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Abstract1 13 

This study focuses on optimizing a non-invasive ventilation (NIV) circuit for the treatment of hypoxemic 14 

respiratory failure using continuous positive airway pressure (CPAP). A multidomain 0D in silico approach 15 

was employed, creating a lumped circuit model of an innovative NIV-CPAP system in Mathworks® Simulink. 16 

The model relies on in vitro tests on commercial components characterizing pneumatic resistive behavior, 17 

and it exploits an extended resistance-inductance-capacitance model for the patient's respiratory system, 18 

recurring to sigmoidal pressure-volume behavior characteristic of pathological conditions. The NIV-CPAP 19 

system was assembled in vitro and connected to a lung simulator to validate the model under healthy and 20 

pathological conditions (acute respiratory distress syndrome and chronic obstructive pulmonary disease). 21 

The study explored the impact of key features on the ventilation circuit, such as interface leakage, air 22 

volume within the circuit, and resistance induced by circuit components.  23 

Validation of the 0D model through in vitro tests showed correlation coefficients between 0.9 and 1. 24 

Interface leakage caused reductions of up to 6% in delivered static pressure. Changes in air volume (mask 25 

or helmet interface, reservoirs adding) resulted in a maximum 8% decrease in pressure oscillations. 26 

Increased resistances from the starting ventilation circuit produced a tidal volume reduction of less than 27 

1%. An optimized configuration that balanced resistances between limbs improved intrinsic positive end-28 

expiratory pressure generation. 29 

The proposed 0D model proved to be effective in guiding the design of the innovative device, providing 30 

computational efficiency and flexibility; it demonstrated its reliability as a tool to support the optimization 31 

of non-invasive ventilation circuits. 32 

Keywords: 0D model, closed breathing circuit, continuous positive airway pressure, MATLAB/Simulink, non-33 

invasive ventilation 34 
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1 Mechanical ventilation (MV), invasive mechanical ventilation (IMV), non-invasive ventilation (NIV), 
Continuous Positive Airway Pressure (CPAP), positive end-expiratory pressure (PEEP), intrinsic positive end-
expiratory pressure (PEEPi), funtional residual capacity (FRC), acute respiratory distress syndrome (ARDS), 
Chronic Obstructive Pulmonary Disease (COPD), resistance-inductance-capacitance (RIC), predicted body 
weight (PBW),  



1 Introduction 36 

Mechanical ventilation (MV) constitutes a therapeutic approach wherein a mechanical ventilator supports 37 

patients with severe respiratory failure, allowing them to ventilate adequately and to maintain normal gas 38 

exchange between the lungs and the environment [1]. MV does not cure lung tract diseases, but it allows 39 

the body to recuperate from the syndrome responsible for respiratory failure by providing adequate 40 

oxygenation and by removing carbon dioxide. Indications for establishing mechanical ventilation are 41 

refractory hypoxemia, ventilatory failure, shock with metabolic acidosis, and airway failure due to altered 42 

mental status or physical obstruction [2,3]. MV can be delivered in two distinct forms: invasive mechanical 43 

ventilation (IMV) and non-invasive ventilation (NIV). In the case of IMV, an endotracheal tube, nasotracheal 44 

tube, or tracheostomy cannula are used to carry out the ventilation. On the other hand, NIV employs 45 

interfaces such as a facial mask, mouthpiece, or helmet, which do not require endotracheal tube 46 

placement. The implementation of non-invasive oxygenation strategies helps preserve the natural airway 47 

protection mechanisms, such as the ability to cough and clear secretions. Additionally, it avoids the 48 

potential complications associated with endotracheal intubation, which encompass laryngeal and tracheal 49 

trauma, as well as the issues related to IMV which include ventilator-induced lung injury, ventilator-50 

associated pneumonia, mucosal ulceration, respiratory muscle wasting, and swallowing dysfunction, 51 

diaphragm dysfunction and atrophy [4–9]. Despite this, NIV is not free from drawbacks such as the 52 

development of skin pressure sores, the risk of malnutrition especially in patients with the need for 53 

prolonged NIV and the risk of self-inflicted lung injury in patients with excessive respiratory effort and work 54 

of breathing [10]. 55 

MV can be delivered in two primary modes: controlled ventilation and assisted ventilation. In controlled 56 

modes, the ventilator entirely takes over the role of the respiratory muscles, and the target variable 57 

controlled by the ventilator can be either the volume or the pressure. In assisted modes, the ventilator 58 

provides support to the patient's respiratory efforts. In spontaneously breathing patients it is possible to 59 

apply a continuous positive pressure into the lungs delivering the so-called CPAP (Continuous Positive 60 

Airway Pressure) therapy in NIV modality. CPAP does not provide inspiratory support but maintains positive 61 

airway pressure at end-expiration [11]. The delivered positive pressure increases the patient’s functional 62 

residual capacity (FRC), opens under-ventilated alveoli, decreases atelectasis, and improves lung 63 

compliance [12]. Due to these advantages, CPAP therapy is employed in the treatment of different kinds of 64 

hypoxemic respiratory failure. This condition was notably prevalent during COVID-19 pandemic, where a 65 

significant number of patients exhibited symptoms that gradually led to progressive hypoxemic respiratory 66 

failure [13]. One such case was the occurrence of acute respiratory distress syndrome (ARDS), where the 67 

inflammatory lung condition leads to leakage of fluid into the lung spaces resulting in hypoxemia. The 68 

efficacy of non-invasive ventilation delivered through a continuous positive airway pressure (NIV-CPAP) as a 69 

supportive treatment for ARDS varies based both on the severity of the pathology (most successful in 70 

patients with mild ARDS [14], and mild-to-moderate ARDS secondary to SARS-CoV-2 [15]) and possibly on 71 

the disease type (“L” and “H” phenotypes) [16].  72 

At present, NIV-CPAP is commonly administered through an open-configuration ventilation circuit, typically 73 

using masks or helmet interfaces, which show better patient tolerance in clinical practice compared to 74 

masks [17]. In these systems, a voluntary leak is generated at the interface, which controls the constant 75 

positive pressure and the washout flow of exhaled gases in two ways: (1) by generating the flow through 76 

the device (e.g., Venturi flowmeter) and regulating pressure via a PEEP valve that adjusts the leak, and (2) 77 

by controlling the pressure generated by the device (typically via a turbine) and managing the flow through 78 

an exit port at the interface. These systems have several disadvantages: high oxygen consumption to 79 

achieve therapeutic concentrations, dependence on the hospital’s high-pressure gas lines, elevated noise 80 

levels, aerosolization of pathogens, as could have happened during COVID-19, and the need for a 81 

humidification system. To minimize these drawbacks, an innovative ventilation system that operates in a 82 



closed-loop circuit, and inspired by anaesthesia systems, was previously proposed and preliminarily tested 83 

on a healthy subject [18,19]. However, conducting experiments on mechanical ventilators is not only 84 

expensive but also could be dangerous for the patients. In this context, multidomain 0D in silico models can 85 

provide significant contribution in evaluating innovative ventilation mode and support the development of 86 

mechanical ventilation devices. These mathematical methods represent different physical domains (such as 87 

mechanics, electricity, fluid dynamics, etc.) in a system, where each part is treated as if it were a point 88 

without dimensions. Each pointwise element of the circuit is therefore described by spatially averaged 89 

values (0D) and physical variables that change only over time. The advantage is thus to simulate the 90 

interaction of the various parts of the system on a global level with very low computational cost. 91 

This approach has been employed in several studies, in order to understand the interaction between 92 

mechanical ventilators and human lungs [20–26]. Previous studies focused on IMV, while scant attention 93 

was dedicated to NIV-CPAP mode. Since pathological patients undergoing CPAP therapy can manifest 94 

varying deformations across different regions of the pressure-volume curve, showing a non-linear sigmoidal 95 

behaviour, the present study introduces a novel non-linear patient model based on the extended linear 96 

resistance-inductance-capacitance (RIC) model present in literature [27–30]. Additionally, this work 97 

introduces, for the first time, an in silico investigation of spontaneous breathing in ventilation circuits using 98 

a 0D modelling approach.  99 

The goal is to develop a validated multidomain 0D in silico approach to optimize the non-invasive closed-100 

loop ventilation circuit proposed by Cavaglià et al. [18], by investigating the potential effects of the design 101 

choices of the circuit on the administered treatment across a variety of patients. 102 

2 Materials and Methods 103 

The novel NIV-CPAP closed circuit proposed in [18] can be implemented using existing components from 104 

the traditional NIV-CPAP open-loop configuration. Figure 1 illustrates the pneumatic scheme of the system. 105 

Once the air passes through a filter (1) to eliminate impurities, it is pressurized by a blower (2). A second 106 

inlet is designated for the oxygen supply, allowing for potential enrichment of the breathing air using an O2 107 

source (3), like a tank or an oxygen concentrator. The oxygen enters the circuit via the O2 directional 108 

proportional valve (4), which works as a metering valve by regulating the degree of its opening. The mixture 109 

of air and oxygen is delivered to the patient through the inspiratory limb, which includes an antiviral filter 110 

(5), a balloon as a reservoir (6) and a check valve (7) to ensure unidirectional flow. The gas is directed into 111 

the interface (8), which administers CPAP therapy to the patient. The interface (8) inevitably introduces an 112 

air leakage into the surrounding environment (9). Symmetrically, a check valve (10), a reservoir (12) and an 113 

antiviral filter (13) are placed in the expiratory limb. In addition, the soda lime (11) is used as a CO2 114 

absorber to purify the exhalation avoiding CO2-rebreathing. The gas analysis unit includes a set of sensors 115 

that monitor various ventilation-related parameters. The rotational speed of the blower is regulated to 116 

maintain the pressure at the desired therapeutic level, as measured by the pressure sensor (15). An O2 117 

sensor (16) monitors the oxygen concentration, which is used to control the opening degree of the inlet 118 

metering valve. To ensure patient safety, a CO2 sensor (17) monitors the carbon dioxide concentration. 119 

Finally, a safety three-way valve (14) is actuated to open the circuit when the pressure sensor or the CO2 120 

sensor detects abnormal and potentially harmful levels for the patient. The ventilation system was 121 

designed with disposable components (outside the “device” box) and components housed within the 122 

ventilator casing (inside the “device” box). Specifically, antiviral filters are placed at the connections of the 123 

device limbs to prevent contamination of the device itself. 124 

 125 



 126 

Figure 1. Pneumatic scheme of the ventilation circuit with ISO symbols. 127 

2.1 Equation of motion of the respiratory system 128 

In respiratory mechanics, at any time (t), the airways pressure 𝑃𝑎𝑤 is equal to the sum of three pressures 129 
according to Eq. (1): the alveolar pressure at the beginning of the inspiration (𝑃0) which can be the 130 
atmospheric pressure or a positive end-expiratory pressure (PEEP), the resistive pressure (𝑃𝑟𝑒𝑠 ) and the 131 
elastic pressure (𝑃𝑒𝑙). 132 

𝑃𝑎𝑤(𝑡) =  𝑃0 +  𝑃𝑟𝑒𝑠(𝑡) +  𝑃𝑒𝑙(𝑡)    (1) 133 

In particular, the resistive pressure represents the pressure difference required to generate a given gas flow 134 

rate within the airways, whereas the elastic pressure is the pressure needed to expand the lungs and chest 135 

wall. Indeed, we can describe the forces acting during ventilation by the simplified equation of motion of 136 

the respiratory system (Eq. 2): 137 

𝑃𝑎𝑤(𝑡) =  𝑃0 +  𝑅 ∙ 𝑉̇(𝑡) +  
𝑉(𝑡)

𝐶𝑅𝑆
     (2) 138 

Where 𝑅 is the resistance of the airways (and the endotracheal tube in case of invasive ventilation), 𝑉 is the 139 

lungs volume, 𝑉̇ is the airflow, 𝐶𝑅𝑆 is the compliance of the respiratory system.  140 

During MV the airways pressure 𝑃𝑎𝑤(𝑡), needed to provide a respiratory act, is given by the sum of the 141 

pressure developed by the respiratory muscles and the pressure developed by the ventilator: 142 

𝑃𝑎𝑤(𝑡) =  𝑃𝑣𝑒𝑛𝑡(𝑡) + 𝑃𝑚𝑢𝑠𝑐(𝑡) = 𝑃0 +  𝑅 ∙ 𝑉̇(𝑡) +  
𝑉(𝑡)

𝐶𝑅𝑆
   (3) 143 

Eq. (3) describes the synergistic impact of both the patient's muscular effort and the pressure delivered by 144 

the ventilator on the respiratory system. The type of MV is defined by the balance between these two 145 

pressures: controlled ventilation, assisted ventilation or non-assisted ventilation.  146 

This study concentrated on non-assisted ventilation, specifically CPAP therapy, and involved solving the 147 

equation of motion for the respiratory system using a multidomain 0D model. The time-varying curve of 148 

respiratory muscle activity (𝑃𝑚𝑢𝑠𝑐(𝑡)) was incorporated as an input in the model to simulate the patient’s 149 

spontaneous breathing. Meanwhile, the ventilator pressure (𝑃𝑣𝑒𝑛𝑡(𝑡)) functioned to sustain a constant and 150 

positive airway pressure, compensating for the pressure fluctuations generated by the patient’s breathing. 151 



2.2 Multidomain 0D model  152 

A lumped circuit model of the ventilation circuit (Figure 2) was developed in Mathworks® Simulink using 153 

the SimScape library to replicate the pneumatic scheme shown in Figure 1. For the purposes of this study, 154 

only the air properties (e.g., specific gas constant, dynamic viscosity, specific enthalpy) were considered 155 

and defined in the model, as the discussion regarding oxygen supply falls outside the scope of this research. 156 

The blower was simulated by inputting the performance curves provided in the datasheet of a selected 157 

commercial blower. A pressure sensor was employed to monitor the pressure at point A (Figure 2) and to 158 

adjust the blower rotational speed to maintain the pressure around the therapeutic value. This control was 159 

obtained by implementing a proportional-integral-derivative controller (P = 1.8, I = 0.7, D = 0). Circuit 160 

passive elements (i.e., filters, check valves, soda lime, safety valve, air leakage) were simulated using 161 

localized load losses and their pneumatic resistive behavior was characterized through in vitro tests 162 

performed on the corresponding commercial components. In detail, the pressure drop (measured with 163 

AMS 6915, OEM) at the ends of each component was recorded for different imposed flows (measured with 164 

FM3200, Sensirion); the resulting pressure-flow curves were interpolated using the descriptive curve of the 165 

"Flow Resistance” block: 166 

Δ𝑝 =
𝜉𝑚̇2

2𝜌𝑆
 167 

where Δp is the pressure drop from port A to port B, ξ is the loss factor, 𝑚̇ is the imposed flow, ρ is the fluid 168 
density, and S is the flow area. The pressure drops obtained for each component are reported in Table 1. 169 

Table 1. Pressure drops for a nominal flow rate of 20 L/min 170 

 171 

 172 

 173 

 174 

In order to replicate the inspiratory and expiratory pipes, a length of 2 meters, an internal diameter of 175 
15mm, and a roughness of 0.01mm were considered, with consistency with commercially available 176 
ventilation pipes. An aggregate equivalent length of 1 m was introduced to consider the pipe bending, in 177 
accordance with the in vitro tests. The low deformability of the interface, typically associated with helmet 178 
interfaces, was disregarded. In fact, once the helmet is fully expanded by positive pressure, any volume 179 
changes are negligible, as air compressibility dominates over helmet deformability. The same reasoning 180 
applies to balloons used as reservoirs. The check valves and the safety valve were represented as ideal in 181 
the model, since their pneumatic resistance behavior was considered through the inclusion of a "Flow 182 
Resistance" block for each valve.  183 

 𝚫𝒑 (cmH2O) 

Antiviral filter 0.27 

Check valve 0.39 

Soda lime 0.30 

Safety valve 0.09 

Interface leakage 150 



 184 

Figure 2. Graphics of the ventilation circuit model (SimScape): 1) Solver configuration, 2) gas property, 3) blower, 4) 185 
pressure and temperature sensor, 5) antiviral filter (insp.), 6) reservoir (insp.), 7) inspiratory pipe, 8) check valve 186 
resistance (insp.), 9) check valve (insp.), 10) patient interface, 11) leakage resistance, 12) check valve (exp.), 13) check 187 
valve resistance (exp.), 14) expiratory pipe, 15) reservoir (exp.), 16) soda lime, 17) antiviral filter (exp.), 18) safety valve, 188 
19) safety valve resistance. 189 

The model of the patient is reported in Figure 3. The extended RIC model was selected among the electric 190 

circuit-based linear 0D models of the respiratory system [27–30]. The airways were modelled as a localized 191 

load loss, and two sensors enabled the measurement of two key parameters: the pressure at the airway 192 

entrance (Paw) and the alveolar pressure (Palv), recorded at points A and B, respectively (Figure 3). The 193 

lungs were simulated as a plunger moving inside a cylinder. In parallel to this block, the model incorporates 194 

a spring, a damper and an actuator, to simulate the compliance of the lung-chest wall system, the damping 195 

of the lung tissue, and the effort exerted by the respiratory muscles, respectively. Whether in physiological 196 

resting conditions lung compliance can be adequately represented by a total respiratory compliance (Crs) 197 

exhibiting a linear behavior, in pathological conditions where CPAP therapy is administered a more complex 198 

non-linear description is required. Therefore, in this study the spring (block 23, Figure 3) has a non-linear 199 

mechanical behavior to replicate the characteristic sigmoid pressure-volume curve of the lung-chest wall 200 

system [31] (Figure 4). The curve was divided into three distinct segments, each approximated using a 201 

piecewise linear behavior. Three different compliances were assigned to these segments: a first compliance 202 

below the pressure at the lower inflection point (LIP) (Cl), a compliance between LIP and upper inflection 203 

points (UIP) (Cb), and a final compliance above UIP (Cu) [32]. This approach allowed for an accurate 204 

representation of the lung-chest wall system's behavior throughout the pressure-volume curve.  205 



 206 

Figure 3. Graphics of the patient model (SimScape): 20) airways, 21) pressure and temperature sensor, 22) lungs, 23) 207 
lung compliance, 24) tissues damping, 25) respiratory muscles, 26) volume control insufflator. 208 

 209 

Figure 4. Pressure-Volume curves of the respiratory system. Sigmoidal curves in black [31], model approximation curves 210 
in blue. The subscript 'H' indicates a parameter related to the healthy subject, while the subscript 'A' indicates a 211 
parameter related to the ARDS subject. Negative pressures are never reached during spontaneous breathing at rest but 212 
only during a forced expiration. 213 

The developed patient model permits to simulate not only a healthy condition but also pathological ones; 214 

in particular, the ARDS is characterized by a decrease of lung compliance and of the FRC and an increase of 215 

breath frequency. In addition, to test the reliability of the model in reproducing subjects with altered 216 

airway resistance, Chronic Obstructive Pulmonary Disease (COPD) was also considered in this work, 217 

although this condition is typically treated with NIV-CPAP only in cases of acute exacerbation. COPD is 218 

characterized by an increased flow resistance within the airways, that hinders complete expiration before 219 

the subsequent inhalation, resulting in hyperinflation and increased work of breathing due to an intrinsic 220 

PEEP (PEEPi). NIV can provide external PEEP to counterbalance PEEPi in patients with COPD and to offset 221 

the effects of an acute exacerbation in acidotic patients [12,33].  222 

To populate patient specific lung parameters within the patient model, relations summarized in Table 2 223 

were used, considering a predicted body weight (PBW) estimated according to the following simplified 224 

equations [34], where height is expressed in centimeters: 225 

𝑃𝐵𝑊 𝑖𝑛 𝑓𝑒𝑚𝑎𝑙𝑒 (𝑘𝑔) = (ℎ𝑒𝑖𝑔ℎ𝑡 −  100) ∙ 0.9 −  5    (4) 226 

            

       
    

    

  

    

  

  

  



𝑃𝐵𝑊 𝑖𝑛 𝑚𝑎𝑙𝑒 (𝑘𝑔) = (ℎ𝑒𝑖𝑔ℎ𝑡 −  100) ∙ 0.9     (5) 227 

Specifically, the parameters refer to mild-to-moderate ARDS condition, which can be effectively treated 228 

with NIV-CPAP therapy in clinical practice [14–16]. Table 2 shows a 25% reduction in lung compliance in the 229 

ARDS patient compared to a healthy subject (Cl ARDS vs. Cb healthy) within the segment of the Pressure-230 

Volume curves corresponding to positive pressures up to the patient's LIP (Figure 4), which includes the 231 

resting breathing condition. Beyond the LIP, the ARDS patient exhibits an approximately 35% increase in 232 

compliance relative to the healthy subject (Cb ARDS vs. Cb healthy), attributed to the progressive 233 

reopening of collapsed lung regions at positive pressures, primary goal of CPAP therapy. 234 

Table 2. Lung parameters. 235 

2.3 3-stages validation of the multidomain 0D model  236 

After designing the multidomain 0D model, four distinct subjects were simulated: females with heights of 237 

160cm and 170cm, males with heights of 175cm and 185cm. Each of these subjects, with their unique Crs 238 

and FRC values attributed in line with their specific heights, were modelled in the healthy and pathological 239 

conditions (Table 3). The respiratory rate was set to 12 breath per minute for healthy and COPD patients 240 

and 28 breath per minute for ARDS patients. The twelve cases constituted a dataset covering a wide range 241 

of lung parameters to test the model performance. In particular, the subjects present an increasing 242 

challenge (referring to Table 3) from left to right (increasing lung compliance and tidal volume) and from 243 

top to bottom (increasing complexity of lung mechanical behavior and respiratory frequency) regarding the 244 

control of CPAP therapy delivery by the device. 245 

Table 3. Healthy and pathological subjects implemented. The table is organized based on the four subjects 246 

and the three conditions that were considered during the study. 247 

 Female 160cm Female 170cm Male 175cm Male 185cm 

Healthy C.1a C.2a C.3a C.4a 

COPD C.1b C.2b C.3b C.4b 

ARDS C.1c C.2c C.3c C.4c 

 248 

 Healthy COPD ARDS 

Compliance between the LIP and the 
UIP, Cb (ml/mbar) 

0.8∙PBW [35,36] 0.9∙PBW [36] 1.1∙PBW [32] 

Compliance below the LIP, Cl (ml/mbar) * * 0.6∙PBW [36] 

Compliance above the UIP, Cu (ml/mbar) 8 [37] 8 [37] 8 [37] 

Lower Inflection Point, LIP (mbar) * * 8 [38] 

Upper Inflection Point, UIP (mbar) 35 [37] 35 [37] 24 [37,38] 

Tissues damping (mbar*s/L) 2 [24] 2 [24] 2 [24] 

Airways resistance (mbar*s/L) 12 [35,36] 20 [36] 13 [36] 

Functional Residual Capacity, FRC (ml) 27∙PBW [35,39,40] 27∙PBW [35,39,40] 17∙PBW [39,41] 

*The healthy and COPD subjects exhibit a LIP at negative pressures, so the parameters related to the LIP for these subjects 
was not considered in the model during spontaneous breathing at rest. 



The closed-loop ventilation circuit [18] was then assembled in vitro using commercially available 249 

components and connected to a lung simulator able to replicate the twelve healthy and pathologic subjects 250 

(TestChest® V3, Organis Gmbh, CH). To ensure consistency and comparability, the same setup was 251 

employed for both in vitro tests and in silico simulations. This approach guarantees a reliable comparison 252 

between in vitro and in silico results across the twelve cases, enabling a 3-stages validation of the 253 

multidomain 0D.  254 

The first stage focused on validating only the numerical passive behavior of the patient as if in a state of 255 

apnea. Experimentally, the lung insufflation was obtained with a 500 ml syringe moved at a constant speed. 256 

The measured inflow was given as input in the "Controlled Volumetric Flow Rate Source" block (block 26, 257 

Figure 3) as an external lung ventilation in the patient subroutine whose respiratory muscles were properly 258 

deactivated (block 25, Figure 3). Numerical and experimental data of both alveolar pressure and air volume 259 

inside the lung were compared generating a chart with the experimental results serving as the independent 260 

variable and the numerical results as the dependent variable; their similarity was assessed through a linear 261 

regression, comparing the data to the 45-degree line, which represents a perfect overlap (R2 = 1).  262 

The second stage was dedicated to the validation of the active patient during spontaneous breathing, 263 

which was generated by the activation of the respiratory muscles block. The effort of respiratory muscle 264 

was defined by an activation curve (Figure 5) [29], inserted in both the actuator block and in the lung 265 

simulator. The respiratory muscle pressure curve defines the phases of inspiration, expiration, and the 266 

pause in the respiratory cycle based on the patient's breathing rate, generating a flow through the airways 267 

with a more realistic non-sinusoidal profile. The flow passing through the patient's airway and the alveolar 268 

pressure were recorded and compared.  269 

 270 

Figure 5. Muscles activation curve. 271 

The third stage addressed the validation of the ensembled model with the patients spontaneously 272 

breathing in the ventilation circuit. Here, both the pressure sources were simultaneously activated (i.e., the 273 

patient's respiratory muscles and the external blower). The CPAP therapy level was set to 6 cmH2O. The 274 

accuracy of the model in predicting the impact of ventilation on lungs was evaluated by comparing the 275 

alveolar pressure and the flow through the patients' airway.  276 

2.4 NIV-CPAP ventilation circuit design 277 

The validated multidomain 0D model was employed to guide the design of the ventilation circuit for the 278 

correct delivery of CPAP therapy to the patient, which was evaluated according to three key requirements. 279 

Specifically, the device: (1) must deliver the correct average positive pressure at the patient interface, (2) 280 

must maintain constant positive pressure throughout the respiratory cycle, and (3) must not restrict the 281 

patient’s breathing. These three design requirements were investigated by exploring the impact of three 282 



correlated features, respectively: (1) the leakage amount at the patient interface, (2) the air volume within 283 

the circuit allowed by the interface dead volume and the presence of reservoirs, and (3) the amount of 284 

resistance induced by the circuit components. 285 

2.4.1 Interface leakage  286 

Leaks refer to the unintended escape of air from the interface, causing airflow through the inspiratory limb. 287 

This airflow leads to a pressure drop from the ventilator to the interface, which can reduce the static 288 

pressure within the interface and consequently impact the delivery of the therapy to the patient. Interface 289 

leakage was modelled by varying the patient interface resistance (block 11, Figure 2). The resulting 290 

decrease of static pressures was quantified at three different therapeutic CPAP levels (5, 10 and 15 cmH2O) 291 

under three different interface leakage conditions: low leak (150 cmH2O, as detailed in Table 1 for the 292 

patient interface resistance, resulting to 5, 8 and 9 L/min of leak for 5, 10 and 15 cmH2O of CPAP, 293 

respectively), moderate leak (30 cmH2O, resulting to 12, 17 and 21 L/min of leak), marked leak (15 cmH2O, 294 

resulting to 17, 23 and 29 L/min of leak). In this section, the respiratory muscles were deactivated (block 295 

25, Figure 3) because assessing static pressure does not involve the patient's breathing. 296 

2.4.2 Interface dead volume and reservoirs  297 

Patient interfaces with a larger volume, such as the helmet interface, enable the attenuation of pressure 298 

fluctuations caused by the patient's breathing. This, in turn, helps maintain a more constant positive 299 

pressure in the airways throughout the entire breathing cycle. In this analysis, pressure oscillations were 300 

investigated at 5, 10 and 15 cmH2O of CPAP level, using a total face mask and a helmet interface. The 301 

interface was modelled by varying the volume in the patient interface (block 10, Figure 2). Additionally, we 302 

evaluated the effect of including a 6 L volume reservoir in both limbs of the ventilation circuit (blocks 6 and 303 

15, Figure 2). The most critical patient (C.4c characterized by the highest respiratory rate and tidal volume) 304 

was selected to conduct the analysis. Taking into account the patient’s gradual adaptation to CPAP therapy 305 

and the subsequent improvement of his pathological condition, the patient was also evaluated at a reduced 306 

respiratory rate (20 breaths/min) (defined as C.4d). This case permitted to assess the effect of different 307 

respiratory rates on oscillation attenuation. 308 

2.4.3 Ventilation circuit resistance 309 

During ventilation, the patient needs to overcome the additional resistances introduced by the ventilation 310 

circuit to breathe effectively. When this doesn’t occur, patients may be unable to complete the breathing 311 

cycle, resulting in air retention in the lungs. This condition causes a reduction in tidal volume and the 312 

generation of PEEPi and is more common in patients with a high respiratory rate [42]. These two 313 

parameters were used to quantify the negative impact of the ventilation circuit on the patient’s breathing. 314 

Specifically, to explore tidal volume reduction, the turbine (block 3, Figure 2) was deactivated. This allowed 315 

the evaluation of patient's lung volume without the beneficial effect of CPAP therapy, which helps 316 

recruiting collapsed alveoli. Hence, different ventilation circuits were created to quantify the impact of their 317 

configuration (in terms of number of components and their arrangements) on patients’ tidal volume and 318 

end-expiratory alveolar pressure during NIV-CPAP treatment. Table 4 summarizes the studied circuit 319 

configurations.  320 

Table 4: Ventilation circuit configurations analyzed within the multidomain 0D model. 321 

ID* Description 

CC Patient spontaneously breathing without the ventilation circuit (Control Case) 

VC The starting ventilation circuit, as described in section 2.2 

VCti The length of the pipe in the inspiratory limb has been doubled to allow for device placement on 
one side of the patient. 



VCte The length of the pipe in the expiratory limb has been doubled to allow for device placement on 
one side of the patient. 

VCtei The length of the pipe in both limbs has been doubled to allow for device placement on both 
sides of the patient. 

VCfi An additional antiviral filter has been inserted into the inspiratory limb to enhance viral isolation 
of the device. 

VCfe An additional antiviral filter has been inserted into the expiratory limb to enhance viral isolation 
of the device. 

VCfei Additional antiviral filters have been inserted in both limbs to enhance viral isolation of the 
device. 

VCteifei The length of the pipe in both limbs has been doubled to allow for device placement on both 
sides of the patient, and additional antiviral filters have been inserted in both limbs to enhance 
viral isolation of the device. 

VCtife The balanced ventilation circuit, characterized by a doubled length of the pipe in the inspiratory 
limb and an additional antiviral filter in the expiratory limb. 

* CC: Control Case; VC: Ventilation Circuit; t: doubled tubing length; f: doubled filters; i: inspiratory limb; e: expiratory limb 322 

3 Results 323 

The 3-stages validation of the multidomain 0D model resulted in optimal consistency with in vitro tests. 324 

Regarding the validation of the passive behavior of the patient (Figure 6a), the correlation coefficient R2 325 

values are nearly 1 for all the twelve cases, indicating a high degree of overlap between in silico and in vitro 326 

results. The second stage addressed the model validation in spontaneous breathing, which suggests strong 327 

reliability with R2 coefficient values exceeding 0.93 for the alveolar pressures and 0.94 for the flows passing 328 

through the patient's airway (Figure 6b). Connecting the spontaneously breathing patient to the ventilation 329 

circuit (Figure 6c) remarkable good performances in computing flows (R2 = 0.90), and pressure (R2 = 0.97) 330 

were obtained.  331 



 332 

Figure 6. R2 results for the 3-stages validation of the multidomain 0D model. (I) stage: Validation of the patients’ 333 
passive behavior; (II) stage: Validation of the active patient during spontaneous breathing; (III) stage: Validation of 334 
the active patient breathing in the ventilation circuit. Detailed results are described in the Supplementary Materials. 335 

Table 5 lists the static pressures calculated at the interface varying the extent of leakage at the patient 336 

interface. It can be observed that a greater degree of leakage results in a more substantial reduction of the 337 

positive pressure at the interface: approximately 1%, 3%, and 6%, for low, moderate, and marked leak 338 

respectively. In terms of percentages, there is no apparent correlation between the pressure decrease and 339 

the set pressure value. However, in absolute terms, the most significant reduction, approximately 1 cmH2O, 340 

occurs when the CPAP level is set at 15 cmH2O and there is marked leak at the interface. 341 

  342 



Table 5. Static pressures calculated at the interface (cmH2O) under varying interface leakage conditions. 343 

 344 

 345 

 346 

Concerning the effect of the air volume accommodated within the circuit, Figure 7 shows that the use of 347 

the helmet interface reduces pressure oscillations by approximately 8% with respect to the total-face mask 348 

in both cases C.4c and C.4d. Furthermore, the addition of reservoirs to the limbs of the ventilation circuit 349 

allows a reduction of the oscillations by about 3% with the mask and approximately 6% with the helmet for 350 

C.4c, and about 1% with both interfaces for C.4d. Also, these outcomes don’t exhibit a dependency on the 351 

set CPAP level. Moreover, Figure 7 confirms the influence of the breathing rate on pressure oscillations: the 352 

higher the patient’s breathing rate, the more the oscillations are attenuated.  353 

 354 

Figure 7. Pressure fluctuations in the presence of different interface volumes (i.e., mask or helmet) and with or without 355 
the addition of reservoirs. The results represent the range between the minimum and maximum pressures reached 356 
during patient breathing at both 28 breaths/min (C.4c, patterned filled bars) and at 20 breaths/min (C.4d, uniform 357 
filled bars). 358 

 359 

 Low leak Moderate leak Marked leak 
5 cmH2O 4.96  4.83  4.68  

10 cmH2O 9.92  9.67  9.38  
15 cmH2O 14.89  14.52  14.07  



 360 

Figure 8. Range between the minimum and maximum volume reached during patient breathing at both 28 361 
breaths/min (C.4c, top bar plot) and at 20 breaths/min (C.4d, bottom bar plot) and PEEPi (numeric values above bars, 362 
cmH2O) for the nine ventilation circuit configurations analyzed within the multidomain 0D model. 363 

Finally, Figure 8 illustrates the resistive effect of the circuit configurations on the patient’s breathing. When 364 

connected to the therapy device, indeed, the respiratory muscles must overcome both airway and 365 

ventilation circuit resistances. In all the configurations proposed, a significant reduction in tidal volume (bar 366 

length) can be observed, averaging around 15% for case C.4c and around 28% for case C.4d. The decrease 367 

in tidal volume can be attributed to two aspects: the reduction of the lung volume at the end of the 368 

inspiratory phase (maximum bars value in figure) and the increase of the lung volume at the end of the 369 

expiratory phase (minimum bars value in figure). The first one can be primarily attributed to the delayed 370 

entry of air into the alveoli due to increased resistances met by the patient’s inspiration. Consequently, the 371 

expiratory phase begins before the inspiratory phase has completed alveolar filling. The second one is 372 

related to a certain amount of air being trapped inside the lung at the end of the expiratory phase, 373 

maintaining positive alveolar pressure (PEEPi). In case C.4d, this second aspect is negligible, with associated 374 

PEEPi values ranging from 0.01 to 0.02 cmH2O. Conversely, in case C.4c, the patient already exhibited a 375 

minimal PEEPi of 0.02 cmH2O during spontaneous breathing, and the connection to the ventilation circuit 376 

produces a substantial PEEPi of approximately 2 cmH2O, which varies based on the specific configuration 377 

under consideration. As a result of heightened resistance encountered during the patient's exhalation, the 378 

high respiratory rate of this patient triggers the initiation of the inspiratory phase before the expiratory 379 

phase is fully completed.  380 

Additionally, comparing the circuit configurations, an increase in PEEPi can be observed in configurations 381 

with greater resistance in the expiratory limb (VCte, VCtei, VCfe, VCfei), while the circuit configuration has a 382 

minimal influence on the reduction of tidal volume, with a maximum variation of 23 ml. In particular, a 383 

lower PEEPi value is observed in configurations with higher resistance in both limbs (VCtei, VCfei) compared 384 

to configurations with higher resistance only in the expiratory limb (VCte, VCfe), despite having more 385 

overall resistances in the circuit. On the other hand, the VCtetfei configuration stands out as an exception, 386 

showing a more significant reduction in tidal volume, approximately 40 ml for both patients, and a PEEPi of 387 

2.31 cmH2O for case C.4c, due to a more pronounced increase in resistances within the circuit. These 388 



findings highlight the advantage of balancing the resistances between the limbs but increasing the 389 

resistances in the circuit only where necessary. 390 

4. Discussion 391 

In the present study, a multidomain 0D model capable of predicting the pneumatic behavior of a closed-392 

loop NIV-CPAP ventilation device was developed and validated through experimentally obtained data. In 393 

order to validate the model, the simulation results, in terms of pressures, volumes, and flows, were 394 

compared with in vitro tests conducted using a lung simulator, and optimal agreement was achieved 395 

between the in silico prediction and simulator outputs, quantified through curve similarity (R2). 396 

A 0D in silico model has been employed in numerous studies to investigate the impact of MV on simulated 397 

patients [20–26]. In four publications [20–23] various ventilation modes were simulated and their control 398 

algorithms were investigated; however, only the pressure exerted by the ventilator on the patient was 399 

replicated. In other three publications [24–26], instead, the pneumatic circuit of the ventilator was also 400 

considered, focusing on IMV provided in pressure-controlled continuous mandatory ventilation or volume-401 

controlled continuous mandatory ventilation modes. In this work, a ventilation system for NIV-CPAP 402 

applied to spontaneously breathing patients was considered. In order to accurately simulate patients 403 

treated in NIV-CPAP mode, a novel sigmoidal model of lung compliance and a non-sinusoidal respiratory 404 

muscle pressure curve were employed. Results showed that this strategy permitted the successful 405 

description of patients with different lung compliances and airway resistances spanning various respiratory 406 

conditions that can be treated with CPAP therapy. To the best of the authors' knowledge, there are 407 

currently no tools available in literature that facilitate the investigation and optimization of non-invasive 408 

ventilation systems. Indeed, this study introduces the first mathematical model designed to simulate the 409 

performance of a ventilation system with a spontaneously breathing patient. 410 

Regarding the study of the identified design requirements of the device, the impact of interface leakage on 411 

the delivered therapeutic static pressure resulted in acceptable reductions, even under conditions of 412 

marked leak (approximately 6% reduction), with air leaks of almost 30 L/min [43]. Therefore, this result 413 

supports the possibility of adopting interfaces that typically show significant leaks (e.g., oro-nasal or full-414 

face masks) with the device. Any potential increase in leakage effects observed in future clinical 415 

experiments could possibly be mitigated by relocating the pressure sensor used in the turbine control 416 

algorithm to the patient interface. This adjustment would allow the turbine to directly regulate the 417 

pressure at the interface, effectively compensating for leakage effects. The increase in air volume within 418 

the circuit, analyzed by changing the interface (replacing the mask with a helmet) and adding reservoirs to 419 

the inspiratory and expiratory limbs, resulted in a higher reduction in pressure oscillations with the increase 420 

of the patient breathing rate. This phenomenon can be explained by the capacitive behavior of the air that 421 

accumulates within the interface and the reservoirs. Indeed, the air compressibility attenuates the pressure 422 

oscillations, acting as a low-pass filter with respect to pressure. However, the reduction was evaluated as 423 

negligible, and therefore it was decided to remove the reservoirs, which had the added benefit of reducing 424 

the size of the ventilation circuit with positive implications for the patient's comfort and usability. 425 

The investigation of the impact of circuit components resistance on the patient's spontaneous breathing 426 

revealed that the mere introduction of a ventilation circuit induced the generation of PEEPi, which 427 

increased with higher respiratory rate. It's crucial to highlight that the results and observations are 428 

intricately tied to the respiratory muscle pressure curve (Figure 5), pointing out the importance of adopting 429 

a more realistic non-sinusoidal profile. During NIV-CPAP therapy, inspiratory effort plays a crucial role in 430 

investigating the risk of self-inflicted lung injury [44,45]. Specifically, in Menga et al. [44], pressure swings 431 

were analyzed in fifteen hypoxemic patients treated with CPAP, yielding an average esophageal pressure 432 

variation of 13 cmH2O and a transpulmonary pressure variation of 12 cmH2O. These results align with the 433 



peak of the muscular effort curve reported in Figure 5 (12 mbar, approximately 12.24 cmH2O). Increasing 434 

resistances in the inspiratory and expiratory limbs resulted in minimal additional impairments in the 435 

simulated patient's lung ventilation. However, the generation of a lower PEEPi was observed when 436 

balancing the resistances between the limbs, leading to the selection of an optimized configuration (VCtife). 437 

This configuration included doubling the length of the tubes in the inspiratory limb to allow for device 438 

placement beside the patient and easy interface connection, as well as adding a second antiviral filter in the 439 

expiratory limb to enhance viral isolation of the device from the patient's expired gases. 440 

The use of a 0D model for the respiratory system, which lacks the description of the bronchial tree's 441 

geometry, does not allow for the investigation of localized effects of ventilation in various lung segments. In 442 

the literature, several 3D models are available that take into account lung geometry obtained from CT-scan 443 

imaging [46–51]. However, the use of lumped elements ensures high computational-cost efficacy, with at 444 

most 2 seconds per simulated second of breathing. As an additional limitation of the model, the 445 

deformability of the reservoir walls was not simulated. Introducing reservoir compliance would complicate 446 

the model and significantly increase computation times, negating the advantages of using the lumped 447 

parameters described above. Furthermore, the model provides an analysis from a pneumatic perspective 448 

and does not simulate metabolism or gas exchange in the alveoli, thus not accounting for the therapeutic 449 

effect of oxygen supply. Future developments will focus on studying oxygen supply and blood oxygenation 450 

through the creation of a cardiopulmonary model of the patient [52–56]. The study conducted in this work 451 

presents some limitations. Firstly, it is confined to a limited number of patients and is restricted to an adult 452 

population. The range of tidal volumes, compliance, inspiratory effort and pressure swings analyzed does 453 

not encompass the full spectrum of clinical conditions typically encountered in intensive care units (e.g., 454 

neonatal application [57–60]). Secondly, the study focuses solely on evaluating the performance of the 455 

ventilation circuit proposed in [18], without comparing it to other devices commonly used in clinical 456 

practice for CPAP therapy delivery [61]. Despite these limitations, the use of lumped elements offers the 457 

flexibility in easily modifying circuit components, making it possible to adapt the model to various non-458 

invasive ventilation systems and patient parameters. This adaptability broadens the model’s applicability to 459 

a wider range of patients. Consequently, the proposed multidomain 0D model demonstrates strong 460 

reliability for future applications, providing valuable insights on the delivery of the ventilation therapy and 461 

the impact of circuit components on device performance. 462 

5. Conclusion 463 

The multidomain 0D model developed in this study demonstrated its capability to accurately replicate 464 

different patients during spontaneous breathing. In addition, this tool solved the equation of motion of the 465 

respiratory system, analyzing the synergistic impact of both the patient's muscular effort and the positive 466 

pressure delivered by a NIV system on the lung. This analysis allowed to investigate the impact of circuit 467 

components arrangements on the efficacy of CPAP administration (i.e., interface leakage, air volume within 468 

the circuit, components resistance) using a novel closed ventilation circuit. Moreover, the strong 469 

agreement between the in silico and in vitro data, indicated the accuracy and reliability of adopting the 470 

multidomain 0D modelling approach. In conclusion, this model demonstrated its effectiveness as a valuable 471 

tool for guiding the design of an innovative device, and the optimization of non-invasive ventilation circuits, 472 

with high computational efficiency, flexibility, and reliability. 473 
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