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Abstract

US from 1998 to 2008. The CPR is a procedure which
is performed in an emergency condition on patients who
are suffering from different types of cardiac arrest. The
main goals of CPR procedure are to maintain blood flow
and oxygen delivery to the brain and other vital organs in
the case of asphyxial cardiac arrest, and to effectively remove carbon dioxide in the presence of ventricular fibrilation (VF). Since 1966 the American Heart Association
(AHA) has been providing and developing guidelines for
step by step procedures of the cardiopulmonary resuscitation (CPR) to increase the quality of CPR. The developed
guidelines have been saving many lives; however, in spite
of a relative success, survival rates for in-hospital patients
remains very low, generally 5 − 10% [2]. Using a model
developed by Babbs [3] we have shown the the brain oxygen delivery [4] and end tidal carbon dioxide ETCO2 [5]
can be maximized by varying different CPR parameters
such as number of compressions per minute or compression depth.

The first step in improving the cardiopulmonary resuscitation (CPR) procedure is to understand how the force
applied on the chest relates to the resulting blood pressure. In order to capture the mechanical properties of the
chest and abdomen accurately, in this paper we proposed
a nonlinear mass spring and damper model which consists of nonlinear spring up to 5th order, a combination
of viscous and hysteresis damper. We then nondimensionalized the proposed model in order to enhance parametric
study of the model for future use. In the next step we used
gradient decent optimization method to identify the model
parameters for force-compression data of 10273 CPR cycles collected from different pigs at the Children’s Hospital
of Philadelphia (CHOP). We used the mean square error
(RMSE) between the estimated force and actual force for
each cycle as an objective function to be minimized. Using
the above method we were able to estimate the model parameters for each cycle seperately. In order to find a best
set of estimated parameters we used K-nearest neighbor
(K-NN) method. K-NN is an unsupervised learning technique which clusters the data into different groups based
on the distance metric. The cluster center with lowest
RMSE is selected as the estimated parameters for the entire cycles. The resulted MSE of testing entire cycles with
the estimated parameters are 0.12 mean and 0.04 SD. Results show that the proposed model is the most accurate
model of pig chest during the CPR.

1.

The CPR procedure involves two main steps: chest compressions and artificial respiration. Chest compressions
help to pump blood from the heart to restore blood circulation in the body and mouth-to-mouth ventilation provides
manual respiration. During the chest compression phase
rescuer pushes the chest to create the desired blood pressure and circulation in the body. The exact mechanism
which is responsible for blood flow is still not understood
and needs to be addressed.
Modeling the response of the chest to the applied force
during chest compression phase of the CPR is the first step
in understanding the complicated nature of the CPR procedure which consequently will result in improving the
performance of the CPR procedure. Accurate analysis of
force-chest compression depth relationship will certainly
provide a major step in modifying the CPR procedure for
both in and out hospital patients by advancing both understanding of the CPR procedure and improving training
procedure for rescuers.

Introduction

The main focus of this paper is to seek to characterize the mechanical properties of the chest during the
cardiopulmonary resuscitation (CPR) in order to increase
CPR performance and consequently the survival rate in patients suffering form cardiac arrest.
Sudden cardiac death remain the main cause of out-ofhospital death in united states, according to [1] cardiovascular disease was responsible for 30.6% of total death in
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Despite the fact that previously proposed models establish a strong foundation to study the thoracic behavior dur-
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ing the CPR, these models fail to fully capture the dynamic
behavior of the chest such as hardening properties, nonlinear damping or hysteresis phenomenon. Moreover, since
there is fundamental difference between anatomy of dog
chest and human chest, the canine studies are not prefect
to study thoracic behavior.
In this paper we are interested in characterizing the mechanical properties of the chest during the CPR procedure
and how these characteristics are changing over time using porcine data collected at the Children’s Hospital of
Philadelphia (CHOP). A modified model of human chest
proposed in [6] has been used to study thoracic behavior
in porcines during the CPR procedure. We believe that the
results of this study can be used to improve the quality of
the CPR and potentially save many lives.
The data for the current study were collected at the Children’s Hospital of Philadelphia (CHOP). The predefined
experimental protocol was approved by The University
of Pennsylvania Institutional Animal Care and Use Committee. 15 healthy 3-month-old female domestic swine
(32.4 ± 2.0kg) were anesthetized and mechanically ventilated using a Datex Ohmeda anesthesia machine (Modulus SE) on a mixture of room air and titrated isoflurane
(∼ 1.0 − 2.5%) [7].
To ensure the consistency of the results and removing
artifacts, two criteria have been applied for the inclusion
of cycles. These two criteria are compression depth minimum and compression frequency minimum. The cycle
with compression depth of less than 30 mm and more than
55 mm has been removed from the analysis. Moreover, the
cycles that are shorter than 0.4 s (150 cycles/min) or longer
than 1 s (60 cycles/min) have been excluded from the analysis. A total of 10273 cycles from 15 pigs have met two
criteria and been included in the analysis.

2.

sio

n

es

pr

m

Re

le

as

e

Co

Figure 1. Plot of force vs compression depth for different cycles. The hysteresis loop can be observed as a gap
between compression and release phases.
hysteresis damping component has been developed to capture the complex behavior of thorax during chest compression and provide a better understanding of the chest during
CPR procedure, the developed model can be described by
Equation (1)
F = Fs + Fd + Fh + Fi
Fs = k1 X + k2 X 2 + k3 X 3 + k4 X 4 + K5 X 5
Fd = c1 Ẋ + c2 Ẋ 2

(1)

Ẋsgn(Ẋ)
Fh = ch
ω
Fi = M Ẍ

Mathematical Modeling

Mechanical behavior of sternum during chest compressionrelease state of CPR can be described using lumped parameter viscoelastic model [8, 9]. A basic viscoelastic model
consisting a linear spring and a viscose damper has been
proposed by [9].
To develop our proposed model, we have first started
by looking at the collected data. By plotting real collected data of force against displacement for consecutive
compression-release cycles during the CPR which presented in Figure 1, we can observe the hysteresis loop
which causes energy dissipation. Hysteresis or material
damping is caused by internal frictions and is frequency
dependent [10]. We believe that hysteresis is an important
feature for characterizing the mechanical properties of the
chest and is not captured in the previously developed models.
In this paper, a new nonlinear viscoelastic model with
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where, X is compression depth, Fs is spring or elastic force,
Fd is damping force, Fh is hysteresis force, Fi is inertial
force and ω is the compression rate. The term ẊsgnẊ ensures that the hysteresis force remains positive during the
CPR. The main differences between the current model and
the previously developed model are: (i) addition of hysteresis force component Fh which is frequency dependent
(ii) addition of nonlinear viscous damping term Ẋ 2 . Moreover, in this study we have used porcines model of cardiac arrest instead of canine model. Since the anatomy of
porcine chest is closer to human chest anatomy, it will provide a better analogy to human sternum during the CPR.
In order to make a better analysis of the proposed model
and decrease uncertainties associated with estimating the
model parameters we have nondimensionalized the proposed model. The nondimensionalization will make parametric study of the nonlinear model for future use easier
[11].
We proceed by defining a set of nondimensionalized

variables x, τ , m as presented in Equation (2):
x=

X
X0

τ=

t
T

m=

M
M0

3.

The final estimated parameters of the model are presented in the Table (1). We used this set of parameters
to estimate force for all cycles and then we calculated the
RMSE for each cycle. The calculated RSME value is
0.12 ± 0.05. The reported RMSE are mean ± SD, where
SD is the standard deviation.

(2)

where, lower case letters indicate nondimensionalized
variables and X0 , T and M0 are characteristic length, time
and mass scales to be chosen later. The X0 , T , and M0
are user defined parameters and can be adjusted to change
the order of magnitudes of the original parameters. The
selected values are 0.05, 0.06 and 3 respectively.
We also need to define dimensionless frequency as:
Ω=

ω
ωn

Table 1. Estimated nondimensionalizes model coefficients
for two time periods, until 10 minutes after the start of the
CPR and more than 10 minutes from the start of the CPR.

(3)

2π
T .

where, ωn =
By doing some algebra we can convert our proposed
model which represented in Equation (1) to the dimensionless from shown in by Equation (4).
f = fs + fd + fh + fi
fs = α1 x + α2 x2 + α3 x3 + α4 x4 + α5 x5
fd = β1 x′ + β1 x′2
x′ sgn(x′ )
f h = βh
Ω
fi = x′′ .

(4)

Parameter

Value

α1
α2
α3
α4
α5
β1
β2
βh

1.51
-0.12
12.38
-16.99
10.94
0.08
1.15
0.17

A glance at the Table (1) reveals interesting information regarding the mechanical properties of the chest during the CPR. Results show a very strong nonlinearity in
the spring component or elastic part of the model particularly third, fourth and fifth order components. Results also
show a relatively strong nonlinearity in the damper. The
presented results in this paper show that the current CPR
manikins which are based on the linear viscoelastic model
are not fully representative of the sternum during the CPR
and consequently will fail to mimic real conditions.
Figure (2) is the plot of the estimated force versus measured force for 10 consecutive cycles. Please note that this
is a nondimensionalized force plot. As it can be seen from
this figure and this is a very good estimation especially
considering the fact that the force amplitude is varying cycle by cycle.

where, αi , βi and βh are nondimensionalized coefficients.

2.1.

Results and Discussion

Parameter Estimation

To estimate the set of model parameters we have used a
gradient decent optimization method. We have defined the
root mean squared error (RMSE) between estimated force
and measurement force as the objective function.
After finding the set of parameters which minimizes
RMSE for each compression-release cycle and since these
parameters are different for different cycles, we need to
find the best set of parameters which describe the chest
mechanical properties for all pigs and all cycles not for
each cycle separately.
In order to find a best set of estimated parameters we
used K-nearest neighbor (K-NN) method. K-NN is an unsupervised learning technique which clusters the data into
different groups based on the distance metric. The cluster center with lowest RMSE is selected as the estimated
parameters for the entire cycles.
To apply the clustering method we first paired each set
of estimated parameters with its corresponding error or in
mathematical term y = {θ , e} then we find the cluster centers using the clustering algorithm with euclidian distance
as distance measure. The cluster center with has the lowest
error is selected as the estimated parameters for the entire
cycles.

4.

Conclusions

Characterizing mechanical properties of the chest during the CPR, will help us to better understand the underlying mechanism that relates chest compression and resulting blood pressure. Consequently it will facilitate the
optimization of the CPR procedure and improving CPR
outcomes. The results of estimating model parameters
show that while the elastic properties of chest are dominant, the damping components including viscous and hysteresis damping are still very important to fully capture
the mechanical properties of the sternum during the CPR.
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Figure 2. Plot of estimated force versus measured force for 10 cycles.
The result show that the chest has very strong nonlinear
elastic properties, these properties starts after 1cm of the
chest compression. The results also indicate that the elastic
properties remains fairly constant for the first 20 minutes
of the CPR.
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