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Abstract: Spontaneous breathing effort of a mechanically ventilated patient can seriously deteriorate
the treatment outcome if it is not taken into account when choosing the appropriate settings. This
paper presents an improved spontaneous breathing effort model that can be used to develop improved
mechanical ventilation algorithms. Through an indicative experimental study it is shown that this model
accurately describes the spontaneous breathing effort of a healthy human test subject. In comparison
to the commonly used sinusoidal halfwave effort model it is shown that the proposed model improved

fitting quality by a factor two.
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1. INTRODUCTION

Mechanical ventilation is a life-saving therapy used in Intensive
Care Units (ICUs) to assist patients who need support to breathe
sufficiently. The main goals of mechanical ventilation are to
ensure oxygenation and carbon dioxide elimination (Warner
and Patel, 2013). Especially during the flu season or a world-
wide pandemic such as the COVID-19 pandemic (Wells et al.,
2020), mechanical ventilation is a common treatment for many
patients around the world.

Mechanical ventilators are complex mechatronic systems with
a wide variety of ventilation modes and complex algorithms
to track the patient’s clinical condition and synchronize a ven-
tilator with the patient’s effort. For the development of these
algorithms, simulations and experiments in a controlled lab en-
vironment, with a lung emulator, are key. Such simulations and
experiments are used for the development and validation of con-
trollers, see Reinders et al. (2021); Borrello (2001); Hunnekens
et al. (2020), for the development of algorithms to estimate
the patient’s spontaneous breathing effort, see Vicario et al.
(2015), and for the development and analysis of algorithms to
detect Patient-Ventilator Asynchrony (PVA), see Van Diepen
etal. (2021). Development of such algorithms helps to assist the
medical staff during the treatment of patients and even improve
the treatment. According to Mauri et al. (2017); Yoshida et al.
(2012), spontaneous breathing effort of the patient, if not taken
into account, can seriously damage the lungs. Furthermore,
excessive PVA can result in prolonged ICU stay and is even
associated with increased mortality, see Epstein (2011); Thille
et al. (2006); Blanch et al. (2015). Therefore, development of
improved control and monitoring algorithms is potentially life-
saving.

The improvement of these ongoing innovations on real patients
hinges on the accuracy of the patient effort model. Therefore,
a variety of lung mechanics and effort models are presented

in literature. A wide variety of lung mechanics models is de-
scribed in Bates (2009), varying from linear one-compartmental
lung models to complex nonlinear multi-compartmental mod-
els. Also in Van Diepen et al. (2021), a wide variety of patient
models is used to model patients with different clinical con-
ditions. Besides models of the lung mechanics, models of the
patient’s spontaneous breathing effort are used. These models
are essential to accurately model and analyze one of the big
challenges in ventilation, namely, PVA. In Chiew et al. (2015);
Van Drunen et al. (2014); Kim et al. (2017), the patient’s spon-
taneous breathing effort is modeled as a time-varying elasticity
of the lungs. Another, more common and intuitive, method
is to model the breathing effort as a disturbance to the lung
pressure induced by the downward motion of the diaphragm.
This method is used in for example Scheel et al. (2017); Vicario
et al. (2015); Navajas et al. (2000). However, as is pointed
out in Olivieri et al. (2011); Fresnel et al. (2014), there is no
consensus yet on the optimal shape for this disturbance. The
most commonly used effort model is the sinusoidal halfwave
(Fresnel et al., 2014).

Although a variety of breathing effort models have been pro-
posed, the resulting flow patterns typically do not match the
patterns seen in breathing of a human. Therefore, in this paper,
a simple and intuitive breathing effort model is presented, to
accurately model a human’s breathing behavior. The presented
model is verified by conducting an experiment with a healthy
human test subject in a lab environment. By using a simple
lung mechanics model and estimation approach, the breathing
effort of the test subject is estimated. Then, in a simulation
environment the proposed model and the sinusoidal halfwave
are compared to the experimental results.

The main contribution of this paper is the presentation of an
intuitive, simple breathing effort model that can be used for
modeling patient-ventilator interaction, development of venti-
lation algorithms, and understanding of a patient’s breathing


Tom Oomen
Flipped halfwave: Improved modeling of spontaneous breathing effort
Joey Reinders, Lars van de Kamp, Bram Hunnekens, Tom Oomen, and Nathan van de Wouw
In 11th IFAC Symposium on Biological and Medical Systems, Ghent, Belgium, 2021


behavior. The presented model is validated and compared to
the widely used sinusoidal halfwave through experiments and
simulations.

The outline of the remainder of this paper is as follows. In
Section 2, the considered lung mechanics model is presented.
Thereafter, in Section 3, the new effort model and the com-
monly used sinusoidal halfwave are presented and compared.
Thereafter, in Section 4, experiments are conducted to obtain
realistic effort estimates. These experimental results are used to
compare the proposed model and the sinusoidal halfwave to the
real effort estimates. Finally, in Section 5, the main conclusions
of this paper are summarized.

2. THE LUNG MECHANICS MODELS

The lung mechanics model considered in this paper is a linear
one-compartmental lung model, which is extensively described
in (Bates, 2009, pp. 37-60). In Fig. 1, a schematic represen-
tation of a simplified respiratory system with the relevant pa-
rameters and signals is depicted. The patient model without
breathing effort is modeled by an airway model and a lung
model. The airway model describes the relation between the
pressure drop over the airway and the patient flow Q.. The
lung model gives the relation between patient flow O, and the
pressure inside the lungs, i.e., lung pressure pjg.

The airway is modeled using a linear resistance Rj,,,. This
linear resistance gives the relation between the airway pressure,
the lung pressure, and the patient flow:

PaW( ) Plung (t)
Rlung

Opar(t) = ; ey
where p,,, is the airway pressure, the pressure near the patients
mouth, and pj,,, is the lung pressure, the pressure inside the
lungs. Note that pj,;,, is not measured in practice.

The lung model describes the relation between the patient
volume V), i.€., the volume inside the lungs, and the lung
pressure pjue. This relation is described by a linear lung
compliance Cj,p,. The pressure inside the lungs is expressed
as

plung( ) Qpat( )dT +plung(t0)a (2)

Cl ung J1o
Vpar (t)

where integration of the flow over time gives the patient volume
Var and pjung(to) is the initial lung pressure at time f.

Contraction and relaxation of the respiratory muscles induce
the breathing effort p,,,s. This breathing effort is modeled as
an additive disturbance to the lung pressure in (2). More details
on the breathing effort are presented in Section 3. Including the
breathing effort p,,,, in (2) gives the following equation for the
lung pressure pyy,:

plung( ) Qpat( )dT+plttng(t0) +pmus(t)- 3)

Clung 1o
Var (1)
Combining (1) and (3), results in the following expression for

the patient flow, which is used in the experiments to obtain an
estimate of p;ys:

Fig. 1. Schematic representation of the patient’s respiratory
system, with the relevant patient parameters and signals.
The signals p,, and Qp, are typically measured during
mechanical ventilation.
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Eventually, differentiation of (3) and using (1) as an output
gives the following state-space model:

Plung = =~ Plung + = Paw & Pmus>
e ClungRlung e ClungRleg o e (5)
Opar = Plung + Paw
= —
ba Rlung Rlung

with input pg,,, output Qpay, State pj,e, and disturbance pus,
which is the time-derivative of the breathing effort p,,,s. This
state-space model is used to compare the different effort mod-
els to the experimental results. Next, these effort models are
described.

3. BREATHING EFFORT MODELS

Breathing effort enables a person, i.e., healthy or patient, to
inhale and exhale air by themselves. The breathing effort p;,¢
is modeled as a disturbance to the lung pressure py,,,. Using a
simplified explanation of breathing, the relation between this
disturbance and actual breathing is described. The breathing
effort is mainly induced by a contraction of the diaphragm,
which results in a downward motion of the diaphragm. This
downward motion results in an increase in the pleural cavity,
i.e., the volume around the lungs. This increase in volume
results in a decreasing pressure inside the lungs and therewith
air will flow into the lungs, in other words, an inspiration can be
modeled by a decreasing value of p,,,s in (3). Then, after some
time, the diaphragm will relax and therewith the pleural cavity
will decrease in volume again. This results in an increasing lung
pressure, resulting in an air flow out of the patient’s lungs. This
expiration is modeled by an increase of p,,,s towards zero, we
assume passive expiration, i.e., ppys(f) < 0Vt > 0.

In the remainder of this section, the newly proposed flipped
halfwave breathing effort model is presented. Furthermore, for
comparison, the commonly used sinusoidal halfwave effort
model and simulation results of both models are presented.

3.1 Flipped halfwave effort model

Based on visual inspection of the resulting patient flow during
simulations and experiments with the commonly used sinu-
soidal halfwave, it is concluded that the expiration phase of
the sinusoidal halfwave contains some unnatural phenomenon,
this is shown in Section 3.3. Therefore, the flipped halfwave is
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Fig. 2. Examples of both breathing effort models, i.e., the
flipped halfwave (6) (= = =) and the sinusoidal halfwave (7)
(=). The figure indicates all parameters that describe
the different effort models, i.e., o, T;, T;p, T,, and T,p.
Furthermore, it shows that the models are significantly
different during the expiration phase.

proposed as an alternative effort model. The model is similar
to the sinusoidal halfwave, only during expiration its shape is
different from the sinusoidal halfwave. The flipped halfwave,
can be described mathematically as follows:

(xsm< tTi)”)’ T <t<T

(Ti = Tip) ' P

Pous (1) ’ (t—T(ex)’n Tp<t<T. ©)
Otsm(z(Tep_Te)—i-ﬂ:>+a, T,<t<T,

0, Tp <t

In this model « represents the breath depth, which typically
has a negative value, and the timing parameters 7;, T;p, T, and
T,, are visualized in Fig. 2. The start time of the patient’s
inspiration is defined as 7;. Thereafter, an inspiratory pause
starts at 7;,. The patient’s expiration starts at 7,. Finally, at T,
an expiratory pause is started. After this expiratory pause, a new
breath can be initiated.

3.2 Sinusoidal halfwave effort model

For comparison with the sinusoidal halfwave, the sinusoidal
halfwave is presented in this section. The sinusoidal halfwave,
can be described mathematically as follows:

t—T)rm
asin((')), T,<t<T,

2T~ Typ)
a, T, <t<T,
pmus(t) = (t _ Te)n- T P €. (7)
asin| ——“— 4+ 2, T,<t<T,
Slﬂ(z(Tep_Te)“rz) e = ep
0, T, <t

This model is similar to the presented flipped halfwave, only
for T, <t < T, the sine function is flipped. Again o represents
the breath depth, and the timing parameters 7;, T;p, T,, and T,
are visualized in Fig. 2. Next, both effort models are compared
through simulations.

3.3 Simulation based comparison of both effort models

Using (5) and the breathing effort models in (6) and (7), a
simulation study is done to compare both effort models in terms
of resulting patient flow Q. For this simulation all pressures
are defined relative to the ambient pressure, i.e., pgup = O
mbar. Furthermore, it is assumed that the patient is breathing in
ambient air, i.e., pay (t) = 0 mbar V¢ > 0 and pj,,g(to) = 0 mbar.
The results are depicted in Fig. 3, with the lung parameters
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Fig. 3. Simulation results of both breathing effort models in
the top figure and the resulting patient flow in the bottom
figure. The figures show cases for the flipped halfwave
(6) (= = =) and the sinusoidal halfwave (7) (=—). From the
figures it is concluded that during the expiration the pro-
posed flipped halfwave shows a more natural expiration
flow curve.

Riung =5 % 1073 mbar s/mL and Ciung = 60 mL/mbar, breath
depth @ = —8 mbar, and the breath timings are indicated in the
figure.

The figure clearly shows that the inspiration phases for both
models are exactly the same. However, the expiration phases
are significantly different. In the simulation with the sinusoidal
halfwave, the patient flow slowly decreases at the expiration
start T,. Then, at the end of the expiration, inside the circle at
T,p, the flow sharply changes direction which is an unnatural
phenomenon compared to a humans normal breathing, as is
experimentally shown in Section 4. In contrast, the flipped
halfwave shows a fast decreasing patient flow at the start of
the expiration, at T,. Thereafter, it slowly converges towards
zero without this sharp bend, which is intuitively more natural.
Concluding, the resulting flow of the flipped halfwave is sym-
metrical and more smooth, which is intuitively more realistic.
In Section 4, both models are compared to breathing of a human
test subject in an experimental setting to validate this intuitive
preference for the flipped halfwave breathing effort model.

4. EXPERIMENTAL VALIDATION OF THE BREATHING
EFFORT MODEL

In this section, an experimental study is conducted to compare
the effort models in (6) and (7) to healthy human test subjects.
Although measurements on several subjects have been con-
ducted, only one is shown in detail for simplicity; the overall
conclusions are similar for all subjects. The goal of these ex-
periments is to validate that the flipped halfwave represents the
actual breathing effort accurately. The experimental setup and
approach are described in Section 4.1. Thereafter, in Section
4.2, the experimental results are presented and the effort models
presented in Section 3 are compared to the experimental results.



4.1 Experimental setup and approach

To obtain the experimental results, a test subject is breathing
through a flow and pressure sensor with a bacterial filter. Using
the sensors, the patient flow Q,, airway pressure pg,, and
patient volume V), are measured. Then, using the patient
flow Qpq, airway pressure pg,, patient volume V,, the lung
mechanics model in (4), and an educated guess for Cy,,, and
Riung, an estimate for py is obtained. Using this estimate of
DPmus» the parameters for the models in (6) and (7) are estimated.
Finally, using the simulation model in (5) and the estimated
effort models, a simulation study is conducted to compute
the resulting patient flow Q, of both models. This flow is
compared to the actual measured flow.

4.2 Experimental results

The measured data of the test subject is shown in the top
and middle plot of Fig. 4. Using the measured patient flow,
airway pressure, and (4), the true breathing effort p,,,; is es-
timated. To compute the breathing effort, estimates of the air-
way resistance, Ry, = 10 X 1073 mbar s/mL, and compliance,
Crung = 60 mL/mbar are used. These values are chosen based
on the use cases in the ISO standard for pressure-controlled
mandatory ventilation obtained from Table 201.104 in NEN-
EN-ISO 80601-2-12:2011 (NEN, Delft, The Netherlands). The
compliance value is a typical value for an adult. The resistance
value is slightly higher than the airway resistance of a healthy
human, because in between the sensors and the airway a bacte-
rial filter is included for hygiene reasons. This filter increases
the combined resistance significantly. Note that using other
realistic parameters for the compliance and resistance results in
similar conclusions, because the resulting overall shape is not
affected significantly.

Using the estimated breathing effort and the different breathing
effort models in (6) and (7), the parameters of the breathing
effort models are determined such that the models resemble the
estimated breathing effort accurately. The resulting breathing
effort models are also depicted in the bottom plot of Fig. 4.
This figure already shows that the flipped halfwave resembles
the true effort more accurately.

Using the estimated lung parameters and effort models, the lung
mechanics model in (5), and the measured airway pressure as
an input, the resulting flow for both models is computed. This
flow QO is depicted in the middle plot of Fig. 4. The figure
clearly shows that the simulated flow with the flipped halfwave
resembles the measurements more accurately. From this result,
it is concluded that the flipped halfwave resembles the true
breathing effort significantly better.

Finally, errors for the patient flow eg = Qpar sim — Qpar,exp and
the patient effort e,us = Puus,sim — Pmus,exp are computed for
both effort models. These errors are shown in Fig. 5. The figure
clearly shows that both errors are significantly smaller when us-
ing the flipped halfwave. Also, the 2-norm of both patient flow
errors are computed. The resulting 2-norm using the sinusoidal
halfwave and flipped halfwave are 115.6 mbar and 54.3 mbar,
respectively. Therefore, it is concluded that the flipped halfwave
represents the true breathing effort significantly better.

The results of the considered test subject show that the proposed
model can accurately describe human breathing. Furthermore,
the resulting flow curve of the flipped halfwave model is much

05
-
:E
E 0 .
3
3
= 05 1 ‘
0 1 2 3 4 5
= 20
d‘ 0 \\\ /V'/
*g - ‘W/
S 20
0 1 2 3 4 5
— 0 e
— o
) l\ )
% -4 e ’/
Z .6 T g
S, I — |
0 1 2 3 4 5
Time [s]

Fig. 4. Results of the experiments, showing the measurements
of the test subject and its estimated effort (——) and the
simulation results using the flipped halfwave (6) (- - =) and
the sinusoidal halfwave (7) (—) effort models. From the
figures, it is concluded that the overall shape of the flipped
halfwave represents the measured breathing effort better
during expiration.

smoother during the expiration phase. This smooth curve is a
much more realistic representation of human expiration, which
does not contain a sharp change in direction in the middle of the
expiration. Therefore, we are confident that the proposed model
can accurately describe human breathing. However, the flipped
halfwave effort model should be analyzed in a larger group of
test subjects to obtain more conclusive results.

Concluding, the experimental results clearly show that the
flipped halfwave can accurately describe the breathing effort
of a healthy test subject and gives a natural symmetrical flow
pattern. Furthermore, it is shown that it resembles the effort sig-
nificantly better than the commonly used sinusoidal halfwave.
Therefore, we propose to consider the flipped halfwave breath-
ing effort model when developing mechanical ventilators and
analyzing the patient-ventilator interaction.

5. CONCLUSION

In this paper, a simple, intuitive model that accurately describes
spontaneous breathing effort is presented. The presented model
is significantly more accurate and results in more natural wave-
forms than the commonly used sinusoidal halfwave. The model
presented in this paper can be used for research and develop-
ment of mechanical ventilators, ventilation algorithms, and to
improve understanding of a patient’s breathing.

The next step is a further validation of the model on a large
range of patients, both to investigate differences between pa-
tients, e.g., critically ill patients, as well as to further substanti-
ate the accuracy of the flipped halfwave.
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