), the process 
ing circuitry being further configured to prompt a report of 
VF, VT, asystole, or PEA, if detected and if the patient is 
determined to be pulseless. 

40. The electrotherapy device of claim 34, in which the 
sensor adapted to sense a PCG signal is a first sensor, the 
electrotherapy device further comprising a second sensor 
adapted to receive an impedance-sensing signal that has been 
communicated through a patient, in which the processing 
circuitry is configured to analyze each of the PCG and imped 
ance-sensing signals for features indicative of the presence of 
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a cardiac pulse in the patient and determine the presence of a 
cardiac pulse based on said features. 

41. The electrotherapy device of claim 40, in which the 
processing circuitry is further configured to analyze the 
impedance-sensing signal to determine the presence of res 
piration in the patient, the processing circuitry prompting the 
delivery of rescue breathing therapy to the patient if respira 
tion is determined not present in the patient. 

42. The electrotherapy device of claim 40, in which the 
processing circuitry is further configured to prompt the deliv 
ery of chest compressions or cardiopulmonary resuscitation 
to the patient if the patient is determined to be pulseless. 

43. The electrotherapy device of claim 34, in which the 
electrotherapy generator and the processing circuitry are 
implemented in an automated external defibrillator. 

44. A method for delivering electrotherapy to a patient in 
which the electrotherapy is comprised of pacing stimuli and 
seeks capture of a cardiac pulse in the patient, the method 
comprising: 

(a) delivering a pacing stimulus to the patient; 
(b) from the Surface of the patient's body, sensing a physi 

ological signal in the patient; and 
(c) analyzing the physiological signal to determine 

whether a cardiac pulse occurred in the patient after 
delivery of the pacing stimulus. 

45. The method of claim 44, further comprising increasing 
the current of further pacing stimuli to be delivered to the 
patient if a cardiac pulse did not occur in the patient after 
delivery of the pacing stimulus. 

46. The method of claim 44, in which the physiological 
signal is a phonocardiogram (PCG) signal, the method com 
prising analyzing the PCG signal for a feature indicative of a 
cardiac pulse and determining whether a cardiac pulse 
occurred in the patient after delivery of the pacing stimulus. 

47. The method of claim 44, further comprising repeating 
steps (a)-(c) and increasing the current of further pacing 
stimuli to be delivered to the patient until a cardiac pulse 
occurs after delivery of the each pacing stimulus. 

48. The method of claim 44, in which pacing stimuli is 
delivered to the patient two or more times and the physiologi 
cal signal is analyzed to determine whether a cardiac pulse 
occurred after the delivery of each pacing stimulus, in which 
the current of further pacing stimuli to be delivered to the 
patient is increased if a cardiac pulse does not consistently 
occur in the patient after the delivery of each pacing stimulus. 

49. The method of claim 48, further comprising repeating 
the delivery of pacing stimuli and increasing the current of the 
pacing stimuli until a cardiac pulse consistently occurs in the 
patient after the delivery of each pacing stimulus. 

50. The method of claim 44, further comprising prompting 
a user to increase the current of the pacing stimuli if a cardiac 
pulse did not occur in the patient after delivery of the pacing 
stimulus. 

51. An electrotherapy device, comprising: 
(a) a sensor configured to sense a physiological signal in a 

patient; 
(b) an electrotherapy generator for delivering pacing 

stimuli to the patient; and 
(c) processing circuitry configured to analyze the physi 

ological signal and determine whether a cardiac pulse 
occurred in the patient following the delivery of apacing 
stimulus to the patient, the processing circuitry increas 
ing the current of further pacing stimuli to be delivered 
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to the patient if a cardiac pulse did not occur in the 
patient following the delivery of the pacing stimulus. 

52. The electrotherapy device of claim 51, in which the 
physiological signal is a phonocardiogram (PCG) signal and 
the processing circuitry is configured to analyze the PCG 
signal for a feature indicative of a cardiac pulse and determine 
whether a cardiac pulse occurred in the patient after delivery 
of the pacing stimulus. 

53. The electrotherapy device of claim 51, in which the 
electrotherapy device is configured to deliver pacing stimuli 
to the patient two or more times and the processing circuitry 
is configured to analyze the physiological signal to determine 
whether a cardiac pulse occurred after the delivery of each 
pacing stimulus, the current of further pacing stimuli to be 
delivered to the patient being increased if a cardiac pulse does 
not consistently occur in the patient after the delivery of each 
pacing stimulus. 

54. The electrotherapy device of claim 51, in which prior to 
the current of the pacing stimuli being increased, the process 
ing circuitry is configured to prompt a user of the device to 
increase the pacing stimuli current. 

55. A method for detecting the presence of a cardiac pulse, 
comprising: 

(a) sensing two or more different physiological signals in a 
patient; 

(b) evaluating physiological signal data from each of the 
two or more physiological signals for a feature indica 
tive of the presence of a cardiac pulse; and 

(c) determining whether a cardiac pulse is present in the 
patient based on the features in the physiological signal 
data. 

56. The method of claim 55, in which one of the physi 
ological signals is a phonocardiogram (PCG) signal sensed in 
the patient, and in which the physiological signal data 
includes PCG data. 

57. The method of claim 56, in which the feature from the 
PCG data is determined by evaluating a temporal parameter 
in the PCG data. 

58. The method of claim 57, in which the temporal param 
eter is energy and evaluating temporal energy in the PCG data 
includes estimating instantaneous and background energies 
in the PCG data and comparing the instantaneous energy with 
the background energy. 

59. The method of claim 56, in which the feature from the 
PCG data is determined by evaluating a spectral parameter in 
the PCG data. 

60. The method of claim 59, in which the spectral param 
eter is energy and evaluating spectral energy in the PCG data 
includes calculating an energy spectrum of the PCG data, 
locating a peak energy value in the spectrum, and comparing 
the peak energy value with a threshold energy value. 

61. The method of claim 59, in which the spectral param 
eter is energy and evaluating spectral energy in the PCG data 
includes calculating an energy spectrum of the PCG data, 
locating a peak energy value in the spectrum, and comparing 
the frequency of the peak energy value with a threshold fre 
quency. 

62. The method of claim 55, in which one of the physi 
ological signals is an impedance signal that reflects an imped 
ance of the patient, and in which the physiological signal data 
includes impedance signal data. 

63. The method of claim 62, in which the feature from the 
impedance signal data is determined by evaluating energy in 
the impedance signal data. 
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64. The method of claim 63, in which evaluating the imped 
ance signal data is comprised of calculating energy in the 
impedance signal data and comparing the energy in the 
impedance signal data with a threshold energy. 

65. The method of claim 55, further comprising automati 
cally preparing a defibrillation pulse for delivery to the patient 
if a cardiac pulse is determined not present in the patient. 

66. The method of claim 55, further comprising providing 
a display showing a representation of at least one of the two or 
more physiological signals in the patient. 

67. The method of claim 55, further comprising prompting 
delivery of chest compressions or cardiopulmonary resusci 
tation to the patient if a cardiac pulse is determined not 
present in the patient. 

68. The method of claim 55, in which one of the physi 
ological signals is an electrocardiogram (ECG) signal sensed 
in the patient, and in which the physiological signal data 
includes ECG data. 

69. The method of claim 68, in which the feature from the 
ECG data is determined by evaluating the ECG data for the 
presence of a Ventricular complex. 

70. The method of claim 69, further comprising evaluating 
physiological signal data from one or more of the other physi 
ological signals using the physiological signal data that cor 
responds in time proximity to the Ventricular complex. 

71. The method of claim 68, further comprising analyzing 
the ECG data for ventricular tachycardia and prompting 
delivery of defibrillation therapy to the patient if the patient is 
determined to be pulseless and experiencing Ventricular 
tachycardia. 

72. The method of claim 71, further comprising prompting 
the delivery of defibrillation therapy if the patient is deter 
mined to be pulseless and experiencing ventricular tachycar 
dia with a rate exceeding 100 beats per minute. 

73. The method of claim 68, further comprising analyzing 
the ECG data for at least ventricular fibrillation (VF), ven 
tricular tachycardia (VT), and asystole, and if the patient is 
determined to be pulseless and not in a VF, VT, or asystole 
condition, then prompting delivery of electrotherapy to the 
patient designed specifically for pulseless electrical activity 
(PEA). 

74. The method of claim 68, further, comprising analyzing 
the ECG data for one or more of ventricular fibrillation (VF). 
Ventricular tachycardia (VT), asystole, and pulseless electri 
cal activity (PEA), the processing circuitry prompting a 
report of VF, VT, asystole, or PEA, if detected and if the 
patient is determined to be pulseless. 

75. The method of claim 55, further comprising reporting 
the return of spontaneous circulation in the patientifa cardiac 
pulse is determined present in the patient after delivery of 
defibrillation therapy to the patient. 

76. The method of claim 55, in which one of the physi 
ological signals is an impedance-sensing signal that has been 
communicated through the patient, and in which the physi 
ological signal data includes impedance signal data. 

77. The method of claim 76, further comprising analyzing 
the impedance-sensing signal to determine the presence of 
respiration in the patient and prompting delivery of rescue 
breathing therapy to the patient if respiration is determined 
not present in the patient. 

78. The method of claim 76, further comprising prompting 
the delivery of chest compressions or cardiopulmonary resus 
citation to the patient if the patient is determined to be pulse 
less. 
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79. An article comprising a storage medium having device 
executable instructions stored thereon, in which when the 
instructions are executed by at least one device, they result in: 

(a) delivering a pacing stimulus to the patient; 
(b) from the Surface of the patient's body, sensing a physi 

ological signal in the patient; and 
(c) analyzing the physiological signal to determine 
whether a cardiac pulse occurred in the patient after 
delivery of the pacing stimulus. 

80. The article of claim 79, in which the instructions when 
executed further result in increasing the current of further 
pacing stimuli to be delivered to the patient if a cardiac pulse 
did not occur in the patient after delivery of the pacing stimu 
lus. 

81. The article of claim 79, in which the physiological 
signal is a phonocardiogram (PCG) signal, the instructions 
when executed further resulting in analyzing the PCG signal 
for a feature indicative of a cardiac pulse and determining 
whether a cardiac pulse occurred in the patient after delivery 
of the pacing stimulus. 

82. The article of claim 79, in which the instructions when 
executed further result in repeating steps (a)-(c) and increas 
ing the current of further pacing stimuli to be delivered to the 
patient until a cardiac pulse occurs after delivery of the pacing 
stimulus. 

83. The article of claim 79, in which pacing stimuli is 
delivered to the patient two or more times and the physiologi 
cal signal is analyzed to determine whether a cardiac pulse 
occurred after the delivery of each pacing stimulus, the 
instructions when executed further resulting in increasing the 
current of further pacing stimuli to be delivered to the patient 
if a cardiac pulse does not consistently occur in the patient 
after the delivery of each pacing stimulus. 

84. The article of claim 83, in which the instructions when 
executed further result in repeating the delivery of pacing 
stimuli and increasing the current of the pacing stimuli until a 
cardiac pulse consistently occurs in the patient after the deliv 
ery of each pacing stimulus. 

85. The article of claim 79, in which the instructions when 
executed further result in prompting a user to increase the 
current of the pacing stimuli if a cardiac pulse did not occur in 
the patient after delivery of the pacing stimulus. 

86. An article comprising a storage medium having device 
executable instructions stored thereon, in which when the 
instructions are executed by at least one device, the result in: 

(a) sensing two or more different physiological signals in a 
patient; 

(b) evaluating physiological signal data from each of the 
two or more physiological signals for a feature indica 
tive of the presence of a cardiac pulse; and 

(c) determining whether a cardiac pulse, is present in the 
patient based on the features in the physiological signal 
data. 

87. The article of claim 86, in which one of the physiologi 
cal signals is a phonocardiogram (PCG) signal sensed in the 
patient, and in which the physiological signal data includes 
PCG data. 

88. The article of claim 87, in which the feature from the 
PCG data is determined by evaluating a temporal parameter 
in the PCG data. 

89. The article of claim 88, in which the temporal param 
eter is energy and evaluating temporal energy in the PCG data 
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includes estimating instantaneous and background energies 
in the PCG data and comparing the instantaneous energy with 
the background energy. 

90. The article of claim 87, in which the feature from the 
PCG data is determined by evaluating a spectral parameter in 
the PCG data. 

91. The article of claim 90, in which the spectral parameter 
is energy and evaluating spectral energy in the PCG data 
includes calculating an energy spectrum of the PCG data, 
locating a peak energy value in the spectrum, and comparing 
the peak energy value with a threshold energy value. 

92. The article of claim 90, in which the spectral parameter 
is energy and evaluating spectral energy in the PCG data 
includes calculating an energy spectrum of the PCG data, 
locating a peak energy value in the spectrum, and comparing 
the frequency of the peak energy value with a threshold fre 
quency. 

93. The article of claim 86, in which one of the physiologi 
cal signals is an impedance signal that reflects an impedance 
of the patient, and in which the physiological signal data 
includes impedance signal data. 

94. The article of claim 93, in which the feature from the 
impedance signal data is determined by evaluating energy in 
the impedance signal data. 

95. The article of claim 94, in which evaluating the imped 
ance signal data is comprised of calculating energy in the 
impedance signal data and comparing the energy in the 
impedance signal data with a threshold energy. 

96. The article of claim 86, in which the instructions when 
executed further result in automatically preparing a defibril 
lation pulse for delivery to the patient if a cardiac pulse is 
determined not present in the patient. 

97. The article of claim 86, in which the instructions when 
executed further result in providing a display showing a rep 
resentation of at least one of the two or more physiological 
signals in the patient. 

98. The article of claim 86, in which the instructions when 
executed further result in prompting delivery of chest com 
pressions or cardiopulmonary resuscitation to the patientifa 
cardiac pulse is determined not present in the patient. 

99. The article of claim 86, in which one of the physiologi 
cal signals is an electrocardiogram (ECG) signal sensed in the 
patient, and in which the physiological signal data includes 
ECG data. 

100. The article of claim 99, in which the feature from the 
ECG data is determined by evaluating the ECG data for the 
presence of a Ventricular complex. 

101. The article of claim 100, in which the instructions 
when executed further result in evaluating physiological sig 
nal data from one or more of the other physiological signals 
using the physiological signal data that corresponds in time 
proximity to the ventricular complex. 

102. The article of claim 99, in which the instructions when 
executed further result in analyzing the ECG data for ven 
tricular tachycardia and prompting delivery of defibrillation 
therapy to the patient if the patient is determined to be pulse 
less and experiencing Ventricular tachycardia. 

103. The article of claim 102, in which the instructions 
when executed further result in prompting the delivery of 
defibrillation therapy if the patient is determined to be pulse 
less and experiencing Ventricular tachycardia with a rate 
exceeding 100 beats per minute. 

104. The article of claim 99, in which the instructions when 
executed further result in analyzing the ECG data for at least 
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ventricular fibrillation (VF), ventricular tachycardia (VT), 
and asystole, and if the patient is determined to be pulseless 
and not in a VF, VT, or asystole condition, then prompting 
delivery of electrotherapy to the patient designed specifically 
for pulseless electrical activity (PEA). 

105. The article of claim 99, in which the instructions when 
executed further result in analyzing the ECG data for one or 
more of ventricular fibrillation (VF), ventricular tachycardia 
(VT), asystole, and pulseless electrical activity (PEA), the 
processing circuitry prompting a report of VF, VT, asystole, 
or PEA, if detected and if the patient is determined to be 
pulseless. 

106. The article of claim 86, in which the instructions when 
executed further result in reporting the return of spontaneous 
circulation in the patient if a cardiac pulse is determined 
present in the patient after delivery of defibrillation therapy to 
the patient. 
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107. The article of claim 86, in which one of the physi 
ological signals is an impedance-sensing signal that has been 
communicated through the patient, and in which the physi 
ological signal data includes impedance signal data. 

108. The article of claim 107, in which the instructions 
when executed further result in analyzing the impedance 
sensing signal to determine the presence of respiration in the 
patient and prompting delivery of rescue breathing therapy to 
the patient if respiration is determined not present in the 
patient. 

109. The article of claim 108, in which the instructions 
when executed further result in prompting the delivery of 
chest compressions or cardiopulmonary resuscitation to the 
patient if the patient is determined to be pulseless. 
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