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1. Introduction
The evaluation of gas transfer phenomena by numerical modeling
is fundamental to design and optimize the performance of respiratory
support devices [1,2]. This is particularly important when designing a
ventilator prototype for neonatal Total Liquid Ventilation (TLV), since
with this technique the ﬂuid dynamics and gas transfer in the lungs
and in the ventilator are completely different from conventional gas
ventilation (GV), due to the use of liquid perﬂuorocarbons (PFC) to
drive respiratory gases into the lungs [3,4].
TLV is studied as an alternative technique to GV for the treatment
of pulmonary pathologies characterized by the lack or absence of endogenous surfactant (e.g. Neonatal Respiratory Distress Syndrome)
that affect very low birth weight neonates (i.e. neonates with body
weight at birth lower than 1 kg or gestational age lower than 28
weeks) [5,6]. Experimental animal studies proved that TLV is able
to support pulmonary gas exchange while preserving lung structures and functions [7]. Moreover, liquid PFC is an optimal ventilation
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medium due to high oxygen (O2 ) and carbon dioxide (CO2 ) solubility
and suitable chemical properties (i.e. low surface tension, high density, biocompatibility) [5,6]. However, different aspects of TLV have to
be improved for a safe transition from the laboratory experience to
the clinical application. A key role is played by the development of an
advanced device able to safely support gas exchanges, while avoiding
lung injury.
Several international research groups proposed various prototypes [8–12], all aimed to perform ventilation and PFC reconditioning (oxygenation, CO2 removal, and temperature control). The most
common strategy is the volume-controlled ventilation. However, to
be safe, the volume control devices should be pressure limited, because high inspiratory pressure may induce barotrauma and excessive negative expiratory pressure, due to active PFC drainage, may
cause airways collapse [13–15]. Despite these precautions, a number
of drawbacks related to tidal volume regulation, gas exchange eﬃciency and control of the airway pressure are still affecting the outcomes of the trials with volumetric devices. To overcome these limitations, during the Round Table discussion at the "6th International
Symposium on Perﬂuorocarbon Application and Liquid Ventilation"
[16], the international scientiﬁc community working in TLV ﬁeld has
joined the efforts to deﬁne the main speciﬁcations TLV treatment has
to comply with in terms of devices and controls to be implemented

Fig. 1. Schematic conﬁguration of the ventilator prototype: (a) 3D rendering of the
Pro-Li-Ve, the arrows highlight the PFC (orange) and gas (green) inlets and outlets;
(b) representation of a single Pro-Li-Ve functional module during the pumping (up)
and ﬁlling (bottom) phases (PVIN : PFC inlet passive valve, PVOUT : PFC outlet passive
valve, SV: gas outlet solenoid valve).

to guarantee the safety of the treatment. In this context, Robert
et al. (2010) [17] proposed a new controller of their volumetric TLV
ventilator [11] able to perform the expiration in pressure controlled
strategy [17].
In compliance with the guidelines deﬁned during the Round Table [16], our research group is investigating an alternative approach
to develop an innovative Liquid Ventilator Prototype (Pro-Li-Ve) for
the treatment of very preterm neonates, able to perform TLV in a
lung-protective strategy. This device integrates the pumping and oxygenation functions in a non-volumetric pulsatile device, able to adjust the pumped PFC ﬂow rate depending on the afterload (i.e. lung
impedance) [18–20].
The device geometry and ﬂuid dynamics have to be optimized to
obtain the desired gas exchange performance, in particular to improve CO2 removal, which is the main limiting issue in this kind of
devices, due to the low partial pressure difference between the 2
compartments [21]. A computational approach is a useful tool for the
design process, allowing the optimization of the device prior to construct the prototypes.
The aim of this study was to implement a two-dimensional (2D)
semi-empirical computational model to study O2 and CO2 exchange
between the PFC and the oxygenating gas mixture, as a function of
the parameters of the device. The effect on gas exchange exerted by
different geometries and ventilation parameters was analyzed to deﬁne the best device conﬁguration, able to guarantee the desired gas
transfer.
2. Materials and methods
The design of the new prototype consists in a modular device
comprising several functional modules, each made of two ﬂat parallel semi-permeable silicone membranes (Fig. 1). The liquid PFC ﬂows
in each module between the two membranes (PFC-channel) that are
externally lapped by gas. Unidirectional PFC ﬂow is obtained with
2 one-way passive valves placed upstream (PVIN ) and downstream
(PVOUT ) the device. The gas-side inlet is connected to a line of compressed oxygenating gas, while the outlet is connected to the atmosphere through an active Solenoid Valve (SV). During the inspiration
phase of the respiratory cycle the PFC is actively pumped (pumping
phase): SV is close and gas ﬁlls and pressurizes the gas side causing tidal volume (TV) ejection. The gas pumping pressure is set by
the user via a pressure regulator to adjust the desired TV. During
the expiration phase, SV opens to scavenge gas into the atmosphere;
therefore, PFC ﬂows into the device due to hydrostatic preload (ﬁlling
phase). Gas ﬂow is maintained during the ﬁlling phase to improve

Fig. 2. 2D computational model domain and boundary conditions: (a) geometry of the
2D longitudinal central section: the gas and PFC half-channels used as computational
domain are highlighted in the ﬁgure; (b) PFC ﬂow rate during the respiratory cycle
(solid line = ﬁlling phase, dashed line = pumping phase); (c–d) boundary conditions
applied at the boundaries during the ﬁlling (c) and the pumping (d) phases, for the
laminar ﬂow and transport of diluted species modules.

CO2 removal from PFC. The PFC ﬂow rate and airway pressure are
real-time monitored during the respiratory cycle by an ad hoc implemented control software [22] in order to measure the TV and avoid
barotrauma.
The gas exchange occurring in this device strongly depends on the
constructive parameters (e.g. shape and dimensions of the silicone
membranes, number of modules, etc.). The optimization of the PFC
ﬂuid dynamics and gas transfer into each functional module was performed adopting the computational approach described in the following.
2.1. Computational model
In order to reduce the computational cost and simplify the model,
the three-dimensional geometry of the oxygenating device was simpliﬁed and simulated with a two-dimensional computational model
representing one longitudinal section of one functional module (Fig.
2a). To avoid any possible shortcomings introduced by this approximation that neglects ﬂow variations with the depth of the device, a semi-empirical model was implemented, in which an experimental coeﬃcient ξ was introduced. This multiplicative coeﬃcient

Fig. 3. Flow chart of input and output data between the physics modules used in the computational model.

was calibrated by comparing the model outcomes with experimental
data obtained during TLV trials (see Section 2.2 for details).
The model was developed in Comsol Multiphysics 4.3b (Comsol
Inc, Burlington, MA, USA). The symmetry permitted to model half
functional module, consisting in two adjacent rectangular domains
(length: 180–300 mm, gas half-channel thickness: 0.15 mm, PFC halfchannel thickness: 0.1 mm) separated by a boundary representing the
membrane.
The model contemporaneously analyses three physical aspects:
the motion of the membrane, the ﬂuid dynamics of both gas and PFC
ﬂowing through the channels, and the O2 and CO2 exchange between
the two compartments. These three phenomena are implemented using three different physics modules in Comsol Multiphysics: moving
mesh, laminar ﬂow and transport of diluted species. The implementation details of the three physics are described in the following and
the ﬂow chart of the input and output data between these modules is
schematized in Fig. 3.
To simulate the ﬁlling and emptying of the PFC channels during
each ventilation cycle, the membrane translates in the y direction
(Fig. 2a) with a set time-dependent velocity derived from the experimental PFC ﬂow rate curve QPFC(t) (Fig. 2b):

vymem (t ) = −QPFC (t )/(2 · N · W · L) [m/s]

(1)

where N is the number of modules, W = 95 mm the PFC chamber
width and L the PFC chamber length [mm].
Membrane motion induces the deformation of the domain, implemented in Comsol moving mesh module and studied with the numerical approach described by the Arbitrary Lagrange Eulerian (ALE)
formulation [23].
Fluid ﬂow in the computational domain was calculated solving
Navier–Stokes equations with Comsol Laminar Flow module. Unsteady
laminar ﬂow conditions were simulated (Reynolds number Re < 30 in
the PFC domain and Re < 300 in the gas domain). The ﬂuid in the PFC
compartment (FluorinertTM FC-770, 3 M, St. Paul, MN, USA) was set as
Newtonian and incompressible (μ = 1.1610−3 Pas, ρ = 1762 kg/m3 ).
The oxygenating gas mixture (O2 concentration ranging within
70% to 100%) was considered as Newtonian (μ = 2.0510−5 Pas)
and compressible, to account for density variations induced by pressure changes in the gas domain. The ideal gas law was used to correlate density to gas pressure.
The boundary conditions used to simulate the ﬁlling and pumping
phases during the ventilation cycle are resumed in Fig. 2 (c and d).
Closed passive valves were simulated with a no-slip wall condition
applied on Boundary (B) 3 during the ﬁlling phase (PVOUT closed) or
B 1 during the pumping phase (PVIN closed). Atmospheric pressure
condition was applied at the PFC inlet (B 1) during the ﬁlling phase
and at the PFC outlet (B 3) during the pumping phase.
Also for the gas domain, different boundary conditions were used
to simulate the two phases of the ventilation cycle. During the ﬁlling
phase (Fig. 2c), a laminar gas inﬂow was applied at B 5, setting the

ﬂow rate (qgas ) equal to the total gas ﬂow rate (Qgas ) divided by the
number of the gas semi-channels. A time-dependent pressure condition was applied at the gas outlet (B 6) to model the pressure decreasing from the gas pumping pressure (Pgas ) to the atmospheric pressure
(Patm), occurring when the SV opens at the beginning of the ﬁlling
phase. During the pumping phase (Fig. 2d), a no-slip wall condition
was used to simulate the closed solenoid valve (SV) at the gas outlet
(B 6). A time-dependent pressure condition was applied at the gas inlet (B 5), to pressurize the gas chamber from Patm to the desired Pgas .
Symmetry conditions were set at B 2 and B 7.
Oxygen and CO2 transport in the PFC and gas domains was modeled considering diffusion and convection mass transport mechanisms using Comsol transport of diluted species module to solve mass
balance equations:

∂c
= D∇ 2 c − u · ∇ c in the PFC − domain
∂t

(2)

∂c
= D∇ 2 c − ∇ · (cu) in the Gas − domain
∂t

(3)

where c [mol/m3 ] is the concentration of the gas species (i.e. O2 or
CO2 ), u [m/s] is the ﬂuid velocity ﬁeld calculated in the laminar ﬂow
modules, and D is the diffusion coeﬃcient in the gas (DO2 = 2.3210−5
m2 /s [24], DCO2 = 1.56  10−5 m2 /s [25]) and in the PFC (DO2 =
5.8110−9 m2 /s [4], DCO2 = 1.0510−9 m2 /s [4]).
Dirichlet boundary conditions were applied at the PFC and gas inlets to set CO2 and O2 concentrations.
Gas concentrations c in the PFC were calculated with Henry’s law
(c = α · p, where p is the gas partial pressure and α is the gas solubility coeﬃcient in the PFC at 37 °C: α CO2 = 0.767 10−3 (mol/m3 )/Pa,
α O2 = 0.2 10−3 (mol/m3 )/Pa) [26]). CO2 concentration at gas inlet
was always set equal to zero, while O2 concentration was calculated
with Dalton’s law knowing the O2 molar fraction (FiO2 ) in the gas
mixture.
A no ﬂux condition was applied at the PFC and gas outlets when
the outlet valves are closed (i.e. B 3 during the ﬁlling phase or B 6
during the pumping phase, Fig. 2 (c and d)). Vice versa when the outlet valves are open, an outﬂow condition was set at the domain outlets (i.e. B 6 during the ﬁlling phase or B 3 during the pumping phase,
Fig. 2 (c and d)). Symmetry conditions were set at the boundaries representing the centre of the two domains (i.e. B 2 and B 7).
The diffusive mass ﬂux through the silicone membrane is deﬁned
as:

jdi f f (x, t ) = −n · (−D∇ c)



=

ξ · Pmem · (cgas (x, t )RT − cPFC (x, t )/α) PFC side

ξ · Pmem · (cPFC (x, t )/α − cgas (x, t )RT ) Gas side

(4)

where: Pmem is the membrane permeance to the gas species
(Pmem,O2 = 1.1210−9 mol/(sPam2 ), Pmem,CO2 = 6.1110−9 mol/

Table 1
Experimental conditions for the gas exchange in vitro tests and computational model outcomes obtained with the calibrated coeﬃcient ξ .
I:E
[]

RR
[breaths/min]

TV
[ml]

pCO2 PFC, IN
[mmHg]

1:2
1:2
1:2
1:2
1:1
1:3
1:2
1:2
1:2
1:2
1:2
1:2

4
5
6
7
5
5
5
5
5
5
5
5

15
15
15
15
15
15
35
30
25
22
8
5

22.5
22.3
21.3
21.8
22.1
21.2
21.2
22.2
22.6
20.6
21.9
21.1

±
±
±
±
±
±
±
±
±
±
±
±

0.5
2.2
0.6
0.7
1.1
1.1
0.1
0.2
1.6
0.6
0.4
0.4

pCO2 PFC, OUT EXPERIMENT
[mmHg]
6.9
7.4
7.2
8.3
7.4
6.5
8.8
7.6
8.4
6.5
4.4
7.2

±
±
±
±
±
±
±
±
±
±
±
±

0.1
0.4
0.3
0.3
0.2
0.4
0.1
0.2
0.5
0.3
0.2
0.5

ξ CO2

pCO2 PFC, OUT MODEL
[mmHg]

[]

pO2 PFC, IN
[mmHg]

6.9
7.4
7.2
8.5
7.4
6.5
8.7
7.6
8.4
6.5
4.4
7.7

0.24
0.31
0.35
0.35
0.29
0.30
0.61
0.58
0.45
0.44
0.23
0.12

598
592
610
584
614
613
590
608
597
595
597
620

±
±
±
±
±
±
±
±
±
±
±
±

4
4
9
10
4
14
3
2
7
9
7
9

pO2 PFC, OUT EXPERIMENT
[mmHg]
752
755
750
740
747
751
751
763
777
755
756
764

±
±
±
±
±
±
±
±
±
±
±
±

11
18
14
13
18
16
17
12
19
28
24
10

ξ O2

pO2 PFC, OUT MODEL
[mmHg]

[]

752
755
750
741
749
748
743
752
759
754
754
761

0.49
0.70
0.70
0.70
0.50
0.54
1.00
1.00
1.00
0.90
0.43
0.40

Experimental O2 and CO2 partial pressure are reported as mean ± standard deviation.

(sPam2 )); cgas and cPFC are the species concentrations at gas and
PFC sides of the membrane, respectively [mol/m3 ]; R is the universal
gas constant (8.314 J/(Kmol)); T is the temperature of the gas (25 °C);
α is the gas species solubility in the PFC [(mol/m3 )/Pa]; ξ is a multiplicative coeﬃcient calibrated on the experimental outcomes.
Mesh sensitivity analysis led to the discretization of the computational domain with a quadrilateral structured mesh composed by a
number of elements ranging within 18,000 to 30,000 depending on
the speciﬁc geometry analyzed.
For each study case, several respiratory cycles were computed to
obtain correct preconditioning of the species concentration in the
domains.

2.2. Model calibration and validation
While implementing the model, gas exchange in vitro tests were
performed with the aim to calibrate the coeﬃcient ξ to be introduced
in Eq. (4) . Once the coeﬃcient ξ was properly chosen for both O2 and
CO2 (i.e. ξ O2 and ξ CO2 respectively), the reliability of the calibrated
model was checked by comparing the model outcomes to further experimental data.
In vitro tests were performed using an ad hoc developed preliminary prototype, named Pro-Li-Ve-22 (N = 22, PFC channel thickness
= 0.2 mm, W = 95 mm, L = 180 mm). This device was connected to
a test bench (model lung, ML) reproducing neonatal lung impedance
and gas exchange [27]. During the experimental trials, the ML was
set to reproduce the estimated impedance of a neonatal physiological
lung during TLV (inspiratory resistance = 800 cmH2 O·s/l, expiratory
resistance = 720 cmH2 O·s/l, pulmonary compliance = 1 ml/cmH2 O)
[27]. In order to test the Pro-Li-Ve gas exchange performance, the PFC
at the device inlet had to be conditioned at the O2 and CO2 partial
pressure values measured during in vivo animal trials in the expired
PFC (i.e. pCO2 PFC, IN = 22 ± 3 mmHg, pO2 PFC, IN = 610 ± 30 mmHg,
at FiO2 = 100%) [9]. An oxygenator (Quadrox D, Maquet Cardiopulmonary AG, Hirrlingen, Germany) was used as de-oxygenator to pursue this purpose. During these tests the Pro-Li-Ve was supplied with
pure oxygen (FiO2 = 100%).
Under each test condition, 3 PFC samples were withdrawn at ProLi-Ve inlet and outlet and immediately analyzed (ABL725L, Radiometer, Copenhagen, Denmark), to measure CO2 and O2 partial pressure. The in vitro tests were performed by varying the ventilation
parameters (i.e. TV, Inspiration to Expiration ratio I:E, and Respiratory Rate RR) (Table 1). For each test condition, simulations were
performed setting boundary conditions (i.e. pO2 PFC, IN , pCO2 PFC, IN ,
QPFC (t), Pgas , Qgas , FiO2 ) equal to those acquired during the
experiments.

The coeﬃcients ξ O2 and ξ CO2 were individually calibrated to optimize the matching between the computational results and the experimental data, for each study case (Table 1). The model was considered
calibrated when both oxygen and carbon dioxide partial pressures in
the PFC at the device outlet calculated with the model were in the
range (mean values ± the standard deviation) measured during the
experiments (Table 1).
Based on the outcomes of these simulations, analytical relations
were found between the coeﬃcients ξ O2 and ξ CO2 and the mean
PFC ﬂow rate (see Results section). Once implemented in the model,
these relations permit setting the proper values for ξ O2 and ξ CO2 even
when no experimental data are available. The reliability of this approach was proved by comparing the model outcomes to further experimental data acquired during preliminary in vivo trials performed
on juvenile New Zealand rabbits with the preliminary prototype ProLi-Ve-22 [19].
Computational simulations were performed setting the boundary
conditions to replicate 11 ventilation scenarios, recorded during in
vivo trials (Table 2). For each simulation, the model outcomes were
compared to these experimental data in terms of gas partial pressure
variations in the PFC ﬂowing through the Pro-Li-Ve-22 (pCO2 PFC =
pCO2 PFC, IN - pCO2 PFC, OUT , pO2 PFC = pO2 PFC, OUT - pO2 PFC, IN ), to validate the model.
2.3. Gas transfer optimization in the Pro-Li-Ve
After calibration and validation, the computational model was
used to design the optimized Pro-Li-Ve conﬁguration, able to
achieve the desired gas partial pressure in the pumped PFC (i.e.
pCO2 PFC, OUT = 6.0 ± 0.6 mmHg, pO2 PFC, OUT = 678 ± 32 mmHg)
[9] when performing TLV with a ventilation setting suitable for very
preterm neonates (i.e. TV = 10, 20, 30 ml, RR = 4, 5, 6 breaths/min,
I:E = 1:1, 1:2, 1:3) [6].
The optimized conﬁguration was chosen varying the number of
modules (N = 30, 40, 50) and PFC-channel length (L = 180, 220,
260, 300 mm). The optimization study was performed by evaluating the pCO2 obtained in the pumped PFC (i.e. pCO2 PFC, OUT ) with
the ventilation parameters set at the most onerous condition for
CO2 removal in the Pro-Li-Ve (i.e. TV = 30 ml, RR = 6 breaths/min,
I:E = 1:1).
After the optimized conﬁguration was chosen, simulations were
run to study the effect on pO2 PFC, OUT and pCO2 PFC, OUT exerted by the
variation of the ventilation parameters.
For all simulations, gas partial pressures at the PFC inlet were set
to the typical PFC expiration conditions reported in the literature for
TLV in vivo trials (pCO2 PFC, IN = 22 mmHg and pO2 PFC, IN = 610 mmHg
[9]).

TABLE 2
Experimental in vivo conditions and computational outcomes used for model validation.
I:E
[]

RR
[breaths/min]

TV
[ml]

FiO2
[%]

pCO2 PFC, IN
[mmHg]

pCO2 PFC, OUT EXPERIMENT
[mmHg]

pCO2 PFC, OUT MODEL
[mmHg]

ε %pCO2 PFC
[%]

pO2 PFC, IN
[mmHg]

pO2 PFC, OUT EXPERIMENT
[mmHg]

pO2 PFC, OUT MODEL
[mmHg]

ε %pO2 PFC
[%]

1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:3
1:2
1:1

6
6
5
6
7
7
6
6
6
6.5
6.5

23.5
23.1
23.9
25.2
23.4
23.5
30.2
30.2
25.4
29.0
29.5

100
100
100
100
72
72
100
100
100
100
100

38.4
35.7
38.6
38.6
35.6
34.2
42.8
42.5
48.4
37.2
39.8

14.1
13.7
15.4
14.6
14.3
12.4
17.7
16.3
16.5
15.9
17.8

14.8
13.7
14.5
15.2
14.0
13.5
16.2
16.2
17.0
15.0
17.8

−2.9
0.1
4.0
−2.4
1.5
−4.9
5.9
0.6
−1.6
4.2
0.2

598
581
539
592
409
379
615
601
584
629
573

756
733
756
732
537
521
742
730
754
748
742

754
750
749
748
533
526
752
748
752
756
742

−1.4
10.9
−3.2
11.8
−2.8
3.2
7.5
13.6
−1.4
7.1
0.2

The percentage errors are deﬁned as:
ε %pCO2 PFC = [(pCO2 PFC,IN -pCO2 PFC,OUT-MODEL )-(pCO2 PFC,IN -pCO2 PFC,OUT-EXPERIMENT )]/(pCO2 PFC,IN -pCO2 PFC,OUT-EXPERIMENT );
ε %pO2 PFC = [(pO2 PFC,OUT-MODEL -pO2 PFC,IN )-(pO2 PFC,OUT-EXPERIMENT -pO2PFC,IN )]/(pO2 PFC,OUT-EXPERIMENT -pO2 PFC,IN ).

Fig. 4. Velocity ﬁeld (1) and CO2 (2) and O2 (3) partial pressure: (a) at the velocity-peak during the ﬁlling phase (t = 0.5 s); (b) at the velocity-peak during the pumping phase (t =
8.7 s). The x and y axes in the plots are re-scaled in order to permit proper visualization of the results. Simulation parameters: TV = 30 ml, Pgas = 110 mmHg, Qgas = 1.8 l/min, RR =
5 breaths/min, I:E = 1:2, pCO2 PFC,IN = 22 mmHg, pO2 PFC,IN = 610 mmHg, N = 40, L = 300 mm.

3. Results
3.1. Computational model outcomes
The colour-maps of velocity and CO2 and O2 partial pressure at
two different instants of the ventilation cycle (i.e. t = 0.5 s during the
ﬁlling phase and t = 8.7 s during the pumping phase) are shown in
Fig. 4. During the ﬁlling phase (Fig. 4a), the translation of the membrane toward the positive direction of the y-axis causes PFC to ﬂow
into the computational domain (Fig. 4a1) with a typical laminar ﬂow
proﬁle. Thus, the expired PFC, loaded with CO2 and poor in O2 , ﬁlls the
inlet of the PFC channel. The gas pressure decrease at the beginning
of the ﬁlling phase causes the outlet of the oxygenating mixture from
the computational domain; as a consequence, the pCO2 (Fig. 4a2) and
pO2 (Fig. 4a3) in the gas domain undergo a decrease. A continuous
gas ﬂow is maintained throughout the ﬁlling phase in the gas channel
(Fig. 4a1), in order to keep low pCO2 values, despite the CO2 diffusion
into the gas domain.
During the pumping phase (Fig. 4b), PFC ﬂows out from the computational domain as a result of the membrane translation toward
the y-axis negative direction, inducing a reduction in the PFC domain

area (Fig. 4b1); laminar ﬂow is observed in the PFC domain. The oxygenating gas mixture ﬂowing into the gas domain pressurizes it at the
beginning of the pumping phase, inducing an increase in the pCO2
(Fig. 4b2) and pO2 (Fig. 4b3) values in the gas domain. Diffusive gas
transfer occurs between the gas and PFC domains, thus, the pumped
PFC at the domain outlet is oxygenated and poor in CO2 .
3.2. Results of model calibration and validation
In vitro gas exchange obtained with the preliminary Pro-Li-Ve-22
at different ventilation conditions are reported in Table 1. The values
for ξ CO2 and ξ O2 reported are the calibrated coeﬃcients that permit
to achieve the best matching between experimental and computational outcomes.
A linear correlation between ξ CO2 and the mean PFC ﬂow rate
through a single module (QPFC) ﬁts with an adequate accuracy the
data points (R2 = 0.97) (Fig. 5a). As regards the oxygen exchange
model, a piecewise linear correlation between ξ O2 and QPFC best ﬁts
the data points (R2 = 0.92) (Fig. 5b). The correlation equations, resulting from the calibrating procedure, allow the identiﬁcation of a single
value of both ξ O2 and ξ CO2 for each QPFC that can be set as an input

O2 partial pressure in the PFC shows a tendency to increase with the
increasing of TV or I:E and the decreasing of RR (Fig. 6 (c, d and e)).
The CO2 partial pressure in the pumped PFC increases when TV,
RR or I:E ratio increase (Fig. 6 (f, h and g). However, pCO2 PFC, OUT
is lower than the maximum target values (6.0 ± 0.6 mmHg) for all
the
considered cases, suggesting that an adequate CO2 removal eﬃciency
is maintained.
4. Discussions

Fig. 5. Upper - model calibration: linear correlation between ξ CO2 (a) and
ξ O2 (b) and the mean PFC ﬂow rate through each module (QPFC [ml/min] =
TV[ml]/NRR[breaths/min]). Bottom - model reliability: comparisons between the
model predicted and in vivo experimental measured pCO2 PFC (c) and pO2 PFC (d).
The solid lines represent the linear regression lines, with the 95% conﬁdence intervals
(dashed lines).

of the model. These equations (Fig. 5 (a and b)) were implemented
in the model to predict ξ O2 and ξ CO2 when running the following
simulations.
The comparison between the PFC data recorded during experimental in vivo tests [19] and the computational pCO2 PFC and
pO2 PFC outcomes is shown in Fig. 5 (c and d). Regression lines
slopes (mCO2 and mO2) approach the unity, proving the goodness of
the model predictions (95% conﬁdence intervals of regression lines
slope: mCO2 = [0.77, 1.14] and mO2 = [0.62, 1.01]). Overall, the
model predicts experimental gas exchange results with a good accuracy (mean percentage error: ε%pCO2 PFC = 2.6, ε % pO2 PFC = 5.7,
Table 2).

3.3. Results of the gas transfer optimization in the Pro-Li-Ve
CO2 partial pressure in the pumped PFC is presented in Fig. 6a as a
function of the different geometrical parameters (N, L) simulated with
the computational model. The goal pCO2 PFC, OUT (6.0 ± 0.6 mmHg)
would be obtainable with a prototype comprising 40 modules at least
300 mm in length, or 50 modules at least 260 mm in length. The
ﬁrst option (N = 40, L = 300 mm) was chosen for the optimized device (named Pro-Li-Ve-40). Indeed, compared to the second option
(N = 50, L = 260 mm), a smaller membrane surface area (2.28 m2
vs. 2.47 m2 ) and a smaller priming volume (228 ml vs. 247 ml) are
required, which means lower cost both for the production of the ventilator and for the PFC necessary for the TLV treatments.
The O2 and CO2 partial pressures in the PFC pumped by the
Pro-Li-Ve-40 as a function of ventilation parameters are shown in
Fig. 6 (b–h). PFC oxygen partial pressure is higher than the target values (678 ± 32 mmHg) for all the considered conditions with FiO2 =
100%, which means a high oxygenating eﬃciency of the device. However, the target pO2 PFC, OUT can be easily obtained by reducing the
oxygen concentration in the gas mixture (e.g. FiO2 = 80–90%, Fig. 6b).

The expediency of a computational approach to study gas transfer
phenomena in the Pro-Li-Ve arises from the necessity to predict and
quantify the effects of ﬂuid dynamics and geometric parameters on
the device performance prior to construct the prototypes. Therefore,
a computational model able to accurately reproduce gas transfer in
the ventilator is a time-saving tool for the design of the optimal ProLi-Ve, able to comply with the technical speciﬁcations.
The choice of Comsol Myltiphysics as a solver is due to the
features of this software that allow the modeling of coupled ﬂuid
ﬂow and mass transport phenomena.
Some simplifying hypotheses were assumed to reduce the computational cost while maintaining model accuracy. The modularity
of the device combined with the assumption of equal distribution of
the TV in each PFC-channel, allowed considering only one functional
module of the device. Moreover, the symmetry of the problem permitted simulating only half PFC-chamber and the adjacent half gaschannel. The use of a 2D model simulating only one section of the
module implies that the real domain is represented as a perfect parallelepiped, neglecting the variation of the channel thickness at the
lateral borders, occurring in the real device.
In the real device, PFC ﬂow is induced by membrane deformation
as a result of pressure variations in the gas channel. This mechanism
would be reproducible in silico with a ﬂuid-structure interaction approach, but requiring about one order of magnitude higher computational costs, which have been avoided by simulating the membrane
motion with a simple translation.
Possible uncertainties related to materials properties (e.g. membrane gas permeance), construction tolerances and PFC not perfectly
homogeneous distribution in the Pro-Li-Ve prototypes are
considered in this semi-empirical model by the multiplicative
coeﬃcients ξ O2 and ξ CO2, introduced in Eq. 4. These coeﬃcients were
calibrated on the experimental results obtained from the in vitro TLV
tests. Both coeﬃcients ξ O2 and ξ CO2 were supposed correlated to the
mean PFC ﬂow rate in each PFC channel (QPFC) (i.e. correlation
coeﬃcients: corr(ξ O2, QPFC) = 0.94, corr(ξ CO2, QPFC) = 0.99). Both ξ O2
and ξ CO2 in-crease, approaching to 1, with the increment of QPFC. This
could be ex-plained by observing that the PFC-channels are more
recruited with
a high QPFC, and possible inaccuracies in the real manufactured prototype are reduced, getting closer to the ideal situation simulated.
Eventually, the model reliability was proved by comparing computational results with experimental outcomes: 11 different ventilation situations, from preliminary in vivo trials, were considered. The
model proved to calculate gas exchange in the Pro-Li-Ve with a good
accuracy, thus it was used to evaluate Pro-Li-Ve gas exchange performance as a function of its geometry, allowing ﬁnding the opti-mal
conﬁguration. Simulations proved that Pro-Li-Ve-40 (N = 40, L = 300
mm, Exchange surface area = 2.28 m2) allows obtaining the desired
gas exchanges for very preterm neonatal TLV applications.
Ventilation parameters were varied in the range reported in the
literature [5,6] predicting good performance of the device in the entire investigated range. The model permitted to highlight the gas exchange dependence on the different ventilation parameters: PFC residence time in the device, gas partial pressure difference between the
two sides of the membrane, and PFC ﬂow rate QPFC, affecting ξ O2 and
ξ CO2 coeﬃcients. An increase in TV leads to an increase in ξ O2 and
ξ CO2 (i.e. higher gas exchange), but to a shortening of the PFC

Fig. 6. (a) pCO2 in the pumped PFC as a function of the Pro-Li-Ve parameters (i.e. number of modules N = 30, 40, 50; length L = 180, 220, 260, 300 mm) obtained with the
ventilation setting: TV = 30 ml, RR = 6 breaths/min, I:E = 1:1. The highlighted band corresponds to the maximum pCO2 value acceptable in the pumped PFC (i.e. pCO2 PFC, OUT =
6.0 ± 0.6 mmHg). (b–h) pO2 and pCO2 obtained from the simulations of the optimized Pro-Li-Ve (N = 40, L = 300 mm) as a function of the ventilation parameters: (b) pO2 vs. FiO2 ,
the highlighted band corresponds to the desired pO2 ; (c) pO2 vs. TV; (d) pO2 vs. I:E; (e) pO2 vs. RR; (f) pCO2 vs. TV; (g) pCO2 vs. I:E; (h) pCO2 vs. RR. If not differently reported, the
ventilation setting is: TV = 20 ml, RR = 5 breaths/min, I:E = 1:2, FiO2 = 100%, pO2 PFC, IN = 610 mmHg, pCO2 PFC, IN = 22 mmHg.

residence time (i.e. lower gas exchange). The sum of these two opposite effects affects the device exchange performance at different
TV. In particular, two opposite trends for O2 and CO2 are found from
computational simulations (Fig. 6 (c and f)): a higher TV results in a
higher pO2 PFC but in a lower pCO2 PFC . This can be explained observing that ξ O2 variation is higher than the variation of ξ CO2 , when
varying the TV from 10 ml to 30 ml (i.e. ξ O2 = 0.34 and ξ CO2 =
0.18). As regards the respiratory rate, the higher the RR the lower the
gas vs. PFC ﬂow rate ratio and the PFC residence time; both effects
reduce gas exchange eﬃciency. Otherwise, an increase in RR causes
an increase in ξ coeﬃcients. The overall effect is a tendency to gas exchanges decrease both for O2 and CO2 (Fig. 6 (e and h)). Inspiration to
expiration ratio exerts an opposite effect on O2 and CO2 transfer. The
CO2 exchange is favoured at lower I:E (Fig. 6g), since with a longer
expiration the continuous gas ﬂow throughout the device during the
ﬁlling phase maximizes the pCO2 difference between the gas and PFC
sides. Vice versa O2 transfer beneﬁts from higher I:E (Fig. 6d), since
with a longer inspiration the gas pressure is maintained high for a
longer period (i.e. pumping phase), thus increasing the pO2 in the
gas channel. FiO2 adjustment in the oxygenating mixture permits obtaining the proper oxygen concentration in the pumped PFC (Fig. 6b),

avoiding the risks related to hyperoxia. This issue is particularly crucial when preterm or neonatal patients are concerned, since too high
oxygen levels in the patient blood may cause alveolar damage and
induce severe chronical injury (e.g. hyperoxia-related retinopathies).
Therefore, during TLV the PFC oxygen partial pressure must be properly modulated to obtain the desired blood oxygenation, by varying the O2 percentage in the gas mixture that ﬂows through the
device.
5. Conclusions
This study provided a validated computational model to predict
O2 and CO2 exchange in an innovative ventilator prototype for TLV,
the Pro-Li-Ve. The model permits to quantitatively evaluate the effects on the gas exchange exerted by the ventilation parameters
used during TLV in the typical setting for very preterm neonatal
applications.
The guidelines provided by the model for the design of the optimal
conﬁguration of the Pro-Li-Ve are fundamental to obtain an eﬃcient
device capable to guarantee performant gas transfer in a compact and
low priming volume circuit. The ﬁndings of this study are at the basis

of the construction of the new Pro-Li-Ve prototype that can meet the
gas exchange and safety requirements for clinical applications.
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