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Description

Introduction

[0001] The present invention relates to chest compres-
sion. More specifically, the invention describes a method
to determine compression depth from acceleration and
force.

Background of invention

[0002] CPR (Cardiopulmonary Resuscitation) feed-
back systems have recently gained attention as a method
for improving the quality of CPR on a cardiac arrest victim.
One typical feature of such systems is to measure the
compression depth and rate during chest compressions,
and compare these with accepted guideline limits and
give verbal or visual feedback to the rescuer if, for in-
stance the compression depth does not meet the accept-
ed value of 3.8 - 5.1 cm.
[0003] A system for giving feedback on compressions
typically consists of a sensor pad to be placed on the
victim’s chest. The sensor pad may contain an acceler-
ometer and optionally a force sensor. The compression
depth measurement is usually based on double integra-
tion of acceleration. However, if not all zero offset is re-
moved from the acceleration signal prior to double inte-
gration, the integration is likely to "run off’ and the esti-
mated depth will not be useable for giving feedback.
[0004] US-6,306,107 to Myklebust et al describes a
method for double integration to obtain chest compres-
sion depth, where the depth and velocity is reset to zero
each time a force switch is activated at the onset of a
new compression.
[0005] The publication "Compression Depth estima-
tion for CPR Quality assessment Using DSP on Accel-
erometer Signals", IEEE Transactions on Biomechanical
engineering, vol 49, no 3, Mar 2002, Aase et al describes
a method where the offset in acceleration is removed
after each compression, by setting the boundary condi-
tions so that the chest is assumed to return to the same
position and speed when the force is released. The inte-
gration limits determining the boundary conditions are
found by help of a force switch. The disadvantage of this
method is that the method does not provide a real-time,
sample-by-sample assessment of depth, but only calcu-
lates depth of the previous compression.
[0006] US-7118542 to Palazzolo et al describes an-
other technique for filtering and integrating acceleration
to obtain depth. A moving average of past starting points
is used to estimate the starting point of each compres-
sion. Additionally, an independent reference signal, such
an ECG (Electrocardiogram) signal with compression ar-
tifacts, may be used to as a help to determine the starting
points. Various types of noise reference signals may be
used to estimate and remove sources of noise in the ac-
celeration signal prior to integration, by correlating said
noise reference signals with the acceleration signal.

[0007] One disadvantage with the method described
in US7118542 is that it does not compensate the accel-
eration or depth signals for distortion caused by the filters.
In general, filters do not only remove frequencies outside
their pass-band, but also attenuates or delays certain
frequency components within the pass-band. This may
cause distortion of the filtered signal relative to the orig-
inal version.
[0008] For instance, if a high-pass filter is used to re-
move drift in acceleration offset, the filter will also distort
frequencies in the vicinity of its cutoff frequency. Upon
double integration, these distortions will also cause dis-
tortion of the resulting depth signal. If the cut-off frequen-
cy of the filter is too close to the compression frequency,
the depth signal may be significantly distorted. On the
other hand, the lower the cut-off frequency, the less ef-
fective the filter will be in removing drift.
[0009] Filtering with a digital filter is a powerful and
well-known technique for removing high frequency noise
and/or drift from a digitized signal waveform. Digital filters
can be tailored to different types (high-pass, low-pass,
band-pass, band-stop), families (e.g. finite impulse re-
sponse (FIR) or infinite impulse response (IIR)), and
properties such as order, phase, ripple and cut-off/corner
frequencies.
[0010] The aim of the current invention is to remove or
reduce the effects of filter distortion of the compression
depth signal, while maintaining an adequate removal of
sensor drift.
[0011] In the proposed solution, this is accomplished
by adding a compensation signal to the waveform ob-
tained during filtering and integration. The compensation
signal is found by filtering an independent reference sig-
nal with approximately the same, i.e. similar amplitude,
shape and phase as the depth signal, using the same
filters as have been used to remove offset drift in the
acceleration. A compensation signal, equal to the differ-
ence between the raw and filtered reference signal, is
then calculated and added to the compression depth sig-
nal to compensate for the distortion caused by the filter.
This compensation signal is presumed to be approxi-
mately equal to the portion of the depth signal removed
by the filter, thus giving a more accurate determination
of the actual compression depth.

Summary of the invention

[0012] The present invention is a method for accurately
determining real time chest compression depth x exer-
cised on a patient or a manikin by a performer, by exe-
cuting the following steps, on signals measured by a
chest compression sensor unit used in the CPR exercise
on the patient or manikin, at time t:

- receiving a signal a(t) representing an acceleration
value of the chest compression,

- applying one or more filters to the received acceler-
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ation signal a(t) for removing unwanted signal com-
ponents,

- applying double integration on the signal after the
said filtering step resulting in a raw depth signal x_r
(t),

- using an independent reference signal R(t), chang-
ing it to produce an adjusted reference signal r(t)
having similar amplitude, shape and phase as the
raw depth signal x_r(t),

- obtaining a resulting compensation signal x_c(t) by
subtracting a filtered adjusted reference signal r_f(t)
from the adjusted reference signal r(t), by using the
same filter(s) as applied to the received acceleration
value a(t),

- determining the compression depth x at time t by
adding the raw depth signal x_r(t) and the compen-
sation signal x_c(t).

[0013] Other features of the inventive method are set
forth in the enclosed dependent claims.
[0014] The invention further comprises a device for ac-
curately determining real time chest compression depth
x exercised on a patient or a manikin by a performer,
characterized in that the device comprises a chest com-
pression sensor unit used in the CPR exercise, and
means for executing the method steps defined above.

Brief description of the drawings

[0015] In the following the invention will be explained
in more detail, with reference to the accompanying draw-
ings in which:

Fig. 1 shows a schematic description of the principle
according to the invention;

Fig. 2a to 2i shows examples of waveforms illustrat-
ing various aspects of the invention, where

Fig. 2a shows measured acceleration,

Fig. 2b shows acceleration filtered by a digital comb
filter,

Fig. 2c shows chest speed found by integrating fil-
tered acceleration,

Fig. 2d shows raw depth found by integrating chest
speed,

Fig. 2e shows compression force F(t) measured by
force sensor,

Fig. 2f shows reference signal r(t) found by adjusting

amplitude and phase of force signal F(t) to match
depth signal as good as possible,

Fig. 2g shows r_f(t), the reference signal filtered us-
ing same filters as used to filter acceleration (ref. fig
2b),

Fig. 2h shows the compensation signal x_c(t), found
by subtracting filtered reference signal r_f(t) from ref-
erence signal r(t), and

Fig. 2i shows x(t), the estimate of depth obtained by
the proposed method.

Detailed description

[0016] According to the present invention, an accurate
determination of the compression depth waveform x(t)
as a function of time is given by the relation: 

where x_r(t) is a raw depth signal, and x_c(t) is a com-
pensation signal.
[0017] Fig. 1 shows a schematic description of the in-
ventive method for accurately determining the real time
chest compression depth x exercised on a patient or man-
ikin by a CPR performer. The raw depth estimate x_r(t)
(as shown in fig. 2d) is obtained by filtering and double
integrating a received acceleration signal a(t). The ac-
celeration a(t) is for instance measured by an acceler-
ometer placed inside a CPR sensor unit that is applied
on the sternum during compressions, and sampled at
regular intervals.
[0018] Fig. 2a shows a typical waveform of measured
acceleration.
[0019] To determine x_r(t), the measured acceleration
signal is first filtered by one or several digital filters to
remove unwanted signal components, e.g. offset drift
and/or high frequency noise. One filter type which is par-
ticularly suited for this purpose is the so-called comb filter,
which is a very simple infinite impulse response filter.
[0020] Fig. 2b shows the waveform of acceleration fil-
tered by comb filter.
[0021] The filtered acceleration signal is then double
integrated, for instance by use of an integrating digital
filter. According to digital filtering theory, the order of the
filters will not influence on the final result, and hence, the
sequence of filtering and integration can be inter-
changed.
[0022] Fig. 2c shows the waveform of chest speed
found by integrating the filtered acceleration, and Fig. 2d
shows the waveform of raw depth signal x_r(t) found by
integrating chest speed.
[0023] The compensation signal x_c(t) (waveform
shown in fig. 2h) is obtained by subtracting a filtered ref-
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erence signal r_f(t) (as shown in fig. 2g) from an original
reference signal r(t) (as shown in fig. 2f). The original
reference signal r(t) is produced from an independent
reference signal R(t) by adjusting the signal R(t) to have
similar amplitude, shape and phase as the raw depth
signal x_r(t). The compensation signal x_c(t) thus repre-
sents the portion of the reference signal that has been
removed by the filters.
[0024] In the process of filtering r(t) to obtain r_f(t), it
is necessary that the employed filter(s) are the same as
used to filter acceleration in the process of calculating x_
r(t), or at least give essentially the same distortion of the
signal.
[0025] In a preferred embodiment, the reference signal
r(t) is deduced from measurements generated by a force
sensor measuring compression force. The sensor, pref-
erably situated between the palm of the hand of the res-
cuer and the victim’s chest, samples force F(t), preferably
synchronously with the accelerometer sampling. Other
types of reference signals that can be used include ECG
or thoracic impedance measurements with compression-
related artifacts, or various kinds of blood pressure meas-
urements. The independent reference signal R(t) may
also comprise a combination of any information produc-
ing signals, for instance a combination of two or more of
the signals mentioned above.
[0026] Fig. 2e shows the waveform of compression
force F(t) measured by a force sensor.
[0027] Since the output signals from different types of
sensors have different units and therefore in general dif-
ferent amplitudes, the numerical amplitude of the refer-
ence signal R(t) needs to be adjusted to essentially match
the numerical amplitude of the depth signal x(t). The ref-
erence- and depth signals may also have a typical phase
difference or delay which needs to be adjusted for.
[0028] This adjustment is produced by calculating the
difference in phase and amplitude ratio of the independ-
ent reference signal R(t) and a previously determined
compression depth signal x(t-1), ref. fig 1.
[0029] In the following the relation between the raw
(measured) reference signal R(t), and the phase/ampli-
tude adjusted reference signal r(t) will be further ex-
plained by an example.
[0030] Assuming use of compression force F(t) as ref-
erence signal gives R(t) = F(t). It is known that force is
measured in Newton’s and depth in mm. Thus the rela-
tionship between force amplitude in N, and depth ampli-
tude in mm must be known. The ratio of force to depth
during compressions will in the following be termed chest
stiffness, k (N/mm). To calculate the reference signal r
(t), the measured force F(t) must be divided by k, so that
r(t)=F(t)/k.
[0031] Fig. 2f shows reference signal r(t) found by ad-
justing amplitude and phase of the force signal to match
the compression depth signal as good as possible.
[0032] In addition, due to a viscous force component
in the chest, depth usually is delayed in relation to force.
Thus the phase of the amplitude-adjusted reference sig-

nal needs to be adjusted to better match with depth.
[0033] In one embodiment, the chest stiffness k is
found by simply dividing the maximum force of previous
compressions with the corresponding maximum depth.
The depth employed in this calculation can for instance
be the depth x(t) of previous compressions as estimated
by the algorithm. The phase difference of the force and
depth signals can be found by observing the difference
in for instance maximum and minimum points of previous
compressions force F(t) and depth x(t). For the first com-
pression(s), a constant value of k and P can be used in
order to start the calculation. Depth can be absolute, i.e.
measured relative to zero, or relative, i.e. measured rel-
ative to the previous point of lowest depth.
[0034] In a preferred embodiment, the amplitude and
phase of the force signal is adjusted by assuming the
following relationship between a measured compression
force signal F(t) and an adjusted reference signal r(t): 

or 

v(t) is chest speed, which can for instance be determined
by differentiating x(t) or alternatively r(t) with respect to
time. k is chest stiffness and P is termed chest damping.
Both P and k can be constants or variable with depth.
The equation above can further be generalized to include
acceleration.
[0035] For both the described embodiments, the stiff-
ness k and damping component P, used to modify the
amplitude and phase of the force signal, respectively,
can be calculated as a function of depth from the wave-
forms of force and depth for previous compressions, for
instance using the methods described in: "Compression
force-depth relationship during out-of-hospital cardiopul-
monary resuscitation" by Tomlinson A, Nysaether J,
Kramer-Johansen J, Steen PA, Dorph E. Resuscitation,
2006 (in press), or "Anterior-Posterior Thoracic Force-
Deflection Characteristics Measured During Cardiopul-
monary Resuscitation": Comparison to Post-Mortem Hu-
man Subject Data Stapp Car Crash Journal", Vol. 50 by
Kristy B. Arbogast, Matthew R. Maltese, Vinay M. Nad-
karni, Petter Andreas Steen, Jon B. Nysaether,, Novem-
ber 2006, (in press).
[0036] The values for k and P used in the calculation
of r(t) can for instance be based on mean or median val-
ues of k and P found for previous compressions.
[0037] The bottom points of the waveform x(t) may
from time to time show significant offsets from zero. Thus,
in general, the x(t) is more accurate in calculating the
relative than the absolute compression depth of each
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compression. To accommodate for this, the depth output
can be reset to zero after each compression, for instance
at the point of minimum force or depth between two com-
pressions.
[0038] Fig. 2i shows the estimate of depth x(t)obtained
by the present inventive method.
[0039] Alternatively, in order to measure the absolute
compression of the chest, the depth x(t) can be reset to
a depth x0 after each compression, where x0 = F_min/k.
Here F_min is the force at the point where depth is reset
(Tomlinson et al, 2006).
[0040] It is observed that the signal r(t), having similar
amplitude, shape and phase as the compression depth
signal x(t), is in itself an estimate of compression depth.
Under special circumstances, for instance during trans-
port when acceleration is influenced by the movement of
the patient backing surface, r(t) may give a better esti-
mate of compression depth than x(t). Thus, when such
situations are detected, the system may choose to dis-
play r(t) instead of x(t) as a representative of compression
depth.
[0041] It may also be possible to make a hybridization
of r(t) and x(t) and let this represent compression depth.
For instance, one can let r(t) represent the shallowest
part of the compression and x(t) the deepest part of the
compression, and for instance let there be a gradual
change from r(t) to x(t) in a predefined depth interval, for
instance 10-20 mm depth."
[0042] In another application example, the sensor is
used on a manikin for the purpose of calculating chest
compression depth during CPR training. The sensor may
be used externally on a manikin chest as if it were a real
patient, or be integrated into the manikin.

Claims

1. Method for accurately determining real time chest
compression depth x exercised on a patient or a
manikin by a performer, characterized in executing
the following steps, on signals measured by a chest
compression sensor unit used in a CPR exercise, at
time t:

- receiving a signal a(t) representing an accel-
eration value of the chest compression,
- applying one or more filters on the received
acceleration signal a(t) for removing unwanted
signal components,
- applying double integration on the signal after
said filtering step resulting in a raw depth signal
x_r(t),
- using an independent reference signal R(t),
changing it to produce an adjusted reference
signal r(t) having similar amplitude, shape and
phase as the raw depth signal x_r(t),
- obtaining a resulting compensation signal x_c
(t) by subtracting a filtered adjusted reference

signal r_f(t) from the adjusted reference signal
r(t), by using the same filter(s) as applied to the
received acceleration signal a(t),
- determining the compression depth x at time t
by adding the raw depth signal x_r(t) and the
compensation signal x_c(t).

2. Method according to claim 1, characterized in that
the filter is a comb filter.

3. Method according to claim 1, characterized in that
the independent reference signal R(t) is deduced
from a force signal F(t) generated by a force sensor
measuring compression force exerted in the CPR
exercise.

4. Method according to claim 1, characterized in that
the independent reference signal R(t) is deduced
from ECG signals.

5. Method according to claim 1, characterized in that
the independent reference signal R(t) is deduced
from thoracic impedance measurements.

6. Method according to claim 1, characterized in that
the independent reference signal R(t) is deduced
from blood pressure measurements.

7. Method according to claim 1, characterized in that
the independent reference signal R(t) is deduced
from a combination of any of the signals in claims 3,
4, 5 and 6.

8. Method according to claim 1, characterized in that
the independent reference signal R(t) is deduced
from a combination of a force signal F(t) and other
measured information producing signals.

9. Method according to claim 1, characterized in that
the adjusted reference signal r(t) is produced by cal-
culating the difference in phase and amplitude ratio
of the independent reference signal R(t) and a pre-
viously determined compression depth x(t-1) signal.

10. Method according to claim 1, characterized in that
the accelerometer signal and the reference signal
are synchronized.

11. Method according to claim 3, characterized in that
the force sensor is situated between the palm of the
hand of the performer and chest of the patient.

12. Device for accurately determining real time chest
compression depth x exercised on a patient or a
manikin by a performer, characterized in that the
device comprises a chest compression sensor unit
used in the CPR exercise, and means for executing
the steps defined in claims 1 to 11.
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