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Abstract

Understanding the mechanics of the respiratory system is crucial for optimizing ventilator settings
and ensuring patient safety. While simple models of the respiratory system typically consider only flow
resistance and lung compliance, lung tissue resistance is usually neglected. This study investigated the
effect of lung tissue viscoelasticity on delivered mechanical power in a physical model of the
respiratory system and the possibility of distinguishing tissue resistance from airway resistance using
proximal pressure measured at the airway opening. Three different configurations of a passive physical
model of the respiratory system representing different mechanical properties (Tissue resistance
model, Airway resistance model, and No-resistance model) were tested. The same volume-controlled
ventilation and parameters were set for each configuration, with only the inspiratory flow rates being
adjusted. Pressure and flow were measured with a Datex-Ohmeda S/5 vital signs monitor (Datex-
Ohmeda, Madison, W1, USA). Tissue resistance was intentionally tuned so that peak pressures and
delivered mechanical energy measured at airway opening were similar in Tissue and Airway Resistance
models. However, measurements inside the artificial lung revealed significant differences, with Tissue
resistance model yielding up to 20% higher values for delivered mechanical energy. The results
indicate the need to revise current methods of calculating mechanical power delivery, which do not
distinguish between tissue resistance and airway flow resistance, making it difficult to evaluate and
interpret the significance of mechanical power delivery in terms of lung ventilation protectivity.

1. Introduction

Respiratory system can be described as a pneumatic
circuit, simply defined by resistance (R) and compliance
(C). However, simple linear models consisting of only R
and C, which are crucial for understanding the funda-
mentals of mechanical behavior, may have limited
validity due to the nonlinearities, inhomogeneities, and
structural complexity that characterize the entire respira-
tory system. Numerous studies have been conducted to
develop reliable physical models (Hohne et al 2021,
Pasteka et al 2019, Wenzel et al 2020) and computer
models (Wall et al 2010, Roth et al 2017, Ionescu et al
2009) of the respiratory system, e.g., to outline some of
the mechanical properties of the respiratory system or to
compare different ventilation modes.

The total resistance of the respiratory system is
determined not only by the flow resistance in the air-
ways but also by the resistance of the lung tissue
(Bates 2009). Tissue resistance can be attributed to sev-
eral factors, including viscoelasticity (Similowski et al
1989, Suki ef al 1994), nonlinear viscoelasticity (Birzle
and Wall 2019, Goswami et al 2022), fractional viscoe-
lasticity (Dai et al 2015), poroelasticity (Berger et al
2016, Concha and Hurtado 2020), pendelluft (Santini
etal 2019) or, for example, surface tension (Escolar and
Escolar 2004). Then, the changes in total resistance can
be caused, for example, by an obstructed endotracheal
tube, an airway narrowing or the tissue resistance chan-
ges (Guerin and Richard 2007). The method for mea-
suring tissue resistance involves maintaining a constant
volume during inspiratory occlusion and measuring the

© 2024 The Author(s). Published by IOP Publishing Ltd
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pressure. When inspiratory flow is stopped, the pres-
sure drops rapidly from its peak value to a lower value
Py, which represents the alveolar pressure. This rapid
drop in pressure is caused by flow resistance, both artifi-
cial and anatomical. During inspiratory occlusion, a
slower decrease in pressure to the plateau pressure
(Pplap) value is observed (Mezidi et al 2017). This addi-
tional pressure decrease is mainly caused by the stress
relaxation in the parenchyma, usually assigned to vis-
coelasticity (Ganzert et al 2009, Protti et al 2016, Santini
et al 2019). Under dynamic conditions, P, reflects
alveolar pressure more accurately than Py, and there-
fore, it can be used to predict the actual pressures acting
on the lung parenchyma (Santini ef al 2019). The value
of Py, is used to calculate the total resistance and com-
pliance of the respiratory system but it has been found
that P, readings taken at 0.5 s and 5 s of inspiratory
occlusion produce significantly different results due to
thelung tissue viscoelasticity (Barberis et al 2003).

Furthermore, higher inspiratory flow rates have
been found to require more pressure to inflate the lungs
to a given volume than lower inspiratory flow rates
(Otis et al 1956), and more recently, higher pressures
resulting from higher flow rates have been found to be
associated with the development of ventilator-induced
lung injury (VILI), indicating the effect of viscoelasticity
(Protti et al 2016). These findings are also supported by
the studies of Maeda et al (2004) and Santini et al (2019),
which suggest that when tidal volume is delivered at a
higher peak flow rate, gas exchange and respiratory
mechanics are impaired, and pulmonary histology
appears to be more pronounced than when tidal
volume is delivered at a lower peak flow rate. Gattinoni
et al (2017) suggested that the effect of inspiratory flow
and tissue resistance on the protectivity of lung ventila-
tion needs further clarification.

Tidal volume, pressure, and flow are components
of the energy load that contribute to the amount of
mechanical power delivered to the lungs and it was
recently suggested that mechanical power is also a
strong predictor of VILI risk (Cressoni et al 2016, Silva
et al 2019, Marini et al 2023). The mechanical energy
delivered by the lung ventilator to the lungs can be cal-
culated from the pressure-volume (PV') loop as the
area enclosed beneath the inspiratory curve of the air-
way pressure against the inspired volume, expressed in
Joules (Marini et al 1986). This is usually referred to as
the geometric method. Simply multiplying the
mechanical energy delivered during one respiratory
cycle by the respiratory rate per minute gives the value
of the delivered mechanical power. Various simplifi-
cations of mechanical power calculations have been
proposed in the last years to facilitate calculations in
clinical environments (Gattinoni et al 2016, Giosa et al
2019, Marini and Jaber 2016, Chietal 2021).

However, airway flow resistance is not explicitly
distinguished from tissue resistance in any of these
methods of calculating mechanical power delivery to
the lungs. Therefore, the Py, used in the calculations
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may not accurately quantify the forces and injurious
energy that cause damage. The small pressure differ-
ence between P; and Py, which probably corresponds
to viscoelastic losses (Guerin and Richard 2007, Protti
et al 2016, Gattinoni et al 2017, Marini et al 2023), is
buried in what is usually clinically assigned to the differ-
ence between peak pressure and Py, which caregivers
use to calculate airway flow resistance. This hidden
pressure difference involves unmeasured energy spent
on viscoelastic losses and potentially on the direct inflic-
tion of damage by microfractures of extracellular
matrix elements (Marini et al 2023).

The aim of this study was to develop a passive phy-
sical model of the respiratory system that simulates
lung tissue viscoelasticity and airway flow resistance,
and to use this model to determine whether it is possi-
ble to distinguish tissue resistance from airway flow
resistance using proximal pressure measured at the
airway opening.

2. Methods

2.1. Viscoelastic respiratory system model
A special apparatus comprising a passive bellow-based
Adult Lung Simulator (Michigan Instruments, Kent-
wood, MI, USA), a 20 ml borosilicate glass syringe
(Socorex, Ecublens, Switzerland), and a throttle valve
was assembled. The throttle valve was connected to the
Luer adapter of the syringe to regulate the airflow into
the syringe, thereby creating a tissue resistance. The
glass syringe with the throttle valve was mounted
parallel to the one artificial bellow lung of the Simulator
using custom made 3D printed parts and fixtures, as
shown in figure 1. The syringe serves as a mechanical
damper with minimal frictional resistance, thanks to
the low friction coefficient of the borosilicate glass.
Supplementary material 1 provides details on the testing
method and the results of the negligible impact of
frictional resistance on measured pressure and flow.
The mechanical properties of the viscoelastic
respiratory system model are thus determined by a lin-
ear compliance Cp (a spring as an integral part of the
Simulator), representing the static elastic properties,
and a compliance C, with a dashpot resistance R (the
glass syringe with the throttle valve), forming the so-
called Maxwell body (a type of a mechanical rheologi-
cal model) and representing the viscoelastic proper-
ties. The model represents a single homogenous
physical compartment, but still has two degrees of
freedom, as described by Bates (Bates 2009). The mag-
nitude of the pressure in the respiratory system model
at any moment in time is defined by two quantities—
the volume of gas in the artificial lung and the flow to
or from the syringe, i.e., the actual pressure in the syr-
inge chamber. During the inspiratory phase, negative
pressure is created and during exhalation, on the con-
trary, overpressure is created inside the syringe
chamber.
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viscoelastic respiratory system model.

Figure 1. The Adult Lung Simulator with the glass syringe and the throttle valve mounted parallel to the one artificial bellow lung
representing the tissue resistance of the viscoelastic respiratory system model. The spring represents the static elastic properties of the

2.2. Testing

Three different configurations of a passive physical
respiratory system model representing different
mechanical properties were tested:

1. Tissue resistance model: viscoelastic respiratory
system model with tissue resistance (R, + C,) and
with no airway resistance (R,y),

2. Airway resistance model: respiratory system model
with linear airway resistance (R,,,) of 5 cmH,0-s L}
(Model 7100R, Hans Rudolph Inc., Shawnee, KS,
USA) and with no tissue resistance (R, + C,),

3. No-resistance model: respiratory system model
with no airway resistance (R,,,) and with no tissue
resistance (R, + C,).

The linear compliance (Cp) of the artificial lung
was set at 30 ml-cmH,0 " for all the configurations.

To determine whether tissue resistance can be dis-
tinguished from airway resistance by proximal pres-
sure measured at the airway opening, Airway
resistance model with R,,, of 5 cmH,O-s-L™" served as
a reference model. The airflow resistance of the throt-
tle valve in Tissue resistance model was tuned to
achieve the same maximum airway pressure measured
at the airway opening as in Airway resistance model.

Ventilation was provided by a Veolar lung venti-
lator (Hamilton Medical, Bonaduz, Switzerland), on
which volume-controlled ventilation was set with the
following parameters: tidal volume V¢ = 1000 ml, con-
stant flow during inspiration, positive end-expiratory
pressure (PEEP) = 5 cmH,0, inspiratory to expiratory
time ratio (I:E) = 1:1, inspiratory occlusion = 20%,
and respiratory rate (RR) = 6, 12 or 18 min ',
corresponding to inspiratory flow rates (Qjsp) of
approximately 20, 40 and 60 I-min~'. The same venti-
lation parameters were set for each configuration.

Airway pressure (P,,,) and flow (Q) were measured
using a D-Lite spirometric sensor of the Datex-Ohmeda
S/5 vital signs monitor (Datex-Ohmeda, Madison, W1,
USA). Due to the lack of an additional gas pressure port
on the monitor, the pressure inside the artificial lung
(Pp) was measured using the haemodynamic module
E-PSMP, which recorded the pressure in millimeters of
mercury (mmHg). The measured pressure was then
converted from mmHg to cmH,0. The sampling rate
for P,,, Q and Py was set to 100 Hz. The complete mea-
suring system is shown in figure 2.

2.3. Data processing and statistical analysis

The measured pressure and flow curves from five
representative respiratory cycles for different respira-
tory system model configurations and different
respiratory rates were averaged and further processed.
Flow rates were converted to delivered tidal volumes
over time.

The averaged curves of P,,,, Q and P and the aver-
aged curves of the dependence of P,, and P; on the
delivered volume for each respiratory rate and config-
uration were then plotted on graphs. The standard
deviations were calculated but were too small to be
shown in the graphs.

To mathematically compare the Tissue resistance
model with Airway resistance model, the mechanical
energy delivered during the inspiratory phase of the
respiratory cycle was calculated using a formula repre-
senting the geometric method (Marini et al 1986, Gat-
tinoni et al 2016), where numerical integration was
used for the calculation:

E = oS 1P + Piy)
i

—2PEEP)(Viy1 — V)], M

where E corresponds to the delivered mechanical
energy during the inspiratory phase of the respiratory
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Figure 2. A scheme of the measuring system consisting of a lung ventilator, flow and pressure monitor and configurations of the
passive physical respiratory system model representing different mechanical properties. The components representing the dynamic
viscous (R, + Cy) and the static elastic (Cp) properties are replaced by the symbols for mechanical rheological models. The connection
or disconnection of R,,,, R, or C; was determined by the tested configuration.

cycleinJ, Prepresents the measured pressure at a given
time in cmH,0, PEEP is the positive end-expiratory
pressure in cmH,0, V is the measured volume at a
given time in mL and i denotes the number of samples
in the inspiratory phase.

The calculation was done using both P,,, and Py in
order to compare the values of the delivered mechan-
ical energy measured at the airway opening of the
respiratory system model (E,,,) and inside the artificial
lung (E;) for all configurations.

3. Results

Connecting the glass syringe with the tuned airflow
resistance of the throttle valve in parallel to the
artificial lung of the Simulator (Tissue resistance
model) resulted in a gradual increase in the measured
peak pressures of both P,,, and Py, as Qjysp increased
from 20 1-min~"' to 60 1-min~".

As intended, the P, curves during the inspiratory
phase and the peak P,,, overlapped in Tissue resistance
model and Airway resistance model. The peak P,,
reached approximately 36 cmH,O for Qi 0f 20 l-min~*
(RR = 6 min" ") and 42 cmH,O for Qinsp 0f 60 lmin~!
(RR = 18 min™ ") in both Tissue resistance model and
Airway resistance model as shown in figure 3. In contrast,
Py curves overlapped during the inspiratory phase in Air-
way resistance model and No-resistance model. During
the inspiratory occlusion, an exponential decrease from
the maximum P,,, and Py, to P, was apparent only in
Tissue resistance model.

In the expiratory phase of the respiratory cycle, the
fastest slope of the pressure decrease occurred in Tis-
sue resistance model, however, the slope decreased
towards the end of the expiratory phase and the fastest
complete pressure decrease to PEEP pressure was
observed in No-resistance model.

A detailed analysis of the inspiratory phase showed
that the peak P,,, did not differ significantly between
Tissue resistance and Airway resistance models, as
intended, but when looking at the peak Pj, the

differences between these models were significant and
increased with Qjny, (on average 1.6-3.3 cmH,O
according to Qjnep), as illustrated in figure 4. During
the inspiratory occlusion, in Airway resistance model,
P, rapidly dropped to Py, value that remained con-
stant throughout the inspiratory occlusion. In Tissue
model, the pressure
decreased, and the values approached the values mea-
sured in Airway resistance model and No-resistance
model. Only at RR = 18 min ', the inspiratory occlu-
sion was too short, lasting about 0.8 s, and did not
result in a complete decrease to Ppjq.

The PV loops for P,,, in the inspiratory phase in
Tissue resistance and Airway resistance models shifted
from the loop of No-resistance model with increasing
Qinsp> reaching higher peak pressures, as illustrated in
figure 5. There was no significant difference between
the Tissue resistance and Airway resistance models in
the inspiratory phase.

However, the results for PV loops for Py were dif-

resistance exponentially

ferent. As Qj,sp increased, the loop in the inspiratory
phase in Tissue resistance model shifted from the
loops of Airway resistance and No-resistance models.
Additionally, there was no difference in the inspiratory
phase between Airway resistance and No-resistance
models.

Table 1 shows that there were no major differences
in E,,, calculated from P,,,, between Tissue resistance
model and Airway resistance model for any respira-
tory rate (2.08 J versus 2.16 ], 1.86 J versus 1.88 ], and
1.63 J versus 1.59 J). Different results were obtained
when the delivered mechanical energy E; was calcu-
lated from P;. The differences between Tissue resist-
ance model and Airway resistance model were
significant for all respiratory rates, up to 20% higher in
Tissue resistance model (1.93 ] versus 1.60 ], 1.78 J ver-
sus 1.57 ], and 1.63 J versus 1.46 J). In contrast, the dif-
ferences in E; between Airway resistance and No-
resistance models were zero or minimal (1.60 J versus
1.55],1.57 Jversus 1.57 ], and 1.46 J versus 1.517]).

4



10P Publishing

Biomed. Phys. Eng. Express 11 (2025) 015026

S Walzel and K Roubik

P,,, (cmH,0) P,,, (cmH,0)

P,., (cmH,0)

0] RR=6min? |

% 2 4 6 8 10
Time (s)
40| RR =12 min?
30
20|
10
o : ‘ : i
1] 1 2 3 4 5
Time (s)
40! RR =18 min?! |

30

20

2
Time (s)

= Tissue resistance model

P, (cmH,0)

P, (cmH,0)

P, (cmH,0)

501 RR =6 min?
= Qipp = 20 L'min’?
£ o
o
50l
0 " -100 - . ¥ i
0o 2 4 6 8 10 0o 2 4 6 8 10
Time (s) Time (s)
40/ RR =12 min! 50| RR =12 min?
= Qo = 40 L-min
30 £
S o0
20| i
-50 |
10}
0 . . . -100| ‘ . ‘
0 1 2 3 4 5 1] 1 2 3 4 5
Time (s) Time (s)
40| RR =18 min'l. 50 RR =18 min
= Q= 60 L-mint
30} g ol
20| pe
.50 }
10
0 -100| . .
0 1 3 0 1 3

2
Time (s)

= Airway resistance model

Figure 3. Time dependence of P,,,, P and Q at respiratory rate settings RR =6, 12 and 18 min~ ", representing Qj,sp = 20,40 a
601-min ", for the respiratory system model configurations tested.
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Figure 4. A detailed view of the time courses of P,,, and Py during the inspiratory phase at respiratory rates of 6, 12 and 18 min ™' for
the tested respiratory system model configurations.

4, Discussion

The main finding of this study is that it is possible to
achieve the same time courses of P,, during the

inspiratory phase, peak P, and delivered mechanical
energy between Tissue resistance model and Airway

resistance model, despite the different origins of the
resistances situated at different locations. In contrast,
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Table 1. Mechanical energy delivered (E,, Er) to individual respiratory system model configurations at different respiratory rates calculated

from measured P,,, and P;.

Respiratory system model configuration RR (min~") E...(J) E ()
Tissue resistance 18 2.084+0.01 1.934+0.02
12 1.86 +0.02 1.78 £0.02
6 1.634+0.03 1.63 +0.03
Airway resistance (5 cmH,0-s- L™ 18 2.16+0.01 1.60+0.01
12 1.88 +0.03 1.57 £0.02
6 1.594+0.01 1.46 £0.01
No-resistance 18 1.814+0.01 1.554+0.02
12 1.72 4+ 0.04 1.57 £0.04
6 1.56 +0.04 1.51+0.04

in our physical model of the respiratory system
representing only viscoelasticity, when analyzing the
delivered mechanical energy calculated from the
pressure measured inside the artificial lung, the values
in Tissue resistance model were up to 20% higher than
those in Airway resistance model.

As the artificial lung of the Simulator inflates, its
volume increases, causing the syringe plunger to move
and air to pass through the throttle valve in Tissue
resistance model. The rapid increase in volume of the
artificial lung creates a negative pressure inside the syr-
inge chamber due to the high airflow resistance of the
throttle valve. This negative pressure, which reduces
the compliance of the artificial lung, is time-depen-
dent on the airflow resistance of the throttle valve and
the volume increase in the syringe chamber. During
inspiratory occlusion, when the increase in volume of
the artificial lung stops, the pressure difference
between the syringe chamber and the ambient air

exponentially equalizes, while at the same time the
pressure inside the artificial lung exponentially
decreases.

During the inspiratory occlusion, the pressure
decreased by an average of 2 to 3 cmH,O in Tissue
resistance model, depending on the ventilation para-
meters. This is consistent with the studies conducted
by Santini et al and Mezidi et al where an average
decrease of 2 to 3 cmH,0 was observed during a 2 s
inspiratory occlusion, depending on the ventilation
parameter settings (Mezidi et al 2017, Santini et al
2019). Pressure differences between the beginning and
the end of a 5-s inspiratory occlusion ranged from 2 to
8 cmH,0 depending on Qjnp (15-96 lmin~ ") in a
study on piglets (Protti et al 2016). Barberis et al dis-
covered that measuring P, immediately at the start
of the inspiratory occlusion caused an overestimation
of true Py, by 11% in Acute Respiratory Distress Syn-
drome (ARDS) patients and by 17% in Chronic
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Obstructive Pulmonary Disease patients (Barberis et al
2003).

Increasing Qs while keeping all other para-
meters constant (Vt, PEEP, LE, C;) resulted in an
increase in peak airway pressures and delivered
mechanical energy. However, in No-resistance model,
the increase was minimal, likely due to the short nar-
rowing at the airway opening of the artificial lung.
Although there was no difference in peak pressures
and in the delivered mechanical energy at the airway
opening between Tissue resistance and Airway resist-
ance models, a significant difference was observed
when calculating the mechanical energy from the
pressure measured inside the artificial lung, which is
likely crucial for determining the degree of lung venti-
lation protectivity. The mechanical energy calculated
from the measured pressure inside the artificial lung
(Pr) was 10% higher at lower Qj,s, and up to 20%
higher at higher Qj,, in Tissue resistance model than
in Airway resistance model.

Thus, the results of this study indicate that current
methods of calculating delivered mechanical power
from the measured pressure at the airway opening do
not take into account the effect of tissue resistance or
the duration of inspiratory occlusion, although par-
enchymal relaxation and the resulting decrease in
pressure during inspiratory occlusion are already
known (Ganzert et al 2009, Protti et al 2016, Santini
et al 2019). Routine measurements of pressure at the
airway opening may underestimate the pressure exer-
ted on the lung parenchyma because a fraction of the
measured pressure may be incorrectly attributed to
airway resistance. Based on these results, it would be
advisable to revise the conditions for using mechanical
power delivery calculations, or at least to emphasize
the limitations of calculating mechanical power deliv-
ery to the lungs.

Assuming only viscoelasticity, revision could con-
sist of introducing a sufficiently long inspiratory
occlusion and monitoring the pressure curve at the
airway opening during the inspiratory occlusion to
separate airway flow resistance from tissue resistance.
A 5-s inspiratory occlusion was found to be sufficient
to reach the stabilized Py in the lung parenchyma
(Barberis et al 2003). Monitoring the course of the
pressure curve is particularly important for distin-
guishing tissue resistance from airway flow resistance,
as isolated peak pressure values or isolated P, values
may be the same and thus not allow a complete inter-
pretation of respiratory mechanics. The degree of
pressure decrease during this inspiratory occlusion
may correlate with subsequent clinical outcomes dur-
ing mechanical ventilation. For example, in the study
by Protti et al the level of strain rate, which caused a
difference between the measured pressure at the
beginning of inspiratory occlusion and at the end of
inspiratory occlusion due to viscous resistance, had a
significant effect on the prevalence of pulmonary
edema (Protti et al 2016). This pressure decrease could
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then be evaluated along with the mechanical power
delivery.

Another way to estimate the protectivity of lung
ventilation could be to calculate the dissipated
mechanical energy, which is defined as the difference
between the mechanical energy delivered and the
mechanical energy returned (Barnes et al 2018). How-
ever, this would again require a sufficiently long
inspiratory occlusion.

Overall, not being aware of other natural and
pathological mechanical properties of the respiratory
system, such as tissue resistance, can affect not only the
calculation of mechanical power delivered to the
lungs, but also, for example, the static compliance
shown on the ventilator’s display and, subsequently,
the clinician’s assessment of the patient’s condition. In
addition, it is always important to be aware of air leaks
in the breathing circuit, as these can further affect the
resulting values. The use of esophageal pressure mon-
itoring (Piquilloud et al 2024) may also be useful in this
case, as it is possible to obtain pressure values cleansed
of airway resistance. However, the use of an esopha-
geal balloon catheter carries additional complications
and significant costs.

While the negative effects of high pressures acting
in lung parenchymal tissue are well known, higher
pressures acting in the proximal airways may not
necessarily be harmful, unless it reflects high pressure
in parenchymal tissue. A highly cited study (Amato
etal2015) found a relationship between a driving pres-
sure, calculated as a difference between P, and PEEP,
and survival rate in ARDS patients. The driving pres-
sure calculation does not consider the effects of pres-
sures acting in the proximal airways, possibly
suggesting negligible harmful effects to the proximal
airways. On the other hand, high strain rates (velocity)
increase stress, causing distortion of epithelial cells in
peripheral airways (Pelosi and Rocco 2008, Garcia et al
2008) and distal airways (Jain and Sznajder 2007). To
summarize, current literature indicates that both air-
way and tissue pressures need to be monitored and
minimized.

The expiratory part of the respiratory cycle was not
analyzed in detail in this study. However, we speculate
that the developed physical viscoelastic model of the
respiratory system could potentially be useful in stu-
dies focusing on the analysis of the shape of the expira-
tory curve and the calculation of expiratory time
constants, which are useful, for example, to estimate
the compliance and resistance of the respiratory sys-
tem (Al-Rawas et al 2013). However, besides the possi-
ble technical uncertainties that expiration may be
influenced by the design of the expiratory valve and
the ventilator control software, we believe that these
approaches to estimate respiratory compliance and
resistance are too simplistic and neglect the complex-
ity of lung mechanics.

In this study, we assumed that tissue resistance is
only affected by viscoelasticity. In fact, tissue resistance
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may also depend on other factors such as por-
oelasticity (Berger et al 2016, Concha and Hur-
tado 2020), and pressure decrease during inspiratory
occlusion may also be affected by airflow through dis-
tal airways or chest wall mechanics (Protti et al 2016).

5. Conclusion

By connecting the borosilicate syringe with the throttle
valve in parallel to the artificial lung of the Simulator,
the viscoelastic passive physical model of the respira-
tory system, simulating tissue resistance, was devel-
oped. The resulting values of the peak airway pressures
and the delivered mechanical energy were similar in
the viscoelastic model with tissue resistance and the
model incorporating airway flow resistance, despite
the different origins of the resistances situated at
different locations. In contrast, when the values of the
delivered mechanical energy from the pressure mea-
sured inside the artificial lung were analyzed, the
values for the model with tissue resistance were up to
20% higher than for the model with airway flow
resistance.

Current methods for calculating mechanical
power delivery do not distinguish between airway flow
resistance and tissue resistance, which can have a sig-
nificant impact on the evaluation, interpretation and
significance of mechanical power delivery in terms of
lung ventilation protectivity.
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