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ABSTRACT

An ECG processing system which removes vehicle motion
artifact from a measured ECG signal based on vehicle cabin
motion and vehicle suspension motion.
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ECG NOISE REDUCTION SYSTEM FOR
REMOVAL OF VEHICLE MOTION ARTIFACT

[0001] This application claims priority to U.S. Provisional
Application 61/799,467 filed Mar. 15, 2013.

FIELD OF THE INVENTION

[0002] The methods and devices described below relate to
the field of cardio-pulmonary resuscitation (CPR).

BACKGROUND OF THE INVENTIONS

[0003] The ECG (electrocardiogram) of a patient may be
used to diagnose various problems with the patient’s heart. In
the context of sudden cardiac arrest, the ECG can be used to
determine if the patient is in fibrillation, and, if so, if the
patient’s heart is susceptible to defibrillation. Using the ECG,
a doctor or an AED (automatic external defibrillator) can
determine whether the ECG signal represents a normal sinus
rhythm or an abnormal rhythm that may be reset by admin-
istration of a defibrillating shock. The ECG signal is subject
to several sources of noise. ECG signals are currently pro-
cessed with digital filters to reduce noise due to other physi-
ological sources (muscles, EGG, EMG, etc.), and nearby
electrical equipment.

[0004] Halperin, etal., ECG Signal Processor and Method,
U.S. Pat. No. 6,865,413 (Mar. 22, 2005) disclosed an ECG
processing system which eliminates noise caused by the chest
compression provided by a rescuer or chest compression
device. The system includes ECG sensors (electrodes) for
measuring the ECG signal of a patient, an accelerometer for
producing an acceleration signal indicative of the displace-
ment of a chest of a patient. and a processor operatively
connected to the accelerometer and to the ECG sensor. The
processors uses the acceleration signal to identify noise in the
ECG signal. The processor processes the acceleration signal
and the measured ECG signal to produces an output compris-
ing an estimated true ECG signal. The system and method is
used in ZOLL Medical’s See-Thru CPR® feature of its AED
Pro® automated external defibrillators.

[0005] Inaddition to these noise sources, the patient may be
subject to motion of a vehicle used to transport the patient to
a hospital. This motion may lead to noise and artifact in the
ECG signal measured from the patient. We refer to this arti-
fact as vehicle motion artifact. This noise can substantial, and
may result in a measured ECG which is too noisy to be
analyzed with confidence. The noise may be caused by
motion of the patient and gurney over terrain, or motion of an
ambulance or other conveyance used to transport the patient.
Transport can be lengthy, so that a patient cannot be properly
assessed for extended periods of time. Inability to assess the
ECG may lead to loss of valuable diagnostic data and failure
to apply defibrillating shock when appropriate.

SUMMARY

[0006] The devices and methods described below provide
for more accurate determination of an actual ECG from a
patient, where the ECG is taken from a patient subject to
vehicle motion which may impart vehicle motion artifacts to
the measured ECG. Vehicle motion artifact, which presents as
noise in the measured ECG of the patient, is identified by
measuring vehicle motion, and using the measured vehicle
motion as an aid to identifying the resultant artifact. The
predicted artifact is then subtracted from the measured ECG
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signal to obtain an estimated true ECG which is suitable for
analysis by doctors and automatic defibrillators to determine
is defibrillating shock is appropriate. The vehicle motion can
be determined from motion sensors on the vehicle, which
may be mounted on the vehicle cabin and/or the vehicle
suspension. In the case of vehicle cabin motion, the motion is
expected to match the motion of the patient. In the case of
vehicle suspension motion, the motion is expected to occur
slightly before resultant cabin motion, and thus anticipate or
predict the motion of the patient. The vehicle suspension
motion can be used to predict and identify vehicle motion
artifact in the measured ECG of the patient, and that artifact
can be removed to provide an ECG that more closely matches
the actual ECG of the patient.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG.1illustrates a typical cardiac arrest victim fitted
with an ECG electrode assembly.

[0008] FIG. 2 shows several waveforms pertinent to the
processing of a ECG signal corrupted with noise.

[0009] FIG. 3 illustrates placement of accelerometers to
detect vehicle motion which may lead to vehicle motion
artifact in the measured ECG of the patient.

[0010] FIG. 4 illustrates the algorithm for processing the
measured ECG signal into an estimated true ECG signal.

DETAILED DESCRIPTION OF THE
INVENTIONS

[0011] FIG. 1 illustrates a typical cardiac arrest victim 1
fitted with an ECG electrode assembly 2. The electrode
assembly includes electrodes adapted for both detecting the
ECG of the cardiac arrest victim and for delivery of cardio-
verting shock to the patient. As illustrated in this view, the
ECG electrode assembly 2 is disposed on the patient’s chest.
This assembly includes the sternum electrode 3, the apex
electrode 4, the sternal bridge 5 and the chest compression
monitor 6. The sternal and apex electrodes are used to detect
the ECG of the patient, and to deliver shock. An associated
ECG processor 7, which may be a stand-alone ECG monitor,
or may combined with a manual defibrillator or automatic
defibrillator (AED), is operably connected to the electrodes.
The ECG processor provides a means for processing the ECG
signal as described below. It receives ECG signals from the
electrodes, and processes those signals to generate a signal
representing the ECG waveform. This signal may be pre-
sented on a display for interpretation by a doctor, or it may
communicated to an automatic defibrillator for automatic
analysis by a computer within the AED. The chest compres-
sion monitor serves to detect chest compressions for use in
scrubbing the ECG of CPR induced artifact as disclosed in
Halperin, and also to measure depth of compressions for any
CPR compression performed on the patient. A chest compres-
sion belt 8 (shown in phantom) of a chest compression device
may be applied to the patient, and operated as described in
Mollenauver, Modular CPR Assist Device, U.S. Pat. No.
6,066,106 (May 23, 2000).

[0012] The patient is disposed on a gurney 9, which is
typically used to transport patients.

[0013] FIG. 2 shows several waveforms pertinent to the
processing of ECG signal corrupted with noise, including
waveforms e, (1), a,(1), a,(t). €',,(t) and " (). The first wave-
form e, (t) represents the measured ECG signal of a cardiac
arrest victim. This waveform may be corrupted with various
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noise sources, such as electronic noise from environmental
sources (nearby equipment and power sources, noise from
other electrical activity in the patient’s body, etc.), and noise
induced by mechanical motions such as CPR motion and
vehicle motion. For the purpose of this disclosure, e, (t) can
be taken as an ECG waveform after processing to remove
environmental noise (noise from nearby power sources, for
example), but may contain CPR induced artifact and vehicle
motion artifact. The waveforms a (t)CPR and a (t)VMA rep-
resent motion sensor signals (acceleration signals, for
example) as measured at the patient’s chest (for CPR) and as
measured by sensors mounted on the vehicle or gurney for
detection of vehicle motion which may lead to vehicle motion
artifact (VMA). The following waveform a,(t)CPR is the
predicted artifact that might be created by CPR motion. The
waveform a,()VMA is the predicted artifact that might be
created by vehicle motion. The next waveform €',(t), is the
processed ECG signal, which has been processed to remove
the CPR-induced artifact from the measured ECG e, (1). The
waveform €', (t) is achieved using the method described in
Halperin, U.S. Pat. No. 6,390,996 or comparable methods.
Absent vehicle motion artifact, this signal is sufficient for
clinical use. However, if vehicle motion artifact is significant,
the ECG waveform must be further processed to obtain wave-
forme" ()VMA, which has been scrubbed of vehicle motion
artifact represented by waveform a () VMA. Waveform e",,
(HVMA is an estimated true ECG from which vehicle motion
artifact has been removed.

[0014] The waveform a,()CPR is obtained from the accel-
erometer disposed on the patient’s chest. This accelerometer
signal may also include acceleration of the vehicle in which
the patient is transported. (Accelerometers signals are pro-
vided by the chest compression monitor, but the system may
instead use a waveform from any motion sensor.) The wave-
forma,,(1)VMA (or several such waveforms) is obtained from
accelerometers or motion sensors, which are mounted on the
vehicle in which the patient is transported, as shown in the
following figure.

[0015] FIG. 3 illustrates placement of accelerometers to
detect vehicle motion which may lead to vehicle motion
artifact in the measured ECG of the patient. As illustrated, the
patient 1 is disposed on the gurney 9 within an ambulance 10.
One or more motion sensors 11 are disposed on the gurney, or
on the ambulance housing, or any other surface that moves in
lock-step with the patient, or on several of these components.
(The conveyance is illustrated as an ambulance, but the
method and system apply to any vehicle or conveyance.) A
motion sensor 12 is disposed on a component of the vehicle
suspension 13 (such as a leaf spring, coil spring, shock
absorber, strut, axle, air spring, steering rack, linkage, arm,
torsion beam, sway bar, any other suspension component or
any bushing, boot, etc. associated with a suspension compo-
nent). Again, several such sensors may be employed on sev-
eral such components. These components are expected to
move (typically up and down) in response to the surface
features on the road on which the ambulance is driven. Thus,
the motion sensors can detect motions, such as vehicle accel-
eration and deceleration, jarring motion due to road impacts,
or rumbling motion of the gurney over rough and bumpy
surfaces. The motion may be periodic, as from travel over
roadway seams, or random, as from occasional impacts with
roadway bumps. Motion signals from suspension compo-
nents will indicate motion which may also detected by vehicle
cabin sensors (sensors fixed to the vehicle cabin) of patient/
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gurney sensors after dampening and transmission of that
motion through the vehicle suspension system.

[0016] The motion signal from the sensors on the suspen-
sion may be communicated wirelessly or through a wired
connection to the ECG processor 7. The signals can be passed
through a transceiver 14, which can be a wireless transceiver
or wired transceiver, interconnecting the various motion sen-
sors and the ECG processor.

[0017] The motion sensors comprise accelerometers,
velocity sensors, vibration transducers and equivalent sen-
sors. Motion sensors for detecting vehicle suspension motion
may include these sensors, and additionally may include
proximity sensors, infrared or RF motion detectors, ultra-
sound motion detectors, etc., mounted on the frame of the
vehicle and operable to detect relative motion between the
frame and the suspension components. Each of these means
for sensing motion may be used to acquire signals corre-
sponding to vehicle cabin motion, gurney motion, or vehicle
suspension motion. The means for acquiring the measured
ECG signal include the electrodes. The chest compression
monitor serves as a means for acquiring and providing a
signalindicative of a CPR-induced artifact. As currently prac-
ticed, the chest compression monitor employs accelerom-
eters, but can also be cased on velocity sensors, distance
sensors, magnetic sensors, and any other mechanism from
which the timing of chest compressions can be determined.
[0018] The motion sensors are used to generate a model of
the noise that leads to artifacts in the measured ECG signal.
The model may incorporate noise components from the
vehicle and from chest compressions. The noise model may
be used to predict the artifact, or to estimate the artifact, and
the computer system within the ECG processor may be pro-
grammed to subtract the noise, as predicted or estimated,
from the measured ECG signal to eliminate the artifacts and
output an estimated true ECG signal.

[0019] FIG. 4 illustrates the algorithm for processing the
measured ECG signal into an estimated true ECG signal. This
algorithm is described with reference to a measured ECG that
is not corrupted with ECG noise, either because the patient is
not subject to CPR compression or because the CPR-induced
artifact has been removed. Nonetheless, the processing nec-
essary for removal of vehicle motion artifact may be per-
formed before or after (or coincident with) the processing
necessary for removal of CPR-induced artifact. Motion data
(typically, acceleration signal from an accelerometer or
velocity signal from a velocity sensor) is input from various
sensors which detect gurney motion, vehicle cabin motion,
and vehicle suspension motion. The input into the processor
includes the measured ECG, or e, (t), (item 21) and various
signals associated with noise inducing events, including
patient/gurney mounted motion sensor signals 22, vehicle
cabin motion signals 23 from cabin mounted sensors and
vehicle suspension motion signals 24. Vehicle suspension
motion signals may be used with or without vehicle cabin
motion signals, and vice-versa. The motion signals are input
to the ECG processor to be processed to provide a model of
the noise created by the various noise sources in model pro-
cessor (item 25). This step results in output of an estimated or
predicted artifact a (t)VMA (item 26). At this point, the mea-
sured BCG e,,(t) is combined with the estimated artifact a, (1)
VMA to produce an estimated true ECG, e", (t). The esti-
mated artifact has been removed in the signal combiner 27.
The output of the algorithm, as performed by the ECG pro-
cessor, is the estimated true ECG ¢", (t) waveform (item 28).
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(The CPR-induced artifact can be processed along with the
several motion sensor signals, with input regarding the signal
indicative of the CPR-induced artifact along with the motion
sensor signals 22,23 and 24, or, as mentioned above, it can
removed prior to the steps illustrated in FIG. 4, with the
measured ECG data (item 21) being replaced with ECG
scrubbed of CPR-induced artifact, or it can be removed from
the output of signal combiner 27.)

[0020] The various motion sensor inputs are processed by
the ECG processor at step 25 (the ECG processor component
that builds and applies the model). The estimated artifact can
be created using a model which reflects the effects of each
source of noise, either alone or in combination. A time-do-
main or frequency domain model may be adapted to account
for effects of each noise source by comparing the motion
sensor data input from each source to identify noise compo-
nents each sensor location. The model identifies a linear or
non-linear system that transforms the motion signals a, into
waveforms composed of artifactual components a, in the
measured ECG e,,. Once this system is identified, the artifac-
tual component can be predicted, using predictive filtering by
taking the output a,, using the measured motion signal a, as
the input. When the predicted signal a, is subtracted from the
measured ECG e, , this results in the estimated true ECG e",.
This method may be implemented using each of the motion
inputs alone, or in combination with the others.

[0021] Motion sensor data from motion sensors mounted
on vehicle suspension can be expected to report vehicle
motion in anticipation of related motion of the vehicle cabin
or the gurney which are both expected to move in tandem with
the patient. That is, motion signals from suspension compo-
nents will indicate motion which may also detected by vehicle
cabin sensors (sensors fixed to the vehicle cabin) of patient/
gurney sensors after dampening and transmission of that
motion through the vehicle suspension system. The motion
sensor data from the vehicle suspension components is thus
predictive of noise in the measured ECG signal. This noise
may be somewhat rhythmic, or entirely arrhythmic, and may
be injected into the vehicle suspension/vehicle cabin system a
few milliseconds before causing movement of the cabin or
gurney which causes motion artifact in the ECG. This system
can be modeled to account for the delay in transmission of
vibrations from the suspension components to the vehicle
cabin and or gurney, and thus the ECG electrodes on the
patient. Thus, in the ECG processor, the estimated artifact is
created using a model which reflects the delay in transmission
of vehicle suspension component motion to the ECG elec-
trodes to impart noise into the measured ECG, and the model
is applied to the measure vehicle suspension motion to create
the estimated artifact a (1) VMA (suspension).

[0022] The system used to accomplish the ECG noise
reduction includes an ECG processor, the various motion
sensors, and ECG electrodes on the patient, and the desired
output device, which may be an ECG monitor with its display,
an automatic external defibrillator with its display and asso-
ciated computer system which analyzes the estimated true
ECG, or a manual defibrillator with its display. The ECG
processor comprises a computer system with one or more
microprocessors, memory including a computer program
code configured to cause the computer system to operate by
receiving signals corresponding to the various inputs, pro-
cessing the inputs, and outputting the estimated true ECG, or
signal representing the estimated true ECG, to a display and/
or additional computer system components for analysis.
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Thus, the ECG processing system is programmed to accom-
plished the methods and algorithms described above. The
various noise sources may be addressed singly or in combi-
nation, and the benefits of each method may be obtained with
or without also incorporating the remaining methods. For
example, the system may be operated to obtain the benefits of
removing vehicle cabin motion artifact without analyzing
motion artifact arising from vehicle suspension motion, and
the system may be operated to obtain the benefits of removing
artifact based on vehicle suspension motion sensors without
analyzing motion artifact arising from motion of the vehicle
cabin or gurney. The method may also be implemented in
tandem with, orindependently of, CPR motion artifact reduc-
tion.

[0023] The estimated true ECG is used for diagnostic pur-
poses, as input to an associated defibrillator or AED. When
the estimated true ECG is provided to an AED, the AED can
be operated according to its typical modes of operation,
which include accepting estimated true ECG data as input,
analyzing that ECG data to determine whether it represents a
shockable or non-shockable rhythm, and apply defibrillating
shock when a shockable rhythm is detected.

[0024] While the preferred embodiments of the devices and
methods have been described in reference to the environment
in which they were developed, they are merely illustrative of
the principles of the inventions. The elements of the various
embodiments may be incorporated into each of the other
species to obtain the benefits of those elements in combina-
tion with such other species, and the various beneficial fea-
tures may be employed in embodiments alone or in combi-
nation with each other. Other embodiments and
configurations may be devised without departing from the
spirit of the inventions and the scope of the appended claims.

1. An ECG signal processing system for processing a mea-
sured ECG signal from a patient undergoing transport in a
vehicle comprising a vehicle cabin and a vehicle suspension,
said processing system comprising:

a motion sensor for measuring a value corresponding to
vehicle suspension motion, said motion sensor operably
connected to the vehicle suspension and operable to
provide a signal corresponding to vehicle suspension
motion;

electrodes for measuring an ECG signal of the patient;

a processor for receiving a first input and a second input,
wherein said first input comprises a signal that is a func-
tion of the measured values corresponding to vehicle
suspension motion and wherein said second input com-
prises the measured ECG signal;

wherein the processor processes the first input and the
second input to produce an estimated true ECG signal.

2. The ECG signal processing system of claim 1 wherein
the processor processes the first and second inputs with a
non-linear method.

3. The ECG signal processing system of claim 1 wherein
the processor processes the first and second inputs using
linear predictive filtering.

4. The ECG signal processing system of claim 1 wherein
the processor processes the first and second inputs using the
method of recursive least squares.

5. An ECG signal processing system for processing a mea-
sured ECG signal from a patient undergoing transport in a
vehicle comprising a vehicle cabin and a vehicle suspension,
said processing system comprising;
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a motion sensor for measuring a value corresponding to
vehicle suspension motion, said motion sensor operably
connected to the vehicle suspension and operable to
provide a signal corresponding to vehicle suspension
motion;

means for measuring an ECG signal of the patient;

means for providing a third signal indicative of a CPR
induced artifact;

a processor for receiving a first input and a second input,
wherein said first input comprises at least one signal
indicative of the vehicle motion induced artifact and
wherein said second input comprises the measured ECG
signal and the third input comprises the signal indicative
of CPR-induced artifact;

wherein the processor processes the first input, the second
input and the third input to produce an estimated true
ECG signal.

6. The ECG signal processing system of claim 5 wherein
the processor processes the first and second inputs with a
non-linear method.

7. The ECG signal processing system of claim 5 wherein
the processor processes the first and second inputs using
linear predictive filtering.

8. The ECG signal processing system of claim 5 wherein
the processor processes the first and second inputs using the
method of recursive least squares.

9. An ECG signal processing method for processing a
measured ECG signal from a patient undergoing transport in
a vehicle comprising a vehicle cabin and a vehicle suspen-
sion, said processing system comprising:

measuring a value corresponding to vehicle suspension
motion with a motion sensor operably connected to the
vehicle suspension and operable to provide a signal cor-
responding to vehicle suspension motion;

providing a first input to a processor, said first input com-
prising a signal corresponding to vehicle suspension
motion;

providing a second input to the processor, said second input
comprising a measured ECG signal; and

processing the first input and the second inputs with the
processor to produce an estimated true ECG signal.

10. The method of claim 9 wherein the step of processing
the first and second inputs is performed using a non-linear
method.

11. The method of claim 9 wherein the step of processing
the first and second inputs is performed using linear predic-
tive filtering.
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12. The method of claim 9 wherein the step of processing
the first and second inputs is performed using the method of
recursive least squares.

13. A method of calculating an estimated true ECG signal
from a patient undergoing transport in a vehicle, said patient
having a chest, said method comprising the steps of:

providing a first input to a processor, said first input com-
prising a signal indicative of a vehicle motion;

providing a second input to the processor, said second input
comprising a measured ECG signal; and

processing the first input and the second inputs with the
processor to produce an estimated true ECG signal.

14. The method of claim 13 wherein the step of processing
the first and second inputs is performed using a non-linear
method.

15. The method of claim 13 wherein the step of processing
the first and second inputs is performed using linear predic-
tive filtering.

16. The method of claim 13 wherein the step of processing
the first and second inputs is performed using the method of
recursive least squares.

17. The method of claim 13 wherein the signal indicative of
a CPR induced motion of the chest is derived from an event
during CPR, said event selected from the group consisting of
a force associated with CPR, acceleration of the chest, dis-
tance the chest displaces, velocity of the chest and motion of
a CPR device administering CPR to the patient.

18. An ECG signal processing system for processing a
measured ECG signal from a patient undergoing transport in
a vehicle comprising a vehicle cabin and a vehicle suspen-
sion, said processing system comprising:

a motion sensor for measuring a value corresponding to
vehicle suspension motion, said motion sensor operably
connected to the vehicle suspension and operable to
provide a signal corresponding to vehicle suspension
motion;

electrodes for measuring an ECG signal of the patient;

a processor for receiving a first input and a second input,
wherein said first input comprises a signal correspond-
ing to vehicle motion and wherein said second input
comprises the measured ECG signal;

wherein the processor is programmed to process the first
input to create a model of an artifact in the ECG signal
causes by vehicle suspension motion, create an esti-
mated artifact signal corresponding to the artifact, and
thereafter combine the estimated artifact and the mea-
sured ECG signal to produce an estimated true ECG

signal.
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