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7) ABSTRACT

An apparatus for assisting a rescuer in performing chest
compressions during CPR on a victim, the apparatus com-
prising a pad or other structure configured to be applied to
the chest near or at the location at which the rescuer applies
force to produce the chest compressions, at least one sensor
connected to the pad, the sensor being configured to sense
movement of the chest or force applied to the chest, pro-
cessing circuitry for processing the output of the sensor to
determine whether the rescuer is substantially releasing the
chest following chest compressions, and at least one prompt-
ing element connected to the processing circuitry for pro-
viding the rescuer with information as to whether the chest
is being substantially released following chest compres-
sions.
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METHOD AND APPARATUS FOR ENHANCEMENT
OF CHEST COMPRESSIONS DURING CPR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part applica-
tion of and claims priority to U.S. application Ser. No.
10/609,001, filed on Jun. 27, 2003.

TECHNICAL FIELD

[0002] This invention relates to the devices for assisting
cardiac resuscitation.

BACKGROUND

[0003] This invention relates to the field of cardiac resus-
citation, and in particular to devices for assisting rescuers in
performing chest compression during cardio-pulmonary
resuscitation (CPR). Chest compression during CPR is used
to mechanically support circulation in subjects with cardiac
arrest, by maintaining blood circulation and oxygen delivery
until the heart is restarted. The victim’s chest is compressed
by the rescuer, ideally at a rate and depth of compression in
accordance with medical guidelines, e.g., the American
Heart Association (AHA) guidelines. One key step for
creating blood flow through the heart is to release the chest
adequately after each chest compression. The chest should
be released sufficiently to create a negative pressure in the
chest, to facilitate venous filling of the heart and increased
blood flow upon the next chest compression. If the chest is
not released adequately, a positive thoracic pressure will
remain which will hinder venous return and right atrial
filling. Other key CPR parameters are maximal velocity of
compression, compression depth, and average velocity.
Compression depth and average velocity, together, provide
good indication of potential blood flow volume. Maximal
velocity of compression is an important factor in proper
mitral valve closure and higher blood flow volume.

[0004] Sensors have been suggested for detecting the
depth of chest compression. An accelerometer (with its
output integrated to estimate depth) was disclosed, for
example, in Freeman U.S. application Ser. No. 09/794,320,
U.S. Pat. No. 6,300,107 and U.S. Pat. No. 6,390,996. Force
(pressure) sensors were disclosed, for example, in Groenke
U.S. Pat. No. 6,125,299. Force sensors provided no way of
determining absolute displacement, as the compliance of the
thoracic cage varies considerably from person to person.
Accelerometers do not provide an indication of whether or
not the chest is being released. They calculate displacement
by double integration, which can result in a significant DC
offset. U.S. Pat. No. 6,306,107 attempted to address the DC
offset problem by incorporating a force sensor as a switch to
indicate onset and conclusion of compression. The prior art
has also employed mechanical pressure gauges to indicate to
the rescuer the amount of force or pressure being applied to
the chest. But these prior art uses of an accelerometer and/or
force sensor have not provided a good solution to providing
the rescuer with useful feedback as to whether the chest has
been sufficiently released. Differences in compliance of the
thoracic cage from one individual to another means that each
individual will generally be able to support different
amounts of force on the sternum without significant dis-
placement occurring.
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[0005] Increasingly, automated external defibrillators
(AEDs) are used by rescuers treating victims of cardiac
arrest for the delivery of defibrillatory shocks with the
minimum of delay. The algorithms contained in the cur-
rently-available AEDs call for ‘hands off” periods during
which electrocardiographic (ECG) analysis is performed by
the device and the rescuer withholds compressions. Com-
pressions must be withheld because the accuracy of current
rhythm analysis algorithms in AEDs is severely degraded by
the artifact induced by the chest compressions. These AEDs
also call for the rescuer to check for pulse or for signs of
circulation during which time no compressions are per-
formed. It has been shown in several studies that interrup-
tions in the performance of chest compressions of as short a
time as 20 seconds can dramatically reduce the probability
of the return of spontaneous circulation (ROSC), a key
survival measure. Other studies have also shown that the
minimum amount of time required for the ‘hands off” period
is 20 seconds. There is therefore a need for the ability of
AEDs to perform rhythm analysis while the rescuer contin-
ues with the chest compressions uninterrupted.

SUMMARY

[0006] In afirst aspect, the invention features an apparatus
for assisting a rescuer in performing chest compressions
during CPR on a victim, the apparatus comprising a pad or
other structure configured to be applied to the chest near or
at the location at which the rescuer applies force to produce
the chest compressions, at least one sensor connected to the
pad, the sensor being configured to sense movement of the
chest or force applied to the chest, processing circuitry for
processing the output of the sensor to determine whether the
rescuer is substantially releasing the chest following chest
compressions, and at least one prompting element connected
to the processing circuitry for providing the rescuer with
information as to whether the chest is being substantially
released following chest compressions.

[0007] Preferred implementations of this aspect of the
invention may incorporate one or more of the following. The
pad or other structure may be a pad to which force is applied
by rescuer. The sensor may include an accelerometer. The
sensor may include a force (or pressure) sensor. The sensor
may include a velocity sensor. The sensor may include both
a force (or pressure) sensor and an accelerometer or velocity
sensor. The prompting device may include a speaker for
delivering an audible message to the rescuer. The prompting
device may include a display for delivering a visual message
to the rescuer. The apparatus may be part of an external
defibrillator. The external defibrillator may be an AED. The
processing circuitry may include a digital processor execut-
ing software. Determining whether the rescuer is substan-
tially releasing the chest may comprise analyzing motion of
the chest. Analyzing motion of the chest may comprise
analyzing features or the shape of a waveform representing
chest motion. The apparatus may comprise both a sensor to
sense movement of the chest and a sensor to sense force
applied to the chest, and the processing circuitry may use
outputs of both sensors to provide information representa-
tive of chest compliance. The information representative of
chest compliance may be used to determine a level of
applied pressure/force that corresponds to a substantial
release of the chest.

[0008] In asecond aspect, the invention features an appa-
ratus for assisting a rescuer in performing chest compres-
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sions during CPR on a victim, the apparatus comprising a
pad or other structure configured to be applied to the chest
near or at the location at which the rescuer applies force to
produce the chest compressions, and at least one velocity
sensor connected to the pad, the velocity sensor being
configured to sense the velocity of movement of the chest.

[0009] Preferred implementations of this aspect of the
invention may incorporate one or more of the following. The
apparatus may further comprise processing circuitry for
processing the output of the velocity sensor to estimate the
displacement of the chest. The processing circuitry may
have the capability to integrate an output of the velocity
sensor. The velocity sensor may be configured to be located
approximately adjacent to the location at which the body is
compressed. The velocity sensor may be configured to be
positioned to sense the relative velocity between opposite
surfaces of the chest. The velocity sensor may comprise a
conductor and a magnet, and velocity may be sensed by
sensing the current induced in the conductor by relative
motion between the conductor and the magnet. The magnet
may comprise one of a permanent magnet and an electro-
magnet. The conductor and magnet may be positioned on
opposite surfaces of the chest. The conductor may comprise
a coil that is unitary with a defibrillation electrode pad. The
conductor and magnet each may comprise a coil that is
unitary with a defibrillation electrode pad. The magnet may
comprise an electromagnet and the electromagnet may pro-
duce a magnetic field that oscillates at a frequency greater
than 1 KHz, and may further comprise coil detection cir-
cuitry to which the coil is connected, wherein the coil
detection circuitry may be capable of synchronously
demodulating the detected signal to reduce susceptibility to
drift and noise. The apparatus may further comprise circuitry
for acquiring ECG signals from the victim, and the process-
ing circuitry may have the capability to process the output of
the velocity sensor and the ECG signals to reduce ECG
artifacts from chest compressions by use of velocity sensor
output.

[0010] In a third aspect, the invention features an appara-
tus for assisting a rescuer in performing chest compressions
during CPR on a victim, the apparatus comprising a pad or
other structure configured to be applied to the chest near or
at the location at which the rescuer applies force to produce
the chest compressions, at least one motion sensor con-
nected to the pad, the motion sensor being configured to
sense movement of the chest, processing circuitry for pro-
cessing the output of the motion sensor to estimate the
maximum velocity of compression of the chest, and at least
one prompting device connected to the processing circuitry
for providing the rescuer with information representative of
the maximum velocity of compression. In preferred imple-
mentations of this aspect of the invention, the motion sensor
may comprise a velocity sensor.

[0011] In a fourth aspect, the invention features a method
of determining chest compression during CPR, the method
comprising applying a motion sensor to the chest of a patient
at a location near or at the location at which a rescuer applies
force to produce chest compressions, determining chest
displacement from analysis of features of the motion wave-
form produced by the motion sensor.

[0012] Preferred implementations of this aspect of the
invention may incorporate one or more of the following. The
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motion sensor may be a velocity sensor. The motion sensor
may be an accelerometer. The method may further comprise
deciding from the analysis of features of the acceleration
waveform whether or not a rescuer has sufficiently released
the patient’s chest. The method may further comprise pro-
cessing the output of the accelerometer to provide velocity
and acceleration waveforms. The method may further com-
prise processing the output of the accelerometer to provide
velocity and acceleration waveforms, and analyzing the
velocity and acceleration waveforms to determine whether
or not a rescuer has sufficiently released the patient’s chest.
The analysis of velocity waveforms may include determin-
ing the maximal velocity of compression. Determining chest
displacement from analysis of features may comprise deter-
mining onset and completion times for a compression cycle
from the features of the waveforms. Determining chest
displacement may further comprise integrating the accelera-
tion waveform over a time segment defined by the onset and
completion times. The method may further comprise ana-
lyzing the features of the upstroke portion of the waveforms
to determine whether there has been sufficient release of the
chest. The method may further comprise prompting a res-
cuer based as to whether compressions are within desired
limits on compression depth and compression release. The
prompts to the rescuer may be based on multi-cycle trends,
so that they are not immediately influenced by the rescuer
taking a brief break in the application of CPR. The method
may further comprise determining chest compliance, and
using the determined chest compliance to adjust the level of
pressure/force that the rescuer is permitted to apply at the
end of a compression stroke without being prompted as to
insufficiently releasing the chest. The features determined
from the waveforms may include one or more of the
following: width, amplitude, area, center of mass, skewness,
height/width ratio, TAR, TAMPR and TWR. The features
may be used to make a decision as to whether the chest of
the victim has been sufficiently released. Decisions may be
made using either standard decision logic, fuzzy-logic deci-
sion methodology, or statistical estimation.

[0013] In afifth aspect, the invention features a method of
analyzing ECG signals during application of CPR, the
method comprising detecting ECG signals during applica-
tion of chest compressions, detecting the output of a sensor
from which information on the velocity of chest compres-
sions can be determined, and using the information on the
velocity to reduce at least one signal artifact in the ECG
signal resulting from the chest compressions.

[0014] Preferred implementations of this aspect of the
invention may incorporate one or more of the following. The
sensor may be a velocity sensor, and the information on the
velocity may be determined from the velocity sensor. The
sensor may be an accelerometer, and the information on the
velocity may be determined from integration of the output of
the accelerometer. Using the information on the velocity to
reduce at least one signal artifact in the ECG signal may
comprise time aligning the ECG signals with the velocity.
Using the information on the velocity to reduce at least one
signal artifact in the ECG signal may comprise an adaptive
filter that is adjusted to remove chest compression artifacts.
Using the information on the velocity to reduce at least one
signal artifact in the ECG signal may comprise feed forward
active noise cancellation. Using the information on the
velocity to reduce at least one signal artifact in the ECG
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signal may comprise determining a cutoff frequency for a
filter that separates the ECG signal from chest compression
artifacts.

[0015] In a sixth aspect, the invention features an appa-
ratus for assisting a rescuer in performing chest compres-
sions during CPR on a victim, the apparatus comprising a
pad or other structure configured to be applied to the chest
near or at the location at which the rescuer applies force to
produce the chest compressions, at least one motion sensor
connected to the pad, the motion sensor being configured to
sense movement of the chest, at least one force (or pressure)
sensor connected to the pad, the force sensor being config-
ured to sense force applied to the chest, and processing
circuitry for processing the output of the motion sensor and
force sensor to estimate the compliance of the chest.

[0016] Preferred implementations of this aspect of the
invention may incorporate one or more of the following. The
estimated compliance and the output of the force sensor may
be used to determine the depth of compression of the chest.
The motion sensor may be an accelerometer, and the output
of the accelerometer may be used primarily for estimating
chest compliance, and compression depth during CPR may
be estimated by using the estimated compliance to convert
the output of the force sensor into estimated compression
depth. The output of the accelerometer may be used during
limited time intervals for estimating chest compliance, and
outside of those limited time intervals chest compression
may be determined from the estimated compliance and the
output of the force sensor without substantial use of the
output of the accelerometer. The estimated compliance and
the output of the force sensor may be used to determine
whether the chest has been substantially released.

[0017] In a seventh aspect, the invention features an
apparatus for assisting a rescuer in performing chest com-
pressions during CPR on a victim, the apparatus comprising
a pad or other structure configured to be applied to the chest
near or at the location at which the rescuer applies force to
produce the chest compressions, at least one bistable
mechanical ¢lement that when depressed provides tactile
feedback to the hand of the rescuer upon the start of a
compression and at the end of a compression.

[0018] Preferred implementations of this aspect of the
invention may incorporate one or more of the following. The
mechanical element may comprise a dome that collapses
under pressure and returns to a dome shape on release of
pressure. The bistable mechanical element may further pro-
vide audible feedback at least at the end of a compression.
The tactile feedback at the end of a compression may occur
at approximately an applied force corresponding to substan-
tial release of the chest, so that the tactile feedback serves as
feedback to the rescuer that the chest has been substantially
released.

[0019] The invention provides numerous advantages. It
provides a more accurate and detailed measure of compres-
sions during CPR, e.g., by analyzing such compression/
decompression cycle parameters as compression velocity
and completeness of decompression release. And features of
the velocity and acceleration waveforms may be analyzed to
maximize CPR performance. E.g., the invention permits
analysis of maximal velocity of compression, which is an
important factor in proper mitral valve closure and higher
blood flow volume.
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[0020] The invention may obviate the need for a second-
ary information channel, e.g., a force sensor, to provide the
accuracy necessary for the use of acceleration to accurately
measure displacement. The invention includes new methods
for the analysis of the acceleration waveform that allow for
decreased offset drift and improved displacement accuracy.
The methods also provide for the ability to determine
parameters relating to the quality of the compression/de-
compression cycle by morphological analysis of the accel-
eration and velocity waveform. Multiple parameters may be
determined via the analysis and then combined in making a
decision regarding chest release or other generalized
descriptor of compression/decompression quality. The meth-
ods used may include standard decision logic (e.g., IF-
THEN-ELSE) or may involve methods such as fuzzy-logic
decision methodology or statistical estimation such as Baye-
sian methods.

[0021] Direct physiological measurements of perfusion
and oxygenation, such as end-tidal carbon dioxide (EtCO2)
and pulse oximetry, can provide additional feedback to the
CPR control algorithm.

[0022] By determining chest compliance, some imple-
mentations of the invention overcome the difficulty of using
a pressure/force sensor for determining the onset and release
of compression. The compliance of the thoracic cage varies
from person to person, and therefore each individual will
generally be able to support different amounts of force on the
sternum without any displacement occurring. In some
implementations of the invention, compliance is estimated
from measurements of force (or pressure) and chest motion
during compressions. The estimated compliance can be used
to adapt the chest-released force threshold to patients with
differing chest compliance. Without adapting the threshold
to the victim’s chest compliance, the chest-released force
threshold tends to have to be set quite low, to assure
substantial release even on patients with large compliance.
This can result in requiring the rescuer to release nearly all
force from the chest, interfering with the process of CPR
itself and confusing the rescuer with what appears to be
irrelevant and interfering commands.

[0023] Using a velocity sensor (as proposed with some
aspects of the invention), can provide a more accurate and
less noise sensitive measure for determining displacement. It
requires only one integration to calculate displacement from
velocity, thus reducing offset error, and it requires only one
differentiation to calculate acceleration thus reducing high
frequency noise susceptibility. Additionally, velocity in this
implementation is a differential configuration that measures
relative velocity between the front and back of the thorax,
unlike acceleration which is inertial and whose motion is
relative to the Earth. Differential velocity measurement
provides a significantly improved performance during
patient transport such as in an ambulance or on an airplane.
In fact, the vibration and motion may make the acceleration
for the most part unusable in these situations.

[0024] Magnetic induction may be used to generate a
voltage proportional to the relative velocity between a
magnet and coil. The magnet may take the form of a
permanent magnet, but preferably it is an electromagnet.
The use of an electromagnet serves two main purposes: it
can be used to calibrate the setup after the electrodes have
been applied to the patient, and it can be used to provide a



US 2004/0267325 Al

synchronous modulation/demodulation of the signal to
improve accuracy and minimize susceptibility to noise and
artifact.

[0025] The magnetic pickup and induction coils may be
incorporated into defibrillation pads. One defibrillation pad
can be placed on the left thorax and another defibrillation
pad can be placed on the victim’s back in the left scapular
area. These are excellent locations for defibrillation and
provide a good placement to generate magnetic flux changes
proportional to sternal displacement. The coils can incorpo-
rated directly into the outer edge of each of the defibrillation
electrodes. Alternatively, if the desired electrode position is
anterior/anterior with both electrodes on the front of the
chest, a separate backboard panel may be supplied which is
placed under the patient and contains the receiving coil.

[0026] The invention’s use of velocity sensor, which may
make it possible to perform ECG analysis without a “hands
off” period provides improved filtering and rhythm analysis.

[0027] Other features and advantages of the invention will
be apparent from the following detailed description and
drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0028] FIG. 1is a diagram of one implementation includ-
ing an AED and an accelerometer and pressure/force sensor
built into a chest-mounted pad.

[0029] FIG. 2 shows sample signals recorded during CPR
with the implementation of FIG. 1.

[0030] FIG. 3 is a diagram of another implementation
including an AED with a membrane switch and an acceler-
ometer.

[0031] FIG. 4 shows sample signals recorded during CPR
with the implementation of FIG. 3.

[0032] FIG. 5 depicts acceleration, velocity, and displace-
ment for a single compression cycle.

[0033] FIG. 6 is a block diagram of another implementa-
tion.
[0034] FIG. 7 depicts acceleration, velocity, and displace-

ment for two compression cycles.

[0035] FIGS. 8, 9A, and 9B show an implementation in
which magnetic induction elements are built into electrodes
placed in anterior and posterior locations on the thorax.

[0036] FIG. 10 is an enlarged view of the composition of
the electrode pad of FIGS. 9A.

[0037] FIG. 11 is a block diagram of a synchronous
detector implementation.

[0038] FIG. 12 is a block diagram of a filtered-X least
mean squares (FXLMS ANC) algorithm.

[0039] FIG. 13 is an implementation using the algorithm
of FIG. 12.

[0040] FIG. 14 shows two spectral power distributions
related to the implementation of FIG. 13.

[0041]
tation.

FIG. 15 is a block diagram of another implemen-
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DETAILED DESCRIPTION

[0042] There are a great many possible implementations
of the invention, too many to describe herein. Some possible
implementations that are presently preferred are described
below. It cannot be emphasized too strongly, however, that
these are descriptions of implementations of the invention,
and not descriptions of the invention, which is not limited to
the detailed implementations described in this section but is
described in broader terms in the claims.

[0043] FIG. 1 shows a schematic of a preferred imple-
mentation. This implementation includes an accelerometer
(and accelerometer housing), force sensor built into a pres-
sure pad, and an AED which is electrically connected to the
accelerometer and force sensor and contains a display and/or
speaker for user feedback. The pressure pad provides the
structural member on which the accelerometer (and housing)
is supported. Neither the accelerometer nor force sensor of
the pad are essential to detecting chest release, as other
sensors can be used. The force sensor can measure force or
pressure.

[0044] The accelerometer housing can be shaped similar
to a hockey puck and can rest either directly on the patient’s
sternum or on the pad or other structural member. Preferably
the accelerometer is positioned to be over the victim’s
sternum in the position recommended for chest compres-
sions. A force sensor can be placed below (as shown) or
above the accelerometer housing. The rescuer presses on the
accelerometer housing (or pressure pad) to perform chest
compressions. The accelerometer senses the motion of the
chest during CPR and the force sensor measures the force or
pressure applied. The AED supplies power to the sensors
and digitizes the electrical signals coming from the accel-
erometer and force sensor. Based on previous calibrations of
the sensors, the accelerometer signal is integrated to deter-
mine the housing displacement, and the output of the force
sensor is converted to standard pressure or force units.

[0045] FIG. 2 shows a sample drawing of the signals
recorded during CPR using the implementation of FIG. 1.
The acceleration signal is band pass filtered and integrated
to derive displacement information (e.g., a displacement
signal). Compressions (C1-C5) can be detected from the
displacement signal. The compression rate is calculated
from the interval between compressions (e.g. (time of
C2-time of C1)), and compression depth is measured from
the compression onset to peak displacement (e.g. (d1-d0)).
The onset and peak compression values are saved for each
compression. The pressures at the compression onset and
offset are used to determine the force used to achieve a given
compression depth. The compliance of the chest can be
estimated from the compression displacement and the
related compression pressure. The pressure “p0” is the
reference pressure prior to the start of CPR and is related to
the resting chest displacement “d0”. The pressure “p1” is the
pressure required to achieve the displacement “d1”. The
chest compliance is estimated from the following equation:

Chest Compliance=|(d1-d0)/(p1-p0)|

[0046] Where dl is the displacement at the peak of the
compression, d0 is the displacement at the onset of the
compression, pl is the pressure at the peak of the compres-
sion, and p0 is the pressure at the onset of the compression.
The chest compliance can be calculated for each compres-
sion and averaged to improve the measurement accuracy.
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[0047] Once the patient specific chest compliance is
known, it can be used to estimate the absolute displacement
of the puck when combined with the instantaneous puck
pressure measure from the following equation:

Displacement=compliance*(p-p0)

[0048] Where p is the pressure measured from the puck at
a point in time, p is the resting puck pressure when there
is no compressions or handling by the rescuer. Therefore, the
chest release displacement can be estimated by the following
equation:

D&;placement at the release of chest=compliance*(p3—

PY).
[0049] Where compliance is determined as described
above, p3 is the chest release pressure (estimated as the
onset pressure of the next compression), and p0 is the resting
pressure.

[0050] The chest release pressure can alternately be mea-
sured as the minimum pressure point between the two
compressions.

[0051] The chest release displacement point is compared
to a pre-defined threshold level to determine if the chest was
substantially released between two compressions (i.c.,
released sufficiently to create a pressure in the chest that
facilitates venous filling of the heart). A combination of
voice prompts and display messages can be used to tell the
rescuer to more completely release the chest between com-
pressions if the chest release displacement point does not
return below the set threshold. The chest release displace-
ment value can be averaged to improve the estimate accu-
racy. The comparison to the threshold level could also be
done via “voting” logic such as the last x out of y values
exceed the set threshold and trigger the release of chest
feedback. The CPR release of chest algorithm continually
runs while the rescuer performs CPR and provides imme-
diate feedback if the rescuer does not release the chest at any
time during the resuscitation.

[0052] Although not necessary, the threshold level is pref-
erably adjusted dynamically as a function of the calculated
chest compliance. For patients with a lower compliance, the
threshold can be increased since increased force will have
little or no effect on displacement. For patients with higher
compliance, the threshold may need to be decreased.

[0053] The calculated estimate of chest compliance can
also be used with the output of the force sensor to estimate
the depth of chest compression. Thus, for example, the
output of the accelerometer could be used with the output of
the force sensor during an initial time interval to calculate an
estimate of chest compliance. Thereafter, the estimated chest
compliance could be used to convert the force measurement
into an estimated depth of chest compression.

[0054] FIG. 3 shows another implementation wherein the
force sensor is replaced with a mechanical or electrical
switch. The rescuer performs CPR by pressing on the
switch/housing assembly. The switch is activated based on
the forces used with CPR compressions and deactivated
when a compression is released. The switch may provide for
bistable positional states such as in a domed switch that
when depressed would provide tactile feedback to the hand
of the rescuer upon the start of the compression (dome
collapse) and at the end of compression (dome return). The
switch vibration associated with the transition between the
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two states may also be sufficient to provide an audible
feedback to the rescuer as well. If the compression release
vibration is heard and/or felt, the chest can be considered by
the rescuer to have been released.

[0055] FIG. 4 shows the acceleration, derived displace-
ment, and switch output signals during a sample of CPR.
Each compression is identified at the top of the diagram
(C1-C5). The compression interval, rate, and depth are
measured from the acceleration signal. The dashed line
overlaying the switch output curve indicated the force on the
puck assembly and is drawn to show the actuation of the
switch when the force curve exceeds that activation thresh-
old (solid straight line). Time t1 shows the actuation of the
switch and time t2 shows the release of the switch. On the
third compression (C3), the compression switches (ON) at
time t3, but does not switch off at time t4 because the force
on the chest does not go below the trigger threshold. The
acceleration signal shows that chest compressions are con-
tinuing, but the switch indicates that the chest is not being
substantially released. When chest release is not occurring,
the AED can audibly and/or visually prompt the user to
release the chest.

[0056] In another implementation, the acceleration wave-
form alone is analyzed without the use of a switch or force
sensor. FIG. 5 depicts the acceleration, velocity and dis-
placement for a single compression/decompression cycle.
The input signal from the acceleration sensor, as shown in
the block diagram in FIG. 6, is conditioned and filtered to
minimized artifact and noise and is input to an A/D con-
verter. The A/D converter is then read by the microprocessor.
In FIG. 5, the points of interest in the acceleration waveform
are as follows:

[0057] 1. A0 is the point of maximum acceleration
during the compression downstroke.

[0058] 2.A-2is the compensatory small upstroke that
rescuers often do just prior to the initiation of the
compression downstroke and marks the initiation
point of the compression downstroke.

[0059] 3. A-1 is the point of maximum acceleration
of the compression downstroke.

[0060] 4. Al is the point of maximum deceleration on
the decompression upstroke.

[0061] 5. A2 is a small upward release when the
rescuer’s hands are slightly lifted from the patient’s
sternum during an optimum compression cycle.

[0062] 6. A-3 and A3 are inflection points where the
signal deviates from bascline.

[0063] 7. SAO and SAI1 are the slopes of the accel-
eration of the line segments on each side of AQ.

[0064] 8. SVO andSV1 are the slopes of the line
segments (~acceleration) as shown on the velocity
curve,

[0065] 9. VMax is the maximum velocity achieved
during the compression downstroke.

[0066] Many algorithms can be used for determination of
substantial release of the chest. One algorithm is as follows:

[0067] 1.Determine fiducial point AQ. Completion of
the compression determination should approach real
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time in order to provide maximum benefit to the
rescuer. Delays of approximately 1-4 seconds are
acceptable and will limit the types of ‘search for-
ward’ algorithms that can be implemented. AQ can be
detected by a number of means. One method is to
band pass filter the acceleration signal to produce
maximum output signal amplitude of signals having
a slope most closely approximating those observed
in real compression signals. The band pass output is
then input to a threshold detection function. If the
signal amplitude is larger than the threshold, then
SA0 has been detected. The threshold itself may be
dynamically adjusted in amplitude to minimize sus-
ceptibility to noise and interference. For instance, if
out of band noise such as 60 Hz interference is
detected, then the threshold may be increased. The
threshold may also be gradually lowered following
an SAO0 detection such that the probability of detec-
tion is increased for signals that occur at the expected
interval and is decreasing for false signals that may
occur immediately subsequent to the detection. Once
SA0 has been detected, the algorithm can search
forward until it finds the peak amplitude, AQ.

[0068] 2. Scarching backwards and forwards from
point A0, the points A-3, A-2, A-1, A0, Al, A2 and
A3 can be determined.

[0069] 3. The acceleration signal can then be decom-
posed into constituent triangles formed from these
fiducial points. TriangleAD refers to the triangle
formed by the A-1, A0 and A1 fiducial points (in gray
in FIG. 5.).

[0070] 4. The triangles are then parameterized using
such morphological characteristics as width, ampli-
tude, area, center of mass, skewness, height/width
ratio, etc.

[0071] 5. Area ratios are then calculated for the
various triangle pairs. For example the ratio of the
areas of TriangleAO and TriangleAl, Acceleration
Triangular Area Ratio(0,1) [TARA(0,1)]

TARA(0,1)=[ Area TriangleAO][Area of TriangleA1]

[0072] 6. Amplitude ratios are then calculated for the
various triangle pairs. Degree of skew is incorpo-
rated into the amplitude calculation by incorporating
either skewness or center of mass into the calculation
for each triangle. For example the ratio of the areas
of TriangleAOQ and TriangleAl, Triangular Ampli-
tude ratioA(0,1)(TAMPRA(O,1))

TAMPRA(0,1)=[Amplitude of TriangleAO][Ampli-

tude of TriangleAl]

[0073] 7. The same process is repeated for the trian-

gular width ratio (TWR).

[0074] 8. Arescuer who applies too much downward
force during the decompression upstroke will cause
incomplete decompression. This downward force
opposes the natural elastic force of the thoracic cage
and as a result causes a decreased amplitude and
elongation of triangle Al and triangle A2 as shown in
FIG. 7.

[0075] 9. The acceleration signal is integrated begin-
ning at inflection point A-3 and ending just subse-
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quent to A3 in order to calculate the velocity. The
same analysis is used to calculate the fiducial points
V-2, VMazx, V0 and V1, as well as TAR, TAMPR and
TWRs for the velocity curve.

[0076] 10. The velocity curve segment is integrated a
second time to calculate displacement. Displacement
values D-3 and D3 and DMax are calculated. Dif-
ferential displacement, AD=D-3-D3 is calculated.

[0077] 11. Based on DMax, the device can prompt
the rescuer if the depth of compressions are not
sufficient.

[0078] 12. Based on VMax, the user can be prompted
to deliver a ‘sharper’ more rapid pulse to improve
hemodynamics.

[0079] 13. End tidal carbon dioxide (EtCO2) mea-
surements are taken during the course of CPR. Visual
and/or audible prompting from the device can
encourage the rescuer to increase rate and depth of
compressions to improve hemodynamics.

[0080] 14. The calculated parameters of width,
amplitude, area, center of mass, skewness, height/
width ratio, TAR, TAMPR and TWR for both the
acceleration and the velocity as well as AD are used
to make a decision on whether the chest was
released. The methods used may be standard deci-
sion logic (IF-THEN-ELSE) or may involve meth-
ods such as fuzzy-logic decision methodology or
statistical estimation such as Bayesian methods. In
general, AD alone would not be used to determine
chest release, but nonetheless the signal processing
methods have made it possible with this method to
be able to measure AD without the use of switches or
force sensors.

[0081] 15. Final determination of compression
release can be withheld for a number of compression
cycles to measure longer term trending of the param-
eters. For example, the rescuer may have momen-
tarily had to pause to wipe their brow.

[0082] Alternatively, other signal detection and classifica-
tion methods known to those skilled in the art may be used
to determine the relevant morphological features such as
those shown in FIG. 7 (CPR with substantial chest release
is shown by solid lines; inadequate chest release, by dashed
line).

[0083] In another implementation, a velocity sensor is
used to determine the motion parameters. One of many
possible techniques for sensing velocity is to use magnetic
induction to generate a voltage proportional to the relative
velocity between a magnet and coil. The configuration is
shown in FIG. 8. The magnet may take the form of a
permanent magnet, but preferably it is an electromagnet. As
shown in FIGS. 9A and 9B, a defibrillation pad is placed on
the left thorax and another defibrillation pad is placed on the
victim’s back in the left scapular area. These are optimal
locations for defibrillation and provide a good placement to
generate magnetic flux changes proportional to sternal dis-
placement. The coils are incorporated directly into the outer
edge of each of the defibrillation electrodes. Alternatively, if
the desired electrode position is anterior/anterior with both
electrodes on the front of the chest, a separate backboard
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panel may be supplied which is placed under the patient and
contains the receiving coil. The use of an electromagnet
serves two main purposes: it can be used to calibrate the
setup after the electrodes have been applied to the patient
and they can be used to provide a synchronous modulation/
demodulation of the signal to improve accuracy and mini-
mize susceptibility to noise and artifact.

[0084] The defibrillation electrodes can be constructed
with a conventional configuration. An electrically conduc-
tive sheet of material that delivers defibrillation current to
the patient is backed with an insulating thin foam material,
and a slightly adhesive conductive gel coupling agent
adheres the conductive sheet to the patient’s skin. The foam
backing also forms an approximately 0.5 to 1.0 inch border
around the active conductive area. The magnetic coil ele-
ment can be added onto the foam backing and becomes part
of the border area, as shown in FIG. 10.

[0085] The device (e.g., AED) can be provided with
circuitry for determining whether or not the electrodes have
been properly applied to the patient. The method currently
employed by most manufacturers of defibrillators is to use a
small amplitude, high frequency signal (~2 microamps, 60
KHz) to measure impedance. The electrodes are determined
to be applied when the impedance falls into the physiologic
range.

[0086] When the device has detected the application of the
electrodes, the device can prompt the rescuer to stand clear.
At this time, the device will perform calibration of the
velocity sensor. A time-varying signal, typically a ramp or
sine wave of several frequencies of interest, such as the
modulation frequency, is applied to the electromagnet and
the signal is measured at the receiving coil. From this, gain
and offset coefficients can be calculated for use during the
CPR event. This calibration step allows for improved accu-
racy with patients of varying chest sizes and in the presence
of any nearby magnetically conductive surfaces or objects.

[0087] Preferably, a synchronous detector can be
employed to minimize susceptibility to noise and artifact as
shown in the block diagram in FIG. 11. A sine wave carrier
frequency of 500 Hz or more is supplied to the electromag-
net coil to generate an oscillating magnetic field that, in turn,
induces a voltage on the receiving coil. Chest compressions
vary the field intensity at the receiving coil, thus causing an
amplitude modulation of the carrier. As can be seen in FIG.
11, a band pass filter immediately subsequent to signal
reception reduces interference outside the range of the
carrier frequency such as AC magnetic interference. The
phase lock loop (PLL) is used for carrier regeneration, but
since the transmitter and receiver are in the same device, the
transmission carrier can be used for detection as well, as
long as circuitry is provided for phase adjustment of the
demodulation signal. Multiplexer S1, combined with the
demodulation signal, causes rectification of the signal,
which can then be low pass filtered to recover the compres-
sion velocity waveform. Alternatively, a synchronous AM
demodulator can be employed with an analog multiplier
stage.

[0088] In another implementation, the velocity signal may
then be used to reduce artifacts in the ECG signal. This is
accomplished by first time-aligning the ECG and velocity
signal by such methods as cross-correlation techniques
known to those skilled in the art. This will provide alignment
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of the two signals relative to the compressions. Then,
preferably, adaptive filtering methods are used such as those
involved in the minimization of the mean-squared error
between the ECG and the velocity.

[0089] In a further implementation, more sophisticated
signal processing methods may be used to minimize ECG
artifacts induced by CPR chest compressions. For example,
methods known as feed forward active noise cancellation
(FANC) may be used. FIG. 12 shows a block diagram of the
filtered-X least mean squares (FXLMS ANC) algorithm, as
developed by Widrow and Burgess. P(z) represents the
unknown plant through which the signal x(n) is 20 filtered.
Digital filter W(z) is adaptively adjusted to minimize the
error signal e(n). In one implementation, as depicted in FIG.
13, x(n) is the unfiltered ECG signal, P(z) is eliminated from
the diagram, and d(n) is approximated with the chest com-
pression velocity signal v(n). In the LMS algorithm, assum-
ing a mean square cost function E(n)=[¢2(n)], the adaptive
filter minimizes the instantaneous squared error, £(n)=e2(n),
using the steepest descent algorithm, which updates the
coefficient vector in the negative gradient direction with step
size i
Wik 1)=w(n) -/ 2*NE(m),

[0090] where NE(n) is an instantaneous estimate of the
mean square error (MSE) gradient at time n equal to -2v(n)
e(n). Stability and accuracy of the FXLMS ANC algorithm
by adding a variable cutoff low pass filter H(z) to climinate
frequency components in the ECG not related to the chest
compression artifact. In general, the spectral energy of the
chest compression artifact is predominately lower than those
of the ECG. A cutoff frequency of approximately 3 Hz is
adequate in many cases, but this may vary from patient to
patient and among different rescuers performing chest com-
pressions. To overcome this difficulty, an FFT is performed
on v(n) and input into a cutoff frequency estimation (CFE)
procedure that determines the optimal cutoff frequency, fC,
for the lowpass filter. In a preferred implementation, the
decision is based on calculating the frequency, not to exceed
5 Hz, below which 80% of the waveform energy is present,
but this percentage may vary and additional decision logic
may be employed. For instance, an FFT may also be
calculated for x(n), also input to the CFE procedure. By first
normalizing amplitude of the frequency spectra X(z) ampli-
tude peak of the compression artifact and then subtracting
the velocity spectra V(z) from the normalized input X(z),
the difference spectra is calculated AX'(2)=X'(2)-V'(z). Fre-
quencies are then determined for V(z) and AX'(z) at which
most of the spectral energy is within, set in this embodiment
to 97%, and labeled fCV and fCX, respectively, and shown
in FIG. 14. FC is then set to the lesser of f{CV and fCX.
Alternatively, fC can be set to some intermediate frequency
between fCV and fCX.

[0091] A simpler though related implementation is shown
in FIG. 15, in which the CFE procedure is used to calculate
the cutoff frequency for a high pass filter. Using the same
methods as described in the previous paragraph, an FFT is
performed on v(n) and input into a cutoff frequency estima-
tion (CFE) procedure that determines the optimal cutoff
frequency, fC, for, in this case, a high pass filter. In the
preferred embodiment, the decision is based on calculating
the frequency, not to exceed 5 Hz, below which 80% of the
waveform energy is present, but this percentage may vary
and additional decision logic may be employed. An FFT
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may also be calculated for x(n), and also input to the CFE
procedure and the optimal high pass cutoff frequency can be
determined by the methods described in the previous para-
graph. For instances when the spectral energy of the com-
pression artifact is distinct from the ECG signal, this method
will have a performance equivalent to the FXLMS just
described; its performance will be somewhat inferior when
the spectra of the ECG and compression artifact overlap,
however.

[0092] Many other implementations of the invention other
than those described above are within the invention, which
is defined by the following claims. For example, it is not
necessary that the invention include an external defibrillator,
as a device for assisting delivery of CPR could be provided
without defibrillation capability. The CPR assistance device
could even be a pocket device that is for assisting with
manual delivery of CPR.

[0093] Features of the one aspect of the invention may not
be required in implementations of other aspects of the
invention. For example, it is not necessary in some imple-
mentations of the invention that chest compliance be deter-
mined, or that substantial release of the chest be determined,
or that a particular type of sensor (e.g., accelerometer, force
sensor, velocity sensor), or combination of sensors, be used,
or that there be analysis of features of a motion waveform,
or that maximum velocity be estimated, or that artifacts in
detected ECG signals be reduced.

What is claimed is:

1. Apparatus for assisting a rescuer in performing chest
compressions during CPR on a victim, the apparatus com-
prising:

a pad or other structure configured to be applied to the
chest near or at the location at which the rescuer applies
force to produce the chest compressions;

at least one sensor connected to the pad, the sensor being
configured to sense movement of the chest or force
applied to the chest;

processing circuitry for processing the output of the
sensor to determine whether the rescuer is substantially
releasing the chest following chest compressions; and

at least one prompting element connected to the process-
ing circuitry for providing the rescuer with information
as to whether the chest is being substantially released
following chest compressions.
2. The apparatus of claim 1 wherein the pad or other
structure is a pad to which force is applied by rescuer.
3. The apparatus of claim 1 wherein the sensor includes an
accelerometer.
4. The apparatus of claim 1 wherein the sensor includes a
force sensor.
5. The apparatus of claim 1 wherein the sensor includes a
velocity sensor.
6. The apparatus of claim 1 wherein the sensor includes
both a force sensor and an accelerometer or velocity sensor.
7. The apparatus of claim 1 wherein the prompting device
includes a speaker for delivering an audible message to the
rescuer
8. The apparatus of claim 1 wherein the prompting device
includes a display for delivering a visual message to the
rescuer.
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9. The apparatus of claim 1 wherein the apparatus is part
of an external defibrillator.

10. The apparatus of claim 9 wherein the external defibril-
lator is an AED.

11. The apparatus of claim 1 wherein the processing
circuitry includes a digital processor executing software.

12. The apparatus of claim 1 wherein determining
whether the rescuer is substantially releasing the chest
comprises analyzing motion of the chest.

13. The apparatus of claim 12 wherein analyzing motion
of the chest comprises analyzing features or the shape of a
waveform representing chest motion.

14. The apparatus of claim 1 comprising both a sensor to
sense movement of the chest and a sensor to sense force
applied to the chest, and wherein the processing circuitry
uses outputs of both sensors to provide information repre-
sentative of chest compliance.

15. The apparatus of claim 14 wherein the information
representative of chest compliance is used to determine a
level of applied pressure/force that corresponds to a sub-
stantial release of the chest.

16. Apparatus for assisting a rescuer in performing chest
compressions during CPR on a victim, the apparatus com-
prising:

a pad or other structure configured to be applied to the
chest near or at the location at which the rescuer applies
force to produce the chest compressions; and

at least one velocity sensor connected to the pad, the
velocity sensor being configured to sense the velocity
of movement of the chest.

17. The apparatus of claim 16 further comprising pro-
cessing circuitry for processing the output of the velocity
sensor to estimate the displacement of the chest.

18. The apparatus of claim 17 wherein the processing
circuitry has the capability to integrate an output of the
velocity sensor.

19. The apparatus of claim 16 or 29 wherein the velocity
sensor is configured to be located approximately adjacent to
the location at which the body is compressed.

20. The apparatus of claim 16 or 29 wherein the velocity
sensor is configured to be positioned to sense the relative
velocity between opposite surfaces of the chest.

21. The apparatus of claim 16 or 29 wherein the velocity
sensor comprises a conductor and a magnet, and velocity is
sensed by sensing the current induced in the conductor by
relative motion between the conductor and the magnet.

22. The apparatus of claim 21 wherein the magnet com-
prises one of a permanent magnet and an electromagnet.

23. The apparatus of claim 21 wherein the conductor and
magnet are positioned on opposite surfaces of the chest.

24. The apparatus of claim 21 wherein the conductor
comprises a coil that is unitary with a defibrillation electrode
pad.

25. The apparatus of claim 21 wherein the conductor and
magnet each comprise a coil that is unitary with a defibril-
lation electrode pad.

26. The apparatus of claim 16 or 29 wherein the magnet
comprises an electromagnet and the electromagnet produces
a magnetic field that oscillates at a frequency greater than 1
KHz, and further comprising coil detection circuitry to
which the coil is connected, wherein the coil detection
circuitry is capable of synchronously demodulating the
detected signal to reduce susceptibility to drift and noise.
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27. The apparatus of claim 16 or 29 further comprising
circuitry for acquiring ECG signals from the victim, and
wherein the processing circuitry has the capability to process
the output of the velocity sensor and the ECG signals to
reduce ECG artifacts from chest compressions by use of
velocity sensor output.

28. Apparatus for assisting a rescuer in performing chest
compressions during CPR on a victim, the apparatus com-
prising:

a pad or other structure configured to be applied to the
chest near or at the location at which the rescuer applies
force to produce the chest compressions;

at least one motion sensor connected to the pad, the
motion sensor being configured to sense movement of
the chest;

processing circuitry for processing the output of the
motion sensor to estimate the maximum velocity of
compression of the chest; and

at least one prompting device connected to the processing
circuitry for providing the rescuer with information
representative of the maximum velocity of compres-
sion.
29. The apparatus of claim 28 wherein the motion sensor
comprises a velocity sensor.
30. A method of determining chest compression during
CPR, the method comprising

applying a motion sensor to the chest of a patient at a
location near or at the location at which a rescuer
applies force to produce chest compressions;

determining chest displacement from analysis of features
of the motion waveform produced by the motion sen-
SOT.

31. The method of claim 30 wherein the motion sensor is
a velocity sensor.

32. The method of claim 30 wherein the motion sensor is
an accelerometer.

33. The method of claim 32 further comprising deciding
from the analysis of features of the acceleration waveform
whether or not a rescuer has sufficiently released the
patient’s chest.

34. The method of claim 32 further comprising processing
the output of the accelerometer to provide velocity and
acceleration waveforms.

35. The method of claim 33 further comprising processing
the output of the accelerometer to provide velocity and
acceleration waveforms, and analyzing the velocity and
acceleration waveforms to determine whether or not a
rescuer has sufficiently released the patient’s chest.

36. The method of claim 34 wherein the analysis of
velocity waveforms includes determining the maximal
velocity of compression.

37. The method of claim 32 or 34 wherein determining
chest displacement from analysis of features comprises
determining onset and completion times for a compression
cycle from the features of the waveforms.

38. The method of claim 37 wherein determining chest
displacement further comprises integrating the acceleration
waveform over a time segment defined by the onset and
completion times.
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39. The method of claim 32 or 34 further comprising
analyzing the features of the upstroke portion of the wave-
forms to determine whether there has been sufficient release
of the chest.

40. The method of claim 32 or 34 further comprising
prompting a rescuer based as to whether compressions are
within desired limits on compression depth and compression
release.

41. The method of claim 40 wherein the prompts to the
rescuer are based on multi-cycle trends, so that they are not
immediately influenced by the rescuer taking a brief break in
the application of CPR.

42. The method of claim 40 further comprising determin-
ing chest compliance, and using the determined chest com-
pliance to adjust the level of pressure/force that the rescuer
is permitted to apply at the end of a compression stroke
without being prompted as to insufficiently releasing the
chest.

43. The method of claim 34 wherein the features deter-
mined from the waveforms include one or more of the
following: width, amplitude, area, center of mass, skewness,
height/width ratio, TAR, TAMPR and TWR.

44. The method of claim 43 wherein the features are used
to make a decision as to whether the chest of the victim has
been sufficiently released.

45. The method of claim 44 wherein decisions are made
using either standard decision logic, fuzzy-logic decision
methodology, or statistical estimation.

46. A method of analyzing ECG signals during applica-
tion of CPR, the method comprising:

detecting ECG signals during application of chest com-
pressions;

detecting the output of a sensor from which information
on the velocity of chest compressions can be deter-
mined; and

using the information on the velocity to reduce at least one
signal artifact in the ECG signal resulting from the
chest compressions.

47. The method of claim 46 wherein the sensor is a
velocity sensor, and the information on the velocity is
determined from the velocity sensor.

48. The method of claim 46 wherein the sensor is an
accelerometer, and the information on the velocity is deter-
mined from integration of the output of the accelerometer.

49. The method of claim 46 wherein using the information
on the velocity to reduce at least one signal artifact in the
ECG signal comprises time aligning the ECG signals with
the velocity.

50. The method of claim 46 wherein using the information
on the velocity to reduce at least one signal artifact in the
ECG signal comprises an adaptive filter that is adjusted to
remove chest compression artifacts.

51. The method of claim 46 wherein using the information
on the velocity to reduce at least one signal artifact in the
ECG signal comprises feed forward active noise cancella-
tion.

52. The method of claim 46 wherein using the information
on the velocity to reduce at least one signal artifact in the
ECG signal comprises determining a cutoff frequency for a
filter that separates the ECG signal from chest compression
artifacts.
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53. Apparatus for assisting a rescuer in performing chest
compressions during CPR on a victim, the apparatus com-
prising:

a pad or other structure configured to be applied to the
chest near or at the location at which the rescuer applies
force to produce the chest compressions;

at least one motion sensor connected to the pad, the
motion sensor being configured to sense movement of
the chest;

at least one force sensor connected to the pad, the force
sensor being configured to sense force applied to the
chest; and

processing circuitry for processing the output of the
motion sensor and force sensor to estimate the com-
pliance of the chest.

54. The apparatus of claim 53 wherein the estimated
compliance and the output of the force sensor are used to
determine the depth of compression of the chest.

55. The apparatus of claim 54 wherein the motion sensor
is an accelerometer, and the output of the accelerometer is
used primarily for estimating chest compliance, and com-
pression depth during CPR is estimated by using the esti-
mated compliance to convert the output of the force sensor
into estimated compression depth.

56. The apparatus of claim 55 wherein the output of the
accelerometer is used during limited time intervals for
estimating chest compliance, and outside of those limited
time intervals chest compression is determined from the

Dec. 30, 2004

estimated compliance and the output of the force sensor
without substantial use of the output of the accelerometer.

57. The apparatus of claim 53 or 54 wherein the estimated
compliance and the output of the force sensor are used to
determine whether the chest has been substantially released.

58. Apparatus for assisting a rescuer in performing chest
compressions during CPR on a victim, the apparatus com-
prising:

a pad or other structure configured to be applied to the
chest near or at the location at which the rescuer applies
force to produce the chest compressions;

at least one bistable mechanical element that when
depressed provides tactile feedback to the hand of the
rescuer upon the start of a compression and at the end
of a compression.

59. The apparatus of claim 58 wherein the mechanical
element comprises a dome that collapses under pressure and
returns to a dome shape on release of pressure.

60. The apparatus of claim 58 wherein the bistable
mechanical element further provides audible feedback at
least at the end of a compression.

61. The apparatus of claim 58 wherein the tactile feedback
at the end of a compression occurs at approximately an
applied force corresponding to substantial release of the
chest, so that the tactile feedback serves as feedback to the
rescuer that the chest has been substantially released.
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