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Advantage of new ventilation method for cardiopulmonary resuscitation
qualitatively captured by simple respiratory mechanics models

Henry Pigot!, Carlos B. Sancho?, Audrius Paskevicius®, Stig Steen?, Kristian Soltesz'

Abstract—First responders to cardiac arrest depend on
cardiopulmonary resuscitation to keep patients alive. A new
ventilation method, phase-controlled intermittent insufflation
of oxygen, was previously shown to improve heart perfu-
sion during cardiopulmonary resuscitation in a large-animal
study, outperforming the best currently known ventilation
method. This paper investigates whether the advantage of the
new method can be explained using standard linear lumped-
parameter models of respiratory mechanics. The simple models
were able to qualitatively capture the improvement.

I. INTRODUCTION

Cardiopulmonary resuscitation (CPR) is the standard first
response to cardiac arrest. It combines two elements to
circulate oxygenated blood through the body: chest compres-
sions and gas exchange in the lungs. The objective during
compression is to eject blood from the heart by raising the
pressure in the heart above systemic blood pressure. The
heart itself is perfused through the coronary arteries during
chest decompression [1]. Coronary perfusion is driven by the
pressure difference between the aorta and the right atrium —
the coronary perfusion pressure (CPP)—as illustrated in
Fig. 1. CPP is the best known hemodynamic indicator that
an arrested heart will resume beating as a result of CPR
treatment [2].

The heart and lungs are located inside the thorax, shown in
Fig. 2. The pressure in the thorax (Pporax) 1S @ key component
of blood transport in and out of the heart during CPR [3].
Puorax changes the pressure surrounding the heart, pushing
blood out of the aorta and pulmonary artery or allowing
blood to flow back in from the pulmonary veins and vena
cava. Flow opposite the normal direction of circulation is
prevented by venous and heart valves or vein collapse [4].
Increasing Pporax in the compression phase increases the
ventricular pressures to facilitate blood ejection. Decreasing
Piorax 1n the decompression phase lowers the right atrial
pressure, resulting in a higher CPP.

Intratracheal pressure, measured in the airway near the
lungs, is closely coupled to Pporax and can be measured
with less clinical invasion than thoracic pressure. As such,
it is used as an experimental indicator of Puporax. While
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Fig. 1: Coronary perfusion flows across the pressure gradient be-
tween the aorta (P40) and right atrium (Pg4). Coronary perfusion
pressure is the difference between P4o and Pra.

lung volume is being manipulated by oxygen insufflation,
intratracheal pressure should be kept below 50 cmH,O to
avoid damaging the lungs [5].

Active compression-decompression mechanical CPR
(mCPR) is performed by a machine, providing a precise
compression depth and frequency. mCPR lowers Porax
during decompression by actively pulling the thorax back
to its original volume using a suction cup attached to
the sternum [1], [6]. Combining mCPR with continuous
insufflation of oxygen (CIO) results in a higher CPP
compared to standard ventilation methods [7]. During CIO,
oxygen is insufflated through a special endotracheal tube
shown in Fig. 3. It enables oxygen delivery to the lungs
without obstructing ventilation.

Chest compression and oxygen insufflation can be used
as independent control signals to maximize Piorax Variations
within safe limits, as illustrated in Fig. 2. The dynamics of
the lungs and thorax have a low-pass effect on changes in
lung volume due to oxygen insufflation. Phase-controlled
intermittent insufflation of oxygen (PIIO), introduced in
[8] and defined in Fig. 4, was suggested as a means to
account for these dynamics. During PIIO, oxygen insufflation
is turned off prior to active decompression, allowing the
lung volume and Piorax to decrease. Oxygen insufflation
is resumed prior to the compression phase, increasing the
lung volume and Pyporax. PIIO and CIO use the same type of
endotracheal tube for oxygen insufflation. A preclinical study
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Fig. 2: The lungs (left), and heart with vessels entering/exiting
the thorax (right) are shown in a box representing the thorax. The
arrows on the right indicate chest compression or decompression.
(a) shows the compression phase during which Pyoax can be
maximized by lowering the volume of the thorax and increasing the
volume of the lungs. Pyorax Squeezes the heart such that the left
ventricular pressure exceeds the aortic pressure Pap. Blood flows
across the gradient through the aortic valve. Retrograde flow from
the right atrium is prevented by venous valves or vein collapse. (b)
shows the decompression phase where Py,orax can be minimized by
increasing the volume of the thorax and decreasing the volume of
the lungs. Py,orax drops, pulling the right atrial pressure Pr 4 below
venus pressure Py . Blood flows across this pressure gradient filling
the right atrium, while retrograde flow through the aorta is prevented
by the aortic valve. Intratracheal pressure is shown as Pyachea-

Fig. 3: A Boussignac endotracheal tube for cardiac arrest (VYGON,
Ecouen, France). Oxygen is supplied through the green tube (a),
whereafter it flows through narrow channels in the wall of the tube
(b) and exits at the tip. The main lumen is open at both ends (c)
and (d), allowing constant ventilation of gas from the lungs.
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Fig. 4: Two full compression cycles with the PIIO ventilation
method: phase shifted synchronization between the chest compres-
sion device (mCPR) state and oxygen insufflation (O;). Figure
reused with permission from [8].

Fig. 5: An mCPR device and the controller (gray box) used to
coordinate mCPR and oxygen insufflation during PIIO, with a
balloon representing the lungs.

has shown that PIIO results in higher CPP and compression
phase aortic pressure than CIO [8]. The electronic controller
developed for coordinating PIIO is shown in Fig. 5 together
with an mCPR device.

Here we investigate whether the advantage of PIIO in
comparison to CIO can be qualitatively explained using
simple lumped-parameter models of respiratory mechanics
from literature. Two of the common circuit models of res-
piratory mechanics were modified to simulate intratracheal
pressure dynamics during PIIO and CIO. This work is
an analysis of the outcomes of those initial simulations,
their limitations, and how they compare to the outcomes of
the preclinical study. The circuit models take advantage of
the direct analogy between the equations governing electric
circuits and fluid systems [9], [10]. The analogous parameters
are shown in Table I. The method is divided into two parts:
the first describes the two models used for simulation of the
ventilation methods and the second describes the preclinical
study that the simulation results are compared to.

II. METHOD

A. Simulation

Respiratory mechanics can be modelled by a resistor,
inductor, and capacitor (RIC) in series shown in Fig. 6 [9],
[11]. The resistor and inductor represent the flow resistance
and inertance of the airway, respectively, while the capacitor



TABLE I: Analogy between electrical and fluidic systems

Electrical System Fluidic System

Parameter Unit  Unit Parameter
Current A L/s Flow
Voltage V  cmH,0 Pressure
Charge C L Volume
Resistance Q  cmHyO/(L/s) Flow resistance
Capacitance F L/ecmH;0 Compliance
Inductance H cmH,0/(L/s?) Inertance
C
R 1

¢/\/\/\,Wﬁ—{

Fig. 6: The RIC model of respiratory mechanics. Ground potential
corresponds to atmospheric pressure. R is the resistance of the
airway. [ is the inertance of the airway. C is the compliance of
the lungs. The voltage between point A and ground represents
intratracheal pressure.

p=

represents the compliance of the lungs. Intratracheal pressure
is given by the voltage between point A and ground potential.

The Mead model, shown in Fig. 7, expands the RIC model
to separately account for the dynamics of the bronchi, alveoli,
chest wall, and compliances outside the thorax [10], [11].
The components are described in Table III. As in the RIC
model, intratracheal pressure is given by the voltage between
point A and ground potential.

Component values identified from healthy volunteers have
been used here for the RIC [12] and Mead [13] models, given
in Table II and III, respectively. The values were obtained by
minimizing the impedance error by the least squares method
in comparison to data acquired through impulse oscillometry.

In CPR, chest compressions and oxygen insufflation are
amplitude limited signals. Compressions are limited by the

C
Rp L

Cw
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Fig. 7: The Mead model of respiratory mechanics. Ground potential
corresponds to atmospheric pressure. The voltage between point A
and ground represents intratracheal pressure. All components are
described in Table III.

TABLE II: Component values and descriptions for the RIC model
of respiratory mechanics.

Component  Value Description
R 2.76Q Central airway resistance
1 6.39mH  Airway inertance
C 11.7 mF  Lung compliance

TABLE III: Component values and descriptions for the Mead model
of respiratory mechanics.

Component  Value Description
Rc 3.26Q Central airway resistance
1 14.5 mH Airway inertance
CrL, 1.12kF Lung compliance
Rp 1.66 Q Peripheral airway resistance
Cp 7.69mF  Main bronchi compliance
Cw 47.6 mF  Chest wall compliance
CE 0.32mF  Extrathoracic compliance

physiology of the thorax and oxygen insufflation is limited by
the safe bounds on pressure within the lungs. Waveforms as
close to a square wave as practical were chosen to maximize
the energy delivered within those amplitude constraints.
This follows directly from the definition of the £,-norm,
representing signal energy.

Oxygen delivery is modelled here by a constant pressure
source applied to the narrow channels in the wall of the endo-
tracheal tube (see Fig. 3). Valve switching and compression-
decompression can affect oxygen insufflation pressure. A
buffer tank in parallel with the oxygen source make these
effects negligible. Therefore, the oxygen source is modelled
as an ideal voltage source V;,. A resistor in series with
Vin represents the resistance of the narrow channels with
a value Rpr, calculated according to experimental pressures
and flows from [8]. In the case of CIO, V;, is constant at a
value equivalent to the pressure regulator setting of 2.5 bar.
In PIIO, V;;, is a square wave with a 50 % duty cycle and
600 ms period, and a voltage matching the pressure regulator
setting of 4.5bar. The values of Rgr and V;, used in the
models are given in Table IV.

The compressions and decompressions from the mCPR
device result in a change in pressure against the chest wall.
They are therefore represented as a voltage source in series
with the the lung capacitor C in the RIC model and the
chest wall capacitor Cy in the Mead model. The voltage was
varied in a trapezoidal waveform with 100 ms flanks repre-
senting the constant speed of the mCPR device’s piston used
in the preclinical experiment [8]. The waveform was given a
50 % duty cycle, 600 ms period, and 200 ms delay relative to
the oxygen insufflation waveform. The decompression phase
voltage was set to zero as the piston exerts no pressure
on the chest wall. The voltage for the compression phase



TABLE IV: Square-wave oxygen insufflation pressure V;, and
oxygen delivery tube resistance Rpr used in the models.

Vin Pressure (kV)  Rpr (kQ)
CIO 2.55 10.2
PIIO 4.59 12.0

was tuned such that the difference between the maximal
and minimal intratracheal pressure during PIIO matched the
value 15 cmH;0 observed in the preclinical study: 22.5V for
RIC and 16V for Mead.

The complete models including oxygen insufflation and
mCPR are shown in Fig. 8 and Fig. 9. They were imple-
mented using OpenModelica [14]. The system representa-
tions in state space form are given by equations (1) and
(2) for RIC and Mead, respectively, with oxygen insufflation
and chest compression pressure as input # and intratracheal
pressure as output y. State x; represents lung pressure and
state x, represents central airway flow. In equation (2) states
x3 and x4 represent chest wall and main bronchi pressure,
respectively.
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B. Experiment

The experimental data used here was published in [8],
where the experimental protocol is described in detail.
Twenty Swedish domestic pigs, 25-30kg in weight, were
used following the Utstein-style guidelines for CPR research

Rpr

mCPR

: %F@l

Fig. 8: Adapted RIC model of the experimental setup. Ground po-
tential corresponds to atmospheric pressure. Rpr is the resistance of
the narrow channels in the wall of the Boussignac endotracheal tube.
Vin 1s oxygen insufflation pressure. V,,cpr is chest compression
pressure. All other components are described in Table II. State x;
is the voltage across C and x; is the current through /.
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Fig. 9: Adapted Mead model of the experimental setup. Ground
potential corresponds to atmospheric pressure. Rp7 is the resistance
of the narrow channels in the wall the Boussignac endotracheal tube.
Vin is the oxygen insufflation pressure. V,,,c pRr is chest compression
pressure. All other components are described in Table III. State x;
is the current through / and states xj, x3, and x4 are the voltages
across Cr,, Cw, and Cp, respectively.

[15]. The animals were stratified into two groups of 10
animals each. One group received CIO and the other PIIO.
The study was run under ethics approval M174-15, issued
by the "Malmdé/Lunds regionala djurforsoketiska ndmnd”
(REB), and the animals received care in compliance with
[16] guidelines.

Mechanical CPR was performed by a LUCAS device (first
generation pneumatic version, Jolife AB, Lund, Sweden) at a
50 % duty cycle and 100 compressions per minute frequency.

Ventilation was administered through Boussignac endotra-
cheal tube (Boussignac E.T. tube for cardiac arrest, VYGON,
Ecouen, France). A pressure transducer (DTX Plus, Argon
Medical Devices, Frisco, USA) was connected to two nar-
row channels in the wall of the Boussignac tube through
air-filled plastic tubing with non-flexible walls to measure
intratracheal pressure. The transducer signal was recorded
by a data aquisition system described in [17]. Due to the
low-pass filtering effect of air in the pressure measurement
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Fig. 10: PIIO and CIO intratracheal pressure responses P from RIC
model simulations.

tubes in [8], time-averaged maximum, mean, and minimum
intratracheal pressure are used for comparison rather than
real-time Pyachea-

A Festo LRP-1 pressure regulator (Festo, Esslingen am
Nackar, Germany) in series with a 605 ml buffer tank was
used to provide a steady pressure oxygen source. During
PIIO the pressure regulator was set to 4.5bar resulting in
23 L/min oxygen flow through narrow channels in the wall
of the Boussignac tube as measured by a Medimeter-30
rotameter (Mediline, Saint Helens, England). Under these
conditions oxygen flow would cease if the intratracheal pres-
sure exceeded 20 cmH, O, giving ample margin to 50 cmH,O
where there is an increased risk of barotrauma [5]. CIO was
delivered through the same type of endotracheal tube used
during PIIO but with the the oxygen pressure set to 2.5 bar.
This resulted in 15L/min of oxygen flow, previously shown
to provide sufficient ventilation and oxygenation[18]. The
CIO setup is described in detail by Steen et al.[7].

Oxygen insufflation was switched using a Festo MHE4
direct valve (Festo, Esslingen am Nackar, Germany) with a
switching time of 3.5ms and nominal flow of 400L/min.
The valve and LUCAS device were coordinated according
to Fig. 4 by a preprogrammed electronic controller.

III. RESULTS

The simulated intratracheal pressure (Piachea) reSponses
shown in Fig. 10 and Fig. 11 capture qualitative differences
in Pyachea between PIIO and CIO observed in the preclinical
study [8]. In particular, both models show lower decompres-
sion phase minimal and mean Pyqchen, during PIIO compared
to CIO. The difference between maximal and minimal P achea
over a full compression-decompression cycle was also higher
for PIIO in both models.

The experimental results in [8] show a 40 % lower minimal
Prrachea and 25 % lower mean Pycpea during PIIO compared
to CIO. The maximal Pyachea Was the same during both
methods, resulting in a 114 % higher difference between
maximal and minimal Pgycpea during PIIO compared to
CIO. A comparison of the results from the simulations and
experiment are given in Table V.
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Fig. 11: PIIO and CIO intratracheal pressure responses P from
Mead model simulations.

TABLE V: Percent change from CIO to PIIO for minimal, mean,
and difference between maximal and minimal intratracheal pressure
values Pyachea- APirachea Tepresents the difference between minimal
and maximal Piches-

Relative change from CIO to PIIO

minimal Piachea  Mean Pirachea  APirachea
Experiment —40 % -25% 114 %
RIC -11% —27 % 7 %
Mead -9 % —15% 5%

IV. DISCUSSION

The RIC and Mead models capture qualitative differences
between intratracheal pressure Pyychea during PIIO and CIO
that were observed in the preclinical study: PIIO yields
lower decompression phase mean and minimal Pgychea aS
well as a higher difference between maximal and minimal
Prirachea 0Over a full compression-decompression cycle. How-
ever, the differences are less pronounced in the simulations.
As intended with PIIO, Fig. 10 and 11 show PIIO Pyychea
rising compared to CIO during oxygen insufflation prior to
compression from 0.2 s to 0.3 s. Conversely, PIIO Piachea
drops when insufflation is stopped prior to decompression
from 0.5 s to 0.6 s.

In contrast to the RIC model, the Mead model does
not reach steady state Pyqcnea during each compression and
decompression phase, as seen from 0.1 s to 0.3 s (decom-
pression) and 0.4 s to 0.6 s (compression) in Fig. 11. The
RIC model simplifies compressions as being applied directly
to the lungs, whereas they are applied to the chest wall Cy in
the Mead model. Although the lung capacitor Cy and Cy are
in series, lowering their total capacitance (a more compliant
fluidic system), parameter fitting for the Mead model leads to
abnormally high Cp values relative to RIC models, as noted
in [12], [13], slowing the overall dynamics. In comparison,
the contribution of the bronchial tree compliance Cp in par-
allel with Cr, is negligible. However the peripheral resistance
in series with Cr impedes charging and discharging of the
capacitor, further slowing the system dynamics. These slow
dynamics help account for the Mead model showing the
smallest Pyachea difference between CIO and PIIO.



The preclinical study [8] focused on measuring CPP, and
only captured time-averaged Pyachea. Further experimental
evaluation of PIIO is planned wherein the hardware will be
modified to enable fitting of the RIC and Mead parameters.
Real-time signals will be used to identify the parameters and,
if suggested by the data, adapt the model structures to arrive
at a CPR simulation that is quantitatively correct. Currently,
the models use Piachea @s an intermediate parameter for how
variations in intrathoracic pressure effect the heart during
CPR. The model of respiratory mechanics could be linked
with a model of heart dynamics using aortic and right
atrial pressure measurements. This would help clarify the
relation between Pyachea and hemodynamics during CPR. The
phase shift currently used in PIIO was found heuristically to
optimize CPP. A more complete model would help to confirm
this or suggest further improvements.

V. CONCLUSION

Common electronic circuit models of respiratory mechan-
ics capture qualitative differences in intratracheal pressure
during PIIO and CIO observed in preclinical experiments.
Further model development and experimental data is required
to make quantitative comparisons between the simulations
and experimental results.
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