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(57) Abstract: A system for assisting with cardiopulmonary resuscitation (CPR) includes an active compression decompression (ACD)
device configured for a user to push downward and pull upward on a chest of a patient, a sensor to measure force applied to the chest of
the patient, a sensor configured to measure displacement of the chest of the patient, one or more processors, and a user interface. The
processor is configured to configured to execute computer-executable instructions to determine a maximum compression force applied
to the chest of the patient during a compression cycle and a maximum decompression force applied to the chest of the patient during
the compression cycle, estimate a displacement value for a total displacement of the chest of the patient during the compression cycle
for compressing and decompressing the chest of the patient, and estimate at least one of a compression depth and a decompression
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Svystems and Methods for Determining Compression Depth and
Providing Feedback During Active Compression Decompressions

CLAIM OF PRIORITY
Thus apphication claims priority under 35 U S.C. §119(e) to U.S. Provisional
Patent Application Serial No. 62/799,267, filed on January 31, 2019, U.S. Provisional
Patent Application Serial No. 62/888,216, filed on August 16, 2019, and U.S. Provisional
Patent Application Serial No. 62/928,083, filed on October 30, 2019, the entire contents

of each of which are hereby incorporated by reference.

TECHNICAL FIELD
This invention relates to the field of cardiac resuscitation, and 1o particular to
devices for assisting rescuers n performing active compression and decompression of the
gl

chest during cardio~-pulmonary resuscitation {CPR).

BACKGROUND

Worldwide, sudden cardiac arrest 1s a major cause of death and is the result of a
variety of circumstances, including heart disease and significant trauma. In the event of a
cardiac arrest, several measures have been deemed to be essential in order to improve a
patient's chance of survival. These measures, termed Cardiopulmonary Resuscitation
{CPR) must be taken as soon as possible to at least partially restore the patient's
respiration and blood circulation. CPR 1s a collection of therapeutic interventions
designed to both provide blood flow via external manipulation of the external surface of
the patient {e.g. thorax, abdomen, legs) as well as oxygenate the patient’s blood, typically
via delivery of external oxygen and other gases to the patient’s lungs. One common
technique, developed approximately 30 years ago, i1s chest compression.

Chest compression during CPR 13 used to mechanically support circulation in
subjects with cardiac arrest, by maintaining blood circulation and oxygen delivery unti]
the heart 15 restarted. The victim's chest 15 compressed by the rescuer, ideally at a rate and
depth of compression in accordance with medical guidelines, e g., the American Heart

Association {AHA) guidelings. Other key chest compression parameters are velocity of
1
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decompression or release velocity, and the duty cycle of compression and decompression
phases.

Traditional chest compressions are performed by the rescuer by laying the patient
on their back, placing the rescuer’s two hands on the patient’s sternum and then
compressing the sternal area downward towards the patient’s spine in an anterior-
posterior direction with an applied downward force. The rescuer then raises their hands
upwards and releases them from the patient’s sternal area, and the chest is allowed to
expand by its natural elasticity that causes expansion of the patient's chest wall. The
rescuer then repeats this down-and-up motion in a cyclical, repetitive fashion at a rate
sufficient to generate adequate blood flow. The downward phase of the compression is
typically referred to as the compression phase. The upward-going portion of the
compression cycle 15 typically referred to as the release or decompression phase.

One key step for creating blood flow through the heart 1s to release the chest
adequately after each chest compression. The chest should be released sufficiently to
enhance negative pressure in the thoracic cavity, to facilitate venous filling of the
ventricles of the heart and increase blood volume available to be distributed durning the
next chest compression. If the chest is not released adequately, venous return and night
atrial fitling will be hindered.

In order for the rescuer to properly deliver chest compressions, it is beneficial to
be able to provide real-time feedback to rescuer’s that allow them to adjust the various
aspects of their compressions to deliver optimal care to the patient. Systems such as the
ZOLL Medical RealCPRHelp (Chelmsford MA) use accelerometers or other motion
sensors to measure the motion of the patient’s sternum and provide real-time feedback on
chest compression parameters such as those mentioned above. The sternal motion is also
stored 1n the monttoring device — a defibrillator or even a smartphone, smartwatch, etc. —
for review by the rescuer or other medical personnel Some systems use just force sensors
to estimate the chest compression motion parameters by assuming some nominal value
for the patient’s chest compliance and calculating an estimated displacement from the

measured force.
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SUMBMARY

A system 1s described for assisting with cardiopulmonary resuscitation (CPR).
The system mncludes at least one sensor (e.g., force sensor and a sensor for measuring
displacement); and one or more processors configured for calculating a relationship
between force and displacement based on data received from the at least one sensor, and
determining an estimated neutral position of chest compression based at least in part on
the relationship between force and displacement. The system can take the form of an
active compression-decompression device.

The system has a number of advantages. For example, the system can provide
feedback {e.g, on a user interface) that allows a rescuer to understand the effectiveness of
the CPR treatment he or she 15 admirustering. The rescuer can then adjust the forces that
he or she 15 applying during the CPR treatment and receive feedback confirming whether
the adjustment 1s improving the effectiveness of the treatment. Depending on the
mplementation, the feedback can be provided by a CPR device, or transmtted to a
second device external to the CPR device. In this way, 1t 1s more likely the CPR treatment
will be effective at resuscitating the victim, and less likely that the CPR treatment will
cause injury to the victim.

In an aspect, an active compression decompression { ACD) system includes a
device configured to push downward and pull upward on a chest of a patient; a force
sensor configured to measure force applied to the chest of the patient by the ACD device;
a motion sensor configured to measure displacement of the chest of the patient; one or
more computer-readable media storing computer-executable instructions; and one or
more processors configured to execute the computer executable instructions, the
execution carrying out operations to: 1dentify, based on one or more signals received from
at least one of the force sensor and the motion sensor, a compression cycle including a
compression phase and a decompression phase, determine a first depth of chest
compression corresponding to a force-displacement relationship of the compression
phase of the compression cycle, determine a second depth of chest compression
corresponding to a force-displacement relationship of the decompression phase of the
compression cycle, and estimate a neutral position of the chest of the patient based on the

first depth and the second depth.
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In some implementations, estimating the neutral position of the chest of the
patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that is inside a range
defined by the first depth and the second depth.

In some implementations, estimating the neutral position of the chest of the
patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that is outside a range
defined by the first depth and the second depth. In some implementations, estimating the
neutral position of the chest of the patient based on the first depth and the second depth
comprises determining a chest compression depth representing the neutral position of the
chest that is a function of an average of the first depth and the second depth. In some
implementations, the function of the average of the first depth and the second depth
comprises a moving average of the first depth and the second depth for a plurality of
compression cycles including the compression cycle and one or more compression cycles
mmediately prior to the compression cycle.

In some implementations, estimating the neutral position of the chest of the
patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that 15 a function of the
first depth and the second depth, where the first depth s weighted by a first weight value
and where the second depth is weighted by a second weight value that i1s different than
the first weight value. In some implementations, the compression phase comprises at
least one of a compression elevated portion and a compression non-elevated portion. In
some implementations, the decompression phase comprises at least one of a
decompression elevated portion and decompression non-elevated portion. In some
implementations, the force-displacement relationship of the compression phase is
different than the force-displacement relationship of the decompression phase based on a
hysteresis of the compression ¢ycle.

In some implementations, the ACD device comprises: a first element configured
to be coupled to the chest of the patient; and a second element configured to be grasped

by a rescuer, the second element being coupled to the first element. In some
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implementations, the ACD device comprises at least one of the force sensor and the
motion sensor. In some implementations, the motion sensor comprises an accelerometer.

In some implementations, the ACD system includes a user interface configured to
display data representing one or more of the first depth and the second depth. In some
implementations, the user interface is configured to display data indicating one or more
of the force and the displacement. In some implementations, the user interface 1s
configured to display a compression non-elevated depth of the compression phase. In
some irmplementations, the user interface is configured to display a decompression
elevated height of the decompression phase. In some implementations, the user interface
is configured to display a trend graph representing chest remodeling. In some
implementations, the user interface 13 configured for display on a device that 1s external
to the ACD device. In some implementations, the device 1s remote from the ACD device.

In some implementations, the device comprises at least one of a smartphone, a
smartwaich, and a tablet device. In some implementations, the ACD system includes a
communication device configured to communicate data to an external device and receive
data from the external device.

In some implementations, the execution 13 carrying out operations to: determine a
third depth of chest compression corresponding to when approximately zero force 13
apphied to the chest of the patient during the compression phase of the compression cycle
determine a fourth depth of chest compression corresponding to when approximately zero
force 15 applied to the chest of the patient during the decompression phase of the
compression cycle, and estimate the neutral position of the chest of the patient based on
the first depth, the second depth, the third depth and the fourth depth. In some
implementations, the execution is carrying out operations to. determine a fifth depth of
chest compression corresponding to a first product of force and displacement on the
compression phase of the compression cycle, determine a sixth depth of chest
compression corresponding to a second product of force and displacement on the
decompression phase of the compression cycle, and estimate the neutral posttion of the
chest of the patient based on the first depth, the second depth, the third depth, the fourth
depth, the fitth depth, and the sixth depth.
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In some implementations, estimating the neutral position of the chest of the
patient based on the first depth, the second depth, the third depth, the fourth depth, the
fifth depth, and the sixth depth comprises a function of an average of the first depth, the
second depth, the third depth, the fourth depth, the fifth depth, and the sixth depth.

In an aspect, a system includes an active compression decompression (ACD)
device configured to push downward and pull upward on a chest of a patient; a force
sensor configured to measure force applied to the chest of the patient by the ACD device;
a motion sensor configured to measure displacement of the chest of the patient; one or
more computer-readable media storing computer-executable mstructions; and one or
more processors configured to execute the computer executable instructions, the
execution carrying out operations to: identify, based on one or more signals received from
at least one of the force sensor and the motion sensor, a compression cycle mncluding a
compression phase and a decompression phase, determine a first depth of chest
compression corrgsponding to when approximately zero force 1s apphied to the chest of
the patient during the compresston phase of the compression cycle, determine a second
depth of chest compression corresponding to when approximately zero force 1s applied to
the chest of the patient during the decompression phase of the compression cycle, and
estimate a neutral position of the chest of the patient based on the first depth and the
second depth.

In some implementations, estimating the neutral position of the chest of the
patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that 18 inside a range
defined by the first depth and the second depth. In some implementations, estimating the
neutral position of the chest of the patient based on the first depth and the second depth
comprises determining a chest compression depth representing the neutral position of the
chest that 1s outside a range defined by the first depth and the second depth. In some
implementations, estimating the neutral position of the chest of the patient based on the
first depth and the second depth comprises determining a chest compression depth
representing the neutral posttion of the chest that is a function of an average of the first
depth and the second depth. In some implementations, the function of the average of the

first depth and the second depth comprises a moving average of the first depth and the
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second depth for a plurality of compression cycles including the compression cycle and
one or more compression cycles immediately prior to the compression cycle.

In some implementations, estimating the neutral position of the chest of the
patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that is a function of the
first depth and the second depth, where the first depth 18 weighted by a first weight value
and where the second depth 15 weighted by a second weight value that 15 different than
the first weight value. In some implementations, the compression phase comprises at
least one of a compression elevated portion and compression non-elevated portion. In
some iaplementations, the decompression phase comprises at least one of a
decompression elevated portion and decompression non-elevated portion. In some
implementations, a difference between the first depth and the second depth is based on a
hysteresis of the compression cycle. In some implementations, the ACD device
comprises: a first element configured to be coupled to the chest of the patient; and a
second element configured to be grasped by a rescuer, the second element being coupled
to the first element. In some implementations, the ACD device comprises at least one of
the force sensor and the motion sensor. In some implementations, the motion sensor
comprises an accelerometer,

In some implementations, the system includes a user mterface configured to
display data representing one or more of the first depth and the second depth. In some
implementations, the user interface is configured to display data indicating one or more
of the force and the displacement. In some implementations, the user interface is
configured to display a compression non-elevated depth of the compression phase. In
some implementations, the user mterface is configured to display a decompression
elevated height of the decompression phase. In some implementations, the user interface
is configured to display a trend graph representing chest remodeling. In some
implementations, the user interface is configured for display on a device that is external
to the ACD device. In some implementations, the device is remote from the ACD device.
in some implementations, the device comprises at least one of a smartphone, a

smartwaich, and a tablet device.
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In some implementations, the system includes a communication device
configured to communicate data to an external device and recerve data from the external
device.

In some implementations, the execution is carrying out operations to: determine a
third depth of chest compression corresponding to a force-displacement relationship of
the compression phase of the compression cycle, determine a fourth depth of chest
compression corresponding to a force-displacement relationship of the decompression
phase of the compression cycle, and estimate the neutral position of the chest of the
patient based on the first depth, the second depth, the third depth and the fourth depth. In
some implementations, the execution is carrying out operations to: determune a fifth
depth of chest compression corresponding to a first product of force and displacement on
the compression phase of the compression cycle, determine a sixth depth of chest
compression corresponding to a second product of force and displacement on the
decompression phase of the compression cycle, and estimate the neutral position of the
chest of the patient based on the first depth, the second depth, the third depth, the fourth
depth, the fifth depth, and the sixth depth. In some inplementations, estimating the
neutral position of the chest of the patient based on the first depth, the second depth, the
third depth, the fourth depth, the fifth depth, and the sixth depth comprises a function of
an average of the fust depth, the second depth, the third depth, the fourth depth, the fifth
depth, and the sixth depth.

In an aspect, a system includes an active compression decompression {ACD)
device configured to push downward and pull upward on a chest of a patient; a force
sensor configured to measure force applied to the chest of the patient by the ACD device;
a motion sensor configured to measure displacement of the chest of the patient; and one
or more computer-readable media storing computer-executable instructions; one or more
processors configured to execute the computer executable instructions, the execution
carrying out operations to: identify, based on one or more signals received from at least
one of the force sensor and the motion sensor, a compression cycle including a
compression phase and a decompression phase, determine a first depth of chest
compression corresponding to a first product of force and displacement during the

compression phase of the compression cycle, determine a second depth of chest
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compression corresponding to a second product of force and displacement during the
decompression phase of the compression cycle, and estimate a neutral position of the
chest of the patient based on the first depth and the second depth.

In some implementations, estimating the neutral position of the chest of the
patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral posttion of the chest that is mside a range
defined by the first depth and the second depth. In some implementations, estimating the
neutral position of the chest of the patient based on the first depth and the second depth
comprises determining a chest compression depth representing the neutral position of the
chest that 1s ouiside a range defined by the first depth and the second depth. In some
implementations, estimating the neutral position of the chest of the patient based on the
first depth and the second depth comprises determining a chest compression depth
representing the neutral position of the chest that 15 a function of an average of the first
depth and the second depth.

In some implementations, the function of the average of the first depth and the
second depth comprises a moving average of the first depth and the second depth fora
plurality of compression cycles including the compression cycle and one or more
compression cycles immediately prior to the compression cycle. In some
implementations, estimating the neutral position of the chest of the patient based on the
first depth and the second depth comprises determining a chest compression depth
representing the neutral posttion of the chest that s a function of the first depth and the
second depth, where the first depth 15 weighted by a first weight value and where the
second depth 1s weighted by a second weight value that 1s different than the first weight
value. In some implementations, the compression phase comprises at least one of a
compression elevated portion and compression non-elevated portion. In some
implementations, the decompression phase comprises at least one of a decompression
elevated portion and decompression non-elevated portion. In some implementations, a
difference between the first depth and the second depth is based on a hysteresis of the
compression cycle.

In some implementations, the ACD device comprises: a first element configured

to be coupled to the chest of the patient; and a second element configured to be grasped
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by a rescuer, the second element being coupled to the first element. In some
implementations, the ACD device comprises at least one of the force sensor and the
motion sensor. In some implementations, the motion sensor comprises an accelerometer.

In some implementations, the system includes a user interface configured to
display data representing one or more of the first depth and the second depth. In some
implementations, the user interface is configured to display data indicating one or more
of the force and the displacement. In some implementations, the user interface is
configured to displayv a compression non-elevated depth of the compression phase. o
some implementations, the user mterface is configured to display a decompression
elevated height of the decompression phase. In some implementations, the user interface
15 configured to display a trend graph representing chest remodeling. In some
implementations, the user interface is configured for display on a device that 1s external
to the ACD device. In some implementations, the device is remote from the ACD device.

In some implementations, the device comprises at least one of a smartphone, a
smartwatch, and a tablet device. In some mmplementations, the system includes a
communication device configured to communicate data to an external device and receive
data from the external device.

In some implementations, the one or more processors are configured to generate a
compression cycle representation including a product of the force and the displacement
for a plurality of displacement values during the compression phase and during the
decompression phase. In some implementations, the first product of the force and the
displacement comprises a local minimum of the product of force and displacement on a
compression phase portion of the compression cycle representation. In some
implementations, the second product of the force and the displacement comprises a local
minimum of the product of force and displacement on a decompression phase portion of
the compression cycle representation. In some implementations, the first depth and the
second depth each correspond to a compression depth at which the first product of the
force and the displacement 1s equal to the second product of force and the displacement.
In some implementations, the compression cycle representation comprises a first
compression cycle representation, and where the one or more processors are configured

o generate a second compression cycle representation including a derivative of the first
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compression cycle representation for the plurality of displacement values during the
compression phase and during the decompression phase. In some implementations, the
first depth is approximately equal to the second depth, and where the first product of
force and displacement is approximately equal to the second product of force and
displacement. In some implementations, the execution is carrying out operations to:
determine a third depth of chest compression corresponding to a force-displacement
relationship of the compression phase of the compression cycle, determine a fourth depth
of chest compression corresponding to a force-displacement relationship of the
decompression phase of the compression cvcle, and estimate the neutral position of the
chest of the patient based on the first depth, the second depth, the third depth and the
fourth depth. Tn some implementations, the execution 15 carrying out operations to:
determine a fitth depth of chest compression corresponding to when approximately zero
force 1s applied to the chest of the patient during the compression phase of the
compression cycle; determine a sixth depth of chest compression corresponding to when
approximately zero force is apphied to the chest of the patient during the decompression
phase of the compression cycle, and estimate the neutral position of the chest of the
patient based on the first depth, the second depth, the third depth, the fourth depth, the
fifth depth, and the sixth depth. In some implementations, estimating the neutral position
of the chest of the patient based on the first depth, the second depth, the third depth, the
fourth depth, the fifth depth, and the sixth depth comprises a function of an average of the
first depth, the second depth, the third depth, the fourth depth, the fifth depth, and the
sixth depth.

As described further herein, a compression fraction method may be used to
estimate the depth of compression when active compression decompression treatment s
being applied to the victim. The compression fraction method can reduce or ehiminate
estimation errors introduced by mechanical aspects of a CPR device, such as an elastic
plunger. Because the force measurements used in Equation (3) are peak forces, the forces
are static measurements unaftected by the elastic dynamics of the plunger {or other
mechanical coupling system of the CPR device. Additionally, data temporal synchrony
between force measurement and acceleration has a wide tolerance. The CPR device

associates each of the force measurements with the compression cycle during which the
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force measurements were measured. A synchronous measurement of motion and force s
not needed; rather, the forces can be measured independent from measuring the motion of
the patient. As a result, generation of a presentation of feedback on a user interface,
communicating the data to another device, and calculating the compression depth
estimations are all simpler than when synchronous data are required. Each mechanical
configuration of the CPR device can be associated with tratning data.

In an aspect, a system for assisting with cardiopulmonary resuscitation (CPR)
mcludes an active compression decompression {ACD) device 1s configured for a user to
push downward and pull upward on a chest of a patient. The system can nclude a force
sensor configured to measure force applied to the chest of the patient by the user with the
ACD device. The system can include a motion sensor configured to measure
displacement of the chest of the patient. The system can include one or more processors
configured to execute computer-executable instructions stored in a memory for
performng operations. The operations can include determining, based on at least one
signal of the force sensor, a maximum compression force applied to the chest of the
patient during a compression cycle and a maximum decompression force applied to the
chest of the patient duning the compression cycle. The operations can include estimating,
based on at least one signal of the motion sensor, a displacement value for a total
displacement of the chest of the patient during the compression cycle for compressing
and decompressing the chest of the patient. The operations can include estimating at least
one of a compression depth and a decompression displacement for the compression cycle,
the estimation being based on the determined compression force, the determined
decompression force, and the estimated displacement. The system can include a user
interface configured to provide an mdication of one or more of the compression depth
and neutral position of the chest of the patient.

In some implementations, the operations mclude estimating the compression
depth during the compression cycle by determining a fraction of the estimated
displacement value. In some implementations, the fraction comprises a ratio between 1} a
first function of the determined compression force and 1t} a second function of the
determined compression force and the determined decompression force, the second
function being different than the first function.

12
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In some implementations, the operations include estimating a neutral position
value of the chest of the patient for the compression cycle, the estimating being based on
the estimated compression depth. In some implementations, the operations include
applying a first weight value to the determined compression force and applying a second
weight value to the determined decompression force. The first weight value and the
second weight value can be based oun training data specifying a first relationship between
the determined compression force and the compression depth and a second relationship
between the determined decompression force and the decompression displacement.

In some implementations, the operations mclude applying a third weight value to
a square of the determined compression force, the third weight value based on the
training data. The training data can be generated using known compression depth values
and known decompression depth values. In some implementations, the first relationship
and the second relationship each comprise one of a linear relationship, a quadratic
relationship, or a higher-order relationship.

In some implementations, the determined compression force value can be
determined from a first range of compression force measurements, and the determined
decompression force can be determined from a second range of decompression force
measurements.

In some implementations, the determined compression force and the determined
decompression force each comprises a moving average of compression force values and
decompression force values respectively for a plurality of compression cyeles including
the compression cycle and one or more compression cycles immediately prior to the
compression cycle.

In some implementations, the ACD device includes a first element configured to
be coupled to the chest of the patient and a second element configured to be grasped by a
rescuer, the second element being coupled to the first element. In some implementations,
the ACD device includes a plunger. The plunger can include an elastic element. In some
implementations, the ACD device mcludes at least one of the force sensor and the motion
sensor. The motion sensor can include an accelerometer.

In some implementations, the user interface is configured to display data

indicating one or more of the determined compression force, the determined
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decompression force, and the estimated displacement value. In some implementations,
the user interface is configured for display on a device that is external to the ACD device.
In some 1mplementations, the device can be remote from the ACD device. In some
implementations, the device includes at least one of a smartphone, a smartwatch, and a
tablet device. In some implementations, the system includes a communication device
configured to communicate data to an external device and receive data from the external
device. In some implementations, the force sensor includes a load cell.

In an aspect, a process for determining a compression depth during active
compression decompression (ACD) treatment includes receiving training data for training
a function relating a compression depth estimate to a compression force and a
decompression force. The process includes training the function using the training data.
The process includes determining, based on at least one signal of a force sensor
configured to measure force applied to the chest of the patient by the user with an ACD
device, a maximum compression force applied to the chest of the patient during a
compression cycle and a maximum decompression force applied to the chest of the
patient during the compression cycle. The process mcludes estimating, based on at least
one signal of a motion sensor configured to measure displacement of the chest of the
patient, a displacement value for a total displacement of the chest of the patient during the
compression cycle for compressing and decompressing the chest of the patient. The
process includes estimating at least one of a compression depth using the trained
function, the estimation being based on the determined compression force, the
determined decompression force, and the estimated displacement. The process includes
providing, through a user interface, an indication of one or more of the compression
depth and neutral position of the chest of the patient.

In some implementations, training the function can include recetving baseline
data generated by a neutral-point estimation process and training the function using the
baseline data.

In some implementations, the neutral-point estimation process includes
identifying, based on one or more signals received from at least one of the force sensor
and the motion sensor, a compression cycle including a compression phase and a

decompression phase. The neutral-point estimation process includes determining a first
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depth of chest compression corresponding to a force-displacement relationship of the
compression phase of the compression cycle. The neutral-point estimation process
includes determining a second depth of chest compression corresponding to a force-
displacement relationship of the decompression phase of the compression cycle. The
neutral-point estimation process includes estimating a neutral position of the chest of the
patient based on the first depth and the second depth.

In some implementations, the neutral-point estimation process includes
identifying, based on one or more signals received from at least one of the force sensor
and the motion sensor, a compression cvele including a compression phase and a
decompression phase. In some implementations, the neutral-point estimation process
meludes determuning a first depth of chest compression corresponding to when
approximately zero force 1s applied to the chest of the patient during the compression
phase of the compression cyele. In some troplementations, the neutral-point estimation
process includes determuning a second depth of chest compression corresponding to when
approximately zero force is apphied to the chest of the patient during the decompression
phase of the compression cycle. In some implementations, the neutral-point estimation
process includes estimating a neutral posttion of the chest of the patient based on the first
depth and the second depth.

In some implementations, the neutral-poimt estimation process mncludes
identifying, based on one or more signals received from at least one of the force sensor
and the motion sensor, a compression cycle including a compression phase and a
decompression phase. In some implementations, the neutral-point estimation process
includes determining a first depth of chest compression corresponding to a first product
of force and displacement during the compression phase of the compression cycle,
determining a second depth of chest compression corresponding to a second product of
force and displacement during the decompression phase of the compression cycle. In
some implementations, the neutral-point estimation process mncludes estimating a neutral
position of the chest of the patient based on the first depth and the second depth.

In some implementations, the process includes training the neutral point function

using a set of neutral point training data including neutral point baseline data.
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By displaying feedback based on an estimated neutral position of the patient’s
chest, the ACD devices described 1n this document can update the feedback provided to
the rescuer during CPR treatment to respond to changes in the patient’s chest compliance.
For example, the ranges of the compressions and/or decompressions can be changed over
time to respond to changes in the patient’s chest compliance. The updated feedback can
assist the rescuer n providing more effective CPR compressions than if a static target
range of compression depths (e.g., downstroke displacements) were provided by the ACD
device to the rescuer. Sumilarly, the updated feedback can assist the rescuer in providing
more effective CPR decompressions than if a static target range of decompression depths
{e.g., upstroke displacements) were provided by the ACD device to the rescuer.

Furthermore, the feedback can be provided by the ACD device in an intuitive way
10 assist a rescuer in adjusting compression and/or decompression forces that the rescuer
15 applying to a patient. For example, the feedback can show a prediction of the
compression and/or decompression forces that the user should apply in subsequent
compression cycles. The rescuer can anticipate a change (e.g., an increase or a decrease)
m recommended compression force and/or decompression force to apply to the patient.
The rescuer can subsequently react to the change without pausing during application of
compression cycles.

Alternatively, or in addition, the ACD device can provide feedback ncluding a
history of compression and decompression forces applied to the patient. The history can
include trends of compression and decompression {e.g., application of increasing or
decreasing forces over a sequence of compression cycles).

The ACD device can be configured to provide feedback to the rescuer in the form
of an nteractive application. The application can include a track that is a plot of
compression force, depth, etc. against a time. For example, the track can mnclude a sine
wave that shows the depth vs. time of the compression cycle proceeding across the screen
at a frequency corresponding to the recommended compression cycle time. The rescuer
can may his or her compression motion to the sine wave to following the sine wave.
Deviations from the track can cause the ACD device to alert the user to alter the
treatment {e g., a tone, alert, verbal mstruction, etc.}). The interactive feedback can assist a

rescuer to understand during treatment how the treatment should be performed,
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increasing the accuracy of the applied treatment to the recommended treatment and
reducing rescuer errors, delays, or pauses during CPR treatment.

In an aspect, a system for managing an active compression decompression { ACD)
cardiopulmonary resuscitation (CPR) treatment to a patient can include an applicator
device configured for a rescuer to provide the ACD CPR treatment to a chest of the
patient. The system can include a motion sensor configured to be coupled to the chest of
the patient and to generate displacement signals related to the ACD CPR treatment. The
systern can include a force sensor configured to be coupled to the chest of the patient and
to generate force signals related to the ACD CPR treatment. The system can mnclude a
feedback device for providing feedback for a rescuer to adjust the ACD CPR treatment.
The system can include at least one processor configured to: process both the
displacement signals and the force signals related to the ACD CPR treatment, estimate a
neutral position of the chest based on the displacement signals and the force signals,
determine a downstroke displacement and an upstroke displacement based on the
estimated neutral position and the displacement signals, adjust at least one of a target
downstroke displacement range and a target upstroke displacement range based on the
estimated neutral position, determine whether the downstroke displacement falls within
the target downstroke displacement range and whether the upstroke displacement falls
within the target upstroke displacement range, and generate at least one feedback signal
for the feedback device to provide guidance for how to modify the ACD CPR treatment
based on determining whether the downstroke displacement falls within the target
downstroke displacement range and whether the upstroke displacement falls within the
target upstroke displacement range.

In some implementations, the at least one processor s configured to determine an
updated estimate of neutral position, an updated downstroke displacement and an updated
upstroke displacement. In some implementations, the at least one processor is configured
to adjust at least one of the target downstroke displacement range and the target upstroke
displacement range based on the updated estimate of neutral position. In some
implementations, the target downstroke displacement range is adjusted from an initial
target downstroke displacement range to an updated target downstroke displacement

range. In some implementations, the target downstroke displacement range s adjusted
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from an initial target downstroke displacement range to an updated target downstroke
displacement range after a predetermined interval In some implementations, the target
downstroke displacement range is adjusted from an iitial target downstroke
displacement range to an updated target downstroke displacement range based on
whether the downstroke displacement falls within the target downstroke displacement
range. In some implementations, the updated target downstroke displacement range 13
greater than the mitial target downstroke displacement range. In some implementations,
the updated target downstroke displacement range 15 less than the nitial target
downstroke displacement range. In some implementations, the target upstroke
displacement range 15 adjusted from an initial target upstroke displacement range to an
updated target upstroke displacement range. In some implementations, the target upstroke
displacement range 15 adjusted from an initial target upstroke displacement range to an
updated target upstroke displacement range after a predetermined interval. Tn some
mmplementations, the target upstroke displacement range 1s adjusted from an intial target
upstroke displacement range to an updated target upstroke displacement range based on
whether the upstroke displacement falls withun the target upstroke displacement range. In
some implementations, the updated target upstroke displacement range 18 greater than the
mtial target upstroke displacement range. In some mplementations, the updated target
upstroke displacement range 1s less than the initial target upstroke displacement range. In
some implementations, the target downstroke displacement range and the target upsiroke
displacement range are approximately equivalent in magnitude.

In some implementations, the at least one feedback signal provides guidance for
how to modify the ACD CPR treatment so that a future downstroke displacement falls
within the target downstroke displacement range. In some implementations, the at least
one feedback signal provides guidance for how to modify the ACD CPR treatment so that
a future upstroke displacement falls within the target upstroke displacement range. In
some implementations, the at least one feedback signal provides guidance for how to
modify the ACD CPR treatment so that the downstroke displacement falls within the
target downstroke displacement range prior to the upstroke displacement falling within
the target upstroke displacement range. In some implementations, at least one of the

target downstroke displacement range and the target upstroke displacement range 1s
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based on a chinically accepted guideline. In some implementations, the target downstroke
displacement range 1s greater or less than the chinically accepted guideline. In some
implementations, the target upstroke displacement range is greater or less than the
chinically accepted guideline In some implementations, the at least one processor is
configured to determine how the chest of the patient has remodeled based on the
estimated neutral position. In some implementations, the at least one feedback signal
causes the display to provide an indication of patient chest remodeling. In some
implementations, the at least one feedback signal causes the display to provide a visual
mdication of the downstroke displacement, the upstroke displacement, and the estimated
neutral position relative to one another. In some implementations, the at least one
processor 1s configured to estimate a past neutral position of the chest, a past downstroke
displacement and a past upstroke displacement. In some implementations, the downstroke
displacement comprises a current downstroke displacement and the upstroke
displacement comprises a current upstroke displacement. In some implementations, the at
least one feedback signal causes the display to provide a visual indication of the current
downstroke displacement, the current upstroke displacement, the past downstroke
displacement, and the past upstroke displacement. Tn some implementations, the guidance
comprises a visual indication of whether the downstroke displacement falls within the
target downstroke displacement range and whether the upstroke displacement falls within
the target upstroke displacement range.

In some implementations, the visual indication comprises a color or highlight
change of at least a portion of the display based on whether the downstroke displacement
falis within the target downstroke displacement range or whether the upstroke
displacement falls within the target upstroke displacement range. In some
implementations, the visual indication comprises a color or highlight change of at least a
portion of the display based on whether the downstroke displacement falls outside the
target downstroke displacement range or whether the upstroke displacement falls outside
the target upstroke displacement range. In some implementations, the visual mmdication
comprises at least one of a bar showing the downstroke displacement and the upstroke
displacement, a target downstroke zone representing the target downstroke displacement

range, and a target upstroke zone representing the target upstroke displacement range. In
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some implementations, the visual indication comprises a color or highlight change of at
least one of the bar showing the downstroke displacement and the upstroke displacement,
the target downstroke zone representing the target downstroke displacement range, and
the target upstroke zone representing the target upstroke displacement range.

In some implementations, the at least one processor is configured to determine a
current displacement based on the displacement signals and deternune a current force
based on the force signals, and the at least one feedback signal for the display provides at
least one graph of force and displacement that shows the current displacement and the
current force. In some implementations, the at least one graph of force and displacement
comprises a force-displacement graph. In some implementations, the at least one graph of
force and displacement comprises a force-time graph and a displacement-time graph. In
some implementations, at least one of the target downstroke displacement range and the
target upstroke displacement range 1s between 0.5 and 3.0 inches. In some
mplementations, at least one of the target downstroke displacement range and the target
upstroke displacement range 15 between 0.5 and 1.5 mches. In some implementations, at
least one of the target downstroke displacement range and the target upstroke
displacement range is between 1.5 and 2.5 inches. In some implementations, at least one
of the target downstroke displacement range and the target upstroke displacement range
is between 2.0 and 2.4 mches.

In some implementations, the at least one feedback signal causes the display to
provide a visual indication of how at least one of the target downstroke displacement
range and the target upstroke displacement range has been updated. In some
implementations, the at least one feedback signal causes the display to provide no visual
indication of how at least one of the updated estimate of neutral posttion, the updated
target downstroke displacement range, and the updated upstroke target displacement
range has been updated. In some implementations, the at least one feedback signal causes
the display to provide a visual indication of how at least one of the updated estimate of
neutral position, the updated target downstroke displacement range, and the updated
upstroke target displacement range has been updated.

In some implementations, the applicator device comprises a handle for the rescuer

to push and pull on the chest of the patient to apply the ACD CPR treatment. In some
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implementations, the handle comprises the display. In some implementations, the handle
is configured to provide haptic feedback to provide the guidance for how to modify the
ACD (PR treatment.

In some implementations, the system includes a patient monitor including at least
one sensor for obtaining physiological data from the patient. In some implementations,
the patient monitor comprises the display. In some implementations, the at least one
feedback signal provides an mdication that instructs the rescuer of a hold period
following downstroke or upsiroke. In some implementations, the at least one feedback
signal causes the display to provide a visual indication of a hold period following
downstroke or upstroke. In some implementations, the system mcludes a speaker for
providing audio feedback to provide guidance for how to modify the ACD CPR
treatment. The at least one feedback signal provides an indication that instructs the
rescuer to switch with another person 1n providing the ACD CPR treatment. The
mdication that instructs the rescuer to switch 1s based on whether the downstroke
displacement falls within the target downstroke displacement range or whether the
upstroke displacement falls within the target upstroke displacement range. The at least
one feedback signal provides an indication that instructs the rescuer to adjust a velocity of
downstroke or velocity of upstroke.

In an aspect, a system includes an apphicator device configured for a rescuer to
provide the ACD CPR treatment to a chest of a patient, a motion sensor configured to be
coupled to the chest of the patient and to generate displacement signals related to the
ACD CPR treatment, a force sensor configured to be coupled to the chest of the patient
and to generate force signals related to the ACD CPR treatment, a display for providing
feedback for the rescuer to adjust the ACD CUPR treatment, and at least one processor
configured to: process both the displacement signals and the force signals related to the
ACD CPR treatment, estimate a past neutral position of the chest and a current neutral
position of the chest based on the displacement signals and the force signals, determing a
past downstroke displacement and a past upstroke displacement based on the past
estimate of neutral position, determine a current downstroke displacement and a current
upstroke displacement based on the current estimate of neutral position, and generate at
least one feedback signal for the display to provide a visual indication of the current
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downstroke displacement, the current upstroke displacement, the past downstroke
displacement, and the past upstroke displacement.

In some implementations, the visual indication of the current downstroke
displacement and the current upstroke displacement comprises a first bar graph, and the
visual indication of the past downstroke displacement and the past upstroke displacement
comprises a second bar graph. Tn some implementations, the first bar graph 1s displaved
adjacent to the second bar graph. In some implementations, the first bar graph appears in
a different color compared to the second bar graph. In some implementations, the second
bar graph appears as a highter shade compared to the first bar graph. In some
implementations, the first bar graph comprises a solid line and the second bar graph
comprises a dashed hine.

In some implementations, the at least one processor 1s configured to determine
whether the current downstroke displacement falls within a target downstroke
displacement range and whether the current upstroke displacement falls within a target
upstroke displacement range. In some implementations, the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment based on determining
whether the current downstroke displacement falls within the target downstroke
displacement range and whether the current upstroke displacement falls within the target
upstroke displacement range. In some implementations, the guidance comprises a visual
indication of whether the current downstroke displacement falls within the target
downstroke displacement range and whether the current upstroke displacement falls
within the target upstroke displacement range. In some implementations, the visual
mdication comprises a color or highlight change of at least a portion of the display based
on whether the current downstroke displacement falls within the target downstroke
displacement range or whether the current upstroke displacement falls within the target
upstroke displacement range. In some implementations, the visual indication comprises a
color or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls cutside the target downstroke displacement range or
whether the current upstroke displacement falls outside the target upstroke displacement

range.
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In some implementations, the at least one processor is configured to adjust at least
one of the target downstroke displacement range and the target upstroke displacement
range based on the current estimate of neutral posttion. In some 1mplementations, the at
least one processor s configured to adjust at least one of the target downstroke
displacement range and the target upsiroke displacement range based on determining
whether the current downstroke displacement falls within the adjusted target downstroke
displacement range and whether the current upstroke displacement falls within the
adjusted target upstroke displacement range.

In some implementations, the at least one feedback signal provides guidance for
how to modity the ACD CPR treatment based on determining whether the current
downstroke displacement falls within the adjusted target downstroke displacement range
and whether the current upstroke displacement falls within the adjusted target upstroke
displacement range. In some implementations, the guidance comprises a visual indication
of whether the current downstroke displacement falls within the adjusted target
downstroke displacement range and whether the current upstroke displacement falls
within the adjusted target upstroke displacement range. In some muplementations, the
visual indication comprises a color or highlight change of at least a portion of the display
based on whether the current downstroke displacement falls within the target downstroke
displacement range or whether the current upstroke displacement falls within the target
apstroke displacement range. The visual indication comprises a color or highlight change
of at least a portion of the display based on whether the current downstroke displacement
falls outside the target downstroke displacement range or whether the current upstroke
displacement falls outside the target upstroke displacement range. In some
implementations, the at least one feedback signal provides guidance for how to modify
the ACD CPR treatment so that a future downstroke displacement falls within the target
downstroke displacement range. In some implementations, the at least one feedback
signal provides guidance for how to modify the ACD CPR treatment so that a future
upstroke displacement falls within the target upstroke displacement range.

In some implementations, the at least one processor s configured to determine
how the chest of the patient has remodeled based on the past estimate of neutral position
and the current estimate of neutral position. In some implementations, the at least one
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feedback signal causes the display to provide an indication of patient chest remodeling.
The at least one processor 1s configured to determine a current displacement based on the
displacement signals and determine a current force based on the force signals, and the at
least one feedback signal for the display provides at least one graph of force and
displacement that shows the current displacement and the current force. In some
implementations, the at least one graph of force and displacement comprises a force-
displacement graph. In some implementations, the at least one graph of force and
displacement comprises a force-time graph and a displacement-time graph.

In some implementations, the applicator device comprises a handle for the rescuer
to push and pull on the chest of the patient to apply the ACD CPR treatment. In some
implementations, the handle comprises the display. In some implementations, the handle
is configured to provide haptic feedback to provide guidance for how to modity the ACD
CPR treatment.

In some implementations, the system includes a patient monitor including at least
one sensor for obtaining physiological data from the patient. In some tmplementations,
the patient monitor comprises the display. In some implementations, the at least one
feedback signal provides an mndication that instructs the rescuer of a hold period
following downstroke or upstroke. In some implementations, the at least one feedback
signal causes the display to provide a visual mdication of a hold period following
downstroke or upstroke.

In some implementations, the system includes a speaker for providing audio
feedback to provide guidance for how to modify the ACD CPR treatment. The at least
one feedback signal provides an indication that instructs the rescuer to switch with
another person in providing the ACD CPR treatment. The indication that instructs the
rescuer to switch is based on whether the current downstroke displacement falls within a
target downstroke displacement range or whether the current upstroke displacement falls
within a target upstroke displacement range. The at least one feedback signal provides an
indication that instructs the rescuer to adjust a velocity of downstroke or velocity of
upstroke.

In an aspect, a system includes an applicator device configured for a rescuer to

provide the ACD CPR treatment to a chest of a patient, a motion sensor configured to be
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coupled to the chest of the patient and to generate displacement signals related to the
ACD CPR treatment, a force sensor configured to be coupled to the chest of the patient
and to generate force signals related to the ACD CPR treatment, a display for providing
feedback for the rescuer to adjust the ACD CPR treatment, and at least one processor
configured to: process both the displacement signals and the force signals related to the
ACD CPR treatment, determine a current displacement based on the displacement
signals, determine a current force based on the force signals, and generate at least one
feedback signal for the display 1o provide at least one graph of force and displacement
that shows the current displacement and the current force.

In some implementations, the at least one graph of force and displacement
comprises a force-displacement graph. In some implementations, the at least one graph of
force and displacement comprises a force-time graph and a displacement-time graph.

In some implementations, the at least one processor is configured to determine
whether the current displacement falls within a target displacement range. In some
mmplementations, the at least one processor 1s configured to determine whether the
current force falls within a target force range. In some implementations, the at least one
feedback signal provides guidance for how to modify the ACD CPR treatment based on
determining whether the current displacement falls within the target displacement range
and whether the current force falls within the target force range.

In some implementations, the guidance comprises a visual indication of whether
the current displacement falls within the target displacement range and whether the
current force falls within the target force range. In some implementations, the visual
mdication comprises a color or highlight change of at least a portion of the display based
on whether the current displacement falls within the target displacement range or whether
the current force falls within the target force range. In some implementations, the visual
indication comprises a color or highlight change of at least a portion of the display based
on whether the current displacement falls ouiside the target displacement range or
whether the current force falls outside the target force range.

In some implementations, the visual indication comprises at least one graphical
target that shows at least one of the target displacement range and the target force range.
In some implementations, the at least one graphical target is displaved on the at least one
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graph of force and displacement and shows a comparison between the at least one
graphical target and the at least one graph of force and displacement. In some
implementations, the at least one graphical target comprises target boundaries displayed
on a force-displacement graph showing a comparison between the current displacement,
the current force, and the target boundaries. In some implementations, the at least one
graphical target comprises target displacement boundaries displayved on a displacement-
time graph showing a comparison between the current displacement and the target
displacement boundaries. In some implementations, the at least one graphical target
comprises target force boundaries displayed on a force-time graph showing a comparison
between the current force and the target force boundaries. In some implementations, the
current displacement comprises a current downstroke displacement or a current upstroke
displacement. In some implementations, the current force comprises a current
compression force or a current decompression force.

In some implementations, the at least one processor 1s configured to determine a
current estimate of neutral position of the chest based on the displacement signals and the
force signals. In some implementations, the current downstroke displacement or the
current upsiroke displacement 1s based on the current estimate of neutral position.

In some implementations, the at least one processor s configured to determine
whether the current downstroke displacement falls within a target downstroke
displacement range and whether the current upstroke displacement falls within a target
upstroke displacement range. In some implementations, the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment based on determining
whether the current downstroke displacement falls within the target downstroke
displacement range and whether the current upstroke displacement falls within the target
upstroke displacement range. In some implementations, the guidance comprises a visual
indication of whether the current downstroke displacement falls within the target
downstroke displacement range and whether the current upstroke displacement falls
within the target upstroke displacement range. In some implementations, the visual
indication comprises a color or highlight change of at least a portion of the display based
on whether the current downstroke displacement falls within the target downstroke

displacement range or whether the current upstroke displacement falls within the target
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upstroke displacement range. In some implementations, the visual indication comprises a
color or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls cutside the target downstroke displacement range or
whether the current upstroke displacement falls outside the target upstroke displacement
range.

In some implementations, the at least one feedback signal provides guidance for
how to modify the ACD CPR treatment so that a future downstroke displacement falls
within the target downstroke displacement range. In some implementations, the at least
one feedback signal provides guidance for how to modify the ACD CPR treatment so that
a future upstroke displacement falls within the target upstroke displacement range. In
some implementations, the at least one processor is configured to determine how the
chest of the patient has remodeled based on an estimate of neutral position of the chest of
the patient. In some implementations, the at least one feedback signal causes the display
to provide an indication of patient chest remodeling,

In some implementations, the apphicator device comprises a handle for the rescuer
to push and pull on the chest of the patient to apply the ACD CPR treatment. In some
mplementations, the handle comprises the display. In some implementations, the handle
is configured to provide haptic feedback to provide guidance for how to modify the ACD
CPR treatment. In some implementations, the system includes a patient monitor mcluding
at least one sensor for obtaining physiological data from the patient. In some
implementations, the patient monitor comprises the display. In some implementations,
the system includes a speaker for providing audio feedback to provide guidance for how
to modify the ACD CPR treatment. In some implementations, the at least one feedback
signal provides an indication that instructs the rescuer to switch with another person in
providing the ACD CPR treatment.

In an aspect, the system includes an applicator device configured to provide the
ACD CPR treatment to a chest of the patient, a motion sensor configured to be coupled to
the chest of the patient and to generate displacement signals related to the ACD CPR
treatment, a force sensor configured to be coupled to the chest of the patient and to
generate force signals related to the ACD CPR treatment; and a feedback device for
providing information concerning the ACD CPR ireatment, and at least one processor
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configured to: process both the displacement signals and the force signals related to the
ACD CPR treatment, estimate a neutral position of the chest based on the displacement
signals and the force signals, estimate an initial zero point of the chest prior to application
of the ACD CPR treatment, determine a difference in magnitude between the estimated
nitial zero point of the chest and the estimated neutral position of the chest, and generate
at least one feedback signal for a modification to the ACD CPR treatment to reduce the
difference in magnitude between the estimated 1nitial zero point of the chest and the
estimated neutral position of the chest.

In some implementations, the applicator device 1s an automated chest
compression device. In some implementations, the at least one feedback signal controls
the automated chest compression device to modify the ACD CPR treatment. In some
implementations, the modification to the ACD CPR treatment comprises the automated
chest compression device increasing a magnitude of decompression force apphied to the
chest. In some implementations, the modification to the ACD CPR treatment comprises
the automated chest compression device decreasing a magnitude of decompression force
apphlied to the chest.

In some implementations, the at least one processor is configured to determine a
current displacement based on the displacement signals and determine a current force
based on the force signals. In some mmplementations, the current displacement comprises
a current downstroke displacement or a current upstroke displacement. In some
implementations, the current force comprises a current compression force or a current
decompression force.

In some implementations, the at least one processor 1s configured to determine
how the chest of the patient has remodeled based on the estimated neutral posttion. In
some implementations, the at least one feedback signal causes the display to provide an
indication of patient chest remodeling.

In some implementations, the system includes a patient monitor including at least
one sensor for obtaining physiological data from the patient. In some implementations,
the patient monitor comprises the display.

In some implementations, the modification to the ACD CPR treatment comprises

the automated chest compression device increasing a magnitude of compression force
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applied to the chest. In some implementations, the modification to the ACD CPR
treatment comprises the automated chest compression device decreasing a magnitude of
compression force applied to the chest. In some implementations, the physiological data
comprises end-tidal CO2 data, arterial pressure data, volumetric CO2, pulse oximetry
data, or carotid blood flow data.

The details of one or more implementations are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will be

apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 1s shows a device that assists a user with performing active compression-
decompression (ACD) CPR on a patient.

FIG. 2 represents the change in shape of the chest of a patient.

FIG. 3 represents signals recorded during CPR.
FIG. 4 15 a block diagram of components of the ACD device shown in FIG. 1.

FIG. 5 shows an example graph including a chest compliance curve.

FIGS. 6A and 6B show graphs of stiffness curves.

FIG. 7 shows an example graph including a chest comphliance curve that forms a
hysteresis loop.

FIG. 8 shows an example of a user interface.

FIG. 9 shows a state transition diagram of 3 chest compression cycle.

FIG. 10 shows a trend graph of chest remodeling.

FIG. 11 13 a block diagram of an example computer system.

FIG. 1218 a block diagram of components of an example ACD device, such as the
ACD device shown in FIG. 1.

FIG. 13 shows example using a study protocol on pig data of force and
displacement during compression cycles of ACD treatment.

FIG. 14 shows example data of force and displacement during compression cycles
of ACD treatment.

FIG. 15 shows example data of force and displacement during a compression

cyvcle for estimating a neutral position of a patient.

29

i



10

15

20

30

WO 2020/160448 PCT/US2020/016174

FIGS. 16A-16B show example data of force and displacement during a plurality
of compression cycles for estimating a neutral position of a patient.

FIGS. 17A-17B show example graphs depicting relationships between work and
displacement during a plurality of compression cycles for estimating a neutral position of
a patient.

FIGS. 18A-18B show example graphs depicting relationships between work and
displacement during a plurality of compression cycles for estimating a neutral position of
a patient.

FIGS. 19A-19B show example graphs depicting a relationship between
mstantaneous work and displacement during a plurality of compression cycles for
estimating a neutral position of a patient.

FIGS. 20-23 show flow diagrams of example processes for estimating a neutral
position by an ACD device.

FIGS. 24A-24B show graphs illustrating peak compression and hift forces
associated with ACD chest compressions of a patient.

FIGS. 25-26 show examples of user interfaces.

FIG. 27A-278 show a representation of example trainimg data.

FIG. 28 includes a graph showing the compression depth calculation results from
the compression fraction method discussed i relation to FIGS, 24A-27B compared to
those from the neutral point estimation methods discussed in relation to FIGS. 13-23.

FIG. 29 shows an example of training the compression fraction method using the
study protocol on pig data as a baseline in comparison to using the results from the
neutral point methods as a baseline.

FIG. 30 includes a graph showing results comparing alternate compression
fraction methods.

FIG. 31 includes a flow diagram showing an example process for determining a
compression depth during ACD treatment.

FIGS. 32-33 shows an example user interface configured to provide ACD CPR
treatment feedback.

FIG. 34-36 show example screenshots of compression and decompression ranges

and feedback provided by an ACD device during ACD CPR treatment.
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FIGS. 37-38 show example screenshots of compression frequency feedback
provided by an ACD device during ACD CPR treatment.

FIG. 39 shows an example of a normalized force-displacement graph for
providing feedback by an ACD device during ACD CPR treatment.

FIGS. 40-41 show examples of prior compression cycle upstroke and downstroke
ranges, current compression cycle upstroke and downstroke ranges, and target
compression cycle upstroke and downstroke ranges displayed as feedback during ACD
CPR treatment.

FIGS. 42-45 show flow diagrams of example processes of providing feedback
during ACD CPR treatment.

Like reference symbols in the various drawings indicate like elements,

DETAILED DESCRIPTION

In order to increase cardiopulmonary circulation induced by chest compression, a
technique referred to as active compression-decompression { ACD) has been developed.
According to ACD technigues, an applicator body 1s interposed between the rescuer’s
hands and the patient’s sternum, the applicator body further being affixed via a suction
cup or cups or self~adhesive pad. During the compression phase, the rescuer presses
against the applicator pad to compress the patient’s steroum, as with standard chest
compressions. Unlike standard chest compressions where the chest passively retumns to ifs
neutral position during the release phase, with ACD, the rescuer actively pulls upward
during release or decompression phase. This active pulling upward, or active
decompression, increases the release velocity and results in increased negative
mtrathoracic pressure, as compared to standard chest compressions, and mduces
enhanced venous blood to flow into the heart and hungs from the peripheral venous
vasculature of the patient. Devices and methods for performing ACD to the patient are
described in U.S. Pat. Nos. 5,454,779 and 5,645,552, the contenis of each being
incorporated herein in entirety by reference.

During ACD chest compression, the patient’s sternum 1s typically pulled upward
beyond the neutral position of the sternum during the decompression phase, where

“neutral” 1s defined as the steady-state position of the sternum when no force — either

[
i



10

15

20

30

WO 2020/160448 PCT/US2020/016174

upward or downward — 15 applied by the rescuer. As will be described below with respect
to FIG. 3, both the compression phase and decompression phase will both have a portion
of their motion during which the sternum is pulled upward beyond the neutral position —
what we term the “Elevated” phase. There are thus 4 phases: Compression: Flevated
(CE); Compression: Non-elevated (CN); Decompression: Elevated (DE);
Decompression: Non-elevated (DN). It 1s beneficial to be able to provide real-time
feedback to the rescuer on these different phases of the Active Compression
Decompression cycle.

During the time-course of a resuscitation, the patient’s chest wall will “remodel”
as a result of the repetitive forces applied to the chest wall — sometimes exceeding 100
ths. of force needed to sufficiently displace the sternum for adequate blood flow -- and
the resultant repetitive motion. Chest compliance will typically increase significantly as
the sternum/cartilage/rib biomechanical system is substantially flexed and stressed. Thus
the amount of force needed to displace the sternum to the proper compression and
decompression depths will also change signmificantly. During the course of chest wall
remodeling, the anterior-posterior diameter — the distance between the sternum and the
spine — will also very frequently alter substantially, meaning the neutral position will
change over the course of the resuscitation. An accurate measure of the neutral position is
needed at all times during the course of the resuscitation; thus, taking an mitial position
measurement at the beginning of the resuscitation and assuming a constant neutral
position over the course of the resuscitation will not be sufficient to generate accurate
estimations of the motion parameters of the CE, CN, DFE and DN phases of the
compression cycle. For instance, it is of particular value to be able to measure the motion
parameters and forces delivered during the DE phase and CN phases independently from
each other and to the exclusion of the CE and DN phases.

Some ACD systems use a force sensor interposed between the rescuer’s hands
and the patient’s sternum, where compressions are being delivered, to monitor the
relaxation phase of the chest compression. However, the sternal force for a chest
compression may not completely correlate well to blood flow, nor completely correlate
with sternal motion or chest wall dynamics. Fach patient requires a unique amount of
force to achieve the same compression of the sternum and the cardiopulmonary system
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due to the widely varying compliances of individual patients’ chests. Further, a force
sensor 1s generally not able to measure motion of the sternum — a key parameter for
understanding the guality of the chest compression delivered and the amount of venous
return.

Other chest compression monitoring systems that utilize motion-sensing systems
such as accelerometers; for instance, the ZOLL Medical RealCPRHelp (Chelmsford
MA), are able to measure motion parameters such as velocity and displacement.
However, because of the way that ACD compressions are delivered, existing systems are
limited m their ability to distinguish between the motions of the Elevated and Non-
elevated phases.

FIG. 1 shows a device 100 that assists a user 102 with performing active
compression-decompression {ACD) CPR on a patient 104 who 1s being rescued from a
cardiac event. The device 100 includes a user interface 106 that provides feedback to the
user 102 (sometimes referred to as a rescuer) about the effectiveness of the UPR that the
user 102 1s administering. The feedback is determined based on part on information about
chest compliance of the patient 104 {(sometimes referred to as a victim) as measured by
the device 100 {(sometimes referred to as an ACD device).

Chest compliance 1s a measure of the ability of the chest to absorb an applied
force and change shape in response to the force. In the context of CPR, information about
chest compliance can be used to determine how force can be applied to the chestof a
patient in a way that will be effective at resuscitating the patient. Ideally, the force
applied to the patient will be sufficient to create a vacuum within the heart that causes
blood to flow. However, if the force 1s not sufficient o create this vacuum, CPR will not
be effective and the patient will die or otherwise deteriorate. Further, if the force 1s not
apphied correctly or 18 too great, then the patient may be injured. Feedback provided to
the user 102 can be enhanced by determining a neutral position of chest compression and
using information about the administration of the CPR treatment to give the user 102
guidance that will improve the chances of success of the CPR treatment.

The neutral position location or other phase transition points may be determined
by methods described herein. The neutral position may also be considered the position at

which zero force or pressure is exerted by the rescuer during ACD compressions.
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Because of so-called chest remodeling that occurs during chest compressions, this zero-
force neutral position may change over the course of resuscitation efforts, as the
anterior/posterior diameter of the patient will decrease after multiple compression cycles.
Alternatively, the neutral position location may be simply the imitial position of the
sternum prior to initiation of chest compressions.

In some implementations, the device 100 determines {e.g., calculates) a chest
compliance relationship that is then used to determine what feedback to provide the user.
For example, the device 100 may calculate a mathematical relationship between two
variables, such as displacement and force, related to chest compliance. The device 100
can then identity one or more features of this relationship that can be used to determine
mformation about the CPR treatment. Once the information about the CPR treatment 13
determined, the device 100 can determune what feedback to provide to the user, e.g.,
feedback about the progress of the CPR treatment, feedback related to chest compression
depth when n the non-elevated portion of the chest compression cycle or feedback
related to the force when n the elevated portion of the chest compression cycle.

In some examples, the information about the CPR treatment can include
mformation about the patient such as a neutral position of chest compression. In some
mplementations, the chest comphance relationship can be thought of or represented as a
curve, e.g., a curve of a graph representing the relationship. In some tmplementations, the
chest compliance relationship can be stored as data such as a table of measured values
{e.g., values for displacement and force at multiple time indices}.

As shown in FIG. 1, the device 100 has handles 108, 110 that the user 102 grips to
apply force. The device 100 also has a suction cup 112 that tends to keep the device 100
in contact with the chest 114 of the patient 104. When the user applies upward force
using the device 100, the chest 114 of the patient will be pulled upward in response due
to the suction of the suction cup 112, This upward force creates a negative pressure
within the thorax of the patient during the release phase of a CPR treatment. A device
that creates a negative pressure in this way is sometimes referred to as an impedance
threshold device (ITD).

In some examples, the feedback given to the user 102, e g., on the user interface

106, guides the user in the way that the user 102 is compressing the chest using the
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device 100. For example, the user interface 106 can include a visual indication of the
effectiveness of the upward and downward portions of the compression cycle. Parameters
for which feedback can be provided include compression depth and compression release
velocity. In this way, the user 102 can adjust the various elements of their compression
activity in response to the feedback.

As a real-world example, the user interface 106 may display a graph that shows
whether the upward or downward forces are too strong, or not strong enough, and then
the user 102 can adjust accordingly. For example, if the device 100 determines that the
depth of the compression phase is not sufficient for an effective CPR treatment, the
device 100 can display feedback indicating that the depth of the downward motion 1s not
meeting a threshold of effectiveness. In some implementations, the device 100 can
determine whether the upward or downward forces are too strong or not strong enough
based on an estimate of the neutral position of chest compression of the patient 104. The
neutral position of chest compression of the patient 104 serves as an nflection point that
can be used to differentiate the movement of the chest on upward strokes from movement
of the chest on downward strokes and generate specific measurements for the CE, UN,
DN and DE phases of the compression cycle.

Because the user 102 manually delivers a compression, the ACD device 100
shown here 1s an example of a manual ACD device. Other types of mechanical ACD
devices can be used with the techniques described below, e g, the techniques for
determining a neutral position of chest compression. Although the ACD device 100
shown here includes a handle and a suction cup, other types of ACD devices used with
the techniques described below need not include these elements. For example, other types
of ACD devices may include a first element configured to be affixed to a surface of a
patient’s body and a second element configured to be coupled to a hand of a rescuer. In
these examples, the first element allows for pulling upward on the patient’s body surface
while maintaining contact with the patient’s body surface. Further, in these examples, the
second element enables the rescuer to push on the chest and pull up the chest.

A suction cup and handle are examples of the first element and the second
element, respectively, but are not the only types of these elements that can be used. For
example, the first element could include one or more assemblies of multiple suction cups,

5
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or the first element could be a surface partially or fully covered by an adhesive (e g,
adhesive gel} that affixes to a patient’s chest, or the first element could be a combination
of any of these things. Examples of assemblies of multiple suction cups are described in
U.S. Patent 8 920 348, uitled “Method and Device for Performing Alternating Chest
Compression and Decompression,” incorporated by reference in its entirety. The second
element could include one or more straps or brackets that hold the rescuer’s hand tightly
against the ACD device, instead of or in addition to the handle described above.

FIG. 2 represents the change in shape of the chest 200 of a patient 104 as the
ACD device 100 1s used to perform ACD CPR. Because the chest 200 of a human being
is not rigid, the chest will change shape in response to forces applied. When the sternum
15 compressed downward 202 in the CN phase, the chest 200 tends to extubit a shape 204
that 15 compressed in the anterior-posterior (AP} dimension 206 and extended in the
lateral dimension 208, Thus shape 204 is sometimes referred to as a compression shape.
During the DE phase 210, the chest 200 tends to extubit a shape 212 that 1s extended in
the AP dimension 206 and narrower 1n the lateral dimension 208. This shape 212 18
sometimes referred to as a decompression shape. The chest 200 exhibits a shape 214
corresponding to a neutral position of chest compression, when no force 1s applied either
upwards or downwards. In other words, the shape 214 corresponds to the natural position
of the chest when its shape 13 not substantially affected by a force applied, e.g., during
CPR chest compressions.

Chest compliance 1s the mathematical description of this tendency to change
shape as a result of an applied force. 1t is the inverse of stiffness. It is the incremental
change in depth divided by the incremental change in force at a particular instant in time.
In the case of a chest compression cycle, the compliance may be plotied with time on the
abscissa as shown 1in FIG. 3, or alternatively, the compliance may be plotted as a loop
with depth as the independent variable and the time vanable implied in the loop
trajectory, as shown in FIGS. 5 and 6. I a patient’s chest exhibits relatively little change
in shape in response to a particular change of force, the patient has relatively low chest
compliance. In contrast, if the patient’s chest exhibits relatively high change in shape in
response to a particular change of force, the patient has relatively high chest comphiance.

in addition, chest compliance varies as the chest 1s compressed as a result of the structural
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changes of the thoracic cavity due to positional/conformational changes as the chest is
compressed downwards and pulled upwards. This 1s described below with respect to
FIGS. 5 and 7. For example, as the chest s compressed downward, the compliance of the
chest decreases as the chest approaches the limits of its flexibility, e.g. region 508 or the
flat region on the right side of the curve of FIG. 7.

For each point in time, n, for which a displacement measurement is taken by the
system, a force measurement is also taken, resulting in a displacement/force vector-pair
for each sample time n, [do fu] In general, compliance, ¢, equals the change in
displacement divided by the change in pressure, compared to a reference time point: ¢=
Ad/Ap.

“Instantaneous Comphliance” (IC) may comprise a reference time point, to, which
is adjacent or nearly adjacent to the time point, tn, and 15 thus more a measure of the slope
of the displacement-force curve, at a particular point in time. For instance, the reference
fime point, to, may be the sample time point immediately preceding time, to. The
reference time point may be composed on multiple sample points immediately preceding
fime, ts, for mstance using a moving average, weighted moving average or low pass filter,
known to those skilled in the art. There may be a small gap in tume between the reference
fime point and time, ty, for instance 1 second or less. In some versions, the reference time
point may be chosen to be the beginning of a segment, for instance the beginning of the
compression for Slope 1 (the first segment in the compression, and thus the segment start
is also the compression start) in FIG. 6B or the dotted line for reference time to for Slope
2 in the same figure. For example, in some implementations, the Instantaneous
Compliance In(, 1s calculated as shown:

InCyp= (dp - dr) / (pn - pl)l

where InC, s the estimate of the slope of the distance/pressure curve at a point in
time, ty; du 1s the displacement at time, tn; pp 1S the pressure at time t,; and d; and p. are
the distance and pressure at the reference time, t;, respectively.

“Absolute Compliance” (AC), on the other hand, may comprise a reference pont,
1o, which uses an absolute reference such as the pressure and displacement at the very
start of a group of chest compressions. During CPR, there may be what are termed

“rounds” of chest compressions which are periods of approximately 1 — 3 minutes where
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chest compressions are delivered, and then at the end of the time period, compressions
are halted and various other therapeutic actions may be performed, such as analyzing the
patients ECG, delivering a defibriliation shock or delivering a drug such as epinephrine
or amiodarone. Thus for determination of AC, reference point, to, prior to the beginning
of any of the rounds of chest compressions, including prior to the first round of
compression, t.e. at the beginning of CPR. In most instances, the pressure will be zero at
this point in time, and the displacement will be effectively calibrated to zero by the
displacement estimation software. The Absolute Compliance of the chest can be
estimated from the compression displacement and the related compression pressure. The
reference pressure “py’ is the pressure at time, to, and chest displacement “dy” 15 the
displacement at time, to. The pressure “py” s the pressure required to achieve the

displacement “dy”. The chest compliance is estimnated from the following equation:

Absolute Compliance = |{dp ~ do} / {pp - po)

Where dyp 15 the displacement at the peak of the compression and pp 1s the pressure
at the peak of the compression.

The compliance and compression depth of the chest 200 can be measured by
sensors 216a-¢ in the device 100, For example, a force sensor 216a and a motion sensor
such as an accelerometer 216b can be used. In some implementations, the force sensor
216a and the accelerometer 216b are placed in a housing 218 of the device 100. The
accelerometer senses the motion of the chest during CPR and the force sensor measures
the force or pressure applied. The accelerometer signal is mtegrated {e.g., doubly
integrated) to determine the displacement of the housing 218, and the output of the force
sensor 1s converted to standard pressure or force units.

In some implementations the accelerometer is in a separate housing, for example
a housing placed on the sternum of the patient, and the force sensor 1s in a housing, e.g.
housing 218 of the device 100. In such an implementation the housing containing the
accelerometer and the device with the force sensor may be configured to be attached or

connected during (PR
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In some implementations, multiple accelerometers 216b, 216¢ can be used. For
example, the second accelerometer 216¢ can be placed on the patient’s sternum in the
inner perimeter or near the suction cup 112, The second accelerometer may be contained
in a separate assembly of self-adhesive foam such as the ZOLL CPR Stat-Padz
(Chelmsford, MA). In this way, the first accelerometer 216b tends to measure
acceleration experienced by the rescuer’s hands 102 (FIG. 1), and the second
accelerometer 216¢ tends to measure acceleration of the patient’s sternum 104. Put
another way, the first accelerometer 216a may be configured to measure movement
arising from an applied upward force, e g, because the first accelerometer 2164 15
proximate or otherwise mechanically coupled to the suction cup 112, 1t provides a
suitable indication of force applied as the suction cup 112 pulls up on the patient’s
sternum. Further, the second accelerometer 216b may measure movement arising from an
apphied downward force, e.g., because the second accelerometer 216b is proximate or
otherwise mechanically coupled to the handle of the device 100, the second
accelerometer 216b provides a suitable indication of downward force apphied by the
rescuer’s hand. In this fashion, the system can detect if the is msuefficient adherence
between the ACD device and the patient’s sternum and alert the rescuer to re-apply the
ACD device to the patient’s chest.

FIG. 3 represents signals recorded during CPR, e.g., using the sensors 214a-¢
shown in FIG. 2. Though Absclute Complhiance may be used to determine the neutral
position, IC will provide a more accurate measure of the neutral position.

Compressions (C1-C5) can be detected from the displacement signal. The
compression rate s calculated from the mterval between compressions (e.g. (ime of C2 -
time of C1}}, and compression depth 1s 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.

Chest compliance is further described in U S, Patent 7,220,235, titled “Method
and Apparatus for Enhancement of Chest Compressions During CPR,” issued May 22,

2007, and 1s hereby incorporated by reference in its entirety. Compression velocity and
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displacement can be estimated via such methods as described in U.S. Pat. Nos. 8,862,228
6,827,695, and 6,390,996, each hereby incorporated by reference in its entirety.

FIG. 4 1s a block diagram of components of the ACD device 100 shown 1n FIG. 1.
The device includes a processor 400, e.g., an elecironic component such as a
microprocessor that carries out instructions, e.g., processes input data to generate cutput
data, and communicates data to and from other components of the device 100. For
example, the processor 400 recetves signals from sensors such as the force sensor 402
and motion sensors such as accelerometers 404a, 404b (or, in some implementations, a
single accelerometer). Other types of motion sensors may include magnetic mduction
based systems such as described in U.S. Patent 7,220,235, mentioned above.

The processor 400 also communicates output information 4006 to a user interface
module 408. The output information 406 1s indicative of the effectiveness of a CPR.
treatment and 15 determined by the processor 400 in part based on signals received from
the sensors, ¢.g., force sensor 402 and accelerometers 404a, 404b.

The user mterface module 408 can take one of several forms. In some
mmplementations, the user interface module 408 15 a combination of software and
hardware and includes a display that presents information to a user of the device 100, For
example, the information presented can include textual information and graphical
information such as graphs and charts. The user 1nterface module can also include other
components such as input devices, e.g., buttons, keys, etc. In some implementations, the
user interface module includes audio input/output elements, e g, a microphone, speaker,
and audio processing software.

In some implementations, the user interface module 408 causes a user interface to
appear on an external device 412, e g., a device that s capable of operating independent
of the ACD device 100. For example, the external device could be a smartphone, tablet
computer, or another mobile device. The external device could also be a defibrillator such
as the ZOLL Medical Corp X-Series defibrillator (Chelmsford MA) with an
accelerometer built into the defibrillation pads (CPR Stat-Padz), or other self-adhesive
assembly containing a motion sensor that is adhered to the patient’s sternum and
measures primartly the motion of the patient’s sternum. This assembly may or may not be

integrated with the defibrillation electrodes. The defibrillator may receive the
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acceleration or motion data from the ACD device and compare the motion of the ACD
sensor and compare it to the accelerometer or motion information from the accelerometer
from the defibrillation pad or other adhered sternal motion-sensing assembly. If the two
motions are found to differ by more than 0.25 in., for example, particularly during the
decompression phase of the compression cycle, the rescuer may be prompted to reapply
the ACD device.

In some implementations, the external device 412 communicates with the ACD
device 100 using a wireless communication technique such as Bluetooth. In this example,
the ACD device 100 has a wireless communication module 410, For example, the user
mterface module 408 may communicate signals to and from the external device 412
using the wireless communication module 410, Although Bluetooth s used as an
example here, other wireless communications techniques could be used, such as Wik,
Zighee, 802,11, etc.

In some implementations, the processor 400 can perform calculations to
deternune an estimate of chest comphance 414, e.g., using the equations described above
with respect to FIG. 2.

In some implementations, the processor 400 can perform calculations to
determune if a patient’s chest was substantially released between two compressions {i.e,,
released sufficiently to create a pressure in the chest that facilitates venous filling of the
heart}. The user interface module 408 can cause a user interface 106 (FIG. 1} of the
device 100 to display messages that give guidance or other feedback to the user 102 (FIG.
1}, e.g., to more completely release the chest between compressions and/or to push harder
on the chest during compression.

The processor 400 can further calculate an estimated neutral position of chest
compression 416, ¢.g., based on data such as the estimated depth of chest compression
and the estimate of chest compliance 414. The calculation can be based inparton a
feature of a comphliance relationship as described below in further detail with respect to
FIGS Sand 6.

The output information 406 can include information determined based on the
estimate of chest comphiance 414 and the neutral position of chest compression 416 For

example, the output information 406 could include information such as a compression
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non-elevated (CN) depth or decompression elevated (DE) height. The output information
406 can also include feedback to the user about adjusting the user’s actions in a way that
would increase the effectiveness of a CPR treatment. Examples are described below with
respect to FIG. §.

In some implementations, the processor 400 compares signals received by the first
accelerometer 404a and the second accelerometer 404b. As described above with respect
to FIG. 2, the first accelerometer 404a can be placed in or near a housing of the ACD
device 100, and the second accelerometer 404b can be placed 10 or near a suction cup 112
of the ACD device 100, In this way, the first accelerometer 216b tends to measure
acceleration experienced by the user 102 (FIG. 1), and the second accelerometer tends to
measure acceleration experienced by the patient 104. In some implementations, multiple
accelerometers 216b, 216c can be used. For example, the second accelerometer 216¢ can
be placed on the patient’s sternum in the inner perimeter or near the suction cup 112, The
second accelerometer may be contained in a separate assembly of seif-adhesive foam
such as the ZOLL CPR Stat-Padz (Chelmsford, MA}. In this way, the first accelerometer
216b tends to measure acceleration experienced by the rescuer’s hands 102 (FIG. 1), and
the second accelerometer 216¢ tends to measure acceleration of the patient’s sternum
104. In this fashion, the system can detect if there 1 insufficient adherence between the
ACD device and the patient’s steroum and alert the rescuer to re-apply the ACD device to
the patient’s chest.

In some implementations, the processor 400 includes or has access to a memory
418 that can store data. The memory 418 can take any of several forms and may be
integrated with the processor 400 (e.g., may be part of the same integrated circuit) or may
be a separate component in communication with the processor 400 or may bea
combination of both. In some implementations, the memory 418 stores data such as
values for the estimate of chest comphiance 414 and the neutral position of chest
compression 416 as they are calculated by the processor 400, In some implementations,
the processor 400 uses the memory 418 to store data for later retrieval, e g, stores data
during an administration of CPR for retrieval later during the same admunistration of CPR

or for retrieval later during a different adnmunistration of CPR.
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FIG. 5 shows an example graph 500 including a chest comphiance curve 502, In
some implementations, the compliance curve 502 is a representation of data calculated by
the processor 400 (FIG. 4) based on input recetved from sensors, e.g., a force sensor
and/or accelerometer{s). The graph 500 shown i FIG. § includes an x-axis representing
time {e.g., in seconds) and a v-axis representing chest compliance. The curve 502 exhibits
a sinusoidal shape. This kind of compliance curve 502 15 sometimes called a non-
hysteresis compliance curve.

In practical terms, when a rescuer 1s performing CPR on a victim using an ACD
device {(e.g., the device 100 shown in FIG. 1), the rescuer causes downward and upward
forces to be exerted on the chest of the victim. The victim’s chest compliance will be
lowest as the forces cause the shape of the chest to approach its natural limits. In other
words, the victim’s chest comphliance approaches a lower himit as it 1s pulled up or pulled
down. In some scenarios, when the chest compliance approaches this lower limit it 15 an
mdication that the tensile strength of the ribs have been reached, and that if additional
force 15 exerted, one or more ribs have an elevated risk of fracturing. In some versions of
the system, a warning may be provided i the form of audio, visual or tactile/haptic
prompts indicating that the compliance has been reduced below some threshold level.

FIG. 6A shows representative stiffness curves for sternal impact, and FIG. 6B
shows stiffness regions of the curves. Referring to these figures, the slopes of the
representative curves are the stiffness (e.g., the mverse of compliance}. Each of the loops
is the curve for a different subject. Slope 1 in FIG. 6B is the stiffness for the CN phase of
the compression; 1t 1s a lower slope value and less stiff (and thus higher compliance}.
Though the slopes for the CN phase of compression for each subject varies as seen in the
multiple loops in the figure, in most if not all cases, there will be a change in slope to a
second, steeper slope {(lower compliance, and more stiff} at some inflection point during
the compression, represented by the shift to Slope 2.

At the inflection point represented by the intersection of the two lines, Slope 1
and Slope 2 1n the figure, the risk of fracturing s still relatively low. Once the inflection
point has been detected, the system can prompt the rescuer to maintain that compression
depth, as it 15 still in the safe range. This patient-specific compression depth will likely be

different that AHA/TLCOR Guidelines (e.g more than 2 inches). For instance, initially at
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the start of the resuscitation efforts, the patient’s chest may be much stiffer, particularly
for elderly patients, where their sternal cartilage attaching the sternum to the ribs has
calcified and stiffened. If the rescuer were to try and deliver compressions at a depth
recommended by the AHA/ILCOR Guidelines, they would likely cause rib fractures in
the patient. In fact, in the Guidelines statement themselves, it 1s acknowledged that b
fractures are a common occurrence using existing chest compression methods. “Rib
fractures and other injuries are common but acceptable consequences of CPR given the
alternative of death from cardiac arrest.” (From the 2005 International Consensus
Conference on Cardiopulmonary Resuscitation and Emergency Cardiovascular Care
Science with Treatment Recommendations, hosted by the American Heart Association in
Dallas, Texas, January 23-30, 2005.) Aside from the discomfort of the nosocomial rib
fractures, an unfortunate side effect of the b fractures 1s that they result in reduced
resilience of the chest wall and thus a reduction in the natural recoil of the chest during
the decompression phase resulting 1n a reduced venous return and degraded chest
compression efficacy. It 15 desirable to minimize or eliminate rib fractures for these
reasons. By detecting changes i the chest wall compliance, and prompting the rescuer as
a result of those detections, chest compression depth will not exceed the mjury threshold
of ribs and sternum.

Because the neutral position as well as the overall comphiance of the chest varies
over the course of the resuscitation effort, the depth to which the rescuer is being guided
by the real-time prompting of the system will also vary using this approach. A
phenomena known as chest-wall remodeling occurs during the mnitial minutes subsequent
to the imtiation of chest compressions. AP diameter may decrease by as muchas 0.5~ 1
inch, and compliance of the chest wall will increase as the sternal cartilage is gradually
softened. By staying within the safety limits in a customized fashion for each individual
patient for each compression cycle as the chest gradually softens, injuries are reduced,
but more importantly, the natural resilience of the chest wall 1s maintained and more
efficacious chest compressions are delivered to the patient.

Generally speaking, methods for detecting the change in slope can include
determining 1mitial statistical characteristics of the slope of the CE phase, and then

analyzing the slope for any significant, sustained increase in slope. For instance,
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techniques can be used such as change point analysis such as that described by Basseville
{Basseville M, Nikiforov IV. Detection of Abrupt Changes: Theory and Application.
Engelwood, N I Prentice-Hall 1993} or Pettitt (Pettitt AN} A simple cumulative sum
type statistic for the change point problem with zero-one observations. (Biometrika 1980;
67:79-84.) Other methods such as Shewhart control charts may be employed for first
detecting changes 1n the slope and then assessing whether the change detected is both an
increase and of a sufficient magnitude to generate a prompt to the rescuer indicating that
the depth of compression 1s too deep, and in some way to compress less deeply tor future
compressions. In simpler versions, prompting may be nitiated when the compliance
decreases below some percentage threshold below the initial compliance values at the
start of a particular compression, e.g. 15% reduction in comphance. The mitial
compliance value may be averaged over more than one compression phase; it may be
used as a comparative value for multiple compression cycles.

In some embodiments, separate tests may be performed on comphiance to
determine risk of injury during both the DE phase and the ON phase (1.e. at the top of the
decompression portion | BN and DE phases] of the compression cycle and the bottom of
the compression portion {CE and UN phases] of the compression cycle. )

In contrast, when the victimt’s chest 1s at a neutral posttion of chest compression
{generally corresponding to the natural resting position of the chest), chest comphance
tends to be at 1ts highest point. Thus, in the curve 502 shown in FIG. 5, the points 504,
506 corresponding to the highest chest compliance {(e.g., the peaks of the sinusoid} tend
to correspond to the neutral postiion of chest compression. In contrast, the points 508
correspond to the lowest chest compliance (e.g., the troughs of the sinusoid) tend to
correspond to the limits of the chest’s compression shape or decompression shape.

In some implementations, the processor 400 (FIG. 4) can use a feature of the non-
hysteresis compliance curve 502 to calculate an estimate of the neutral position of chest
compression 416 (FIG. 4). For example, the processor 400 can use peaks 504, 506 of the
curve 502 to calculate an estimate of the neutral position of chest compression.

FIG. 7 shows an example graph 600 including a chest comphliance curve 602 that
forms a hysteresis loop. This kind of compliance curve 602 1s sometimes called a

hysteretic compliance curve. In some implementations, the compliance curve 502 is a
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representation of data calculated by the processor 400 (FIG. 4) based on input received
from sensors, e.g., a force sensor and/or motion sensor(s), e g. accelerometer(s). The
graph 600 shown in FIG. 7 includes an x-axis representing depth (e.g., in centimeters}
and a y-axis representing chest compliance. The arrows on the curve show the progress of
time during the course of one compression cycle, and represent the motion of the ACD
device 100 (FIG. 1), for instance, the portion of the curve with the arrows pointing to the
right show the instantaneous compliance (IC) for the compression portion (CE and CN)
of the compression cycle, and the portion of the curve with leftward-facing arrows show
the instantaneous compliance (IC) for the decompression portion (DE and DN) of the
compression cycle. For example, when the ACD device 100 moves from a high depth to
a low depth, chest compliance increases (as the chest approaches a neutral position of
compression) and then decreases (as the chest becomes more compressed). Then, when
the ACD device 100 moves from its lowest depth back to a high depth, chest comphance
again ncreases {as the chest approaches a neutral position of compression) and again
decreases {as the chest becomes more decompressed).

In some implementations, the processor 400 (FIG. 4) can use a feature of the
hysteresis compliance curve 602 to calculate an estimate of the neutral position of chest
compression 416 (FIG. 4). One of several features could be used.

For example, the point 604 of intersection of the hysterests compliance curve 602
can be used to estimate the neutral position of chest compression 416. This point 604
represents a depth (e.g., as a coordmate of the x-axis} that may correspond to the neutral
position of chest compression.

As another example, a point 612 approximately halfway between two peaks 614,
616 of the hysteresis comphliance curve 602 can be used to estimate the neutral position of
chest compression 416. The point 612 can be determined, for example, by measuring the
distance 610 between the peaks 614, 616 and determining the point corresponding to the
center of the distance 610. Alternative, the neutral position may be a point corresponding
to a predefined percentage of the distance 610.

As another example, a point 606 approximately halfway between other features of
the hysteresis compliance curve 602 can be used to estimate the neutral position of chest

compression 416. For example, the processor could identify a distance 608 between two
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points of the hysteresis compliance curve 602 having the same value for compliance and
then the point 606 can be calculated by determuining the point corresponding to the center
of the distance 608,

FIG. 8 shows an example of a user interface 700. For example, the user interface
700 may be an example of the user interface 106 of the ACD device shown in FIG. 1.
Further, the user interface 700 may be controlied by the user interface module 408 shown
in FIG. 4.

The user mterface 700 displays information 702 representing effectiveness of a
CPR treatment. The information 702 1s displayed in a manner that enables a user 102 of
the ACD device 100 (FIG. 1) to admuuster the CPR treatment effectively. The user
mterface 700 can be a portion of the ACD device or another device (e.g., patient monitor,
defibrillator, portable computing device, other computing device) that 15 used for
processing of ACD related information.

The mformation 702 1ncludes a graph 704 representing the DE height 706 and CN
depth 708 of the CPR treatment. The depth and height are separated by a boundary 710
In some implementations, the DE height 706 and CN depth 708 are determined by the
processor 400 (FIG. 4). For example, the DE height 706 and CN depth 708 can be
calculated using information the accelerometer(s) 404a-404b and knowing the time of
occurrence of the peak heights and depths along with the neutral position. Alternatively,
DE height and CN depth can be estimated from the force sensor 402 including calculated
formation such as the estimate of chest comphliance 414 and the neutral position of chest
compression 416 determined by the processor 400. Alternatively, the BE portion 706 of
the display feedback or the UN portion 708 may display measurements of pressure rather
than displacement. For instance, in one embodiment, the DE portion 706 may display a
measure of pressure or force, DE force, while the CN portion 708 may display a measure
of displacement, CN depth.

Referring to FIG. 9, in some examples, a state transition diagram may be used to
determine the phases of the compression cycle {e.g. CN, DN, DE and CE phases) based
on inputs of compression direction {1.e. DE or CN} and whether the neutral position 416
has been reached. Transitions from CE 904 to CN 902 phases and DN 906 to DE 908

phases with the detection of a neutral position (INP). Upon transition to either CIN 902 or
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DE 908, NP 15 reset to 0, 1.e. the transition is edge sensitive. Transitions on direction are
level sensitive. Transitions from CN 202 to DN 906 and DE 908 to CE 904 occur on
change in direction. Parameters descriptive of the motion, such as velocity, distance,
average velocity, peak velocity, etc., may be calculated knowing the time of occurrence
of the transition between the compression phase states. In some versions, information 702
may also mclude other motion information may be displaved, such as velocity occurring
during the decompression phase. More specifically, the velocity at the time that the
neutral position occurs may be displayed, or otherwise communicated to the rescuer (e.g.
tones, verbal, etc ). Alternatively, the velocity communicated to the rescuer may be an
average or other statistical representation of the motion during a significant portion of the
decompression phase (both elevated and non-elevated portions).

Referring to FIG. 8, the graph 704 also includes a DE height threshold mdicator
712 and a CN depth threshold indicator 714. These indicators provide informationto a
user of the device about whether either or both of the DE height and CN depth 1s too
shallow or too deep. For example, if the user sees that the DE height 706 does not meet
the threshold indicator 712, the user can adjust his or her motion to increase the DE
height {e.g., by pulling the ACD device with greater force dunng the DE motion).
Stilarly, if the user sees that the DE height indicator 706 passes the threshold mdicator
712, the user can adjust his or her motion to decrease the DE height {e.g., by pulling the
ACD device with less force during the DE motion). The user can similarly adjust the
force during the CN motion if the user sees that the CIN depth 708 does not meet the
threshold indicator 714,

Further, the information 702 can include guidance displaved to the user based on
the thresholds represented by the indicators 712, 714, For example, if etther the DE depth
or CN depth is not within a certain range of the threshold (e g., more than 10% greater or
10% less than the threshold), then the user mterface 700 can display messages guiding
the user. In the example shown in FIG. 8, the UN depth indicator 708 indicates that the
CN depth falls far short of the CN threshold indicator 714. In response, the user interface
700 displays a message 718 to the user indicating that he or she should push harder to
reach optimal compression. A similar message could be displaved (with respect to

optimal decompression} if the DE height indicator 706 fell short of its respective
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threshold. Similarly, if the DE height 706 or the CN depth 708 passed tts respective
threshold by a substantial amount (e.g., more than 10% past the threshold indicator}, the
user interface 700 could display a warning message (e.g., “reduce CN force to avoid
mjuring the patient”).

Alternatively, a mimiature vibrator such as used 1n all cell phones, may be
mcluded in the assembly m physical contact with the rescuer’s hands, and haptic
feedback about correct CN depth and DE height can be communicated, e g it vibrates
when the thresholds are achieved.

In the example shown in FIG. 8, the DE height indicator 706 is close to the DE
threshold indicator 712. Thus, the user interface 700 displays a message 718 indicating
that the user 1s using an appropriate aroount of force on DE motions.

In some implementations, the threshold indicators 712, 714 are displayed based
on thresholds that are static values. For example, the memory 418 of the processor 400
(FIG. 4) may store static values, e.g., based on expenimental data about DE height and
N depth in patients. The static values could be used directly, or the values may be
modified by a variable measured with respect to the patient receiving the CPR treatment.

In some implementations, the threshold indicators 712, 714 are displayed based
on thresholds calculated by a processor, e.g., the processor 400 shown in FIG. 4. In some
examples, the calculated thresholds are based on a calculation of chest comphance, e g.,
the estimate of chest compliance 414 shown 1n FIG. 4. For example, referring to the
compliance curve 602 shown in FIG. 7, values of depth corresponding to the lowest
values of chest compliance may correspond to the maximum DE height and maximum
N depth.

In some implementations, the user interface 700 shows a trend graph representing
chest remodeling. For example, the trend graph can represent what happens to the
patient’s chest over the course of a CPR treatment. FIG. 10 shows an example of the
trend graph 1000 that could be displayed on the user interface 700. The trend graph 1000
has an x-axis 1002 representing time and a y-axis 1004 representing compliance. As
shown in the example in the figure, the trend graph 1000 can include a zero point trend

line 1006 {e.g., a trend line representing a starting depth of the patient’s chest}and a
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compliance trend line 1008, Over time, the neutral position and the compliance change as
a CPR treatment is delivered, as represented by the trend graph.

FIG. 11 is a block diagram of an example computer system 1100. For example,
referring to FIG. 1, the ACD device 100 could be an example of the system 1100
described here, as could the external device 412 (FIG. 4). The system 1100 includes a
processor 1110, a memory 1120, a storage device 1130, and one or more input/output
interface devices 1140. Each of the components 1110, 1120, 1130, and 1140 can be
mterconnected, for example, using a system bus 1150.

The processor 1110 may be an example of the processor 400 shown i FIG. 4 and
is capable of processing instructions for execution within the system 1100. The term
“execution” as used here refers to a technique 1 which program code causes a processor
o carry out one or more processor instructions. In some implementations, the processor
1110 15 a single-threaded processor. In some implementations, the processor 11101s a
multi-threaded processor. In some implementations, the processor 1110 1s a quantum
computer. The processor 1110 is capable of processing mstructions stored in the memory
1120 or on the storage device 1130, The processor 1110 may execute operations such as
determining a neutral position of chest compression based at least in part ona feature of a
compliance curve.

The memory 1120 stores information within the system 1100, In some
implementations, the memory 1120 is a computer-readable medium. In some
implementations, the memory 1120 is a volatile memory unit. In some implementations,
the memory 1120 is a3 non-volatile memory unit.

The storage device 1130 1s capable of providing mass storage for the system 1100
In some implementations, the storage device 1130 s a non-transitory computer-readable
medium. In various different implementations, the storage device 1130 can include, for
example, a hard disk device, an optical disk device, a solid-date drive, a flash drive,
magnetic tape, or some other large capacity storage device. In some implementations, the
storage device 1130 may be a cloud storage device, e g., a logical storage device
imcluding one or more physical storage devices distributed on a network and accessed
using a network. In some examples, the storage device may store long-term data. The

mput/output interface devices 1140 provide input/output operations for the system 1100
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In some 1mplementations, the imput/cutput interface devices 1140 can include one or
more of a network interface devices, e.g., the wireless communication module 410 shown
in FIG. 4, or an Ethernet interface, a serial communication device, e g., an R8-232
interface, and/or a wireless interface device, e.g., an 802.11 interface, a 3G wireless
modem, a 4G wireless modem, etc. A network interface device allows the system 1100 to
communicate, for example, transmit and receive data. In some implementations, the
nput/output device can include driver devices configured to receive mnput data and send
output data to other mput/output devices, e.g., keyboard, printer and display devices
1160, In some 1mplementations, mobile computing devices, mobile commmunication
devices, and other devices can be used.

Referring to FIG. 4, steps carried out by the processor 400 can be realized by
mstructions that upon execution cause one or more processing devices to carry out the
processes and functions described above, for example, determining information relevant
to a CPR treatment. Such mstructions can include, for example, interpreted instructions
such as script instructions, or executable code, or other instructions stored in a computer
readable medium.

A computer system 1100 can be distributively implemented over a network, such
as a server farm, or a set of widely distributed servers or can be implemented n a single
virtual device that includes multiple distributed devices that operate in coordmation with
one another. For example, one of the devices can control the other devices, or the devices
may operate under a set of coordinated rules or protocols, or the devices may be
coordinated in another fashion. The coordinated operation of the multiple distributed
devices presents the appearance of operating as a single device.

In some examples, the system 1100 is contained within a single integrated circut
package. A system 1100 of this kind, in which both a processor 1110 and one or more
other components are contained within a single mtegrated circuit package and/or
fabricated as a single integrated circuit, is sometimes called a microcontroller In some
implementations, the integrated circuit package includes pins that correspond to
mput/output ports, e.g., that can be used to communicate signals to and from one or more

of the input/output interface devices 1140
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Although an example processing system has been described in FIG. 11,
implementations of the subject matter and the functional operations described above can
be implemented in other types of digital electronic circuitry, or in computer software,
firmware, or hardware, including the structures disclosed in this specification and their
structural equivalents, or in combinations of one or more of them. Implementations of the
subject matter described in this specification, such as storing, maintaining, and displaying
artifacts can be implemented as one or more computer program products, 1.e., one or
more modules of computer program nstructions encoded on a tangible program carrier,
for example a computer-readable medium, for execution by, or to control the operation
of, a processing system. The computer readable medium can be a machine readable
storage device, a machine readable storage substrate, a memory device, or a combination
of one or more of them.

The term “system’” may encompass all apparatus, devices, and machimes for
processing data, including by way of example a programmable processor, a computer, or
multiple processors or computers. A processing system can include, in addition to
hardware, code that creates an execution environment for the computer program in
question, e.g., code that constitutes processor firmware, a protocol stack, a database
management system, an operating system, or a combination of one or more of them.

A computer program {also known as a program, software, software application,
script, executable logic, or code} can be written in any form of programming language,
mcluding compiled or interpreted languages, or declarative or procedural languages, and
it can be deploved in any form, mcluding as a standalone program or as a module,
component, subroutine, or other unit suitable for use in a computing environment. A
computer program does not necessarily correspond to a file in a file system. A program
can be stored in a portion of a file that holds other programs or data (e.g., one or more
scripts stored 1n a markup language document), in a single file dedicated to the program
in gquestion, or in multiple coordinated files (e g, files that store one or more modules,
sub programs, or portions of code). A computer program can be deployed to be executed
on one computer or on multiple computers that are located at one site or distributed

across multiple sites and interconnected by a communication network.
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Computer readable media suitable for storing computer program instructions and
data include all forms of non-volatile or volatile memory, media and memory devices,
ncluding by way of example semiconductor memory devices, e.g., EPROM, EEPROM,
and flash memory devices; magnetic disks, e.g., internal hard disks or removable disks or
magnetic tapes; magneto optical disks; and CD-ROM, DVD-ROM, and Blu-Ray disks.
The processor and the memory can be supplemented by, or incorporated in, special
purpose logic circuitry. Sometimes a server (e.g., 1S a general purpose computer, and
sometimes it 15 a custom-tailored special purpose electronic device, and sometimes 1t is a
combination of these things. Implementations can mclude a back end component, e.g., a
data server, or a muddleware component, e.g., an application server, or a front end
component, e.g., a chient computer having a graphical user interface or a Web browser
through which a user can interact with an implementation of the subject matter described
15 this specification, or any combination of one or more such back end, middleware, or
front end components. The components of the system can be interconnected by any form
or medium of digital data communication, e.g., a communication network, Examples of
communication networks mclade a local area network ("L AN} and a wide area network
{(“WAN"), e.g., the Internet.

Systems and methods will now be described in which measures of force applied
to the chest and displacement of the chest when the patient ts undergoing active
compression decompression treatment are used to establish one or more force-
displacement relationships from which multiple depths of compression corresponding the
force-displacement relationship(s}) are used to estimate the neutral position of the chest of
the patient. The force-displacement relationship(s) may be based on the estimated
instantaneous compliance of the chest, as discussed above. The force-displacement
relationship(s) may be based on a first depth of chest compression corresponding to the
point at which approximately zero force is applied to the chest of the patient during the
compression phase of the ACD compression cycle, and a second depth of chest
compression corresponding to the point at which approximately zero force is applied to
the chest of the patient during the decompression phase of the ACD compression cycle,
as discussed further below. The force-displacement relationship{(s) may also be based on
a first depth of chest compression corresponding to a first product of force and
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displacement during the compression phase of the ACD compression cycle, and a second
depth of chest compression corresponding to a second product of force and displacement
during the decompression phase of the ACD compression cycle, as also discussed below.
The neutral position of the chest may then be estimated based on the first depth and the
second depth, as determined by the appropriate force-displacement relationship(s).

As described herein, a compression cycle may generally refer to various types of
CPR compression therapies. For instance, a compression cycle may refer to a
conventional compression in which the patient’s chest 1s pushed downward and released
so as to allow for the natural recou of the chest wall. A compression cycle may also
generally refer to an ACD compression ¢ycle in which the chest 1s pushed downward on
compression or downstroke and also actively pulled upward on decompression or
upstroke {e.g., using a device for administering ACD therapy), for the purpose of
enhancing circulation by affecting the pressure within a patient’s thorax.

Systems and methods described herein are applicable to both manual and
automated active compression decompression treatment. That 15, when ACD treatment is
manually applied o the patient, the neutral position of the chest may be estimated at any
given time. Similarly, when ACD treatment 1s applied to the patient via an automated
chest compressor, the neutral position of the chest may also be estimated at any given
time. This may be particularly useful in providing an indication of how the neutral
position of the chest may have changed over the course of ACD treatment, either
manually or via an automated system.

FI(3. 12 15 a block diagram of components of an ACD device 1200, which
includes components that are an alternative to or addition to the components shown in
FiGz 4. The ACD device 1200 is similar to the ACD device 100 of FIG. 1, with one or
more of the differences described below.

The ACD device 1200 includes a processor 1202, which may be substantially
similar to processor 400, described above in relation to FIG. 4. In some implementations,
the processor 1202 of ACD device 1200 can perform calculations to determine an
estimate of a neutral position of a patient’s chest during ACD treatment. The processor
can calculate one or more neutral position estimates 1214 using a variety of techniques as

described below in relation to FIGS. 15-24. The calculation of the one or more neutral
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position estimates 1214 can be based on a relationship between a force applied on the
patient’s chest by the ACD device 1200 and the compression distance of the chest during
the ACD compression cycle. In various embodiments, while the processor{s) with which
calculations described herein are performed may be processor 1202 of the ACD device
1200, alternatively or in addition, other processors may be involved. For instance,
mformation collected from one or more of the force sensor, accelerometer and/or position
sensor may be analyzed by another processor, such as a processor of a patient monitor,
defibrillator, portable computing device {e.g., tablet), or other computing device, and
subsequently output on that same device or to another device,

As stated above, an ACD compression cycle includes a compression phase and a
decompression phase. The compression phase refers to the application of a compression
force to a patient’s chest from a starting point {e.g., a zero point), down to a maximum
compression depth, and back to the starting point. The decompression phase generally
follows the compression phase and includes decompressing {(e.g., hifting) the patient’s
chest to 8 maximum decompression height and then lowering the patient’s chest back to
the starting point. The zero point refers to an nitial position (e.g., amount of
compression/decompression) of the patient’s chest before ACD treatment commences.

The processor 1202, or other processor(s) in communication with the ACD
device, 13 configured to receive data from one or more sensors for estimating the one or
more neutral posttion estimates 1214, For example, the processor 1202 can be in
communication with a force sensor 1208 (e.g., foad cell}, which is substantially similar to
the force sensor 402 described above in relation to FIG 4, an accelerometer 1204, which
is substantially similar to accelerometers 404a, 404b described above in relation to FIG.
4, and a position sensor 1206,

In some implementations, the ACD device 1200 may be configured for automatic
application of ACD treatment of a patient. For example, ACD device 1200 can include a
force actuator {not shown) for automatically applying compression forces and
decompression forces to the patient’s chest. The mechanism can include one or more of a
compression belt, a piston, an elastic element such as a spring, one or more flexible rods,
a string and pulley mechanism, and so forth. The force actuator is configured to
compress the patient’s chest for a compression potion of the ACD compression cycle and
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decompress {e.g., lift up) the patient’s chest for the decompression portion of the ACD
compression cycle.

The position sensor 1206 provides position data of the force actuator of the ACD
device 1200. In some implementations, the position sensor 1206 includes one or more of
an encoder, capacitive transducer, Hall Fffect sensor, potentiometer, range sensor, and so
forth. The exact hardware of the position sensor 1206 can depend on hardware used for
the force actuator. For example, if a piston is used for the force actuator, then the position
sensor 1206 can include an encoder to measure the piston’s relative position.

The processor 1202 can receive the position data of the force actuator as
measured by the position sensor 1206, The processor 1202 can determine a compression
depth and/or decompression depth (heremafier collectively referred to as “chest
displacement”) relative to an initial zero point. The position data can be proportional to
the chest displacement of the patient caused by the force actuator of the ACD device
12606,

The processor 1202 13 configured to receive data from the force sensor 1200, the
position sensor 1206, and the accelerometer 1204 in such a way that the processor can
relate the force applied by the force sensor to the position of the posttion sensor 1206,
and thus the chest displacement of the patient, for one or more points in time of the ACD
compression cycles.

Turning to FIG. 13, example treatment data 1300 15 shown for tests in a study
protocol performed on the chest of a pig subject. It can be appreciated that treatment
information gathered from the pig subject shown here may be applicable to the treatment
of patients 1n emergency settings. For example, the methods described herein with
respect to identifying or otherwise estimating the neutral position of the chest for any
given ACD compression cycle may be used for patients undergoing ACD CPR treatment
manually or via an automated ACD system. Treatment data 1300 includes data measured
by the sensors {e.g., position sensor 1206, accelerometer 1204, and force sensor 1208)
during operation of the ACD device 1200, which was adhered to the subject via an
adhesive pad. Example displacement data 1302 and force data 1304 are shown fora
series of ACD compression cycles. For example, chest displacement can be determined

by the processor 1202 using one or both of the position data and the accelerometer data
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received from the position sensor 1206 and the accelerometer 1204, respectively. The
position data and accelerometer data are converted to a calculated chest displacement
position, such as described above.

Systems and methods for estimating displacement or depth from accelerometer
data are described in U.S. Patent No. 9,125,793, entitled “System for determining depth
of chest compressions during CPR,” which i1s hereby incorporated by reference n its
entirety. In general, acceleration data may be double integrated to obtain displacement.
In addition, raw data may be appropriately filtered so as to result in clean results. For
exarnple, raw acceleration may be filtered by a filter {e.g., lugh pass filter, band pass
filter, moving average filter, infinite impulse response filter, autoregressive filter,
autoregressive moving average filter) to produce a filtered acceleration with most forms
of signal notse substantially reduced. However, the integration process may still result in
a relatively noisy velocity waveform compared with the acceleration waveform. The
filtered acceleration may be mtegrated to result in velocity. The velocity may then be
filtered (e.g., high pass filter, band pass filter, moving average filter, mfinite impulse
response filter, autoregressive filter, autoregressive moving average filter) to produce a
filtered velocity. The filtered velocity may then be integrated to result in displacement.
The ntegration process may still cause the displacement waveform to be slightly noisier
than the acceleration and velocity waveforms. Accordingly, the displacement waveform
may be filtered {e.g., high pass filter, band pass filter, moving average filter, infinite
impulse response filter, autoregressive filter, autoregressive moving average filter} to
produce a filtered displacement waveform. Typically, the chest displacement are shown in
centimeters {cm) or inches {in}, while the force data may be shown in Newtons (N) or
another measure of force. However, any distance and force units are applicable.

Additionally, graph 1306 shows displacement data and graph 1308 shows force
data. Each of graph 1306 and graph 1308 shows data overlaid for example compression
cycles at different percent decompression values. A percent decompression value refers to
the percentage of the anterior-posterior distance of the thorax that the subject’s chest is
decompressed {e g., lifted) above the zero point during ACD treatment. As stated above,
the zero point refers to an initial chest position of the patient when ACD treatment
commences. A percent compression value refers to the percentage of the anterior-
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posterior distance of the thorax that the subject’s chest is compressed below the zero
point. In the example data shown, a 20% compression refers to approximately 2.0 inches
of compression below zero point, 15% compression refers to approximately 1.5 inches of
compression below zero point, 10% compression refers to approximately 1.0 inch of
compression below zero point, and 5% compression refers to approximately 0.5 inches of
compression below zero pomt. Similarly, a 20% decompression refers o approximately
2.0 inches of decompression above zero point, 15% decompression refers to
approximately 1.5 inches of decompression above zero point, 10% decompression refers
to approximately 1.0 inch of decompression above zero point, and 5% decompression
refers to approximately 0.5 inches of decompression above zero point,

Graph 1306 shows displacement data for five ACD compression cycle depths
1310a-1310e. For clarity, the graph 1306 shows the ACD compression cycles as
beginming at the initiation of downstroke at the maxumum height of the chest, which
mvolves compression down to a maximum compression depth, followed by the iutiation
of upstroke, which involves decompression from the maximum compression depth back
up to the maximum height of the chest during the compression cycles. Each of the
compression cycles 1310a, 1310b, 1310¢, 13104, 1310e shown represents the
displacement of the subject’s chest at 20% compression apphied {approximately 2.0
inches below zero point), however, the amount of decompression for each of the
compression cycles 1310a, 1310b, 1310¢, 1310d, 1310e differ. The compression cycle
depth 1310a represents the displacement of the subject’s chest for a compression cycle
with 20% compression applied (approximately 2.0 inches below zero point) and 20%
decompression applied (approximately 2.0 inches above zero point). The compression
cyvcle depth 1310b represents the displacement of the subject’s chest for a compression
cycle with 20% compression applied and 15% decompression applied (approximately 1.5
inches above zero point). The compression cycle depth 1310¢ represents the displacement
of the subject’s chest for a compression cycle with 20% compression applied and 10%
decompression applied {(approximately 1.0 inch above zero point). The compression cycle
depth 1310d represents the displacement of the subject’s chest for a compression cycle
with 20% compression applied and 5% decompression applied (approximately 0.5 inches

above zero point). The compression cycle depth 1310e represents the displacement of the
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subject’s chest for a compression cycle with 20% compression applied and 0%
decompression applied (e.g., decompression of the chest back to the mitial zero point).

Graph 1308 shows force data for five compression cycle forces 1312a-1312e For
clarity, the graph 1308 shows the compression cycles as beginning at initiation of
downstroke at the maximum height of the chest, which involves compression down to a
maximuin compression depth, followed by the mitiation of upstroke, which 1nvolves
decompression from the maximum compression depth back up to the maximum height of
the chest during the compression cycles. Each of the compression cycles 1312a, 1312b,
1312¢, 13124, 1312e shown represents the force measured at the subject’s chest at 20%
compression apphied (approximately 2.0 inches below zero point), however, the amount
of decompression for each of the compression cycles 1312a, 1312b, 1312¢, 1312d, 1312
ditfer. The compression cvele force 1312a represents the force apphied to the subject’s
chest for a compression cycle with 20% compression applied (approximately 2.0 mches
below zero point) and 20% decompression applied (approximately 2.0 inches above zero
point}. The compression cycle force 1312b represents the force applied to the subject’s
chest for a compression cycle with 20% compression apphed and 15% decompression
apphied (approximately 1.5 inches above zero pomnt}. The compression cycle force 1312¢
represents the force applied to the subject’s chest for a compression cycle with 20%
compression apphied and 10% decompression applied {approximately 1.0 inch above zero
point}. The compression cycle force 1312d represents the force applied to the subject’s
chest for a compression cycle with 20% compression apphied and 5% decompression
apphied {approximately 0.5 inches above zero point). The compression cycle force 1312¢
represents the force applied to the subject’s chest for a compression cycle with 20%
compression applied and 0% decompression applied (e.g., decompression of the chest
back to the mitial zero point). Compression cycle forces 1312a-e correspond to
compression cycle displacements 1310a-e, respectively.

Line 1314 1s a reference showing a comparison, for a point in time of maximum
depth for each of compression cycle depths 1310a-¢, of the applied forces for respective
compression cycle forces 1312a-e Generally, the forces 1312a-e are the lowest values
(e.g, most negative) at maximum compression displacements. The forces 1312a-¢ are

generally greatest (e.g., most positive) during maximum decompression displacement.

59



10

15

20

30

WO 2020/160448 PCT/US2020/016174

Generally, and for each of compression cycle forces 1312a-e, the force value 1s zero at
two points during the compression cycle. These points may represent a transition from a
compression phase to a decompression phase, and vice versa. These points can also be
used to estimate the neutral position of the subject’s chest, as further described below.

The displacement data graph 1302 and the force data graph 1304 are
approximately aligned to show a comparison between force and distance values during
compression cycles. An example compression cycle is marked by lines 1314

As described above, as the subject’s chest 15 subjected to compression cycles, the
subject’s chest becomes more comphiant, meaning that relatively less force is required to
compress and/or decompress the subject’s chest over time. This 1s tllustrated in FIG. 14,
which shows data 1400 representing a series of several compression cycles over time (on
the order of approximately half an hour). Displacement data 1402 shows the
displacement of the subject’s chest over time. The force data 1404 shows a force applied
to the subject’s chest over time. Point 1410 shows a zero point, which 13 an 1mitial resting
displacement of the subject’s chest (set to a displacement of zero).

Burning an matial period marked by 1406, relatively larger force magnitudes are
apphied to the subject’s chest than during period 1408, This 1s because organic structures
m the subject’s chest, such as nibs, may bend, crack, or even break during compressions,
resulting i an nitial period of significant chest remodeling. Upon inspection of the
period 1406, it can be seen that after a short time within the pertod 1406, upward force is
still applied when the ACD device 15 brought back to the zero point, indicating that the
neutral position of the chest has moved downward from the zere point. Over the period of
1408, relatively less force 1s applied to achieve the same compression displacement as the
chest becomes more compliant.

As the subject’s chest becomes more comphiant over time, a neutral position of
the subject’s chest may change, depending on how compressions and decompression are
apphied. The neutral position of the chest refers to a displacement position in which the
chest naturally rests when no forces are applied to the chest. Estimation of neutral
position allows for more accurate determination of the compression depth and
decompression lift of a patient when undergoing ACD CPR therapy and, hence, may

aliow for better feedback regarding the quality of the administered CPR. Initially, the
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neutral position is equal to the zero point. However, as the chest becomes more
compliant, and as ribs crack and/or break, the neutral position of the chest may change.
Typically, the chest wall rests at a lower position relative to the zero point after
compressions have been performed on the chest. For example, initially, as the chest is
compressed, the neutral position of the chest will naturally migrate downward. However,
as decompressions are applied, the neutral position of the chest may tise upward. The
combination of downward compressions and upward decompressions may alter the
position of the neutral position i real time. The processor 1202 of FIG. 12 1s configured
to estimate the neutral position of the chest to which ACD treatment 15 applied.
Estimating the neutral position of the chest, and the neutral position estimation(s) can be
used to tune or otherwise adjust compression and decompression forces applied to the
user as well as compression and decompression displacements of the subject’s chest
during compression cycles.

The processor 1202 1s configured to estimate the neutral position of the chest to
which ACD treatment 15 applied mn several different ways, as described below n relation
to FIGS, 15-24,

FIG. 15 shows an example graph 1500 of a relationship 1502 between
displacement 1522 and force 1520 during a compression cycle. As depicted by the arrows
1524, 1526, the upper portion of the curve shows the compression downstroke
represented by arrow 1524 and the lower portion of the curve shows the decompression
upstroke represented by arrow 1526, The force-displacement relationship curve 1502
shows that, generally, as displacement values increase, force values increase. During the
compression cycle, the amount of force being applied at a given displacement of the chest
differs from compression to decompression, and thus the force 1520 is not strictly a
function of the displacement 1522 in a mathematical sense. This is because of mechanical
hysteresis in the compression cycle. Force values may be lower in magnitude during
compression for a given displacement value than that for decompression. In some
implementations, the force values 1520 of the force-displacement relationship curve 1502
are measured by a force sensor (e.g., force sensor 1208 of FIG. 12} In some
implementations, the displacement values 1522 of the force-displacement relationship

curve 1502 are determined based on measurements by a position sensor (e.g., position
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sensor 1206 of FIG. 12) and/or an accelerometer {e.g., accelerometer 1204 of FIG. 12} It
can be appreciated that a similar force-displacement relationship may be obtained during
use of an ACD device where manual ACD treatment is applied. In such cases, force
values of the force-displacement relationship curve are measured by a force sensor
provided with the ACD device, and displacement values of the force-displacement
relationship curve are determuned based on measurements by a position sensor and/or an
accelerometer. For example, a manual ACD device can include the device 100 described
i relation to FIGS. 1-10. above.

Referring to the graph 1500, the force-displacement relationship curve 1502
crosses a point where the measured force 15 zero in two locations, marked by points 1504
and 1506, in which a force being applied to the chest 15 zero. As shown in the graph 1500,
zero force crossing points 1504, 1506 are separated by a distance 1308, Tn some
implementations, the processor 1202 estimates a neutral position (e.g., a displacement
value corresponding to the neutral position} of the subject’s chest based on the zero force
crossing points 1504, 1506, In some implementations, zero force crossing points 1504,
1506 are not equal to zero displacement {e.g., the zero point), but are somewhat less or
more than the zero displacement value. This 15 because of mcreasing chest compliance or
remodeling of the biomechanics of the sternal/thoracic structure during the course of
chest compressions, as described above in relation to FIG. 14,

The processor 1202 can be configured to estimate the neutral position of the
subject’s chest as a function of the two zero force crossing points 1504, 1506, For
example, the estimate of the neutral position of the subject’s chest can include an average
of the displacement values corresponding to the zero force crossing points 1504, 1506
The average of displacement values corresponding to zero force crossing points 1504,
1506 is approximately at point 1514 in graph 1500, or above -0.005 m from the zero
point.

In some implementations, the estimate of the neutral position is a weighied
function {e.g., a weighted average) of the displacement values corresponding to zero
force crossing points 1504, 1506, The weighted function can include a linear function,
exponential function, etc. For example, the weighted function can include an expression

in which the weights comprise coefficients in a polynomial expression. In one example,
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the weighting function may be of the form NP = ay »x, + ag * xq, where the weights a, and
ag adjust the displacement values corresponding to points 1504, 1506, and where xg4
corresponds to the crossing point during the upstroke and xg corresponds to the crossing
point during the downstroke, and where the weights are normalized such that the sum of
all the weights equals 1.

In an example, weights can be applied to a function relating the zero force
crossing points 1504, 1506 to an estimated neutral position. The value of the weights can
be based on historical data (e g., gathered over time from many patients and/or subjects),
dynamically tuned based on prior compression cveles of the current patient, manually
adjusted (e.g., calibrated), adjusted based, for instance, on hardware being used. The
weights can be based on prior experimentation and empirical data to determine
predetermined weights that result in an optimal estimation of the neutral position across
the widest population of subjects. Alternatively, the predetermined weights may be based
on estimates of a particular subject’s one or more sternal/thoracic biomechanical
parameters, such as comphance, damping, mass, stiffness, viscosity of the chest. Separate
models may be estimated for the upstroke and downstroke of the compression cycle.
Separate models may be generated for varying depths of compression or decompression.
For instance, the weights may be proportional to the relative stiffness, viscosity, damping
on the upstroke and downstroke. The weights may be based on the damping at the
midpoint of the compression/decompression cycle. The predetermined weights may be
further modified by estimates of a particular subject’s one or more sternal/thoracic
biomechanical parameters

In some implementations, the estimated neutral position 18 a displacement value
between the displacement values of zero force crossing points 1504, 1506, or within
range 1508, In some implementations, the estimate of the neutral position can be outside
range 1508, such as consistently lower than zero force crossing points 1504, 1506, such
as approximately point 1510, In some implementations, the estimate of the neutral
position can be consistently greater than zero force crossing points 1504, 1506, such as
approximately pomt 1518, In some implementations, the processor 1202 can output a
probabtlity that the neutral position ts within range 1518 {e.g., 90% probability, 100%
probability, or any percentage value). In some implementations, the processor 1202 can
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provide a probability that the neutral position of the subject’s chest is greater than the
displacement value at point 1506, less than the displacement value at point 1504, or both.
This situation might occur if there has been compression-induced nosocomial injury such
as a rib fracture or separation of the sternal cartilage; it may also occur if a ventilation
breath 1s delivered causing a momentary change in mechanical properties during the chest
compression cycle.

Turning to FIG. 16A, a graph 1600 includes force-displacement relationship
curves 1602a-e, similar to force-displacement relationship curve 1502 of FIG. 1502, The
force-displacement relationship curves 1602a-e show a relationship between
displacement values 1606 of a subject’s chest and corresponding force values 1604 of
forces applied to the subject’s chest during ACD compression cycles,

Each of the force-displacement relationship curves 1602a-e represents the force-
displacement relationship for a compression cycle at a different decompression
percentage value, with the compression remaining approximately the same at 20%
compression (about 2.0 inches depth). Force-displacement relationship curve 1602a
represents the force~-displacement relationship at 20% compression and 0%
decompression above the zero point. Force-displacement relationship curve 1602b
represents the force-displacement relationship at 20% compression and 5%
decompression above the zero point. Force-displacement relationship curve 1602¢
represents the force-displacement relationship at 20% compression and 10%
decompression above the zerp point. Force-displacement relationship curve 16024
represents the force-displacement relationship at 20% compression and 15%
decompression above the zero point. Force-displacement relationship curve 1602¢
represents the force-displacement relationship at 20% compression and 20%
decompression above the zero point.

In some implementations, the force values 1604 of the force-displacement
relationship curves 1602a-¢ are measured by a force sensor (e.g., force sensor 1208 of
FIG. 12). In some implementations, the displacement values 1606 of the force-
displacement relationship curves 1602a-e are determined based on measurements by a
position sensor {e.g., position sensor 1206 of FIG. 12) and/or an accelerometer (e g,

accelerometer 1204 of FIG. 12},
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In graph 1600, zero force crossing points 1608, 1610 are shown. The processor
1202 of FIG. 12 can use the zero force crossing points 1608, 1610 for estimating the
neutral position of a subject’s chest in a manner similar the use of the zero force crossing
points 1504, 1506 as described above in relation to FIG. 15. Here, points 1610 represent
zero force crossing points during the compression phase, and points 1608 represent zero
force crossing points during the decompression phase.

FIG. 16B is a zoomed in portion 1650 of graph 1600. The zero force crossing
points 1612a-e are marked m pairs for each of the force-displacement relationship curves
1602a-e. Zero force crossing points 1612a correspond to the force-displacement
relationship curve 1602a. Zero force crossing points 1612b correspond to the force-
displacement relationship curve 1602b. Zero force crossing points 161 2¢ correspond to
the force-displacement relationship curve 1602¢. Zero force crossing points 1612d
correspond to the force-displacement relationship curve 1602d. Zero force crossing
points 1612e correspond to the force-displacement relationship curve 1602¢.

In this example, for force-displacement relationship curve 1602a-¢, the
corresponding zero force crossing points 1612a-e are relatively further apart, in terms of
corresponding chest displacement, as the percent decompression increases. Further, the
zero force crossing pomnts 1608 and 1610 vary more asymmetrically, as the zero crossing
points 1610 for compression change more as percent decompression 1s increased than the
relative positions of the zero force crossing points 1608 as percent decompression is
increased. In some implementations, this trend can be accounted for in estimations of the
neutral position of the subject’s chest performed by the processor 1202, For example, the
processor 1202 can be configured to use different weighting values for estimating the
neutral position of the subject’s chest based on the percent decompression associated with
the measured zero force crossing points 1608, 1610, Similar to that described above with
respect to Fig. 15, various weighting factors and/or other calculations may be applied to
the zero force crossing points to estimate the neutral position of the chest.

Turning to FIG. 17A, a graph 1700 includes relationship curves 1702a-e that
show displacement on the x-axis and the product of force and displacement on the y-axis.
The product-displacement relationship curves 1702a-e show a relationship between

displacement values 1706 of a subject’s chest and corresponding force-displacement
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product values 1704 of forces applied to the subject’s chest during ACD compression
cycles. For clarity below, the force-displacement product value 1704 may be referred to
as the product value, or simply product value 1704, In some implementations, the force-
displacement product can be referred to as effort or an effort value. The effort value can
represent a physical effort (e.g., by a rescuer, device, etc.) for holding a chest of the
subject at a particular displacement position. The effort 1s at a minimum when the chest
of the subject is at a neutral position. In some implementations, the effort increases
approximately parabolically as a compression displacement or a decompression
displacement value increases from the neutral posttion.

Each of the product-displacement relationship curves 1702a-e represents the
product-displacement relationship for a compression cycle at a different decompression
percentage value. Product-displacement relationship curve 1702a represents the product-
displacement relationship at 20% compression and 0% decompression above the zero
point. Product-displacement relationship curve 1702b represents the product-
displacement relationship at 20% compression and 5% decompression above the zero
point. Product-displacement relationship curve 1702¢ represents the product-
displacement relationship at 20% compression and 10% decompression above the zero
point. Product-displacement relationship curve 1702d represents the product-
displacement relationship at 20% compression and 15% decompression above the zero
point. Product-displacement relationship curve 1702e represents the product-
displacement relationship at 20% compression and 20% decompression above the zero
point.

In some implementations, the product values 1704 of the product-displacement
relationship curves 1702a-e are determined based on measurements from a force sensor
{e.g., force sensor 1208 of FIG. 12). In some implementations, the displacement values
1706 of the product-displacement relationship curves 1702a-e are determined based on
measurements by a position sensor {(e.g., position sensor 1206 of FIG. 12) and/or an
accelerometer {e g., accelerometer 1204 of FIG. 12},

In some implementations, the processor 1202 of FIG. 12 1s configured to estumate

the neutral position of the subject’s chest based on local minima of the product value
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1704 when measured for displacement values 1706 as shown in graph 1700, In some
implementations, the local product minima are referred to as points of minimum effort.

Local product minima 1708 represent minimum product values respectively for
each of product-displacement relationship curves 1702a-e during the compression phase.
Local product minima 1710 represent minimum product values respectively for each of
product-displacement relationship curves 1702a~e during the decompression phase.

FIG. 17B 1s a zoomed in portion 1750 of graph 1700. The local product minima
1712a-¢ are marked in pairs for each of the product-displacement relationship curves
1702a-e. Local product minima 1712a correspond to the product-displacement
relationship curve 1702a. Local product nuruma 1712b correspond to the product-
displacement relationship curve 1702b. Local product minima 1712¢ correspond to the
product-displacement relationship curve 1702¢. Local product miruma 1712d correspond
to the product-displacement relationship curve 1702d. Local product minima 1712¢
correspond to the product-displacement relationship curve 1702e.

In some implementations, the processor 1202 can be configured to estimate the
neutral position of the subject’s chest as a function of the pair of local minima 1708,
1710, for each of product-displacement relationship curves 1702a-¢. For example, the
estimate of the neutral position of the subject’s chest can include an average displacement
values corresponding to the local product mimima 1712a-e, respectively, for each product-
displacement relationship curve 1702a-e. The average of displacement values
corresponding to of local product minima 1712a-e are each different in graph 1750. For
example, the average of displacement values corresponding to local product minima
1712a 1s shightly less than Om displacement. The average of displacement values
corresponding to local product minima 1712b 15 approximately Om displacement. The
averages of displacement values corresponding to ocal product mimima 1712¢-e are
slightly greater than O m displacement.

In some implementations, the estimate of the neutral position is a weighied
function {e.g., a weighted average) of averages of displacement values corresponding to
local product minima 1712a-e. The weighted function can include a linear function,
exponential function, etc. For example, the weighted function can include an expression

in which the weights comprise coefficients in a polynomial expression. In one example,
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the weighting function may be of the form NP = ay »x, + ag * xq, where the weights a, and
ag adjust the displacement values corresponding to crossing points 1712a-e, and where xq4
corresponds to the crossing point during the upstroke and xg corresponds to the crossing
point during the downstroke, and where the weights are normalized such that the sum of
all the weights equals 1.

For example, weights can be applied to a function relating the local product
minima 1712b to an estimated neutral position. The value of the weights can be based on
hustorical data (e.g., gathered over time from many patients), dynamically tuned based on
prior compression cycles of the current patient, manually adjusted {(e.g., calibrated),
adjusted based on hardware being used, and so forth.

The weights can be based on prior experimentation and empirical data to
determine predetermined weights that result in the best estimation of the neutral position
across the widest population of subjects. Alternatively, the predetermuned weights may be
based on estimates of a particular subject’s one or more sternal/thoracic biomechanical
parameters, such as comphance, damping, mass, stiffness, viscosity of the chest. Separate
models may be estimated for the upstroke and downstroke of the compression cycle.
Separate models may be generated for varying depths of compression or decompression.
For instance, the weights may be proportional to the relative stiffness, viscosity, damping
on the upstroke and downstroke. The weights may be based on the damping at the
midpoint of the compression/decompression cycle. The predetermined weights may be
further modified by estimates of a particular subject’s one or more sternal/thoracic
biomechanical parameters.

In some implementations, the estimated neutral position 18 a displacement value
between the displacement values of pairs of local minima 1708, 1710, In some
implementations, the estimate of the neutral position can be consistently lower than focal
minima 1708, In some implementations, the estimate of the neutral posttion can be
consistently greater than local minima 1710. In some implementations, the processor
1202 can cutput a probability that the neutral position is between local minima 1708,
1710 (e.g., 90% probability, 100% probability, or any percentage value). In some

implementations, the processor 1202 can provide a probability that the neutral position of
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the subject’s chest 15 greater than the displacement value near local minima 1708, less
than the displacement value at local minima 1710, or both.

This situation night occur if there has been compression-induced nosocomial
mjury such as a b fracture or separation of the sternal cartilage; it may also occur if a
ventilation breath 1s delivered causing a momentary time during the chest compression
cycle. Ventilation-induced neutral position variability may be measured and characterized
statistically such as by measures such as mean and standard deviation, and a probability
that the neutral position 1s between the local miruma can be calculated.

The estimated neutral position values 1214 using the product-displacement local
minima 1712a-e can be different from the estimated neutral position values using the
force-displacement zero force crossing points 1612a-e. In some implementations, the
neutral position estimations 1214 generated using product-displacement local minima
1708, 1710 and force-displacement zero force crossing pownts 1612a-e can be combined
mto another function to increase the accuracy of the estimations 1214, For example, the
product-displacement local minima 1708, 1710 can be associated with a first weight and
the force-displacement zero force crossing pomts 1612a-¢ can be associated with a
second weight, and the neutral position can be a function of both the first and second
weights.

Turning to FIG. 184, a graph 1800 includes product-displacement relationship
curves 1802a-e. The product-displacement relationship curves 1802a-e show a
relationship between displacement values 1806 of a subject’s chest and corresponding
product values 1804 of forces applied to the subject’s chest during ACD compression
cycles. In other words, the product-displacement relationship curves 1802a-e each the
amount of effort at each displacement value of the chest of the subject. At a particular
displacement value for each decompression percentage value, the effort 1s equal for both
decompression and compression. This is shown at crossing points 1808 of FIG. 18A and
can be referred to as the equal-effort value.

Each of the product-displacement relationship curves 1802a-e represents the
product-displacement relationship for a compression cycle at a different decompression
percentage value. Product-displacement relationship curve 1802a represents the product-

displacement relationship at 20% compression and 0% decompression above the zero
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point. Product-displacement relationship curve 1802b represents the product-
displacement relationship at 20% compression and 5% decompression above the zero
point. Product-displacement relationship curve 1802¢ represents the product-
displacement relationship at 20% compression and 10% decompression above the zero
point. Product-displacement relationship curve 1802d represents the product-
displacement relationship at 20% compression and 15% decompression above the zero
point. Product-displacement relationship curve 1802e represents the product-
displacement relationship at 20% compression and 20% decompression above the zero
point.

In some implementations, the product values 1804 of the product-displacement
relationship curves 1802a-e are determined based on measurements from a force sensor
{e.g., force sensor 1208 of FIG. 12). In some implementations, the displacement values
1806 of the product-displacement relationship curves 1802a-e are determined based on
measurements by a position sensor {e.g., position sensor 1206 of FIG. 12} and/or an
accelerometer {e.g., accelerometer 1204 of FIG. 12).

In some implementations, the processor 1202 of FIG. 12 1s configured to estimate
the neutral position of the subject’s chest based displacement values corresponding to
crossing pomnts 1808 of the product-displacement relationship curves 1802a-¢, as shown
in graph 1800. The crossing points 1808 represent displacement values where the force
applied to the subject’s chest is the same for a particular displacement value during both
compression and decompression phases.

FI(. 18B 1s a zoomed in portion 1850 of graph 1800. The crossing points 1812a-¢
are marked for each of the product-displacement relationship curves 1802a-e. Crossing
point 1812a corresponds to the product-displacement relationship curve 1802a. Crossing
point 1812b corresponds to the product-displacement relationship curve 1802b. Crossing
point 1812¢ corresponds to the product-displacement relationship curve 1802¢c. Crossing
point 1812d corresponds to the product-displacement relationship curve 1802d. Crossing
point 1812e corresponds to the product-displacement relationship curve 1802e.

In some implementations, the processor 1202 can be configured to estimate the
neutral position of the subject’s chest as a function of the crossing points 1812a-¢, for

each of product-displacement relationship curves 1802a-e. For example, the estimate
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1214 of the neutral position of the subject’s chest can include a displacement value
corresponding each of the crossing points 1812a-e, respectively, for each product-
displacement relationship curve 1802a-e. The corresponding displacement values for
each of crossing points 1812a-e are each difterent in graph 1850. For example, the
displacement value corresponding to crossing point 1812a 1s slightly greater than O m
displacement. The displacement values corresponding to crossing points 1812b, 1812¢,
and 1812d are approximately 0.005 m displacement. The displacement value
corresponding to crossing point 1812e 1s slightly less than 0.01 m displacement.

In some implementations, the estimate 1214 of the neutral position includes a
weighted function {e.g., a weighted average) of displacement values corresponding to
crossing points1812a-e. For example, weights can be applied to a function relating the
crossing point 1 812b to an estimated neutral position. The value of the weights can be
based on historical data (e.g., gathered over time from many patients), dynamically tuned
based on prior compression cycles of the current patient, manually adjusted (e.g.,
calibrated), adjusted based on hardware being used, and so forth.

The weights can be based on prior experimentation and empirical data to
deternune predetermined weights that result in the best estimation of the neutral position
across the widest population of subjects. Alternatively, the predetermined weights may be
based on estimates of a particular subject’s one or more sternal/thoracic biomechanical
parameters, such as compliance, damping, mass, stiffness, viscosity of the chest. Separate
models may be estimated for the upstroke and downstroke of the compression cycle.
Neparate models may be generated for varying depths of compression or decompression.
For nstance, the weights may be proportional {o the relative stiffness, viscosity, damping
on the upstroke and downstroke. The weights may be based on the damping at the
midpoint of the compression/decompression cycle. The predetermined weights may be
further modified by estimates of a particular subject’s one or more sternal/thoracic
biomechanical parameters.

In one example, the weighting function may be of the form NP = ay «xu + 84 * xq,
where the weights a, and aq adjust the displacement values corresponding to crossing

points 1812a-¢, and where xg¢ corresponds to the crossing point during the upstroke and xg¢
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corresponds to the crossing point during the downstroke, and where the weights are
normalized such that the sum of all the weights equals 1.

In some implementations, the estimate of the neutral position can be consistently
greater than or less than local crossing points 1812a-e. In some implementations, the
processor 1202 can output a probability that the neutral position 1s greater than or less
than one or more of crossing points 1812a-e or a function of crossing points 1812a-¢
(e.g., 90% probability, 100% probability, or any percentage value). In some
implementations, the processor 1202 can provide a probability that the neutral position of
the subject’s chest 15 greater than the displacement value near crossing points 1808, less
than the displacement value near crossing poiots 1808, or both.

The estimated neutral position values 1214 using the crossing values 1812a-e can
be different than the estimated neutral position values using the force-displacement zero
crossing points 1612a-e and/or the product-displacement local minima 1712a-e. In some
mmplementations, the neutral position estimations 1214 generated using product-
displacement local mumima 1712a-e, force-displacement zero crossing points 1612a-e,
and crossing values 1812a-e can be combined into another function to increase the
accuracy of the estimations 1214, In one example, the function 1s a weighting function as
describe above.

Turning to FIG. 194, a graph 1900 includes relationship curves 1902a-¢ that
involve the displacement and the time derivative of the force-displacement product {or
instant force-displacement product), which may be referred to as differential product-
displacement relationship curves. The instant product-displacement relationship curves
1902a-e show a relationship between displacement values 1906 of a subject’s chest and
corresponding instantaneous force-displacement product values 1904 of forces applied to
the subject’s chest during ACD compresston cycles. In other words, the product-
displacement relationship curves 1902a-e each represent a change in the amount of effort
at each displacement value of the chest of the subject. Ata particular displacement value
for each decompression percentage value, the change in effort is equal for both
decompression and compression. This is shown at crossing points 1908 of FIG. 19A and

can be referred to as the equal-effort rate value.
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Each of the instant product-displacement relationship curves 1902a-e represents
the instant product-displacement relationship for a compression cycle at a different
decompression percentage value. Instant product-displacement relationship curve 1902a
represents the instant product-displacement relationship at 20% compression and 0%
decompression above the zero point. Instant product-displacement relationship curve
1902h represents the instant product-displacement relationship at 20% compression and
5% decompression above the zero point. Instant product-displacement relationship curve
1902¢ represents the mstant product-displacement relationship at 20% compression and
10% decompression above the zero point. Instant product-displacement relationship
curve 1902d represents the mstant product-displacement relationship at 20% compression
and 15% decompression above the zero point. Instant product-displacement relationship
curve 1902e represents the mstant product-displacement relationship at 20% compression
and 20% decompression above the zero point.

In some implementations, the product values 1904 of the nstant product-
displacement relationship curves 1902a-e are determined based on measurements from a
force sensor {e.g., force sensor 1208 of FIG. 12} In some implementations, the
displacement values 1906 of the product-displacement relationship corves 1902a-¢ are
determined based on measurements by a position sensor {e.g., position sensor 1206 of
FIG. 12) and/or an accelerometer {e.g., accelerometer 1204 of FIG. 12).

In some implementations, the processor 1202 of FIG. 12 is configured to estimate
the neutral position of the subject’s chest based displacement values corresponding to
crossing points 1908 of the product-displacement relationship curves 1902a-¢, as shown
in graph 1900. The crossing points 1908 represent displacement values where the time
derivative of the force-displacement product applied to the subject’s chest is the same for
a particular displacement value during both compression and decompression phases.

FIG. 19B is a zoomed in portion 1950 of graph 1900. The crossing points 1912a-¢
are marked for each of the instant product-displacement relationship curves 1902a-e.
Crossing point 1912a corresponds to the mstant product-displacement relationship curve
1902a. Crossing point 1912b corresponds to the instant product-displacement relationship
curve 1902b. Crossing point 1912¢ corresponds to the instant product-displacement

relationship curve 1902¢. Crossing point 1912d corresponds to the instant product-
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displacement relationship curve 1902d. Crossing point 1912e corresponds to the instant
product-displacement relationship curve 1902e.

In some implementations, the processor 1202 can be configured to estimate the
neutral position of the subject’s chest as a function of the crossing points 1912a-e, for
each of instant product-displacement relationship curves 1902a-e. For example, the
estimate 1214 of the neutral position of the subject’s chest can include a displacement
value corresponding each of the crossing points 1912a-¢, respectively, for each instant
product-displacement relationship curve 1902a-e. The corresponding displacement values
for each of crossing points 1912a-e are each different in graph 1950. For example, the
displacement value corresponding to crossing point 1912a is shightly less than O m
displacement. The displacement values corresponding to crossing points 1912b-e are
shightly greater than O m displacement. In such a case, the neutral position is estimated at
a point at which the rate of change in the administered etfort (product of force and
displacement} 15 independent of direction and hence is equal n the compression and
decompression phases of an ACD cycle.

In some implementations, the estimate 1214 of the neutral position ncludes a
weighted function {e.g., a weighted average) of displacement vahies corresponding to
crossing pomnts 1912a-e. For example, weights can be applied to a function relating the
crossing point 1912b to an estimated neutral position. The value of the weights can be

based on historical data (e.g., gathered over time from many patients}), dynamically tuned

> &
based on prior compression cyeles of the current patient, manually adjusted {e.g,
calibrated), adjusted based on hardware being used, and so forth.

The weights can be based on prior experimentation and empirical data to
determine predetermined weights that result in the best estimation of the neutral position
across the widest population of subjects. Alternatively, the predetermined weights may be
based on estimates of a particular subject’s one or more sternal/thoracic biomechanical
parameters, such as comphiance, damping, mass, stiffness, viscosity of the chest. Separate
models may be estimated for the upstroke and downstroke of the compression cycle.
Separate models may be generated for varyving depths of compression or decompression.
For instance, the weights may be proportional to the relative stiffness, viscosity, damping

on the upstroke and downstroke. The weights may be based on the damping at the
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midpoint of the compression/decompression cycle. The predetermined weights may be
further modified by estimates of a particular subject’s one or more sternal/thoracic
biomechanical parameters.

In one example, the weighting function may be of the form NP =a, »x, +ag * xq,
where the weights ay and ag adjust the displacement values corresponding to crossing
points 1912a-e, and where x4 corresponds to the crossing point during the upstroke and xq
corresponds to the crossing point during the downstroke, and where the weights are
normalized such that the sum of all the weights equals 1.

In some implementations, the estimate of the neutral position can be consistently
greater than or less than local crossing points 1912a-¢. In some implementations, the
processor 1202 can output a probability that the neutral position 1s greater than or less
than one or more of crossing points 191 2a-e or a function of crossing points 1912a-¢
{e.g, 90% probability, 100% probability, or any percentage value).

This situation might occur if there has been compression-induced nosocomial
injury such as a rib fracture or separation of the sternal cartilage; 1t may also occur if a
ventilation breath s delivered causing a momentary time during the chest compression
cycle. Ventilation-induced neutral position vanability may be measured and characterized
statistically such as by measures such as mean and standard deviation, and a probability
that the neutral position 1s between the local minima can be calculated.

The estimated neutral position values 1214 using the crossing values 1912a-e can
be different than the estimated neutral position values using the force-displacement zero
crossing points 161 2a-e, the product-displacement local minima 1712a-e, and/or the
crossing values 1812a-e. In some implementations, the neutral position estimations 1214
generated using product-displacement local minima 1712a-e, force-displacement zero
crossing points 1612a-e, crossing values 1812a-¢, and crossing values 1912a-e can be
combined into another function to increase the accuracy of the estimations 1214, In one
example, the function s a weighting function as describe above.

FIG. 20 shows an example process 2100 for estimating a neutral position of a
patient during ACD treatment using relationship between a force applied to the patient’s
chest and a displacement of the patient’s chest during compressions. Such a process may

be applicable for ACD treatment that 1s manually applied to a patient via a caregiver, and
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ACTD treatment that 1s automatically applied to the patient without the manual effort of
ACD applied by a caregiver. The ACD device 1200 is coupled (2102} to the patient.
Then, processor 1202 15 configured to estimate the neutral position of the patient.
Processor 1202 1s configured to execute (2104) active compression decompression
treatment on the patient including compression cycles. The processor 1202 1s configured
to identify (2106} a compression cycle based on signals from a motion sensor and a force
sensor of the ACD device. The processor 1202 is configured to determine (2108) a first
depth of chest compression corresponding to a force-displacement relationship of the
compression phase. The processor 1202 is configured to determine (2110} a second depth
of chest compression corresponding to a force-displacement relationship of the
decompression phase. The processor 1202 1s configured to estimate (2112) a neutral
position of the chest of the patient based on the first depth and the second depth {e.g., a
first displacement and a second displacement). In some implementations, the first and
second displacements can correspond to any one or combination of points 1612a-¢,
1712a-e, 1812a-¢, and/or 1912a-e. The processor 1202 1s configured to determine (2214)
whether additional estimate(s) available {e.g., prior estimates over time using process
2100 or other processes or both). If so, the processor 1202 15 configured to combine
(2216} the estimate with other estimate(s) (e.g., a running average, shiding average, etc.).
The processor 1202 1s configured to provide (2218} treatment feedback by a user
interface based on the estimate(s).

FIG. 21 shows an example process 2200 for estimating a neutral position of a
patient during ACD treatment based on forces applied to the patient’s chest during
compressions, specifically relating to when the force applied to the chest of the patient is
approximately zero. As discussed herein, this process may be applicable for ACD
treatment that 1s manually applied to a patient via a caregiver, and ACD treatment that is
automatically applied to the patient without the manual effort of ACD apphied by a
caregiver. The ACD device 1200 15 coupled (2202} to the patient. Then, processor 1202 s
configured to estimate the neutral position of the patient. Processor 1202 is configured to
execute (2204} active compression decompression treatment on the patient including
compression cycles. The processor 1202 is configured to identify (2206} a compression

cycle based on signals from a motion sensor and a force sensor of the ACD device 1200,
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The processor 1202 1s configured to determine (2208} a first depth of chest compression
corresponding to when approximately zero force is applied to the chest of the patient
during the compression phase. The processor 1202 is configured to determine (2210} a
second depth of chest compression corresponding to when approximately zero force is
applied to the chest of the patient during the decompression phase. The processor 1202 15
configured to estimate (2212) a neutral position of the chest of the patient based on the
first depth and the second depth (e.g, a first displacement and a second displacement). In
some iraplementations, the first and second displacements can correspond to any one of
points 1612a-e. The processor 1202 1s configured to determine (2214) whether additional
estimate(s) available (e.g., prior estimates over time using process 2200 or other
processes or both). I so, the processor 1202 1s configured to combine (2216) the estimate
with other estimate(s) {(e.g., a running average, shiding average, etc.). The processor 1202
15 configured to provide (2218) treatment feedback by a user interface based on the
estimate(s).

FIG. 22 shows an example process 2300 for estimating a neutral position of a
patient during ACD treatment based on a product of a force value of a force applied to the
chest of the patient and a displacement value of the displacement of the patient’s chest.
This process may be applicable for ACD treatment that 1s manually applied to a patient
via a caregiver, and ACD treatment that 15 automatically apphied to the patient without the
manual effort of ACD applied by a caregiver. The ACD device 1200 s coupled (2302) to
the patient. Then, processor 1202 1s configured to estimate the neutral position of the
patient. Processor 1202 1s configured to execute (2304} active compression
decompression treatment on the patient including compression cycles. The processor
1202 1s contigured to identify (2306} a compression cycle based on signals from a motion
sensor and a force sensor of the ACD device 1200. The processor 1202 is configured to
determine {2308} a first depth of chest compression corresponding to a first product of
force and displacement of the compression phase. The processor 1202 1s configured to
determine {2310} a second depth of chest compression corresponding to a second product
of force and displacement of the decompression phase. The processor 1202 1s configured
to estimate (2312} a neutral position of the chest of the patient based on the first depth

and the second depth {e.g., a first displacement and a second displacement}. In some
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implementations, the first and second displacements can correspond to any one of points
1712a-e and/or points 1812a-e. The processor 1202 1s configured to determine {2314)
whether additional estimate(s) available (e g, prior estimates over time using process
2300 or other processes or both). If so, the processor 1202 is configured to combine
(2316) the estimate with other estimate(s) {e.g., a running average, a shiding average,
etc.). The processor 1202 1s configured to provide (2318) treatment feedback by a user
interface based on the estimate(s).

FIG. 23 shows an example process 2400 for estimating a neutral position of a
patient during ACD treatment based on a combination of the processes 2000, 2100, and
2200 described in relation to FIGS. 20-22. The ACD device 1200 1s coupled (2402) to the
patient. Then, processor 1202 is configured to estimate the neutral position of the chest of
the patient. Processor 1202 1s configured to execute (2404) active compression
decompression treatment on the patient including compression cycles. The processor
1202 1s configured to identify (2406} a compression cycle based on signals from a motion
sensor and a force sensor of the ACD device 1200

The processor 1202 1s configured to receive {2408) an estimate calculated at step
2112 of F1G. 20. The processor 1202 1s configured to receive (2410) an estimate
calculated at step 2212 of FIG. 21. The processor 1202 1s configured to recetve (2412) an
estimate calculated at step 2312 of FIG. 22, The processor 1202 1s configured to estimate
(2414} a neutral position of the chest of the patient based on the received estimates at
steps 2408, 2410, and 2412, such as by using an average, a weighted average, or other
function to combine the estimates. The processor 1202 1s configured to determine (2416}
whether additional estimate(s} available (e.g., prior estimates over time using process
2400 or other processes or both). If s0, the processor 1202 1s configured to combing
(2418} the estimate with other estimate{s) {e.g., a running average, a sliding average,
etc.). The processor 1202 1s configured to provide (2420} treatment feedback by a user
interface based on the estimate(s).

Discussed herein, as the chest undergoes significant forces during CPR, during
the application of compressions and decompressions, the chest will undergo remodeling
and, hence, the neutral position of the chest generally can change. For example, when

repetitive chest compressions are applied to the chest, the neutral position of the chest
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will naturally move downward, and so it may be chinically desirable for the manner in
which CPR 1s applied to be adjusted depending on how the neutral position shifts.

As embodiments of the present disclosure describe methods in which the neutral
position of the chest may be estimated during the course of CPR {e g., via displacement
and force sensing), the estimated neutral position may be used to determine at least one
target displacement range (e.g., target depth range on compression downstroke, target lift
range on decompression upstroke) while CPR 15 being administered. That 1s, the target
downstroke displacement {(also called compression depth) and/or target upstroke
displacement (also called decompression displacement or decompression lift) may be
adjusted in a suitable manner using the estimated neutral position as an nput for the
target(s).

The estimated neutral position may also be used to determine at least one target
force range (e.g., target force range on compression downstroke, target force range on
decompression upstroke) while CPR 15 being administered. For example, the target
downstroke force and/or target upstroke force may be adjusted using the estimated
neutral position as an mput for the target(s). In some embodiments, the feedback that 13
given to the user may be for the user to use more or less force on upstroke or downstroke
depending on whether the target displacement and/or force ranges are met. Or, the
feedback may prompt the user to achieve deeper or shallower displacements on upstroke
or downstroke depending on whether the target displacement and/or force ranges are met.
For example, if the compression depth s too shallow (less in magnitude than the target
compression depth), then the user may be prompted to press harder. Or, 1f the
decompression lift displacement is too small, then the user may be prompted to lift with a
greater force.

Accordingly, the target{s} for compression depth and the decompression hift may
be updated repeatedly as the estimated neutral position is updated. For instance, if the
neutral position of the chest becomes significantly depressed (1., moves significantly
downward), it may be advisable for the chest to be lifted or decompressed more than
would otherwise be the case. As an example, 1t may be desirable for the ACD treatment to
be modified so that the neutral position is brought back toward the estimated zero point

of the chest when compressions had initially begun. This added decompression may have
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an effect to further enhance circulation, possibly by allowing for balanced flow to and
from the heart. Or, if the neutral position of the chest moves upward past a point of
natural resting equilibrium of the chest {e.g., due to significant upward force exerted on
the chest), then it may be preferable for more compression or less decompression to be
applied to the chest.

The compression depth and the decompression lift can be determined mdependent
of methods described above with respect to determining the neutral position of the chest
of the patient. For example, the compression depth and the decompression lift can be
determined by measuring a compression force and a decompression force applied to the
patient during a compression cycle. Using the measured compression force(s) and the
measured decompression force(s), the ACD device (e.g., ACD device 100, ACD device
1200, etc.} can be configured to determine what fraction of a total displacement of the
chest of the patient corresponds to the depth of compression of the patient’s chest. This
also determines what fraction of the total displacement of the chest of the patient
corresponds to the decompression displacement or hift of the patient’s chest, which 15 a
corresponding value to the compression displacement.

The ACD device, or corresponding processing system such as a patient monitor,
defibrillator, portable computing device, other computing device that 15 used for
processing of ACD related information, s configured to multiply the compression
fraction by the total travel to obtain compression depth. The compression force and the
decompression force can be measured using a force sensor {e.g., force sensor 402, force
sensor 1208, etc.). The force sensor can include a load cell that is coupled to signal
processing and filtering circuitry and the Analog-to-Digital Converter (ADC) device. The
total displacement can be measured by a displacement sensor, such as an optical encoder,
linear potentiometer, laser interferometer, magnetic field-based distance sensor or other
distance encoding sensor. In some implementations, the displacement can be
approximated by using a motion sensor (e.g., accelerometer, velocity sensor}, as
previously described.

More specifically, the compression depth and the decompression ift can be
determined by determining a maximum compression force applied to the patient’s chest

during a chest compression and determining a maximum decompression force applied to
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the patient’s chest during a chest decompression. Generally, force applied during active
compression decompression of the chest of the patient reaches a maximum compression
value (in magnitude) when the chest is at a maximum compression depth, and force
apphed reaches a maximum decompression value (in magnitude) when to the chest is at a
maximum decompression Lift. For some implementations, the maximum force values (for
each of compression force and decompression force) are static and not influenced by any
variability in the stiffness of the mechanical system, such as the variability introduced by
an elastic plunger of the ADC device.

The value of the peak force at maximum decompression lift and at maximum
compression depth may be correlated to the stiffness of the chest. If a patient’s chest has
mereased stitfness {(e.g., relative to another stiffness of a patient’s chest), the greater the
maximuin {e.g., peak) compression and decompression forces will be at a given chest
displacement.

FIG. 24 A shows a graph 2450 dlustrating peak compression forces assoctated
with chest compressions of a patient. Tn the graph 2450, the compression depth (dc) 2452
is shown 11 centimeters {cm} as a function of maximum compression force {(fo) 2454,
shown 10 Newtons {N). The ACD device {(or a similar device for generating model data}
can be used to compress and decompress the patient’s chest to obtaim compression force
values 2456a, 2456b, and 2456¢ of the compression force 2454 for different compression
depths 2452, The ACD device can include a displacement sensor, such as an encoder, to
obtain this data. A function 2458 is generated to model the relationship between the
compression force 2454 and the compression depth 2452, In graph 2450, the function
2458 is a guadratic function. However, the function 2458 can be a higher-order function,

such as a cubic function, 4™ degree function, n®

degree function, spline or exponential
function. Such a function may include constants that are determined by a training model
(e.g, curve fitting to the data).

Stmilarly, FIG. 248 shows a graph 2460 illustrating peak decompression forces
assoctated with chest decompressions of a patient. In the graph 2460, the decompression
1ift (dr) 2462 1s shown in centimeters {cm} as a function of maximum decompression

force (fL) 2464, shown in Newtons (N}. The ACD device (or a similar device for

generating model data) can be used to compress and decompress the patient’s chest to
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obtain decompression force values 2466a, 2466b, 2466c¢, and 2466d of the decompression
force 2464 for different Lift displacements 2462, The ACD device can include a
displacement sensor, such as an encoder, to obtain this data. A function 2468 is generated
to model the relationship between the decompression force 2464 and the lift displacement
2462 In graph 2460, the function 2468 1s a linear function. However, the function 2468
can be a higher-order function, such as a quadratic function, cubic function, 4 degree
function, n degree function, spline or exponential function.

Generally observed, the peak compression forces o are greater than peak
decompression forces f1. for the same displacement values. Generally observed, the
compression force varies non-linearly in relation to compression depth. A statistical
model is generated based on these data:

di{f)=afi (H
de(fo) = b-fE +c fe 2)
where di. 1s the decompression lift displacement, dc 15 the compression depth, i 1s
the force at maximum decompression ift, fo 1s the force at maximum compression depth,
and a, b, and ¢ are constants. Given the total chest displacement dy 1s the sum of
compression depth de and decompression lift di, these two models can be used to

estimate the fraction (F¢) of the total chest travel that corresponds to chest compression

de
Fo ===,
T dy
o de(f)
7 = - -
d () +de(fe)
which can be simplified to
F (£ bfg'*(:fc ~,%
o fu) = oSt (~>

afytbfivefc

The compression depth dc can then be calculated by multiplying the total chest
displacement dr by the compression fraction F¢ on a per-compression basis.
de = dp * Fe(fe 1) (4)
Equations (3} and (4} together show a relationship between peak {e.g , maximum}
compression force fo peak {e.g., maximum} decompression force {1, and decompression
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depth dc. The maximum decompression force f1, as stated above, corresponds to the force
applied to the chest of the patient during the decompression phase. Similarly, the
maximum compression force fr corresponds to the force applied to the chest of the
patient during the compression phase. The forces [ and f;, will typically occur at or near
approximately the time of maximum compression and maximum decompression,
respectively, during a compression cycle. In some instances, the maximum compression
force (fc)} may be calculated by taking an average of a number of force values at or near
the time of maximum compression, or a particular value at or near the time of maximum
compression. Similarly, the maximum decompression force (fi} may be calculated by
taking an average of a number of force values at or near the time of maximum
decompression, or a particular value at or near the time of maximum decompression. For
example, the maximum compression force and/or maximum decompression force values
input into the functions described herein may be approximate estimates of the actual
maximum compression force and/or maximum decompression force.

FIG. 25 shows an example of a user interface 2500, The user mnterface 2500
shows a visual representation of compression cycles, including an example cycle 2502, of
active compression decompression treatment. While the cycle 2502 1s measured from a
peak-to-peak of the maximum decompression lift of the chest of the patient, the
compression cycle can be measured from a peak-to-peak of the maximum compression
depth, by a crossing of the zero pownt line 2504, and so forth,

The compression depth represents the portion of the compression cycle
corresponding to compressions of the patient’s chest. For example, the compression
depth 15 the difference between the position of the chest of the patient at the neutral
position 2506 and the position of the chest of the patient when compressed below the
neutral position (e.g., any point on the line 2510 under the neutral position line 2506).
The maximum compression depth of cycle 2502 1s shown at approximately position 2512
on line 2510, As stated previously, the neutral position represents the posttion of the chest
of the patient where the chest rests after natural recoil from the last compression cycle.
Generally, the neutral position 2506 of the chest of the patient tends to dnift from the zero
point (imitial neutral position} of the chest of the patient, which is shown by line 2504. An

example difference 2508 between the neutral posttion 2506 and zero point 2504 is shown.

33



10

15

20

30

WO 2020/160448 PCT/US2020/016174

Similarly, the decompression lift represents the portion of the compression cycle
corresponding to decompressions of the patient’s chest. For example, the compression
depth 15 the difference between the position of the chest of the patient at the neutral
position 2506 and the position of the chest of the patient when compressed below the
neutral position {e g, any point on the line 2510 above the neutral position line 2506},
The maximum decompression 1ift of cycle 2502 13 shown at approximately position 2514
on line 2510.

The ACD device and/or associated processing device (e g., defibrillator/monitor,
patient monitor, AED, computing device, tablet, feedback device, server, cloud-based
computing system, etc.) 15 configured to determune a total travel distance of the chest
{e.g, total chest displacement dy) of the patient during compression cycles. The total
travel distance of the chest of the patient for cycle 2502 15 the difference between the
value of the position of the chest of the patient at point 2514 and the value of the position
of the chest of the patient at point 2512 (about 2.5 inches in the example of FIG. 25) A
motion sensor {e.g., one of accelerometers 216a-b, 404a-b, eic.) generates a signal
representing motion of the ACD device during compression ¢ycles as previously
described. In some implementations, the signal can be double integrated to determine a
total travel distance dr of the sensor. The sensor can be coupled to the chest of the patient,
and so the ACD device and/or associated processing device can determine a total travel
distance dt of the patient’s chest.

The motion sensor is also used to determine the point 2512 in the compression
cyvcle representing a maximum compression position and the point 2514 representing the
maximum decompression position of the patient’s chest. For example, when the direction
of motion of the chest of the patient changes, the ACD device and/or associated
processing device can determine that such an inflection represents a change from
compression to decompression or from decompression to compression.

The ACD device and/or associated processing device records a maximum
compression force fo and maximum lift force fi measurement which occur at or near each
of the points of maximum compression point 2512 and the maximum decompression
point 2514, respectively. The values of fc and fi. can be obtained in one or more ways.

For example, the ACD device and/or associated processing device can measure a single
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force value at each of points 2512 and 2514 at each cycle to determine fc and fi. In some
implementations, the ACD device and/or associated processing device can measure a
series of force values at or near each of points 2512 and 2514, The ACD device and/or
associated processing device can average the values or apply a weighted average (or
other function} to the measured force values to estimate the approximate values for fr and
fi.. However, it can be appreciated that the compression fraction method described herem
offers a simplification in estimating the compression depth during ACD treatment in that
it does not require an implementation that achieves exact time synchrony between force
and displacement. For example, rather than having to time align the data capture of both
force and displacement such as that described in embodiments that track where the force
and displacement curves are used 1o assess whether a particular relationship 1s achieved
{e.g., zero force crossing point for displacement, crossing point at a product-displacement
relationship curve, local minima of a product-displacement curve, amongst others),
merely values of maximum compression force, maximum decompression force and total
displacement may be sufficient to estimate chest compression depth. Accordingly, the
measurements and the computations of the force and displacement values provided while
using the ACD device need not be time aligned. Rather, the ACD device and/or
associated processing device associates particular compression forces of interest {e.g.,
approximate maximuom force, approximate mimnimum force) and total displacement travel
apon compression and decompression with a particular compression cycle and/or
multiple compression cycles. Time synchronization/alignment of the force measurements
and acceleration values 18 not required to calculate the compression depth and/or
decompression lift. The ACD device and/or associated processing device associates the
maximum and mmimum forces of a compression cycle with the acceleration values of
that cvele on a per-cyele resolution in order to determine the compression depth and
decompression lift for each compression cycle.

In some implementations, the ACD device and/or associated processing device
can store data representing a sequence of values for fc and i each measured fora
compression cycle in a series of compression cycles. Because the forces applied to the
chest of the patient do not vary significantly over a few compression cycles (e g, <5

compression cycles), a moving average can be applied to the values of fc and fi. for the
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recent compression cycles to determine an adjusted value for fc and fi. Alternatively, the
mdividual values of fr and fL may be used to calculate compression depth dcand
compression fraction Fc which may then be averaged or smoothed by statistical or signal
processing methods such as moving average, median filters, low pass filter, Kalman filter,
etc. In some implementations, the ACD device and/or associated processing device {e.g.,
feedback device, defibrillator/monitor, AED, patient monitor, tablet, server, computing
device, cloud-based computing system, etc.} that processes the force and displacement
information obtained from the ACD therapy calculates a moving average over several
compression cycles of etther de or Fe to estimate the compression depth and/or
decompression lift over the compression cycles. Such a moving average of de or Fo
compensates for variation in forces fr and fi due to vanations n depth and/or 1ift values
from one compression cycle to the next of the moving average. Alternatively, or in
addition, force and/or displacement outliers may be removed when estimating the
compression depth and/or decompression hift, further compensating for significant
variations 1n force or displacement. Performing these statistical or signal processing
methods on etther de or Fe has the advantage that vanations in force due to compression
depth or 1t variation is compensated for.

Once the ACD device or associated processing system/device estimates the
approximate values of fc and fi, the ACD device or associated processing device can
determine the compression fraction Fc, for example, as provided by in Equation (3). The
compression fraction Fe 1s the portion of the total displacement distance of the chest of
the patient that corresponds to compression depth. Equation (3} includes three constants
a, b, and ¢. The values of these constants are determined using training data acquired by
the ACD device. The training data is acquired by measuring, at known displacement
values, the forces applied by the ACD device on a chest that is physiologically simular to
the chest of the patient, as described in relation to FIGS. 27A-27B.

Once the values of @, b, and ¢ are determined, the ACD device and/or associated
processing device can determine the compression fraction Fc. The ACD device and/or
associated processing device uses the value of Fr and the total chest displacement dr to

determine the compression depth de {and the decompression 1ift di ) according to
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Eguation (3). The compression depth dc and the decompression Lift di together equal the
total chest displacement dr.

The compression depth de can be determined independent of using dynamic
mechanical data from the compression cycles. The mechanical backlash that may be
introduced from the ACD device during compressions can be ignored because Equation
(3) relies only on static measurements (the force values fro and fL). Assurning that the
stiffness upon lift s proportional to the stiffness upon compression, the stiftness of the
patient 1s assumed not to affect the determination of the compression fraction.

The ACD device and/or associated processing device uses the values of the
compression depth dc and the decompression Lift di to generate portions of the user
mterface 2500 to assist a user in operating the ACD device. The ACD device and/or
associated feedback device can show or present on a display an estimation of the
compression depth or decompression hift over time, such as when a user 1s performing
compression cycles. For example, line 2510 can be generated based on the estimation of
the compression depth de and the decompression lift di.

A compression/decompression meter 2520 shows on the user interface 2500 how
much force 13 being used to compress or ift the ACD device. The compression meter
2520 shows the compression depth 2522 and the decompression 1ift 2524 applied by the
user to the chest of the patient using the ACD device. The meter 2520 includes
representations of the neutral position 2526, the zero point 2528 (e.g., if absolute depth 1s
known such as with a laser mterferometer or optical encoder), a current chest position
2530, a recent maximum compression depth 2532, and a recent maximum decompression
lift 2524 In some implementations, the zero point 2528 need not be known 1n order to
determine or estimate the neutral position 2526. In situations in which an absolute depth
is unknown, the zero point 2528 can be estimated as the midpoint between the tirst
compression depth and decompression 1ift values of the CPR treatment. The total chest
displacement dr is the difference between the values of the maximum compression depth
2532 and maximum decompression 1ift 2534, The compression depth dc 1s calculated as
described above and approximates the difference between the values of the neutral
position 2526 and the maximum compression depth 2532, For example, the neutral

position 2526 can be determined/estimated once the compression depth dr 1s determined.
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To refresh the meter 2520 for new compression cycle, the marker 2532 can be set to
match the previous compression cycle depth (or trough). The neutral point 2526 can be
calculated as the prior compression depth 2532 1n the meter plus the newly calculated
compression displacement, essentially splitting the meter into the two fractions of lift and
depth. This results in the display of the neutral point 2526 moving up or down the meter
2520 as the neutral point changes when compression cycles are performed. In some
implementations, to refresh the meter 2520 for new compression cycles, the neutral point
2526 1s pinned in place in the meter 2520 and the lift 2534 and depth 2532 markers move
n response to changes in compression depth and decompression Lift from the neutral
position 2526, In some examples, the neutral position 2526 may be estimated based on
the maximum compression depth 2532 plus compression depth dc. Other sinular
examples for displaving the neutral position 2526, decompression hift 2524, and
compression depth 2532 can be used.

The ACD device and/or associated processing device can determuine whether
either of the compression depth de or the decompression hift di. are outside acceptable
ranges. As seen in user interface 2600 of FIG. 26, the most recent compression
displacement value that was reached 2624 13 shown by shaded area 2610, and the most
recent decompression value 2622 reached is shown by shaded area 2608, Regions 2608
and 2610 are updated as the next cycle begins. In some implementations these regions are
presented as a “ghost” on the bar, and appear faded or deemphasized compared to the
current displacement measurement, 5o as to show to the user that they are past
downstroke and upsiroke measurements. As the current displacement bar 2606 moves up
and down the displacement meter 2620, the shaded areas 2608, 2610 are redrawn, and the
old areas fade away or otherwise disappear from the user interface if they are too far into
the past. The current displacement can also be referred to as the current upstroke
displacement, the current downstroke displacement, the updated upstroke displacement,
the updated downstroke displacement, and so forth.

The ranges 2602a, 2602b can be updated by the ACD device 1200 and/or
associated feedback/processing device in response to a variety of detected circumstances.
For example, the ACD device and/or associated feedback/processing device can adjust at

least one of the target downstroke displacement range 2602b and the target upstroke
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displacement range 2602a based on the updated estimate of neutral position. The ACD
device 1200, or other associated feedback/processing device can adjust the target
downstroke displacement range 2602b from an initial target downstroke displacement
range to an updated target downstroke displacement range based on whether the
downstroke displacement 2610 falls within the target downstroke displacement range,
and/or based on the updated estimated of neutral position. Sumilarly, the ACD device
1200 and/or associated feedback/processing device can adjust the target upstroke
displacement range 2602a from an initial target upstroke displacement range to an
updated target upstroke displacement range based on based on whether the upstroke
displacement 2608 falls within the target upstroke displacement range, and/or based on
the updated estimated of neutral position.

In some implementations the updated target downstroke displacement range
2602b 15 adjusted from an mtial target downstroke displacement range after a
predetermined interval {e.g., number of compression cycles, elapsed time, etc.). Similarly,
m some implementations, the updated target upstroke displacement range 26023 1s
adjusted from an mitial target upstroke displacement range after a predetermined nterval
{e.g., number of compression cycles, elapsed time, etc.). Such an update in target
downstroke displacement range and/or target upstroke displacement range may or may
not be based on an updated estimate of the neutral position of the chest. For either the
apstroke or the downstroke displacement, the target ranges 2602a, 2602b can be shifted
to represent a range at greater magnitudes, smaller magnitudes, compress the range itself,
or expand the range itself {e.g., in response to estimating the neutral position of the chest
of the patient).

In some implementations, at least one of the target downstroke displacement
range 2602b and the target upstroke displacement range 2602a can be based on a
clinically accepted guideline. However, the target downstroke displacement range 2602b
can be greater or less than the clinically accepted guideline, and the target upstroke
displacement range 2602a can be greater or less than the clinically accepted guideline.

In some implementations the ACD device 1200, or other associated
feedback/processing device, 1s configured to determine how the chest of the patient has

remodeled based on the estimated neutral position. The feedback signals recetved from
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the sensors can cause the display to provide an indication of patient chest remodeling.
For example, the feedback device may simply provide an indication that substantial chest
remodeling has occurred due to the CPR treatment, so that the user s aware of the change
in chest mechanics. Such information may be a cue for the user to alter the manner in
which CPR s provided, for example, lessen the force that is applied to the patient to
reduce the risk of injury, or provide more or less decompression treatment to the patient.
As discussed above, when the neutral position of the chest has depressed significantly
due to chest remodeling, then it may be desirable to reduce the depth of compressions on
downstroke and/or increase the lift of decompression on upstroke. In some cases, the
feedback device may provide more nstructional information for the user to adjust the
target downstroke displacement and/or target upstroke displacement or forces, or adjust
or aspects of the ACD treatment.

FIG. 26 further shows the wavetorm 2612 of the treatment, as described in
relation to FIG. 25. The mdicator 2616 can show the current displacement value of the
patient’s chest. In some iaplementations the waveform can be traced from left to right.
The elapsed time 1s shown on the horizontal axis, and the displacement 13 shown on the
vertical axis. The indicator 2616 s mirrored by the current displacement bar 2606 on the
displacement meter 2620, and the indicator 2616 1s located near a center of the waveform
frame 2616. To the right of the indicator 2616, a target compression cycle displacement 1s
plotied against elapsed time. Here, the current time 18 about 2:04.5. To the right of the
indicator, the target displacement trace 2608 1s plotted. A maximum target displacement
value 2606a for both compression and decompression is shown as a dotted line above the
target 2608, A minimum target displacement value 2606b for both compression and
decompression is shown as a dotted line below the target 2608. By showing the target
displacement ranges as a waveform, the ACD device 1200, or other feedback device,
guides the rescuer for both compression and decompression displacements and pace
where the objective 1s for the rescuer to administer compressions and decompressions in
a way that stays within the maximum and minimum set forth by the target ranges. The
total range of decompression displacements is shown as 2602a in both the depth bar 2620
and the waveform frame 2616. Similarly, total range of compression displacements is

shown as 2602b in both the depth bar 2620 and the waveform frame 2616,
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The target range values 2606a, 2606b and 2604a, 2604b may be determined in
response to estimating the neutral position of the patient. For example, the ranges 2602a,
2602b, which determine the values of the displacements 2606a, 2606b and 2604a, 2604b,
can be updated on a per-compression cycle basis, after a series of compression cycles
(e.g, 2-5 compression cycles) after a particular period of time, etc. The updated values of
the ranges 2602a, 2602b can be determined based on the current and/or prior estimated
neutral position of the patient’s chest, and/or the compression fraction method described
herein. For example, the updated ranges 2602a, 2602b can be based on the current neutral
position estimation, a cycle-windowed and/or time-windowed average of neutral position
estimations, etc. As the neutral position 1s estunated, the target waveform 2608 1s updated
and further projected in front of the user’s current position and time. Here, a single cycle
is shown 1n the projection. However, in some implementations, multiple compression
cycles can be projected and rescaled as needed.

The feedback of the trace 2612 and the depth meter 2620 can each provide
guidance (e.g., to the rescuer, to the processing device) for how to modify the ACD CPR
treatment so that the downstroke displacement falls within the target downstroke
displacement range 2602b prior to the upstroke displacement falling within the target
upstroke displacement range 2602a. For example, as previously described, a
displacement meter can instruct the rescuer to: e.g. push harder, pull harder, press more
softly, pull more softly, push deeper, pull up further, change a compression frequency, and
so forth.

Turning to FIG. 27A, graphs 2710, 2720, 2730, and 2740 illustrate traiming data
for training the values of g, b, and ¢ of Equation (3). Graph 2710 shows the compression
displacement over time as measured with a motion sensor {e.g., one of accelerometers
216a-b, 404a-b, etc.). The ACD 1s configured to estimate total chest displacement dron a
per-stroke basis, shown graph 2640 (also shown larger in FIG. 27B). The ACD 15
configured to estimate, by the compression fraction model, how much of that total sensor
displacement is due to compression. In this example, the ACD device and/or associated
processing device is configured to use the model from Equation (3} by training 1t with
different sets of data. In order to train the model, the ACD device and/or associated

processing device uses a known compression depth and decompression hift.
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The constants a, &, and ¢ {(or additional constants for higher-order equations) in
Equations (1), {2), and (3} are determined from the fit to the data of graphs 2710, 2720,
and 2730. Once these constants are determined, the compression fraction F¢ can be
calculated for each compression using Equation (3). Graph 2740 of FIG. 27B shows
example estimations 2744, 2746, 2748, and 2750 of the resulting compression depth
using calculations of the total compression distance dy 2742, The ACD device and/or
associated processing device estimates the compression depth de using training data from
different expeniments (data sets 2744, 2746, 2748, and 2750) for validation. Because not
all training data yields the same results, a database of training data 15 gathered to train the
model. The training data sets can include varying features. For example, the data set 2746
was calculated using a traming set that did not have rarmop-up CPR. As aresult, a
discrepancy 15 shown between data set 2746 and data sets 2744, 2748, and 2750
particularly at the beginning of treatment 2752, presumably because the training set has
higher forces associated with CPR than the test set.

FIG. 28 mcludes a graph 2800 showing the compression depth calculation results
2804 from the compression fraction method discussed m relation to FIGS. 24A-278 and
compared to the estimated compression depths 2806, 2808, and 2810 obtained using the
neutral position estimation methods discussed i relation to FIGS. 13-23. Data 2802
shows the estimated total chest displacement dr. The neutral position estimation
techniques previously described can be used to validate the results of the compression
fraction model. The neutral position estimation results can be obtained by performing
tests on exhaustive tests on animal or human bodies {or other proxy object for the chest of
the patient). However, because the compression fraction method uses training data that is
specific to a particular patient, the neutral point estimation method results provide the
validation to ensure that the compression estimation results are accurate.

In graph 2800, data set 2804 represents determined values for the compression
depth using the compression fraction method. Data set 2804 represents the compression
depth determined using the zero-force neutral position estimation method of FIGS. 16A-
16B. Data set 2806 represents the compression depth determined using the mimmum

effort neutral position estimation method of FIGS. 17A-17B. Data set 2808 represents the
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compression depth determined using the equal effort rate neutral position estimation
method of FIGS. 18A-18B.

For validation of the compression fraction method, a sequential approach that
takes advantage of the determinism of the neutral point estimation methods is used. First,
a smaller sample set of data with baseline data are used to determine the accuracy of the
neutral point estimation methods. Then, a large database without baseline data 1s
collected, and the neutral point methods are used to obtain pseudo-baseline data for this
larger collection of training data. Finally, the large database with pseudo-baseline data 1s
used to train the compression fraction method.

FIG. 29 shows an example of training the compression fraction method in thas
manner. In graph 2900, each of the neutral pomnt estimation methods were used to train
the compression fraction method. Data set 2904 represents determined values for the
compression depth using the compression fraction method trained using compression
displacements predetermined from the study protocol described above. Data set 2906
represents the compression depth determined from the compression fraction method
trained using the zero-force neutral position estimation method of FIGS. 16A-16B. Data
set 2008 represents the compression depth determined from the compression fraction
method traimned using the minimum effort neutral posttion estimation method of FIGS.
17A-178. Data set 2910 represents the compression depth determined from the
compression fraction method trained using the equal effort rate neutral position
estimation method of FIGS. 18A-18B.

The compression depth dc and decompression lift di can be updated even as the
neutral position of the patient changes over time without determination of the neutral
position of the chest of the patient. Furthermore, the neutral position of the patient’s chest
can be determined from the estimates of the decompression lift and the compression
depth, rather than determining decompression lift and compression depth from the neutral
position estimation, as previously described.

The compression fraction method can use the same motion sensor used for the
neutral point estimation methods that can train the compression fraction method. The
compression fraction method can reduce or eliminate estimation errors introduced by

mechanical aspects of the ACD device, such as an elastic plunger. Because the force
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measurements used in Equation (3) are peak forces, the forces are static measurements
unaffected by the elastic dynamics of the plunger {or other mechanical coupling system
of the ACD device). Additionally, data temporal synchrony between force measurement
and acceleration has a wide tolerance. The ACD device and/or associated processing
device associates each of the force measurements with the compression cycle during
which the force measurements were measured. A synchronous measurement of motion
and force is not needed; rather, the forces can be measured independent from measuring
the motion of the patient. As a result, generation of a presentation of feedback on a user
mnterface, communicating the data to another device, and calculating the compression
depth estimations are all simpler than when synchronous data are required. Fach
mechanical configuration of the ACD device can be associated with training data so that
highly accurate values for a, b, and ¢ are available.

In some implementations, additional models can be formulated, given that the
available information during a measurement includes total chest displacement and peak
forces at lift and compression. The model presented above has used Equation (3), but the

compression fraction model can be stated in different terms, such as
n Fa J—
Felfo fu) = {5

since the total chest displacement dr 1s the sum of compression depth dc and

dr-afy
af +bfé+efc

N’

decompression lift di. In addition, Equation (2} and FIGS. 24A-24B already show a
method to calculate compression depth as a function of peak compression force (fc). The
model from Fquation 2 can be used to directly estimate compression depth without the
need to calculate a compression fraction {(Fc) or measure decompression force.

FIG. 30 includes a graph 3000 showing the comparison of these alternate methods
from Equations (3} and (5). The compression fraction model from Equation (3} 1s shown
using the data set 3004, the model! from Equation (5) is shown by data set 3006, and the
model from Equation (2) 1s shown by data set 3008, where the data set 3002 represents
the total chest displacement dr as measured by the motion sensor,

The ACD device and/or associated device (e.g., feedback device,
defibrillator/monitor, AED, patient monitor, tablet, computing device, cloud-based
computing system, etc.) that may be used to develop the model trains the compression

fraction methods on Equations (3) and (5) using the training data that are available. In
G4
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some implementations, a separate processing device or devices are used to train the
model(s}, and the model{s} are loaded onto the ACD device and/or other device for
providing feedback to the user. Training Equations (3) and {5) may involve setting the
values of the constants @, b, ¢ ...#n by fitting an equation or function to the data gathered
from prior measurements, as described previously with respect to FIGS. 24A-24B. More
spectfically, for such an embodiment, different force values are measured for varying
known compression depth or decompression hift values. The compressions and/or
decompressions are performed on one or more model chests that having sumilar physical
characteristics to the patient’s chest. The chest model(s) chosen can be based on different
demographics of the patient. For example, different models can be chosen for various
combinations of pediatric patients, female or male patients, and so forth. For each model
chest, a given number of compression cycles are performed and the corresponding forces
are measured. When a fraction is fitted to the data, the order of the fraction can be
selected to find the best fit while avoiding over-modeling the chest by selecting an order
that 1s too high. The resulting values of the constants a-#, or other combination of
coeffictents, are determined.

When a patient 1s treated, the corresponding model can be selected for that
patient’s demographics. For example, a pediatric model can be selected for a pediatric
patient. In some implementations, the patient chest stiffness can be assumed to be similar
for different patients, which is done using Equation {2} alone as a method. To
accommodate this assumption, the ACD device can include a number of settings for
target forces {and thus compression depth and decompression 1ift} based on stiffness, so
that a similar model could be followed where the user specifies a stiffness level in order
to utilize the correct training data. The ratio of lift to compression stiffness is generally
static, so methods using Equations (3) and (5) can operate independent of such a setting.

The results of each of the methods described can be combined to produce a final
estimation. For example, a linear combination of any of these methods can be set up as
the weighted average, where the weights could be tuned given the accuracy performance
seen from large databases. For example, a first value can be determined using Equation
(2}, a second value using Equation (3), and a third value using equation (5). If, for

example, data 3008 appears to provide a model that s less accurate than data 3004 or
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3006, the model from data 3008 can be weighted with a smaller weight than the other
models for approximating the compression depth and/or decompression lift. In some
implementations, the weights for each of the models are adjustable based on the amount
of training data gathered for the respective model. For example, if little training data have
been gathered for a particular patient demographic, models which rely on that training
data are associated with smaller weighting values than other models or smaller with
respect to the weighting value that the model receives if more training data are available.
FIG. 31 shows an example process 3100 for estimating a compression depth (dc)
for an active compression decormpression treatment using peak force values. The ACD
device (e.g, ACD devices 100 or 1200 of FIGS. 1, 12, etc.) and/or associated processing
device can be used to estimate the compression depth and decompression lift using
process 3100, The ACD device 1s configured for a user to push downward and pull
upward on a chest of a patient. A force sensor configured to measure force applied to the
chest of the patient by the user with the ACD device. A motion sensor configured to
measure displacement of the chest of the patient. One or more processors configured to
execute computer-executable instructions stored in a memory for estimating the
compression depth {d¢) for an active compression decompression treatment using peak
force values, such as those on compression and decompression. The ACD device and/or
assoctated processing device determines (3102}, based on at least one signal of the force
sensor, a maximum compression force applied to the chest of the patient during a
compression cycle and a maximum decompression force applied to the chest of the
patient during the compression cycle. The ACD device and/or associated processing
device estimates {3104}, based on at least one signal of the motion sensor, a displacement
value for a total displacement of the chest of the patient during the compression cycle for
compressing and decompressing the chest of the patient. The ACD device and/or
associated processing device estimates at least one of a compression depth and a
decompression displacement for the compression cycle, the estimation being based on the
determined compression force, the determined decompression force, and the estimated
displacement. A user interface of the ACD device and/or associated processing/feedback
device provides {3108} an indication of one or more of the compression depth and neutral

position of the chest of the patient.
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As discussed herein, various types of feedback may be provided to a user of the
feedback device for guiding the user in administering active compression decompression
treatment to the patient. Visual feedback presented on a display of a user interface (e.g,
on a defibrillator, patient monitor, portable computing device, etc ) may be particularly
helpful for the user.

In some embodiments, described further below, the visual feedback may provide
an indication of the current displacement of the chest on downstroke and upstroke during
ACD treatment, and may also provide an indication of past displacement of the chest on
downstroke and upstroke during ACD treatment. For example, a series of sequential
ACD bar graphs that show past depth of compression and lift of decompression may be
provided for the user to assess how ACD treatment has most recently been provided to
the patient. By having such an assessment of past performance or actions, the user may
better be able to determine how the ACD treatment should be adjusted.

In various embodiments, if it 15 consistently displayed, on the ACD device or
another device {e.g., patient monitor, defibrillator, portable computing device, other
computing device) that 1s used for processing of ACD related information, that the
compression depth on downstroke or decompression lift on upstroke 1s outside of the
target range for each, then the user may be more motivated to modified the manner in
which the compressions or decompressions are given. For example, if the compression
depth on downstroke 15 consistently too shallow as compared to target, presented by past
downstroke displacement bars, then the user may be more motivated to press harder. Or,
if the decompression Lift on upstroke 1s consistently too great as compared to target,
presented by past upstroke displacement bars, then the user may be more motivated to
ease up on the lift on decompression, so as to meet the preferred target range.

In certain embodiments, also described further below, the visual feedback may
employ a graph of current force and displacement that a user can use to guide the manner
in which he/she provides ACD treatment to the patient. In some cases, the visual
feedback may further provide boundaries or other guidance for the user to apply
particular combinations of force and displacement for each given moment in time. For

example, the user may be given feedback so as to provide ACD treatment n a way that
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substantially produces or follows a particular desired force-displacement curve or
waveform.

As described above, the ACD devices {e.g., ACD device 100, 1200, etc ) or other
appropriate device {e.g., patient monitor, defibrillator, portable computing device, other
computing device) associated with the resuscitation effort can provide feedback, such as
by the user mterface 700, which may be provided on the ACD device and/or other
devices described herein. The feedback can include information regarding ACD
treatment, such as CPR chest compressions and decompressions, which can assist a
rescuer in performing CPR treatment more effectively. The ACD devices or other
appropriate device associated with the ACD treatment can use the data received from
sensors to provide such feedback. For example, the sensors such as the force sensor 216a,
multiple accelerometers 216b, 216¢ {or a single accelerometer), and/or the force sensor
402 and motion sensors such as accelerometers 404a, 404b (or a single accelerometer) of
ACD device 100 can provide the force and depth estimates for providing compression
and decompression feedback to the rescuer in applying effective ACD treatment to the
patient. In another example, the position sensor 1206, accelerometer 1204, and force
sensor 1208 of ACD device 1200 can provide one or more of depth, rate, and force
estimates for feedback for the compressions and/or decompressions of CPR treatment.

As described n relation to FIG. 8, the feedback 718 provided to the rescuer can
include information that assists a rescuer in providing optimal CPR treatment. For
example, the user interface 700 can instruct a rescuer to push harder during CPR
compressions to compress the patient’s chest a desired amount. In some implementations,
the feedback that is provided can include feedback regarding decompressions and
compressions. The user interface 700 can generate instructions and/or information for a
rescuer {or any other user of the ACD device 1200} that the amount of decompression can
or should be adjusted. For example, the user interface can instruct a rescuer to pull up
more to further decompress the patient’s chest and improve the ACD CPR treatment. As
discussed herein, 1t may be beneficial to guide the rescuer to provide more decompression
treatment to the chest in the event that significant chest remodeling has occurred where
the natural resting state or neutral position of the chest has effectively moved downward

in response to repetitive chest compressions.
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Feedback provided by the ACD device 1200 and/or other appropriate feedback
device can depend on the neutral position that is estimated by the ACD device or another
device {e.g., patient monitor, defibrillator, portable computing device, other computing
device) that is used for processing of ACD related information. In some implementations
in response to estimating the neutral position (e g., as described n relation to FIGS. 12-
23), the ACD device 1200 or other appropriate device can update the feedback presented
on the user interface 700. That 1s, the estimation of the neutral position may be an input
for feedback provided to the user via the user interface and/or other feedback device. For
example, in response to an estimnation that the neutral position has moved to
approximately 1.0 inch below the zero point (e g., where the natural resting position of
the chest has moved significantly below the starting position of the chest prior to
compressions), the ACD device 1200 and/or other device for providing feedback can
provide instructions for the rescuer to pull up higher on the patient’s chest. The
mstruction can assist the rescuer to adjust his/her treatment so as to raise the neutral
position back toward the zero point, if desired. In another example, 1 response to
determining that the neutral position has moved to approximately 1.0 inch below the zero
pomnt, the ACD device 1200 and/or other device for providing feedback can update the
feedback to provide the user with a higher lift goal for decompression of the patient’s
chest {e.g., approximately 1.0 imnch higher than previously provided, or approximately
1.0-2.0 inches above the starting zero point). If the rescuer continues to compress the
patient’s chest at a same level, the ACD device 1200 and/or other device for providing
feedback can provide an nstruction {(e.g., audio cug, speech, visual cue and/or text, ete.)
to the rescuer to hift the patient’s chest higher

As shown in FI(G. 32, a visual representation of a guide for assisting a user in
providing quality CPR chest compressions can include an indicator of CPR compression-
decompression parameters, such as a CPR chest compression depth/height meter 3220
and a CPR chest compression mformation box 3224, The CPR chest compression
depth/height meter 2420 can be automatically displayed on an appropriate device for
providing feedback upon detection of CPR chest compressions and decompressions.

On the CPR chest compression depth/height meter 3220, a general instruction

3237 can be displayed to visually indicate real-time guidance for a rescuer to administer
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action through the ACD CPR chest compression treatment at a particular time. That s,
based on the sensed information from the ACD device, the system may provide feedback
to the rescuer and/or other device for admunistering ACD therapy in a desirable manner,
to provide as favorable patient outcomes as possible. As shown, the CPR chest
compression depth/height meter 3220 may include a display that is partitioned into
sections that indicate certain phases of the ACD CPR chest compression treatment, to
assist a rescuer in providing optimal therapy. For example, the system may assist the user
in reaching a target release 3236 or a target depth 3240, by highlighting specific
mstructions for each phase. For example, the display may highlight prompts such as Lift
more 3235 or too shallow 3233 corresponding to the target release 3236, In some
implementations, the display may provide prompts including gualitative ACD CPR.
feedback, such as “good” 2431 or “too deep” 3232 when guiding the rescuer in reaching
the target depth 2440,

The CPR chest compression depth/height meter 3220 can be configured to display
wdentification of a transition pomnt 3234 {e.g., estimate of neutral position), to indicate the
transition between different phases of the ACD CPR chest compression treatment, or an
estimate of where that transition may be. In some implementations, the neutral position
can be determined or otherwise estimated as described 1o relation to FIGS. 12-23.
Though, 1t should be appreciated that other methods may be used to estimate the neutral
position. In some implementations the transition point 3234 can appear static on the user
mterface, but the actual value or estimated location or position associated with the
transtiion point 3224 can be updated as data are measured by the sensors of the ACD
device 1200. As such, the feedback 3231, 3232 can be updated based on the
determination of the depth, frequency, force, etc. of the compressions and/or
decompressions of the CPR treatment and the updated value of the transition point 3234,
In some 1mplementations the position of the transition point 3234 on the user interface
can move depending on the determined or otherwise estimated neutral position. For
example, if the estimated neutral position is 1 inch below the zero point {approximate
location where compressions are believed to have started), the user interface can show the
transition point 3234 below a zero point level. In some implementations, if desirable to

return the value of the transition point 3234 to the zero point, the feedback can instruct
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the user to pull harder, pull less, push harder, push less, etc. to accomplish that goal. The
user interface may assist the rescuer in doing so by adjusting how easily a PPI graphical
indicator 3230 1s filled.

While the example shown in FIG. 32 displayed the target release 3236 and target
depth 3240 as written instructions, in some additional examples, the target values can be
displayed as a color or bar code corresponding to the range of preferred depths and
heights. For example, multiple bars can be included on the depth meter 3220 providing
an acceptable range of compression depth (e.g., upper and lower bounds of an acceptable
range, as shown 1n FIG. 33) and an acceptable range of decompression heights or lift
Additionally, in some implementations, compressions and decompressions that have
amplitudes outside of an acceptable range can be highlighted 1n a different color than
compressions and decompressions that have depths within the acceptable range of
compression depths.

The CPR chest compression information box 3224 may be automatically
displayed when compressions and/or decompressions are detected (e.g., by a defibnillator,
patient moomtor and/or other feedback device). The information about the chest
compressions and decompressions that 1s displayed in box 3224 includes rate 3228 (e g,
number of compressions and decompressions per minute} and displacement 3226 (e.g.,
depth of compressions on the downstroke expressed as negative values and lift distance
of decompressions on the upstroke expressed as positive values in inches or millimeters;
or vice versa where depth of compressions on the downstroke are expressed as positive
values, and lift distance of decompressions on the upstroke are expressed as negative
values}). The rate and depth of compressions and decompressions can be determined by
analyzing accelerometer readings. Displaving the actual rate and displacement data (in
addition to, or instead of, an indication of whether the values are within or ouiside of an
acceptable range) can also provide useful feedback to the rescuer. For example, if an
acceptable range for chest compression depth 15 25 to 60 mm, providing the rescuer with
an indication that his/her compressions and decompressions are only 15 mm can allow
the rescuer to determine how to correctly modify his/her administration of the chest
compressions and decompressions {(e.g., he or she can know how much to increase effort

in reaching optimal compression and decompression thresholds).
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The mformation about the chest compressions and decompressions that is
displayed box 3224 also includes a perfusion performance indicator (PP} 3230, The PPI
3230 1s a shape (e.g., a diamond or other shape} with the amount of fill that is in the
shape differing over time to provide feedback about both the rate and depth of the
compressions and/or decompressions. When CPR chest compression 15 being performed
adequately within a range of desired parameters, for example, at a rate suitable for active
compression decompression such as of about 80 compressions and decompressions per
minute (CPM) with the depth of each compression falling within a desirable range for
active compression decompression, the entire indicator will be filled. As the rate and/or
depth falls below or exceeds above acceptable limats, the amount of fill lessens. The PPI
3230 provides a visual indication of the quality of the CPR chest compression such that
the rescuer can aim to keep the PP 3230 completely filled.

In some additional embodiments, physiological information {e.g., physiological
mformation such as end-tidal CO» information, arterial pressure information, volumetric
COy, pulse oximetry {presence of amplitude of waveform possibly}, and carotid blood
flow {measured by Doppler) of the patient {(and in some cases, the rescuer}) can be used
to provide feedback on the effectiveness of the CPR chest compression delivered at a
particular target depth. Based on the physiological information, the system can
automatically determine a target CPR compression depth (e.g., calculate or look-up a new
CPR compression target depth) or other CPR parameter {e.g., lift, rate, force) and, for
example, provide feedback to a rescuer o increase or decrease the depth/rate of the CPR
compressions and decompressions. Such feedback can include a sequence of desirable
positions to guide the rescuer to adjust his/her body position and/or body motion to
achieve a desirable combination of CPR compressions and decompressions {e.g., depth,
lift, rate, force, velocity), rescuer fatigue, and/or physiological outcome. Thus, the
system can provide both feedback related to how consistently a rescuer is administering
PR compressions and decompressions at a target parameter {e.g., depth, rate, ift, force,
velocity), and feedback related to whether the target depth/rate/lift/force can be adjusted
based on measured physiological parameters, along with how the rescuer may enhance
his/her body positioning in administering CPR chest compression. If the rescuers do not

respond to such feedback and continues performed sub-optimal CPR, the system can then
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display an additional message to switch out the person performing CPR chest
compressions and decompressions.

In some implementations, the system regularly monitors and adjusts the target
CPR parameter {e.g., depth, lift, rate, force, velocity). In order to determine a desirable
target parameter, the system makes minor adjustments to the target CPR parameter and
observes how the change in the parameter affects the observed physiological parameters
before determining whether to make further adjustments to the target CPR parameter.
For instance, the system can determine an adjustment in the target compression depth that
15 a fraction of an inch or a centimeter and prompt the rescuer to increase or decrease the
compression depth by the determined amount. For example, the system can adjust the
target compression depth by 2.5-10 mm (e.g., 2.5 mm to S mm or about 5 mm} and
provide feedback to the rescuer about the observed compression depth based on the
adjusted target compression depth. Then, over a set period of time, the system can
observe the physiological parameters and, based on trends in the physiological
parameters without making further adjustrments to the target compression depth and at the
end of the set tume period, can determine whether to make further adjustments to the
target compression depth.

The actoal performance of the rescuer against the revised target can be monitored
to determine when the rescuer’s performance has fallen below an acceptable level, so that
the rescuer and perhaps others can be notified to change who 1s performing the chest
compressions and decompressions. The relevant parameters of patient condition
discussed above with respect to the various screenshots can be made one of multiple
mputs to a process for determining when rescuers who are performing one component of
a rescue technique can be switched out with another rescuer, such as for reasons of
apparent fatigue on the part of the first rescuer.

For example, the ACD device 1200 can provide an indication that instructs the
rescuer to switch with another person in providing the ACD CPR treatment. In some
implementations the indication instructs the rescuer to switch is based on whether the
downstroke displacement falls within the target downstroke displacement range or
whether the upstroke displacement falls within the target upstroke displacement range, as
described in relation to FIGS. 26-33.
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FIG. 34-36 show example screenshots of user interfaces of the ACD device 1200,
or other appropriate devices that provide CPR feedback, of compression and
decompression ranges and feedback provided by an ACD device, such as ACD device

200 or 100, or other CPR feedback device, during ACD CPR treatment. Turning to FIG.
34, an example screenshot 3400 of a user interface for providing CPR feedback shows a
compression waveform 3412 and a depth meter 3402,

The depth meter 3402 provides feedback for each of upstroke displacement (e.g,
1ift on chest decompression) and downstroke displacement (e g., depth on chest
compression). The depth meter 3402 can provide a maximum decompression range {e.g.,
range 2622). The depth meter 3402 can show a visualization of target compression and
decompression {e.g., depth on downstroke and Iift on upstroke, respectively)
displacements. In this document, a target value for a compression {e.g., depth on
downstroke) or a decompression (e.g., Iift on upstroke) includes a desired value (e.g,,
magnitude) of the displacement of the decompression or the compression of the patient’s
chest on the next compression or decompression of the current compression cycle of the
CPR treatment.

In some implementations the displacement can be shown relative to an estimated
neutral position of the patient, such as the neutral position estimated as described 1n
relation to FIGS. 12-23. The neutral position can be represented by line 3404 in the
depth/displacement meter. In some implementations the target compression and
decompression displacements can be based on the zero point. In some implementations
the estimate of neutral position 3404 can be fixed near to the center of the displacement
meter 3402, even when the estimate of the neutral position changes. Fixing the estimate
of neutral position 3404 may be beneficial in instances where 1t may be preferable for the
user interface to be simplified, otherwise an estimate of neutral position that moves along
the meter 3402 may be confusing or otherwise challenging for a user to easily interpret in
an infuitive manner. In some implementations, the posttion of the neutral position bar
3404 moves as the estimation of the neutral position is updated, and the center of the
depth meter 3402 represents the zero point, or an estimate of the zero point. The

difference between the estimated zero point and the estimated neutral position can be
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shown based on the placement of the neutral position bar 3404 In FIG. 34, the estimated
neutral position 15 shown at the center of the depth meter 3402,

The target decompression 3422 and target compression 3424 can each be
determined (e g., independently) based on the estimation of the neutral position. In some
embodiments, the size of the meter 3402 can generally remain static, and different
compression targets and decompression targets can be shown by altering a scaling factor
of the depth meter 3402. In some implementations, the scaling factor 1s fixed upon
commencement of CPR treatment, and the range bars (e.g., bars 3504, 3506 shown in
FIG. 35) are moved to show target decompression and compression displacements,
respectively. For example, position 3422 on the displacement meter 3402 can indicate 2
mches of lift/decompression for treatment of a first patient, and 1 inch for treatment of a
second patient. However, during treatment of the first patient, the posttion 3422 can
remain visually the same as representing 2 inches, even if the target decompression
displacement 15 changed. Though, in some implementations, the depth meter 3402 can be
rescaled during treatment, so that the position 3422 represents the actual target
decompression displacement, and the position 3424 represents the actual target
compression displacement.

The displacement meter 3402 1s configured to show a current displacement 3406
of the patient’s chest during CPR {compression and decompression) cycles. The bar 3406
moves up and down the displacement meter 3402 as the compressions and
decompressions are performed. In some implementations the displacement meter 3402
shows a prior compression depth {e.g., downstroke displacement) and a prior
decompression depth {e.g., upstroke displacement). For example, shaded area 3408
shows the decompression displacement of the prior compression cycle. The displacement
reached 1s shown by decompression bar 3418, The bar 3418 and prior decompression
displacement bar 3420 can be compared to the target 3422 to determine whether the
correct compression or decompression displacement is being reached. The prior
displacement bars 3418, 3420 can be used to adjust the compression and/or
decompression of the current compression cycle.

The displacement meter 3402 is configured to show a visual indication of the

downstroke displacement 3410, the upstroke displacement 3408, and the estimated
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neutral position 3428 relative to one another. In some implementations a difference 3430
between the neutral position that is estimated and the zero point 3414 can be shown on
either or both of a waveform frame 3432 {described below) and the compression meter
3402 In some implementations, the ACD device 1200 is configured to determine a past
(e.g i time or in compression cycles} estimate of neutral position of the chest, a past
downstroke displacement and a past upstroke displacement value. In some
implementations the display provides a visual indication of the current downstroke
displacement, the current upstroke displacernent, the past downstroke displacement, and
the past upstroke displacement together on the displacement meter 3402,

In some implementations the visual indication of the displacement meter 3402
meludes a color or hughlight change of at least a portion of the display based on whether
the downstroke displacement falls within the target downstroke displacement range or
whether the upstroke displacement falls within the target upstroke displacement range.
For example, shaded regions 3408, 3410 can be different colors, flash, etc. when the
proper target 18 achieved. In some implementations the visual imdication includes a color
or highlight change of at least a portion of the display based on whether the downstroke
displacement falls outside the target downstroke displacement range or whether the
upstroke displacement falls outside the target upstroke displacement range.

The actual target ranges 3502a, 3502b can vary. For example, the target
downstroke displacement range and/or the target upstroke displacement range can be
between 0.5 and 3.0 inches, between 0.5 and 1.5 inches, between 1.5 and 2.5 inches,
between 2.0 and 2.4 inches, and so forth.

In some implementations there is no visual indication on the display of the user
interface showing how at least one of the updated estimate of neutral position, the
updated target downstroke displacement range, and the updated upstroke target
displacement range has been updated. That is, the visible dimensions, targets and/or
other aspects of the displacement meter 3402 may substantially remain visually the same
(e.g, despite targets changing based on updated estimates of the neutral position), for the
benefit of having a simplified user interface.

FIG. 34 also shows a displacement waveform 3412 in the waveform frame 3432,

which shows compression displacement and decompression displacement (both measured
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on the vertical axis) over time (measured on a horizontal axis). The axis 3414 generally
represents the estimated zero point of zero displacement. The waveform 3412 can show
the displacements and frequency of prior compression cycles to assist a user in adjusting
compression and decompression displacements and frequency, as desired. The trace can
be generated as treatment is performed, showing an elapsed time and displacement
values. Like the depth meter 3402, the scaling can either remain fixed during treatment of
a patient or adjust dynamically if desired (e.g., if the waveform 3412 exceeds the current
maxumum or minimum values). In some implementations the waveform of the entire
treatment can be displayed and saved in a log file related to the patient for later review of
the case, for example, by an admimstrator and/or physician. In some implementations, a
portion of the waveform can be shown {e.g., the most recent 20 seconds, 10 seconds, S
seconds, etc.). Portions of the waveform can be saved to log files, such as inresponse to a
treatment event {(e.g., a pause in treatment, compression or decompression exceeding
respective threshold values, a sudden change i chest compliance or neutral position
estimate, etc.).

The waveform 3412 includes an indicator 3416 that shows a current displacement
of the patient’s chest {e.g., measured by the position sensor of ACD device 1200 or
estimated from acceleration and displacement sensors as previously described). In some
implementations the displacement bar 3406 tracks the indicator 3416 i real-time. As
time progresses, the waveform 3412 trace is drawn {e.g., from right to left}, and the
indicator represents the actual current displacement of the patient’s chest as treatment is
performed. In some implementations, to compensate for processing delay (e.g., of neutral
position and/or other position estimations), the indicator 3416 can represent a prediction
of the patient’s chest displacement in the near future (e.g., Sms, 10ms, etc.) so that the
position appears to be synchronized with the compressions performed by the rescuer.

Turning to FIG. 35, an example screenshot 3500 of a user interface of the ACD
device 1200, or other appropriate feedback device, that shows a more complex
implementation of the screenshot 3400 of FIG. 34. The depth meter 3402 includes ranges
3502a, 3502b for decompression and compression, respectively. Range 3502a can be
referred to in multiple ways, such as a target decompression range, a target upstroke

range, a target upstroke displacement range, a target lift displacement range, and so forth.
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Range 3502b can be referred to in multiple ways, such as a target compression range, a
target downstroke range, a target downstroke displacement range, a target compression
depth range, and so forth.

The ranges 3502a, 3502b can be adjusted in response to updated estimation(s) of
the neutral position 3404, In some implementations the ranges 3502a, 3502b can begin as
larger ranges, but narrow over time as the neutral position estimate improves. For
decompression range 3502a, a maximum target decompression 3504a and a mimimum
target decompression 3504b are shown. When the patient’s chest is decompressed to a
displacement between values 3504a, 3504b, the ACD device 1200 can present positive
feedback. A text box 3510 including the feedback of “good” is shown in screenshot 3500
because the prior decompression {(shown by shaded area 3408) shows a prior
decompression displacement that 1s inside the target range 3502a. So, the shaded area
3408 may have a color {e.g, green) that indicates that decompressions {e.g., single
decompression, average decompression over multiple cycles, etc.) are within the target
range. However, alternative feedback can be used. For example, a sound can indicate
when proper decompression is reached, such as a positive-sounding tone, a voice saying
“good” or similar, and so forth

Swumilarly, the displacement meter 3402 shows a decompression range 3502b,
including a maximurm target decompression 3506b and a munimum target decompression
3506a. When the patient’s chest 15 compressed to a displacement between values 3506a,
3506b, the ACE device 1200 can present positive feedback. A text box 3512 including
the feedback 3512 of “press harder” is shown in screenshot 3500 because the prior
decompression {shown by shaded area 3410} shows a prior compression displacement
that 1s outside the target range 3502a. Here, the shaded area 3410 shows that the
compression 3520 did not reach far encugh, and that the next compression should have a
greater displacement downward so as to fall within the target downstroke displacement
range. Hence, the shaded area 3410 may have a color {e.g, red, vellow} that indicates
that the compression is outside of the target range, and that the next compression should
be appropriately adjusted. However, alternative feedback can be used. For example, a
sound can indicate when improper compression is reached, such as a tone, a voice saying

“press harder” or stmilar, and so forth.
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In general, when within the target range, the corresponding shaded area 3408,
3410 may have a color {e.g., green) that indicates that compression{s) or
decompression{s} are within the target range and that the manner in which
compression{(s) or decompression(s) are given should be maintained. When outside of
the target range, the corresponding shaded area 3408, 3410 may have a color (e g, red,
vellow) that indicates that compression{s) or decompression{s) are outside of the target
range and need to be adjusted, so as to fall within the target range in subsequent cycles.

As seen in FIG. 35, the most recent compression displacement value that was
reached 3520 15 shown by shaded area 3410, and the most recent decompression value
3522 reached is shown by shaded area 3408 Regions 3408 and 3410 are updated as the
next cycle begins. In some implementations these regions are presented as a “ghost” on
the bar, and appear faded or deemphasized compared to the current displacement
measurement, so as to show 1o the user that they are past downstroke and upstroke
measurements. As the current displacement bar 3406 moves up and down the
displacement meter 3402, the shaded areas 3408, 3410 are redrawn, and the old areas
fade away or otherwise disappear from the user mterface if they are too far mnto the past.
The current displacement can also be referred to as the current upstroke displacement, the
current downstroke displacement, the updated upstroke displacement, the updated
downstroke displacement, and so forth.

The ranges 3502a, 3502b can be updated by the ACD device 1200 in response to a
variety of detected circumstances. For example, the ACD device can adjust at least one of
the target downstroke displacement range 3502b and the target upstroke displacement
range 3502a based on the updated estimate of neutral position. The ACD device 1200, or
other associated feedback device can adjust the target downstroke displacement range
3502b from an imitial target downstroke displacement range to an updated target
downstroke displacement range based on whether the downstroke displacement 3410
falls within the target downstroke displacement range, and/or based on the updated
estimated of neutral position. Similarly, the ACD device 1200 can adjust the target
upstroke displacement range 3502a from an initial target upstroke displacement range to

an updated target upstroke displacement range based on based on whether the upsiroke
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displacement 3408 falls within the target upstroke displacement range, and/or based on
the updated estimated of neutral position.

In some implementations the updated target downstroke displacement range
3502b s adjusted from an mitial target downstroke displacement range after a
predetermined interval {e.g., number of compression cycles, elapsed time, etc.). Similarly,
in some implementations, the updated target upstroke displacement range 3502a 13
adjusted from an mitial target upstroke displacement range after a predetermined interval
{(e.g., number of compression cycles, elapsed time, etc ). Such an update in target
downstroke displacement range and/or target upstroke displacement range may or may
not be based on an updated estimate of the neutral position of the chest. For either the
upstroke or the downstroke displacement, the target ranges 3502a, 3502b can be shifted
to represent a range at greater magnitudes, smaller magnitudes, compress the range itself]
or expand the range itself (e g., in response to estimating the neutral position of the chest
of the patient}.

In some implementations, at least one of the target downstroke displacement
range 3502b and the target upstroke displacement range 3502a can be based ona
chinically accepted guideline. However, the target downstroke displacement range 3502b
can be greater or less than the chimcally accepted guideline, and the target upstroke
displacement range 3502a can be greater or less than the clinically accepted guideline.

In some implementations the ACD device 1200, or other associated feedback
device, 1s configured to determine how the chest of the patient has remodeled based on
the estimated neutral position. The feedback signals received from the sensors can cause
the display to provide an indication of patient chest remodeling. For example, the
feedback device may simply provide an indication that substantial chest remodeling has
occurred due to the CPR treatment, so that the user is aware of the change in chest
mechanics. Such information may be a cue for the user to alter the manner in which CPR
is provided, for example, lessen the force that 1s apphied to the patient to reduce the risk
of injury, or provide more or less decompression treatment to the patient. As discussed
above, when the neutral position of the chest has depressed significantly due to chest
remodeling, then it may be desirable to reduce the depth of compressions on downstroke

and/or increase the lift of decompression on upstroke. In some cases, the feedback device
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may provide more instructional information for the user to adjust the target downstroke
displacement and/or target upstroke displacement, or adjust or aspects of the ACD
treatment.

FIG. 35 further shows the waveform 3412 of the treatment, as described in
relation to FIG. 34. The indicator 3416 can show the current displacement value of the
patient’s chest. In some implementations the wavetorm can be traced from left to night.
The elapsed time 1s shown on the horizontal axis, and the displacement is shown on the
vertical axis. The indicator 3416 1s murored by the current displacement bar 3406 on the
displacement meter 3402, and the indicator 3416 1s located near a center of the waveform
frame 3516. To the right of the indicator 3416, a target compression cvele displacement s
plotted against elapsed time. Here, the current time is about 2:04.5. To the right of the
indicator, the target displacement trace 3508 1s plotted. A maximum target displacement
value 3506a for both compression and decompression 1s shown as a dotted line above the
target 3508, A minimum target displacement value 3506b for both compression and
decompression 15 shown as a dotted line below the target 3508. By showing the target
displacement ranges as a waveform, the ACD device 1200, or other feedback device,
guides the rescuer for both compression and decompression displacements and pace
where the objective is for the rescuer to admunister compressions and decompressions in
a way that stays within the maximum and minimurm set forth by the target ranges. The
total range of decompression displacements 1s shown as 3502a in both the depth bar 3402
and the waveform frame 3516, Similarly, total range of compression displacements is
shown as 3502b in both the depth bar 3402 and the waveform frame 3510,

Similarly to the target displacements of FIG. 34, the target range values 3500a,
3506b and 3504a, 3504b may be determined in response to estimating the neutral position
of the patient. For example, the ranges 3502a, 3502b, which determine the values of the
displacements 3506a, 3506b and 3504a, 3504b, can be updated on a per-compression
cycle basis, after a series of compression cveles (e.g., 2-5 compression cycles) after a
particular period of time, etc. The updated values of the ranges 3502a, 3502b can be
determined based on the current and/or prior estimated neutral position of the patient’s
chest. For example, the updated ranges 3502a, 3502b can be based on the current neutral

position estimation, a cycle-windowed and/or time-windowed average of neutral position
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estimations, etc. As the neutral position ts estimated, the target waveform 3508 is updated
and further projected in front of the user’s current position and time. Here, a single cycle
15 shown in the projection. However, in some implementations, multiple compression
cycles can be projected and rescaled as needed.

The feedback of the trace 3412 and the depth meter 3402 can each provide
guidance {e.g., to the rescuer, to the processing device) for how to modify the ACD CPR
treatment so that the downstroke displacement falls within the target downstroke
displacement range 3502b prior to the upstroke displacement falling within the target
upstroke displacement range 3502a. For example, as previously described, a
displacement meter can instruct the rescuer to push harder, pull harder, press more softly,
pull more softly, change a compression frequency, and so forth.

Turning to FIG. 36, an example screenshot 2800 of a user interface of the ACD
device 1200, or other appropriate feedback device, shows a different implementation of
the screenshot 3500 of FIG. 35. Here, the shaded areas 3408, 3410 represent different
prior compression and decompression displacement values that were reached during the
prior compression cycle. The prior decompression value 3606 was too small, and the
feedback 3602 1s adjusted to mstruct the rescuer to “pull harder.” While the 1nstruction
can update each compression cycle, a moving average of two or more cycles can be used
for updating the instruction. For example, the instruction might be updated to read “pull
harder” only if the decompression target is not reached for 3 cycles ina row, basedon a
moving average of the previous 3 cycles {e.g., or 2, 4, 5, etc. cyvcles), or some
combination of such determinations.

Similarly, as shown in FIG. 36, the prior compression value 3608 was too large,
and the feedback 3604 s adjusted to mstruct that rescuer is “pressing too hard.” While
the nstruction can update each compression cycle, a moving average of two or more
cycles can be used for updating the instruction. For example, the instruction might be
updated to read “pressing too hard” only if the compression target is exceeded for 3
cveles in a row, based on a moving average of the previous 3 cycles {e.g, 0r 2, 4, 5, etc.
cycles), or some combination of such deternunations.

FIGS. 37-38 show example screenshots of compression frequency feedback
provided by an ACD feedback device during ACD CPR treatment. Turning to FIG. 37,
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screenshot 3700 of a user interface of the ACD feedback device shows waveform 3412,
projected displacement waveform 3508, indicator 3416, and compression bar 3402, as
described in relation to FIGS. 34-36. In addition to displacement feedback, the ACD
feedback device can be configured to provide compression cycle frequency feedback
(also referred to as pacing feedback).

The measured trace 3412 and the estimated trace 3508 are shown on etther side
(e.g, prior and future} of current displacement value 3416, The depth meter 3402
indicates that the prior compression and decompression displacement values were both
within the target ranges 3502b, 35023, respectively, and reports “good” feedback in boxes
3702, 3704, This can also be seen by shaded areas 3408, 3410 extending within the
ranges 3502a, 3502b shown on the depth meter 3402,

However, the frequency of the compression cycles in this example have been too
fast. The completed compressions are shown in waveform by portion 3706 to have a
shorter period than the period of the projected wavetorm 3508, shown by portion 3710, A
feedback box 3708 appears {or can remain on the interface) instructing the rescuer to
“slow down.” Alternatively, the mstruction can emit a tone, a metronome, an audic

% 6¢

mstruction, etc. The mstruction 3708 can also read “good pace,” “too fast,” “too slow,”
“speed up,” or other such variations of this frequency feedback.

In some implementations the instructions 3708 provides an indication that
instructs the rescuer of a hold period following downstroke or upstroke. In some
implementations the display provides a visual indication of a hold period following
downstroke or upstroke. For example, in some cases, it may be preferable for a chest
compression to be held at the maximum compression depth on downstroke for a brief
pertod (e.g., 50-500 msec, approximately 100 msec), and/or a decompression to be held
at the maximum decompression lift on upstroke for a brief period (e.g., 50-500 msec,
approximately 100 msec). Such hold periods may help to enhance circulation to and
from the heart.

In some implementations the ACD feedback device provides an indication that
instructs the rescuer to adjust a velocity of downstroke or velocity of upstroke. For
example, the speed can be changed to hasten or slow the compression cycle and change

the frequency of compressions. In certain instances, it may be preferable to increase the
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velocity on upstroke to quickly generate negative mtrathoracic pressure, 50 as to enhance
venous return of blood to the heart and improve overall circulation.

FIG. 38 includes a screenshot 3800 of a user interface of the ACD feedback
device showing an alternative example of the screenshot 3700 of FIG. 37, In this
example, a displacement meter 3802 operates similarly to displacement meter 3402,
except that there are no shaded regions.

FIG. 39 shows an example screenshot 3900 of a user interface of the ACD
feedback device mcluding a normalized force-displacement graph for providing feedback
by an ACD feedback device during ACD CPR treatment. Depth meter 3402 1s shown,
similar to FIGS. 34-38. A normalized force-displacement graph 3902 is shown ina
graphic pane 3904 adjacent to the depth meter 3402,

The graph 3902 shows a compression cycle as a circuit 3906, Indicator 3910
moves around the circuit 3906 1n a clockwise direction as shown by arrows 3914 (though
a counterclockwise direction can be used). In some implementations the graph 3902 s a
scaled version of the graph 1500 of FIG. 15, in which each axis of the graph 1s scaled to
make the circuit 3906 appear circular. As compressions are performed, the force and
displacement relationship 1s determined and plotted on the graph 3902, A first tolerance
value 3108a 1s shown as an outer ring and a second tolerance value 3908b 15 shown as an
inner ring. The rescuer can view the graph 3902 and mantain the correct force and
displacement to keep the indicator 3910 on the track that is shown between the second
tolerance value 3908b and the first tolerance value 3908a. The ling 3912 shows a
beginning of a new cycle. In some implementations the displacement meter 3402 can be
replaced with an effort meter showing a floating effort range that 1s updated as the neutral
position estimation is updated.

FIGS. 40-41 show example screenshots 4000, 4100 of user interfaces of the ACD
feedback device. Screenshots 4000, 4100 each show examples of prior compression cycle
upstroke and downstroke ranges, current compression cyvcle upstroke and downstroke
ranges, and target compression cycle upstroke and downstroke ranges displayed as
feedback during ACD CPR treatment.

Turning to FIG. 40, a series of displacement meters are shown as bar graphs along

with the displacement meter 2402 on the right of the interface. Prior compression cycles

114



10

15

20

30

WO 2020/160448 PCT/US2020/016174

are shown as prior displacement meters 4002, and target compression and decompression
displacement values are shown as dashed displacement meters 4004 to indicate where the
provider of ACD treatment should aim. As time elapses, in this example, the meters each
move from right to left. A current displacement meter 4008 is shown near the center of
the screenshot 4000, The meter 4008 can mirror the displacement meter 3402, including
ranges 3502a, 3502b, and range bars 3504a, 3504b, 3506a, 3506b. However, shaded
areas 3408, 3410 are not shown on the current displacement meter 4008, but a prior
displacement meter 4006 to the left of the current displacement meter shows shaded areas
3408, 3410. The compression and decompression displacements of the prior cycle are
shown in meter 4006. Once the current cycle 15 completed, meter 3206 loses the shading
of regions 3408, 3410, which are updated to be included in the meter 4008 (which
becomes the prior meter 3406). Such a view assists a rescuer in comparing a current
compression cycle to prior compression cycles and prepare for target compression and
decompression displacement values, which can be updated based on an estimation of the
neutral position (as described above m relation to FIGS. 12-23).

In some implementations the target ranges 4004 and the prior ranges 4002 can be
re~scaled if needed depending on the estimated neutral position and target and measured
displacement values. Here, hine 3404 generally represents the estimated zero poimnt.

Turning to FIG. 41, screenshot 4100 shows another version of the user interface
of the ACD feedback device shown in screenshot 4000. Here, the target displacements for
one or both of compression and decompression have changed, such as because of a
change 1n the estimated neutral position of the patient. An indication 4102 can appear
informing the rescuer that the targets have been updated. The new target ranges can be
shown on the user interface on the current displacement meter 4112, Instructions 4104,
4106 can appear to inform the user that the next compression or decompression should be
changed. This can change feedback that reported “good” to “reduce ift” 4104 because of
the change in range, even if the prior target was reached at the time it was shown. Line
4110 generally represents the estimated zero point. Line 4112 generally represents the
current displacement of the patient’s chest.

In some implementations, user mterfaces similar to the screenshots 3400, 3500,

3600, 3700, 3800, 3900, 4000, and 4100 of FIGS. 34-41 can be shown on the display of
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the ACD device 1200. In some implementations, the display s located on a handle of the
ACD device. The handle, such as handles 108 described in relation to FIG. 1, can provide
haptic feedback to provide the guidance for how to modify the ACD CPR treatment. In
some implementations, user interfaces similar to the screenshots 3400, 3500, 3600, 3700,
3800, 3900, 4000, and 4100 can be shown on a patient montitor (e.g.,
detibrillator/monttor, monttor without defibrillating functionality) of the ACD device
1200, the patient monitor having at least one sensor for obtaining physiological data from
the patient. In some implementations, user interfaces sumilar to the screenshots 3400,
3500, 3600, 3700, 3800, 3900, 4000, 4100 can be shown on a portable computing device
{(e.g., tablet, phone, etc.), where the portable computing device may be in communication
with an ACD device and/or patient monitor. For example, the ACD device or patient
monttor may recetve signals from the motion sensor(s) or force sensor(s) associated with
the ACD treatment, and processing of those signals may occur on the ACD device or
patient momitor, and results of the processing may be sent to the portable computing
device. Or, the portable computing device may receive data from the motion sensor{s) or
force sensor{s) associated with the ACD treatment and may itself perform the processing
necessary to produce the feedback for user interfaces for feedback described herein.

FIG. 42 shows an example process 4200 for providing feedback for using an ACD
device, such as device 100 or 1200, during ACD CPR treatment. The process 4200
includes coupling (4202) an ACD an ACD device to a patient. The process 4200 includes
executing (4204} ACD treatment on the patient, such as by a rescuer using the ACD
device. The ACD device or other associated device 13 configured to process (4206} the
displacement signals and the force signals related to the ACD CPR treatment. For
example, the displacement signals and the force signals are generated during each
compression ¢ycle. The ACD device or other associated device s configured to estimate
(4208} a neutral position of the chest based on the processed displacement signals and the
processed force signals. The ACD device 1200 or other associated device measures the
displacement during the compression phase and the decompression phase of the
compression cycle. The ACD device 1200 or other associated device 15 configured to
determine {4210} a downstroke displacement and an upstroke displacement based on the

estimated neutral position. The ACD device 1200 or other associated device is configured
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to adjust (4212) at least one of a target downstroke displacement range and a target
upstroke displacement range based on the estimated neutral position. For example, the
ACD device 1200 or other associated device can estimate that the neutral position 15 0.75
inches below the zero point. In response, the ACD device 1200 or other associated device
can adjust the upstroke displacement (e.g., l1ft) to be greater than a prior upstroke
displacement target, so as to effectively raise the neutral position back to a location closer
to when compressions were initiated. Similarly, the ACD device 1200 or other associated
device can adjust the corresponding downstroke displacement (e g., depression) to be
smaller than a prior target downstroke displacement. While these examples are provided
for dlustration, other adjustments can be made in response o estimating the neutral
position {e.g., decreasing an upstroke displacement target and increase a downstroke
displacement target, decreasing both the upstroke and downstroke displacements, etc.).
The ACD device 1200 or other associated device 1s configured to determine (4214)
whether the downstroke displacement falls within the target downstroke displacement
range and whether the upstroke displacement falls within the target upstroke
displacement range. The ACD device 1200 or other associated device 15 configured to
generate (4216) at least one feedback signal for the display to provide guidance for how
to modify the ACD CPR treatment based on the determination of whether the downstroke
displacement falls within the target downstroke displacement range and whether the
upstroke displacement falls within the target upstroke displacement range.

Turning to FIG. 43, an example process 4300 for providing feedback for using an
ACD device, such as device 100 or 1200, during ACD CPR treatment is shown. The
process 4300 inchudes coupling (4302} an ACD an ACD device to a patient. The process
3500 includes executing (4304) ACD treatment on the patient, such as by a rescuer using
the ACD device. The ACD device or other associated device is configured to process
(4306} the displacement signals and the force signals related to the ACD CPR treatment.
The ACD device 1200 or other associated device 1s configured to estimate (4308} a past
neutral position of the chest and a current neutral position of the chest based on the
processed displacement signals and the processed force signals. In some
implementations, the ACD device 1200 or other associated device can estimate the

neutral position as described in relation to FIGS. 12-23. The ACD device 1200 or other
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assoctated device is configured to determine {4310) a past downstroke displacement and
a past upstroke displacement based on the estimated past neutral position, such as
described in relation to FIGS. 40-41. The ACD device 1200 or other associated device is
configured to determine {3512) a current downstroke displacement and a current upstroke
displacement based on the estimated current neutral position, such as described in
relation to FIGS. 12-23. The ACD device or other associated device is configured to
generate (4314} at least one feedback signal for the display to provide a visual indication
of the current downstroke displacement, the current upstroke displacement, the past
downstroke displacement, and the past upstroke displacement.

FIG. 44 shows an example process 4400 for providing feedback for using an ACD
device, such as device 100 or 1200, during ACD CPR treatment. The process 4400
includes coupling (4402) an ACD an ACD device to a patient. The process 4400 includes
executing (4404) ACD treatruent oun the patient, such as by a rescuer using the ACD
device. The ACD device or other associated device 15 configured to process (4406} the
displacement signals and the force signals related to the ACD CPR treatment. For
example, the displacement signals and the force signals are generated during each
compression cycle. The ACD device 1200 or other associated device 1s configured to
determine (4408} a current displacement based on the processed displacement signals.
The ACD device or other associated device 13 configured to determine (4410} a current
force based on the processed force signals. The ACD is configured to generate (4412) at
least one feedback signal for the display to provide at least one graph of force and
displacement that shows the current displacement and the current force, such as shown in
FIG. 15-16B and FIG. 39. In some implementations the graph of the current displacement
and the current force can be normalized to assist a rescuer in providing ACD CPR
ireatment, as described in relation to FIG. 39.

FIG. 45 shows an example process 4500 for providing feedback for using an ACD
device, such as device 100 or 1200, during ACD CPR treatment. The process 4500
includes coupling (4502) an ACD an ACD device to a patient. The process 4500 includes
executing (4504) ACD treatment on the patient, such as by a rescuer using the ACD
device. The ACD device or other associated device 1s configured to process (4506} the

displacement signals and the force signals related to the ACD CPR treatment. For
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example, the displacement signals and the force signals are generated during each
compression cycle. The ACD device 1200 or other associated device 15 configured to
estimate (4508} a neutral position of the chest based on the processed displacement
signals and the processed force signals. For example, the ACD device 1200 or other
associated device can estimate the neutral position as described in relation to FIGS. 12-
23. The ACD device 1200 or other associated device 15 configured to estimate (4510) an
mitial zero pomnt of the chest prior to application of the ACD CPR treatment, such as
based on one or more inttial readings of displacement of the patient’s chest. The ACD
device 1200 or other associated device 1s configured to determine (4512) a difference in
magnitude between the estimated initial zero point of the chest and the estimated neutral
position of the chest. The ACD device 1200 or other associated device 1s configured to
generate (4514) at least one feedback signal to modify the ACD CPR treatment to reduce
the difference in magnitude between the initial zero point of the chest and the neutral
position of the chest.

While processes 4200, 4300, 4400, and 4500, while described in sequence, can be
combined, run in paraliel, or be executed alternatively for ACD CPR treatment.

Furthermore, while at least some of the embodiments described above describe
technigues and displays used during manual human-delivered chest compressions and
decompressions, sumilar techmiques and displays can be used with automated chest
compression devices such as the AUTOPULSE device manufactured by ZOLL Medical,
MA. Hence, target ACD parameters adjusted based on the estimated neutral position may
be applicable to both manual and automatically provided ACD treatment. For example,
in the case of automated ACD treatment, the estimated neutral position may be an input
for determining the target downstroke displacement and/or the target upstroke
displacement. Once such targets are determined, then the automated chest compression
device may be set to provide ACD treatment according to the updated or otherwise
adjusted targets. In the case of manually provided ACD treatment, the estimated neutral
position may also be an input for determining the target downstroke displacement and/or
the target upstroke displacement. However, in the case of manual ACD treatment, an
appropriate feedback device 1s used to assist a user in achieving the target parameters
{(e.g., current displacement(s) failing within desired range(s)).
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A number of embodiments of the present disclosure have been described.
Nevertheless, 1t will be understood that various modifications may be made without
departing from the spirit and scope of the present disclosure. Accordingly, other

embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A system for assisting with cardiopulmonary resuscitation {CPR), the system
COMprising;
an active compression decompression {ACD} device configured to push
downward and pull upward on a chest of a patient;
a force sensor configured to measure force applied to the chest of the patient by
the ACD device;
a motion sensor configured to measure displacement of the chest of the patient;
and
one or more computer-readable media storing computer-executable instructions;
one or more processors configured to execute the computer executable
mstructions, the execution carrying out operations to:
identify, based on one or more signals received from at least one of the
force sensor and the motion sensor, a compression cycle comprising a compression phase
and a decompression phase,
determine a first depth of chest compression corresponding to a force-
displacement relationship of the compression phase of the compression cycle,
determine a second depth of chest compression corresponding to a force-
displacement relationship of the decompression phase of the compression cyele, and
estimate a neutral position of the chest of the patient based on the first

depth and the second depth.

2. The systemn of claim 1, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that 1s inside a range

defined by the first depth and the second depth.

3. The system of claim 1, wherein estimating the neutral position of the chest of

the patient based on the first depth and the second depth comprises determining a chest
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compression depth representing the neutral position of the chest that is outside a range

defined by the first depth and the second depth.

4. The system of clatm 1, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that 1s a function of an

average of the first depth and the second depth.

5. The system of claim 4, wherein the function of the average of the first depth
and the second depth comprises a moving average of the first depth and the second depth
for a plurality of compression cycles including the compression cycle and one or more

compression cycles immediately prior to the compression cycle.

6. The system of claim 1, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determming a chest
compression depth representing the neutral position of the chest that 15 a function of the
first depth and the second depth, wherein the first depth 15 weighted by a first weight
value and wherein the second depth 15 weighted by a second weight value that 15 different

than the first weight value.

7. The system of ¢laim 1, wherein the compression phase comprises at least one

of a compression elevated portion and a compression non-elevated portion.

8. The system of claim 1, wherein the decompression phase comprises at least one

of a decompression elevated portion and decompression non-elevated portion.

9. The system of claim 1, wherein the force-displacement relationship of the
compression phase is different than the force-displacement relationship of the

decompression phase based on a hysteresis of the compression cycle.

10. The system of claim 1, wherein the ACD device comprises:
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a first element configured to be coupled to the chest of the patient; and
a second element configured to be grasped by a rescuer, the second element being

coupled to the first element.

11. The system of claim 1, wherein the ACD device comprises at least one of the

force sensor and the motion sensor.

12. The system of claim 1, wherein the motion sensor comprises an

accelerometer.

13. The system of claim 1, comprising a user interface configured to display data

representing one or more of the first depth and the second depth.

14, The system of claim 13, wherein the user interface 1s configured to display

data indicating one or more of the force and the displacement.

15. The system of claim 13, wherein the user interface 1s configured to display a

compression non-elevated depth of the compression phase.

16. The system of claim 13, wherein the user interface 1s configured to display a

decompression elevated height of the decompression phase.

17. The system of claim 13, wherein the user interface is configured to display a

trend graph representing chest remodeling,

18. The system of claim 13, wherein the user interface 1s configured for display

on a device that 15 external to the ACD device.

19. The system of claim 18, wherein the device is remote from the ACD device.
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20. The system of claim 18, wherein the device comprises at least one of a

smartphone, a smartwatch, and a tablet device.

21. The system of claim 1, comprising a communication device configured to

communicate data to an external device and receive data from the external device.

22. The system of claim 1, wherein the execution is carrying out operations to:

determine a third depth of chest compression corresponding to when
approximately zero force 1s applied to the chest of the patient during the compression
phase of the compression cycle

determine a fourth depth of chest compression corresponding to when
approximately zero force 1s applied to the chest of the patient during the decompression
phase of the compression cyele, and

estimate the neutral position of the chest of the patient based on the first depth, the

second depth, the third depth and the fourth depth.

23. The system of claim 22, wherein the execution 1s carrying out operations to:

determune a fifth depth of chest compression corresponding to a first product of
force and displacement on the compression phase of the compression cycle,

determine a sixth depth of chest compression corresponding to a second product
of force and displacement on the decompression phase of the compression cycle, and

estimate the neutral position of the chest of the patient based on the first depth, the

second depth, the third depth, the fourth depth, the fifth depth, and the sixth depth.

24. The system of ¢claim 23, wherein estimating the neutral position of the chest of
the patient based on the first depth, the second depth, the third depth, the fourth depth, the
fifth depth, and the sixth depth comprises a function of an average of the first depth, the

second depth, the third depth, the fourth depth, the fifth depth, and the sixth depth.

25. A system for assisting with cardiopulmonary resuscitation {CPR), the system
comprising;
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an active compression decompression {ACD) device configured to push
downward and pull upward on a chest of a patient;
a force sensor configured to measure force applied to the chest of the patient by
the ACD device;
a motion sensor configured to measure displacement of the chest of the patient;
and
one or more computer-readable media storing computer-executable mstructions;
one or more processors configured o execute the computer executable
mstructions, the execution carryving out operations to:
identify, based on one or more signals received from at least one of the
force sensor and the motion sensor, a compression cyele comprising a compression phase
and a decompression phase,
determine a first depth of chest compression corresponding to when
approximately zero force is applied to the chest of the patient during the compression
phase of the compression cycle,
determine a second depth of chest compression corresponding to when
approximately zero force 18 applied to the chest of the patient during the decompression
phase of the compression cycle, and
estimate a neutral position of the chest of the patient based on the first

depth and the second depth.

26. The system of claim 25, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that 18 inside a range

defined by the first depth and the second depth.

27. The system of ¢claim 25, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that is outside a range

defined by the first depth and the second depth.
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28. The system of claim 25, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that is a function of an

average of the first depth and the second depth.

29. The system of claim 28, wherein the function of the average of the first depth
and the second depth comprises a moving average of the first depth and the second depth
for a plurality of compression cycles including the compression cycle and one or more

compression cycles immediately prior to the compression cycle.

30. The system of claim 25, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determuning a chest
compression depth representing the neutral position of the chest that 1s a function of the
first depth and the second depth, wherein the first depth 1s weighted by a first weight
value and wherein the second depth is weighted by a second weight value that is different

than the first weight value.

31. The system of claim 25, wherein the compression phase comprises at least one

of a compression elevated portion and compression non-elevated portion.

32. The system of claim 25, wherein the decompression phase comprises at least

one of a decompression elevated portion and decompression non-elevated portion.

33. The system of claim 25, wherein a difference between the first depth and the

second depth 1s based on a hysteresis of the compression cycle.

34. The system of claim 25, wherein the ACD device comprises:
a first element configured to be coupled to the chest of the patient; and
a second element configured to be grasped by a rescuer, the second element being

coupled to the first element.
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35. The system of claim 25, wherein the ACD device comprises at least one of the

force sensor and the motion sensor.

36. The system of claim 25, wherein the motion sensor comprises an

accelerometer.

37. The system of claim 25, comprising a user interface configured to display data

representing one or more of the first depth and the second depth.

38. The system of claim 37, wherein the user interface i1s configured to display

data indicating one or more of the force and the displacement.

39. The system of claim 37, wherein the user interface 1s configured to display a

compression non-elevated depth of the compression phase.

40. The system of claim 37, wherein the user mterface 1s configured to display a

decompression elevated height of the decompression phase.

41. The systemn of claim 37, wherein the user interface s configured to display a

trend graph representing chest remodeling,

2. The system of claim 37, wherein the user interface 1s configured for display

on a device that 15 external to the ACD device.

43. The system of claim 42, wherein the device is remote from the ACD device.

44. The system of claim 42, wherein the device comprises at least one of a

smartphone, a smartwatch, and a tablet device.

45. The system of claim 25, comprising a communication device configured to

communicate data to an external device and receive data from the external device.
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46. The system of claim 25, wherein the execution is carrying out operations to:

determine a third depth of chest compression corresponding to a force-
displacement relationship of the compression phase of the compression cycle,

determine a fourth depth of chest compression corresponding to a force-
displacement relationship of the decompression phase of the compression cycle, and

estimate the neutral position of the chest of the patient based on the first depth, the

second depth, the third depth and the fourth depth.

47. The system of claim 46, wherein the execution 1s carrving out operations to:

determine a fifth depth of chest compression corresponding to a first product of
force and displacerment on the compression phase of the compression cvcle,

determine a sixth depth of chest compression corresponding to a second product
of force and displacement on the decompression phase of the compression cycle, and

estimate the neutral position of the chest of the patient based on the first depth, the

second depth, the third depth, the fourth depth, the fifth depth, and the sixth depth.

48. The system of claim 47, wherein estimating the neutral position of the chest of
the patient based on the first depth, the second depth, the third depth, the fourth depth, the
fifth depth, and the sixth depth comprises a function of an average of the first depth, the

second depth, the third depth, the fourth depth, the fifth depth, and the sixth depth.

49. A system for assisting with cardiopulmonary resuscitation {CPR), the system
COMprising;

an active compression decompression {ACD) device configured to push
downward and pull upward on a chest of a patient;

a force sensor configured to measure force applied to the chest of the patient by
the ACD device;

a motion sensor configured to measure displacement of the chest of the patient;
and

one or more computer-readable media storing computer-executable instructions;
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one or more processors configured to execute the computer executable

mstructions, the execution carrying out operations to:

identify, based on one or more signals received from at least one of the
force sensor and the motion sensor, a compression cycle comprising a compression phase
and a decompression phase,

determine a first depth of chest compression corresponding to a first
product of force and displacement during the compression phase of the compression
cvele,

determaine a second depth of chest compression corresponding to a second
product of force and displacement during the decompression phase of the compression
cyele, and

estimate a neutral position of the chest of the patient based on the first

depth and the second depth.

50. The system of claim 49, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determuning a chest
compression depth representing the neutral position of the chest that 1s mside a range

defined by the first depth and the second depth.

51. The system of claim 49, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that s outside a range

defined by the first depth and the second depth.

52. The system of clamm 49, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral position of the chest that 1s a function of an

average of the first depth and the second depth.

53. The system of claim 52, wherein the function of the average of the first depth

and the second depth comprises a moving average of the first depth and the second depth
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for a plurality of compression cycles including the compression cycle and one or more

compression cycles immediately prior to the compression cycle.

54. The system of claim 49, wherein estimating the neutral position of the chest of
the patient based on the first depth and the second depth comprises determining a chest
compression depth representing the neutral posttion of the chest that is a function of the
first depth and the second depth, wherein the first depth is weighted by a first weight
value and wherein the second depth 15 weighted by a second weight value that s ditferent

than the first weight value.

55 The system of claim 49, wherein the compression phase comprises at least one

of a compression elevated portion and compression non-elevated portion.

56. The system of claim 49, wherein the decompression phase comprises at least

one of a decompression elevated portion and decompression non-elevated portion.

57. The system of claim 49, wherein a difference between the first depth and the

second depth 13 based on a hysteresis of the compression cycle.

58. The system of claim 49, wherein the ACD device comprises:
a first element configured to be coupled to the chest of the patient; and
a second element configured to be grasped by a rescuer, the second element being

coupled to the first element.

59. The system of claim 49, wherein the ACD device comprises at least one of the

force sensor and the motion sensor.

60. The system of claim 49, wherein the motion sensor comprises an

accelerometer.
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61. The system of claim 49, comprising a user interface configured to display data

representing one or more of the first depth and the second depth.

62. The system of claim 61, wherein the user interface is configured to display

data indicating one or more of the force and the displacement.

63. The system of claim 61, wherein the user interface 1s configured to display a

compression non-elevated depth of the compression phase.

64. The system of claim 61, wherein the user interface is configured to display a

decompression elevated height of the decompression phase.

65. The system of claim 61, wherein the user interface 1s configured to display a

trend graph representing chest remodeling.

60. The system of claim 61, wherein the user mnterface 1s configured for display

on a device that 1s external to the ACD device.

67. The system of claim 66, wherein the device 13 remote from the ACD device.

68. The system of claim 66, wherein the device comprises at least one of a

smartphone, a smartwatch, and a tablet device.

69. The system of claim 49, comprising a commumnication device configured to

communicate data to an external device and receive data from the external device.

70. The system of claim 49, wherein the one or more processors are configured to
generate a compression cycle representation comprising a product of the force and
the displacement for a plurality of displacement values during the compression phase and

during the decompression phase.
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71. The system of claim 70, wherein the first product of the force and the
displacement comprises a local minimum of the product of force and displacement on a

compression phase portion of the compression cycle representation.

72. The system of claim 70, wherein the second product of the force and the
displacement comprises a local minimum of the product of force and displacementon a

decompression phase portion of the compression cycle representation.

73. The system of claim 70, wherein the first depth and the second depth each
correspond to a compression depth at which the first product of the force and the

displacement is equal to the second product of force and the displacement.

74. The system of claim 70, wherein the compression cycle representation
comprises a first compression cycle representation, and wherein the one or more
processors are configured (o generate a second compression cycle representation
comprising a denivative of the first compression ¢cycle representation for the plurality of

displacement values during the compression phase and during the decompression phase.

75. The system of claim 49, wherein the first depth 15 approximately equal to the
second depth, and wherein the first product of force and displacement is approximately

equal to the second product of force and displacement.

76. The system of claim 49, wherein the execution is carrying out operations {0

determine a third depth of chest compression corresponding to a force-
displacement relationship of the compression phase of the compression cycle,

determine a fourth depth of chest compression corresponding to a force-
displacement relationship of the decompression phase of the compression cycle, and

estimate the neutral position of the chest of the patient based on the first depth, the

second depth, the third depth and the fourth depth.

77. The system of claim 76, wherein the execution is carrying out operations to:
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determine a fifth depth of chest compression corresponding to when
approximately zero force is applied to the chest of the patient during the compression
phase of the compression cycle;

determine a sixth depth of chest compression corresponding to when
approximately zero force 1s applied to the chest of the patient during the decompression
phase of the compression cycle, and

estimate the neutral position of the chest of the patient based on the first depth, the

second depth, the third depth, the fourth depth, the fifth depth, and the sixth depth.

78. The system of claim 77, wherein estimating the neutral position of the chest of
the patient based on the first depth, the second depth, the third depth, the fourth depth, the
fitth depth, and the sixth depth comprises a function of an average of the first depth, the
second depth, the third depth, the fourth depth, the fifth depth, and the sixth depth.

79. A system for assisting with cardiopulmonary resuscitation {CPR), the system
COMprising;
an active compression decompression {ACD) device configured for a user to push
downward and pull upward on a chest of a patient;
a force sensor configured to measure force applied to the chest of the patient by
the user with the ACD device;
a motion sensor configured to measure displacement of the chest of the patient;
one or more processors configured to execute computer-executable instructions
stored in a memory for performing operations to:
determine, based on at least one signal of the force sensor, 3 maximum
compression force applied to the chest of the patient during a compression ¢ycle and a
maximum decompression force applied to the chest of the patient during the compression
cycle;
estimate, based on at least one signal of the motion sensor, a displacement
value for a total displacement of the chest of the patient during the compression cycle for

compressing and decompressing the chest of the patient, and
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estimate at least one of a compression depth and a decompression
displacement for the compression cycle, the estimation being based on the determined
compression force, the determined decompression force, and the estimated displacement;
and
a user interface configured to provide an indication of one or more of the

compression depth and neutral position of the chest of the patient.

80. The system of claim 79, wherein estimating the compression depth during the

compression cycle comprises determining a fraction of the estimated displacement value,

81. The system of claim 80, wherein the fraction comprises a ratio between 1) a
first function of the determined compression force and 1) a second function of the
determined compression force and the determined decompression force, the second

function being different than the first function.

82. The system of claim 79, the execution further carrying out operations to:
estimate a neutral position value of the chest of the patient for the compression

cycle, the estimating being based on the estimated compression depth.

83. The system of claim 79, the execution further carrying out operations to:

apply a first weight value to the determined compression force; and

apply a second weight value to the determined decompression force,

wherein the first weight value and the second weight value are based on training
data specifying a first relationship between the determined compression force and the
compression depth and a second relationship between the determined decompression

force and the decompression displacement.

84. The system of claim 83, wherein the execution is carrying out further
operations to:
apply a third weight value to a square of the determined compression force, the

third weight value based on the training data.
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85. The system of claim 83, wherein the training data 1s generated using known

compression depth values and known decompression depth values.

86. The system of claim 73, wherein the first relationship and the second
relationship each comprise one of a linear relationship, a quadratic relationship, ora

higher-order relationship.

87 The system of claim 79, wherein the determmmed compression force value is
determined from a first range of compression force measurements, and the determined
decompression force is determined from a second range of decompression force

measurements.

88. The system of claim 79, wherein the determined compression force and the
determined decompression force each comprises a moving average of compression force
values and decompression force values respectively for a plurality of compression cycles
meluding the compression cycle and one or more compression cycles immediately prior

to the compression cycle.

89. The system of claim 79, wherein the ACD device comprises:
a first element configured to be coupled to the chest of the patient; and
a second element configured to be grasped by a rescuer, the second element being

coupled to the first element.

90. The system of claim 79, wherein the ACD device comprises a plunger, and

wherein the plunger comprises an elastic element.

91. The system of claim 79, wherein the ACD device comprises at least one of the

force sensor and the motion sensor.
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92, The system of claim 79, wherein the motion sensor comprises an

accelerometer.

93. The system of claim 79, wherein the user interface is configured to display
data indicating one or more of the determined compression force, the determined

decompression force, and the estimated displacement value.

94. The system of claim 79, wherein the user interface is configured for display

on a device that 15 external to the ACD device.

95, The system of claim 94, wherein the device is remote from the ACD device.

96. The system of claim 94, wherein the device comprises at least one of a

smartphone, a smartwatch, and a tablet device.

97. The system of claim 79, comprising a communication device configured to

communicate data to an external device and recerve data from the external device.

98. The system of claim 79, wherein the force sensor comprises a load cell.

99. A method for determining a compression depth during active compression
decompression {ACD) treatment, the method comprising;

receiving training data for training a function relating a compression depth
estimate to a compression force and a decompression force;

training the function using the training data;

determining, based on at least one signal of a force sensor configured to measure
force applied to the chest of the patient by the user with an ACD device, a maximum
compression force applied to the chest of the patient during a compression cycleand a
maximum decompression force applied to the chest of the patient during the compression
cvele;

o
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estimating, based on at least one signal of a motion sensor configured to measure
displacement of the chest of the patient, a displacement value for a total displacement of
the chest of the patient during the compression cycle for compressing and decompressing
the chest of the patient;

estimating at least one of a compression depth using the trained function, the
estimation being based on the determined compression force, the determined
decompression force, and the estimated displacement; and

providing, through a user interface, an indication of one or more of the

compression depth and neutral position of the chest of the patient.

100. The method of claim 99, wherein trainming the function comprises:

receiving baseline data generated by a neutral-point estimation process; and

training the function using the baseline data.

101. The method of claim 100, wherein the neutral-point estimation process
comprises:

identifying, based on one or more signals received from at least one of the force
sensor and the motion sensor, a compression cycle comprising a compression phase and a
decompression phase;

determining a first depth of chest compression corresponding to a force-
displacement relationship of the compression phase of the compression cyclg;

determining a second depth of chest compression corresponding to a force-
displacement relationship of the decompression phase of the compression cycle; and

estimating a neutral position of the chest of the patient based on the first depth

and the second depth.

102. The method of claim 100, wherein the neutral-point estimation process
comprises:

identifying, based on one or more signals received from at least one of the force
sensor and the motion sensor, a compression cycle comprising a compression phase and a

decompression phase;
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determining a first depth of chest compression corresponding to when
approximately zero force is applied to the chest of the patient during the compression
phase of the compression cycle;

determining a second depth of chest compression corresponding to when
approximately zero force 1s applied to the chest of the patient during the decompression
phase of the compression cycle; and

estimating a neutral position of the chest of the patient based on the first depth

and the second depth.

103. The method of claim 100, wherein the neutral-point estimation process
comprises:

identifying, based on one or more signals received from at least one of the force
sensor and the motion sensor, a compression cvele comprising a compression phase and a
decompression phase,

determining a first depth of chest compression corresponding to a first product of
force and displacement during the compression phase of the compression cycle,

determining a second depth of chest compression corresponding to a second
product of force and displacement during the decompression phase of the compression
cycle, and

estimating a neutral position of the chest of the patient based on the first depth

and the second depth.

104, The method of claim 100, further comprising: training the neutral point

function using a set of neutral point training data comprising neutral point baseline data.

105, A system for managing an active compression decompression {ACD)}
cardiopulmonary resuscitation ({CPR) treatment to a patient, the system comprising:

an applicator device configured for a rescuer to provide the ACD CPR treatment
to a chest of the patient;

a motion sensor configured to be coupled to the chest of the patient and to

generate displacement signals related to the ACD CPR treatment;
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a force sensor configured to be coupled to the chest of the patient and to generate
force signals related to the ACD CPR treatment;
a feedback device for providing feedback for a rescuer to adjust the ACD CPR
treatment,
at least one processor configured to:
process both the displacement signals and the force signals related to the
ACD CPR treatment,
estirnate a neutral position of the chest based on the displacement signals
and the force signals,
determine a downstroke displacement and an upstroke displacement based
on the estimated neutral position and the displacement signals,
adjust at least one of a target downstroke displacement range and a target
upstroke displacement range based on the estimated neutral position,
determine whether the downstroke displacement falls within the target
downstroke displacement range and whether the upstroke displacement falls within the
target upstroke displacement range, and
generate at least one feedback signal for the feedback device to provide
guidance for how to modity the ACD CPR treatment based on determining whether the
downstroke displacement falls within the target downstroke displacement range and

whether the upstroke displacement falls within the target upstroke displacement range.

106.  The system of claim 105, wherein the at least one processor s configured
to determine an updated estimate of neutral position, an updated downstroke

displacement and an updated upstroke displacement.
107.  The system of claim 106, wherein the at least one processor is configured

to adjust at least one of the target downstroke displacement range and the target upstroke

displacement range based on the updated estimate of neutral position.
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108.  The system of claim 105, wherein the target downstroke displacement
range 1s adjusted from an initial target downstroke displacement range to an updated

target downstroke displacement range.

109,  The system of claim 108, wherein the target downstroke displacement
range is adjusted from an inital target downstroke displacement range to an updated

target downstroke displacement range after a predetermined interval.

110, The system of claim 108, wherein the target downstroke displacement
range is adjusted from an inital target downstroke displacement range to an updated
target downstroke displacement range based on whether the downstroke displacement

falls within the target downstroke displacement range.

111, The system of claim 108, wherein the updated target downstroke

displacement range is greater than the inthal target downstroke displacement range.

112, The system of claim 108, wheremn the updated target downstroke

displacement range 1s less than the inmtial target downstroke displacement range.

113, The system of claim 105, wherein the target upstroke displacement range
is adjusted from an mnitial target upstroke displacement range to an updated target

apstroke displacement range.

114, The system of claim 113, wherein the target upstroke displacement range
is adjusted from an mnitial target upstroke displacement range to an updated target

upstroke displacement range after a predetermined interval.

115, The system of claim 113, wherein the target upstroke displacement range
is adjusted from an initial target upstroke displacement range to an updated target
upstroke displacement range based on whether the upstroke displacement falls within the

target upstroke displacement range.
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116, The system of claim 113, wherein the updated target upstroke

displacement range is greater than the initial target upstroke displacement range.

117, The system of claim 113, wherein the updated target upstroke

displacement range 15 less than the initial target upstroke displacement range.

118, The system of claim 103, wherein the target downstroke displacement
range and the target upstroke displacement range are approximately equivalent in

magnitude.

119, The system of clatm 105, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment so that a future downstroke

displacement falls within the target downstroke displacement range.

120, The system of claim 119, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment so that a future upstroke

displacement falls within the target upstroke displacement range.

121, The system of claim 116, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment so that the downsiroke
displacement falls within the target downstroke displacement range prior to the upstroke

displacement talling within the target upstroke displacement range.
122, The system of claim 105, wherein at least one of the target downstroke
displacement range and the target upstroke displacement range is based on a clinically

accepted guideline.

123, The system of claim 122, wherein the target downstroke displacement

range 15 greater or less than the clinically accepted guideline.
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124,  The system of claim 122, wherein the target upstroke displacement range

is greater or less than the clinically accepied guideline.

125, The system of claim 105, wherein the at least one processor is configured
to determine how the chest of the patient has remodeled based on the estimated neutral

position.

126, The system of claim 1253, wherein the at least one feedback signal causes

the display to provide an indication of patient chest remodeling,

127 The system of claim 105, wherein the at least one feedback signal causes
the display to provide a visual indication of the downstroke displacement, the upstroke

displacement, and the estimated neutral position relative to one another.

128, The system of claim 127, wherein the at least one processor 1s configured
1o estimate a past neutral position of the chest, a past downstroke displacement and a past

upstroke displacement.

129, The system of claim 128, wherein the downstroke displacement comprises
a current downstroke displacement and the upstroke displacement comprises a current

upstroke displacement.

130, The system of claim 129, wherein the at least one feedback signal causes
the display to provide a visual indication of the current downstroke displacement, the
current upsiroke displacement, the past downstroke displacement, and the past upstroke

displacement.

131, The system of claim 105, wherein the guidance comprises a visual
indication of whether the downstroke displacement falls within the target downstroke
displacement range and whether the upstroke displacement falls within the target

upstroke displacement range.
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132,  The system of claim 131, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the downstroke
displacement falls within the target downstroke displacement range or whether the

upstroke displacement falls within the target upstroke displacement range.

133, The system of claim 131, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the downstroke
displacement falls outside the target downstroke displacement range or whether the

upstroke displacement falls outside the target upstroke displacement range.

134, The system of claim 131, wherein the visual indication comprises at least
one of a bar showing the downstroke displacement and the upsiroke displacement, a
target downstroke zone representing the target downstroke displacement range, and a

target upstroke zone representing the target upstroke displacement range.

135 The systern of claim 134, wherein the visual indication comprises a color
or highlight change of at least one of the bar showing the downstroke displacement and
the upstroke displacement, the target downstroke zone representing the target downstroke
displacement range, and the target upstroke zone representing the target upstroke

displacement range.

136,  The system of claim 105, wherein the at least one processor 1s configured
to determine a current displacement based on the displacement signals and determine a
current force based on the force signals, and the at least one feedback signal for the
display provides at least one graph of force and displacement that shows the current

displacement and the current force.

137.  The system of claim 136, wherein the at least one graph of force and

displacement comprises a force-displacement graph.
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138,  The system of claim 136, wherein the at least one graph of force and

displacement comprises a force-time graph and a displacement-time graph.

139,  The system of claim 105, wherein at least one of the target downstroke
displacement range and the target upstroke displacement range is between 0.5 and 3.0

inches.

140.  The system of claim 139, wherein at least one of the target downstroke
displacement range and the target upstroke displacement range 1s between 0.5 and 1.5

inches.

141, The system of claim 139, wherein at least one of the target downstroke
displacement range and the target upstroke displacement range 1s between 1.5 and 2.5

mnches.

142, The system of claim 141, wherein at least one of the target downstroke
displacement range and the target upstroke displacement range 1s between 2.0 and 2.4

mnches.

143, The system of claim 105, wherein the at least one feedback signal causes
the display to provide a visual indication of how at least one of the target downstroke

displacement range and the target upsiroke displacement range has been updated.

144,  The system of claim 108, wherein the at least one feedback signal causes
the display to provide no visual indication of how at least one of the updated estimate of
neutral position, the updated target downstroke displacement range, and the updated

upstroke target displacement range has been updated.

145, The system of claim 108, wherein the at least one feedback signal causes

the display to provide a visual indication of how at least one of the updated estimate of
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neutral position, the updated target downstroke displacement range, and the updated

upstroke target displacement range has been updated.

146, The system of claim 105, wherein the applicator device comprises a
handle for the rescuer to push and pull on the chest of the patient to apply the ACD CPR

treatment.

147 The system of claim 146, wherein the handle comprises the display.

148 The system of claim 146, wherein the handle 1s configured to provide

haptic feedback to provide the guidance for how to modify the ACD CPR treatment.

149 The system of clamm 108, further comprising a patient montor comprising
o > < &

at least one sensor for obtaining physiological data from the patient.

150,  The system of claim 149, wherein the patient monitor comprises the

display.

151, The system of claim 105, wherein the at least one feedback signal
provides an indication that mstructs the rescuer of a hold period following downstroke or

upstroke.
152, The system of claim 151, wherein the at least one feedback signal causes
the display to provide a visual indication of a hold period following downstroke or

upstroke.

153, The system of claim 105, further comprising a speaker for providing audio

feedback to provide guidance for how to modify the ACD CPR treatment.
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1534, The system of claim 105, wherein the at least one feedback signal
provides an indication that instructs the rescuer to switch with another person in

providing the ACD (PR treatment.

1535, The system of claim 154, wherein the indication that instructs the rescuer
1o switch s based on whether the downstroke displacement falls within the target
downstroke displacement range or whether the upstroke displacement falls within the

target upstroke displacement range.

156,  The system of clatm 105, wherein the at least one feedback signal
provides an indication that instructs the rescuer to adjust a velocity of downstroke or

velocity of upstroke.

157. A system for managing an active compression decompression (ACD)
cardiopulmonary resuscitation (CPR) treatment, the system comprising;
an applicator device configured for a rescuer to provide the ACD CPR treatment
to a chest of a patient;
a motion sensor configured o be coupled to the chest of the patient and to
generate displacement signals related to the ACD CPR treatment;
a force sensor configured to be coupled to the chest of the patient and to generate
force signals related to the ACD CPR treatment;
a display for providing feedback for the rescuer to adjust the ACD CPR treatment;
at least one processor configured to:
process both the displacement signals and the force signals related to the
ACD CPR treatment,
estimate a past neutral position of the chest and a current neutral postion
of the chest based on the displacement signals and the force signals,
determine a past downstroke displacement and a past upsiroke
displacement based on the past estimate of neutral position,
determine a current downstroke displacement and a current upstroke

displacement based on the current estimate of neutral posttion, and
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generate at least one feedback signal for the display to provide a visual
indication of the current downstroke displacement, the current upstroke displacement, the

past downstroke displacement, and the past upstroke displacement.

1538, The system of claim 157, wherein the visual indication of the current
downstroke displacement and the current upstroke displacement comprises a first bar
graph, and the visual indication of the past downstroke displacement and the past

upstroke displacement comprises a second bar graph.

159, The system of claim 158, wherein the first bar graph 1s displayed adjacent

to the second bar graph.

160.  The system of claim 158, wherein the first bar graph appears in a different

color compared to the second bar graph.

161, The system of claim 138, wherein the second bar graph appears as a

lighter shade compared to the first bar graph.

162, The systemn of claim 158, wherein the first bar graph comprises a solid line

and the second bar graph comprises a dashed line.

163.  The system of claim 157, wherein the at least one processor s configured
to determine whether the current downstroke displacement falls within a target
downstroke displacement range and whether the current upstroke displacement falls

within a target upstroke displacement range.

164, The system of claim 163, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment based on determining
whether the current downstroke displacement falls within the target downstroke
displacement range and whether the current upstroke displacement falls within the target

upstroke displacement range.
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165, The system of claim 163, wherein the guidance comprises a visual
indication of whether the current downstroke displacement falls within the target
downstroke displacement range and whether the current upstroke displacement falls

within the target upstroke displacement range.

166.  The system of claim 165, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls within the target downstroke displacement range or
whether the current upstroke displacerment falls within the target upstroke displacement

range.

167 The system of claim 165, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls outside the target downstroke displacement range or
whether the current upstroke displacement falls outside the target upstroke displacement

range.

168.  The system of claim 163, wherein the at least one processor 1s configured
to adjust at least one of the target downstroke displacement range and the target upstroke

displacement range based on the current estimate of neutral position.

169,  The system of claim 168, wherein the at least one processor 1s configured
to adjust at least one of the target downstroke displacement range and the target upstroke
displacement range based on determining whether the current downstroke displacement
falls within the adjusted target downstroke displacement range and whether the current

upstroke displacement falls within the adjusted target upstroke displacement range.

170.  The system of claim 169, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment based on determining

whether the current downstroke displacement falls within the adjusted target downstroke
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displacement range and whether the current upstroke displacement falls within the

adjusted target upstroke displacement range.

171, The system of claim 170, wherein the guidance comprises a visual
indication of whether the current downstroke displacement falls within the adjusted target
downstroke displacement range and whether the current upstroke displacement falls

within the adjusted target upstroke displacement range.

172, The system of claim 171, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls within the target downstroke displacement range or
whether the current upstroke displacerment falls within the target upstroke displacement

range.

173, The system of ¢laim 171, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls outside the target downstroke displacement range or
whether the current upstroke displacement falls outside the target upstroke displacement

range.

174, The system of claim 163, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment so that a future downstroke

displacement talls within the target downstroke displacement range.

175, The system of claim 174, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment so that a future upstroke

displacement talls within the target upstroke displacement range.

176, The system of claim 157, wherein the at least one processor is configured
to determine how the chest of the patient has remodeled based on the past estimate of

neutral position and the current estimate of neutral position.
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177.  The system of claim 176, wherein the at least one feedback signal causes

the display to provide an indication of patient chest remodeling.

178.  The system of claim 157, wherein the at least one processor is configured
to determune a current displacement based on the displacement signals and determine a
current force based on the force signals, and the at least one feedback signal for the
display provides at least one graph of force and displacement that shows the current

displacement and the current force.

179, The system of claim 178, wherein the at least one graph of force and

displacement comprises a force~-displacement graph.

180,  The system of claim 178, wherein the at least one graph of force and

displacement comprises a force-time graph and a displacement-time graph.

181.  The system of claim 157, wherein the apphicator device comprises a
handle for the rescuer to push and pull on the chest of the patient to apply the ACD CPR
treatment.

182.  The system of claim 181, wherein the handie comprises the display.

183, The system of claim 181, wherein the handle 1s configured to provide

haptic feedback to provide guidance for how to modify the ACD CPR treatment.

184, The system of claim 157, further comprising a patient monitor comprising

at least one sensor for obtaining physiological data from the patient.

185,  The system of claim 184, wherein the patient monitor comprises the

display.
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186,  The system of claim 157, wherein the at least one feedback signal
provides an indication that instructs the rescuer of a hold period following downstroke or

upstroke.

187 The system of claim 186, wherein the at least one feedback signal causes
the display to provide a visual indication of a hold period following downstroke or

upstroke.

188.  The system of claim 157, further comprising a speaker for providing audio

feedback to provide guidance for how to modify the ACD CPR treatment.

189,  The system of clatm 157, wherein the at least one feedback signal
provides an indication that instructs the rescuer to switch with another person in

providing the ACD (PR treatment.

190.  The system of claim 189, wherein the indication that 1nstructs the rescuer
to switch 1s based on whether the current downstroke displacement falls within a target
downstroke displacement range or whether the current upstroke displacement falls within

a target upstroke displacement range.

191, The system of claim 157, wherein the at least one feedback signal
provides an mdication that mstructs the rescuer to adjust a velocity of downstroke or

velocity of upstroke.

192. A system for managing an active compression decompression (ACD)
cardiopulmonary resuscitation {CPR) treatment, the system comprising;

an applicator device configured for a rescuer to provide the ACD UPR treatment
to a chest of a patient;

a motion sensor configured to be coupled to the chest of the patient and to

generate displacement signals related to the ACD CPR treatment;
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a force sensor configured to be coupled to the chest of the patient and to generate
force signals related to the ACD CPR treatment;
a display for providing feedback for the rescuer to adjust the ACD CPR treatment;
at least one processor configured to:
process both the displacement signals and the force signals related to the
ACD CPR treatiment,
determine a current displacement based on the displacement signals,
determine a current force based on the force signals, and
generate at least one feedback signal for the display to provide at least one
graph of force and displacement that shows the current displacement and the current

force.

193, The system of claim 192, wherein the at least one graph of force and

displacement comprises a force-displacement graph.

194, The system of claim 192, wherein the at least one graph of force and

displacement comprises a force-time graph and a displacement-time graph.

195, The system of claim 192, wherein the at least one processor 1s configured

to determine whether the current displacement falls within a target displacement range.

196,  The system of claim 195, wherein the at least one processor s configured

to determine whether the current force falls within a target force range.

197 The system of claim 196, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment based on determining
whether the current displacement falls within the target displacement range and whether

the current force falls within the target force range.
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198, The system of claim 197, wherein the guidance comprises a visual
indication of whether the current displacement falls within the target displacement range

and whether the current force falls within the target force range.

199 The system of claim 198, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
displacement falls within the target displacement range or whether the current force falls

within the target force range.

200.  The system of clatm 198, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
displacement falls outside the target displacement range or whether the current force falls

outside the target force range.

201, The systemn of claim 198, wherein the visual mndication comprises at least
one graphical target that shows at least one of the target displacement range and the target

force range.

202, The system of claim 201, wherein the at least one graphical target 18
displayed on the at least one graph of force and displacement and shows a comparison
between the at least one graphical target and the at least one graph of force and

displacement.

203, The system of claim 202, wherein the at least one graphical target
comprises target boundaries displaved on a force-displacement graph showing a
comparison between the current displacement, the current force, and the target

boundaries.

204, The system of claim 202, wherein the at least one graphical target

comprises target displacement boundaries displaved on a displacement-time graph
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showing a comparison between the current displacement and the target displacement

boundaries.

205,  The system of claim 202, wherein the at least one graphical target
comprises target force boundaries displayed on a force-time graph showing a comparison

between the current force and the target force boundaries.

206.  The system of claim 192, wherein the current displacement comprises a

current downstroke displacement or a current upstroke displacement.

207, The system of claim 206, wherein the current force comprises a current

compression force or a current decompression force.

208.  The system of claim 206, wherein the at least one processor 1s configured
to determine a current estirnate of neutral position of the chest based on the displacement

signals and the force signals.

209, The system of claim 208, wherein the current downstroke displacement or

the current upstroke displacement is based on the current estimate of neutral position.

210, The system of claim 1209, wherein the at least one processor 1s configured
to determine whether the current downstroke displacement falls within a target
downstroke displacement range and whether the current upstroke displacement falls

within a target upstroke displacement range.

211, The system of claim 210, wherein the at least one feedback signal
provides guidance for how to modify the ACD UPR treatment based on determining
whether the current downstroke displacement falls within the target downstroke
displacement range and whether the current upstroke displacement falls within the target

upstroke displacement range.
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212, The system of claim 211, wherein the guidance comprises a visual
indication of whether the current downstroke displacement falls within the target
downstroke displacement range and whether the current upstroke displacement falls

within the target upstroke displacement range.

213, The system of clatm 212, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls within the target downstroke displacement range or
whether the current upstroke displacement falls withun the target upstroke displacement

range.

214, The system of clatm 212, wherein the visual indication comprises a color
or highlight change of at least a portion of the display based on whether the current
downstroke displacement falls outside the target downstroke displacement range or
whether the current upstroke displacement falls outside the target upstroke displacement

range.

215 The system of claim 210, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment so that a future downstroke

displacement falis within the target downstroke displacement range.

216, The system of claim 215, wherein the at least one feedback signal
provides guidance for how to modify the ACD CPR treatment so that a fisture upstroke

displacement falls within the target upstroke displacement range.

217 The system of claim 192, wherein the at least one processor is configured
to determine how the chest of the patient has remodeled based on an estimate of neutral

position of the chest of the patient.

218, The system of claim 217, wherein the at least one feedback signal causes

the display to provide an indication of patient chest remodeling.
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219, The system of claim 192, wherein the applicator device comprises a
handle for the rescuer to push and pull on the chest of the patient to apply the ACD CPR

treatment.

220.  The system of clatm 219, wherein the handle comprises the display.

221, The system of claim 219, wherein the handle 1s configured to provide

haptic feedback to provide guidance for how to modify the ACD CPR treatment.

222 The system of clamm 192, further comprising a patient moniior comprising
o > < &

at least one sensor for obtaiming physiological data from the patient.

223, The system of claim 222, wherein the patient monitor comprises the

display.

224, The system of claim 192, further comprising a speaker for providing audio

feedback to provide gutdance for how to modify the ACD CPR treatment.

225, The system of claim 192, wherein the at least one feedback signal
provides an mdication that instructs the rescuer to swiich with another person in

providing the ACD (PR treatment.

226. A system for managing an active compression decompression {ACD)
cardiopulmonary resuscitation (CPR) treatment to a patient in need of emergency
assistance, the system comprising;

an applicator device configured to provide the ACD UPR treatment to a chest of
the patient;

a motion sensor configured to be coupled to the chest of the patient and to

generate displacement signals related to the ACD CPR treatment;
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a force sensor configured to be coupled to the chest of the patient and to generate
force signals related to the ACD CPR treatment; and
a feedback device for providing information concerning the ACD CPR treatment;
and
at least one processor configured to:
process both the displacement signals and the force signals related to the
ACD CPR treatment,
estirnate a neutral position of the chest based on the displacement signals
and the force signals,
estimate an initial zero point of the chest prior to application of the ACD
CPR treatment,
determine a difference in magnitude between the estimated mitial zero
point of the chest and the estimated neutral position of the chest, and
generate at least one feedback signal for a modification to the ACD CPR
treatment to reduce the difference i magunitude between the estimated intial zero pomnt

of the chest and the estimated neutral position of the chest.

227 The system of claim 226, wherein the applicator device 1s an automated

chest compression device.

228, The system of claim 227, wherein the at least one feedback signal controls

the automated chest compression device to modity the ACD CPR treatment.

229, The system of claim 227, wherein the modification to the ACD CPR
treatment comprises the automated chest compression device increasing a magnitude of

decompression force applied to the chest.

230.  The system of claim 227, wherein the modification to the ACD CPR
treatment comprises the automated chest compression device decreasing a magnitude of

decompression force applied to the chest.
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231, The system of claim 227, wherein the at least one processor is configured
to determine a current displacement based on the displacement signals and determine a

current force based on the force signals.

232, The system of claim 231, wherein the current displacement comprises a

current downstroke displacement or a current upstroke displacement.

233, The system of claim 232, wherein the current force comprises a current

compression force or a current decompression force.

234, The system of claim 226, wherein the at least one processor s configured
1o determine how the chest of the patient has remodeled based on the estimated neutral

position.

235 The system of claim 234, wherein the at least one feedback signal causes

the display to provide an indication of patient chest remodeling,

236, The system of claim 226, further comprising a patient monitor comprising

at least one sensor for obtaiming physiological data from the patient.

237, The system of claim 236, wherein the patient monitor comprises the
display.

238, The system of claim 227, wherein the modification to the ACD CPR
treatment comprises the avtomated chest compression device increasing a magnitude of

compression force applied to the chest.

239, The system of claim 227, wherein the modification to the ACD CPR
treatment comprises the automated chest compression device decreasing a magnitude of

compression force applied to the chest.
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240. The system of claim 149, wherein the physiological data comprises end-tidal
CO? data, arterial pressure data, volumetric CO2, pulse oximetry data, or carotid blood

flow data.

241, The system of claim 184, wherein the physiological data comprises end-tidal
CO? data, arterial pressure data, volumetric COZ2, pulse oximetry data, or carotid blood

flow data.

242 The system of claim 222, wherein the physiological data comprises end-tidal
CO? data, arterial pressure data, volumetric CO2, pulse oximetry data, or carotid blood

tlow data.

243, The system of claim 226, wherein the physiological data comprises end-tidal
CO? data, arterial pressure data, volumetric CO2, pulse oximetry data, or carotid blood

flow data.
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Couple an active compression decompression (ACD) device to a patient

Execute active compression decompression freatment

i

Frocess both the displacement signals and the force signals related to the ACD
CPR treatment

Estimate a neulral position of the chest based on the processed displacement
signals and the processed force signals 4208

¥

Determine a downstroke displacement and an upsiroke displacement based on
the estimated neutral position 4210

Adjust at least one of a target downsiroke displacement range and a target
upstroke displacement range based on the estimated neutral position 4945

l

Determine whether the downstroke displacement falis within the target downstroke |
displacement range and whether the upstroke displacement falls within the target
upstroke displacement range 4244

i

Generate at least one feedback signal for the display to provide guidance for how
to maodify the ACD CPR treatment

1216

FIG. 42
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Couple an active comprassion decompression (ACD) device to a patient

4382

Execute active compression decompression treatment

i

Process both the displacement signals and the force signals related to the ACD
CPR treatment

i

Estimate a past neutral position of the chest and a current neutral position of the
chest based on the processed displacement signals and the processed force
signals 4308

:

Determine a past downstroke displacement and a past upstroke displacement

based on the estimated past neutral position 4310
kA
Determine a current downstroke displacement and a current upstroke
displacement based on the estimated current neutral position 4312

i

Generate at least one feedback signal for the display

FIG. 43
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Couple an active compression decompression (ACD) device o a patient

Execute active compression decompression treatment

¥

Process both the displacement signals and the force signals related to the ACD
CPR treatment

L

Determine a current displacement based on the processed displacement signals

AL

A

Determine a current force based on the processed force signals

4410

Generate at least one feedback signal for the display to provide at least one graph
of force and displacement that shows the current displacement and the current

force 4412

FIG. 44
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Couple an active compression decompression (ACD) device to a patient

%

Executs active compression decompression treatment

Process both the displacement signals and the force signais related to the ACD
CPR treatment

4588

L

Estimate an initial zero point of the chest prior to application of the ACD CPR
freatment 4508

i

Estimate g difference in magnitude between the initial zero point of the chest and
the neutral position of the chest 4518

¥

Generate at least one feedback signal to modify the ACD CPR treatment to
reduce the difference in magniiuds between the initial zero point of the chest and
the neutral positicn of ihe chest

FIG. 45
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-78

System for assisting with cardiopulmonary resuscitation
(CPR), the system comprising active compression
decompression (ACD) device; a force sensor; a motion sensor;
a processor, WHEREIN the processor is adapted to: estimate a
neutral position; identify from sensor data a compression
cycle; determine a first depth; determine a second depth;
estimate a neutral position from first and second depths.

2. claims: 79-98

System for assisting with cardiopulmonary resusciation (CPR)
comprising active compression decompression (ACD) device; a
force sensor; a motion sensor; a processor, WHEREIN the
processor is adapted to: determine maximum compression
force; determine maximum decompression force; determine a
displacement value; estimate a compression depth and/or
decompression displacement; and provide user feedback.

3. claims: 105-156

System for managing active compression decompression (ACD)
treatment comprising: accelerator device; motion sensor;
force sensor; feedback device; a processor, WHEREIN the
processor is adapted to: estimate a neutral position;
determine upstroke and downstroke displacement; provide
feedback to user whether system operates within upstroke and
downstroke displacement limits.

4. claims: 157-191

System for managing active compression decompression (ACD)
treatment comprising applicator device; motion sensor; force
sensor; feedback device; a processor, WHEREIN the processor
is adapted to: estimate a neutral position; determine past
and current up- and downstroke displacement; provide user
feedback.

5. claims: 192-225

System for managing an ACD treatment comprising: applicator
device; motion sensor; force sensor; feedback device; a
processor, WHEREIN the processor is adapted to: determine
current displacement; determine current force; provide a
graph to user on a display.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

6. claims: 226-243

System for ACD treatment comprising: applicator device;
motion sensor; force sensor; feedback device; a processor,
WHEREIN the processor is adapted to: estimate a neutral
position; estimate initial zero point; determine difference
between zero point and neutral point; generate feedback
signal regarding difference.
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