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Purpose: To evaluate the impact of pediatric endotracheal tube (ETT) size on airflow and tidal volume (VT) waveforms during 
pressure-controlled ventilation (PCV) by developing and validating linear and nonlinear respiratory system models that incorporate 
ETT resistance.
Methods: Five pediatric ETTs (inner diameters: 3.5–5.5 mm) were analyzed using both linear (Poiseuille’s law) and nonlinear 
(Rohrer’s equation) mathematical models implemented in MATLAB Simulink. The models simulated PCV conditions and were 
validated against clinical data collected from nine pediatric ICU patients undergoing mechanical ventilation with ETTs in the same size 
range. Simulated signals for flow and tidal volume were compared with measured data using percentage differences and Student’s 
t-test.
Results: The nonlinear model closely approximated clinical data, with average percentage differences of 9.85% for tidal volume and 
15.68% for peak flow, significantly outperforming the linear model (17.67% and 46.87%, respectively; p < 0.001). Simulation results 
also demonstrated that smaller-diameter ETTs substantially increased airflow resistance, reducing delivered VT and requiring longer 
expiratory times to avoid air trapping.
Conclusion: Incorporating nonlinear ETT resistance into respiratory system models improves prediction accuracy under PCV, 
particularly in pediatric patients with smaller airways. The findings emphasize the importance of ETT size in ventilator parameter 
adjustment to optimize ventilation efficiency and minimize lung injury. The validated model provides a useful clinical tool for 
predicting ETT-related effects and guiding safer ventilation strategies in pediatric intensive care.
Keywords: airway resistance, endotracheal tube, expiratory time, mathematical model, pressure-controlled ventilation

Introduction
Pressure controlled ventilation (PCV) is a mode of mechanical ventilation used to treat patients in a situation of 
respiratory distress.1 However, inappropriate PCV settings, particularly those neglecting the influence of endotracheal 
tube (ETT) size, can result in ventilator-induced lung injury (VILI), including barotrauma and dynamic hyperinflation.2–4 

The resistance of the ETT (RETT) significantly affects airflow, tidal volume and expiratory time, making the choice of 
ETT size a critical factor in optimizing pressure-controlled ventilation (PCV) outcomes. This underscores the importance 
of considering ETT size in studies aimed at improving patient safety and ventilation efficacy. Smaller ETTs, commonly 
used in pediatric patients with high airway resistance, exacerbate resistance effects, increasing the risk of complications 
like hypoventilation and air trapping if not properly considered.

The RETT depends on the flow characteristics through the tube. At lower, laminar flow rates, RETT is described by 
Poiseuille’s law:5
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Where RETT is the resistance to the airflow through a narrow and long tube, L is the length of the tube, r is the radius of 
the tubes and μ is the dynamic air viscosity flowing through the tubes. At high and turbulent flow rates, the RETT becomes 
nonlinear, and it is given by Rohrer’s equation:6

where K1 and K2 are constants related to the geometry of the tubes (K1 is the laminar flow component and K2 to the 
turbulent component) and _V is the airflow rate.

While previous studies have developed models and algorithms to optimize PCV settings,7–10 few have incorporated the 
nonlinear resistance of ETT, which is critical for smaller tubes used in pediatric patients with obstructive airway conditions.

Several ventilatory parameters are essential to properly frame pressure-controlled ventilation (PCV). Inspiratory pressure 
(PIP) determines the peak pressure applied to the airways during inspiration and is directly related to tidal volume delivery. 
Respiratory frequency (FR) defines the number of cycles per minute and strongly influences alveolar ventilation. The inspiratory- 
to-expiratory ratio (Tin/Tex) specifies the relative duration of inspiration versus expiration and plays a critical role in preventing air 
trapping. Positive end-expiratory pressure (PEEP) maintains alveolar recruitment at the end of expiration, improving oxygena
tion and reducing atelectasis. Finally, the fraction of inspired oxygen (FiO2) reflects the oxygen concentration delivered to the 
patient and is adjusted to ensure adequate arterial oxygenation. These concepts are fundamental for understanding the equations 
and simulations presented in this study, as they directly link the mathematical model to clinical practice.

This study aims to highlight the importance of selecting the appropriate ETT size in PCV by developing 
a mathematical model that integrates both linear (Poiseuille’s law) and nonlinear (Rohrer’s equation) representa
tions of ETT resistance. The model simulates PCV with pediatric ETT sizes (3.5–5.5 mm) to establish the impact 
of ETT size on ventilation parameters, such as tidal volume, peak flow and expiratory time. To validate the model, 
we used real-world data from a pediatric ICU setting with smaller ETTs (3.5–5.5 mm), where higher resistance 
amplifies nonlinear effects. This validation tests the model’s robustness in high-resistance scenarios, which are 
relevant to both pediatric patients requiring smaller ETTs or presenting with elevated airway resistance.

Additionally, during the model validation process, the resistance values taken from the ventilator screen were used as 
total respiratory system resistance. In the model, the ETT resistance was subtracted from this value to isolate the patient- 
specific airway resistance.

By comparing the linear and nonlinear models with practical measurements, this study demonstrates the superiority of 
nonlinear modeling for describing ETT resistance, particularly for smaller tubes. The findings underscore the need for 
informed ETT selection to optimize PCV parameters, such as respiratory frequency and inspiratory/expiratory time ratio, 
to minimize complications and improve outcomes across diverse pediatric populations. The validated nonlinear model 
provides a versatile tool for clinicians to predict the impact of ETT size on ventilation, ensuring safer and more effective 
PCV in pediatric settings.

Materials and Methods
The respiratory system model is formulated using a differential equation derived from the equation of motion that describes 
the respiratory system and the endotracheal tube. This model is coupled with a mathematical representation of the pressure 
waveform to simulate mechanical ventilation under PCV. The overall architecture of the combined models is illustrated in the 
block diagram presented in Figure 1, which includes the pressure waveform signal (Figure 1A), the simulation block solving 
the differential equations (Figure 1B), and the output display showing volume and flow results (Figure 1C).

Modeling PCV Signal
A barometric respirator generates a constant pressure in the inspiratory phase and then drop directly to the PEEP value 
during expiration;11 Therefore, the mathematical model of PCV signals must have the same description and the same 
representation of the behavior of signal generated by the respirator.
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Figure 1A shows a typical waveform of controlled pressure signal generated by a PCV ventilator that should be 
represented by the mathematical model; it also clarifies the PCV cycle parameters such as the rise time τ, the inspiratory 
and expiratory time (Tin and Tex), the respiratory period (Ttot), the positive end expiratory pressure (PEEP) and the 
inspiratory pressure (PIP).

The mathematical model for one cycle of the pressure-controlled ventilation signal was formulated to represent the 
expiration and inspiration activities, and reflect the input parameters during mechanical ventilation in PCV mode. The 
cycle is a continuous function represented by the equations (3), (4) and (5):

Where P is the PCV signal, Pao is the airway pressure. PIP is inspiratory pressure and PEEP is the positive end expiratory 
pressure.

In this study, the τ and PEEP are chosen, respectively, 0.05 s and 0 cmH2O.
The respiratory frequency (Fr) given by Fr ¼

1
Ttot

, with Ttot ¼ τ þ Tin þ Tex.

Endotracheal Tubes
This study investigates five pediatric ETTs with inner diameters (ID) ranging from 3.5 to 5.5 mm. The resistance of each 
ETT is characterized by experimental Rohrer’s constants K1 and K2 for nonlinear resistance12,13 and theoretical linear 
resistance determined by Poiseuille’s law, with the dynamic air viscosity μ ¼ 1:82510� 5Pa:s.14,15 Table 1 illustrates the 
resistance values of the five ETTs.

Model of the Respiratory System with Endotracheal Tube During Pressure-Controlled 
Ventilation
The single compartment resistor–capacitor (RC) model16 is the simplest model describing respiratory mechanics with 
endotracheal tubes and the most appropriate for describing the equation of motion where R describes the resistance of 
respiratory system (Rrs) and endotracheal tubes (RETT), and C describes the elastic properties of the lungs and chest wall 
(Crs). An equivalent electrical circuit of this model is the series connection of a capacitor C and a resistor R (Figure 2).17

The equation of motion of the respiratory system is given by the equation (6):

Figure 1 Schematic of the respiratory system model under pressure-controlled ventilation. (A) Prescribed airway pressure (P) profile. (B) Computational solver for the 
differential equation governing lung mechanics. (C) Resulting simulated flow and volume waveforms.
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This equation represents the fundamental balance between pressure, resistance, and compliance in the respiratory system. 
In practice, it allows clinicians to predict how changes in inspiratory pressure or compliance will affect delivered tidal 
volume.
P0 is the sum of intrinsic and extrinsic pressure and considered equal to zero in our study.

where RETT is given by Rohrer’s equation.

Dividing each side of equation (10) by K2 and rearranging, we find:

Table 1 Values of the Linear Resistance and Rohrer’s Constants K1 and K2 for the Nonlinear 
Resistance of Pediatric Endotracheal Tubes

ETT ID (mm) Nonlinear Resistance Components Linear Resistance (cmH2O/L/s)

K1 (cmH2O/L/s) K2 (cmH2O/L2/s2)

3.5 9.33 96.9 4.29

4 6.79 57 3.28

4.5 5.32 33.8 2.51

5 3.42 21.3 1.8198

5.5 2.9 16.4 1.3258

Figure 2 Electrical equivalent circuit of the respiratory system connected to the ETT.
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We pose:

By introducing Y, the equation becomes easier to solve mathematically. The equation can have two solutions that depend 
on the Y sign:
If Y � 0

If Y � 0

The two possible solutions reflect whether the flow is in the inspiratory or expiratory phase.

Simulator Design
The mathematical model of PCV signal created was combined with a function based on the differential equations (14) 
and (15) of the respiratory system with endotracheal tube to construct a simulator of the mechanical ventilation system 
(presented in Figure 3). This combination was constructed and simulated using Simulink tools in MATLAB platform.

Validation with Pediatric ICU Data and Statistical Analysis
For model validation, resistance values were obtained directly from the ventilator during pressure-controlled ventilation 
(PCV) in a pediatric ICU. These values represent the total respiratory system resistance, including the contribution of the 
ETT. To isolate the patient’s intrinsic airway resistance for comparison with the model—which independently accounts 
for the ETT—the estimated upper airway resistance was subtracted from the ventilator-reported values.

Figure 3 Block diagram of the created PCV simulator.
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To evaluate the model’s ability to represent the respiratory system under pressure-controlled ventilation (PCV), 
simulated outputs—specifically flow rate and tidal volume—were compared with clinical measurements collected from 
nine pediatric patients admitted to the intensive care unit (ICU). These nine patients were included over three months, 
corresponding to all cases meeting the predefined inclusion criteria during this timeframe. All were ventilated exclusively 
in PCV mode with completely controlled settings, without any investigator intervention, adjustment of ventilator 
parameters, or modification of clinical management. The study was strictly observational: only output data displayed 
on the ventilator monitor (airway pressure, tidal volume, and flow) were recorded, without any direct interaction with the 
patients. This explains the limited sample size, which reflects the number of eligible cases available within the collection 
window.

The clinical conditions and ventilator settings used for these patients are summarized in Table 2. All patients were 
intubated with endotracheal tubes ranging from 4.0 to 5.5 mm in inner diameter, representing the range of airway sizes 
commonly encountered in pediatric critical care. Mechanical ventilation was administered in PCV mode, with inspiratory 
pressures set between 15 and 17 cmH2O and positive end-expiratory pressure (PEEP) level of 5 cmH2O. Respiratory 
rates varied from 17 to 32 cycles per minute, reflecting patient-specific clinical needs and age-related differences.

Physiological parameters, including respiratory system compliance and total respiratory system resistance, were also 
documented for each patient. Compliance values ranged from 0.0052 to 0.05 L/cmH2O, while total resistance values 
spanned from 20 to 56 cmH2O/L/s. This variability in patient profiles and ventilatory conditions provided a robust dataset 
for evaluating the model’s ability to replicate clinically observed flow and volume responses across a realistic spectrum 
of pediatric ICU scenarios.

Model validation was performed by comparing simulated and measured values using percentage differences 
( real � estimatedj j=real � 100) and Student’ t-test in MATLAB, with statistical significance set at p < 0.05. This 
validation confirms the model’s reliability for assessing the impact of ETT on pressure-controlled ventilation outcomes 
across pediatric and adult populations.

Results
This section presents the simulation and validation results of the linear and nonlinear respiratory models under PCV 
conditions. The models were evaluated based on their ability to reproduce physiologically accurate flow and volume 
waveforms, predict tidal volume and peak flow in comparison to clinical data, and capture the effects of endotracheal 
tube size on ventilatory mechanics. The outcomes are organized into four subsections addressing waveform patterns, 
clinical validation, ETT size influence, and time required to evacuate 95% of VT.

Table 2 Baseline Respiratory Parameters and PCV Settings for Pediatric Patients

Patient Compliance 
(L/cmH2O)

Resistance  
(cmH2O/L/s)

ETT ID  
(mm)

Fr  

(cycle/min)
Tin/Tex Inspiratory  

Pressure (cmH2O)
PEEP 

(cmH2O)

1 0.0485 20 5.5 17 1/3.5 15 5

2 0.014525 31.75 5.5 24 1/3.5 15 5

3 0.017 37.8 5.5 24 1/3.5 15 5

4 0.015575 55.25 5.5 24 1/3.5 17 5

5 0.016 53 5.5 26 1/3.5 15 5

6 0.0154 54.75 5.5 26 1/3.5 17 5

7 0.0108125 31.5 4.5 25 1/2 15 5

8 0.00536 44 4 28 1/2.6 15 5

9 0.00695 48 4 32 1/3.2 15 5
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Model Validation Based on Flow and Volume Signal Patterns
Figure 4 presents the simulated flow (A) and volume (B) signals generated by the linear (dashed line) and nonlinear 
(solid line) respiratory models under identical simulation conditions. Both models produce physiologically realistic 
waveform patterns consistent with those observed in mechanically ventilated pediatric ICU patients. The nonlinear model 
displays sharper transitions and a more gradual return to baseline, particularly during expiration. Notably, the nonlinear 
expiratory flow curve shows a concavity change—initially accelerating due to high flow-dependent resistance, then 
transitioning to a slower decay as resistance decreases—an effect not present in the linear model.

Measurements were conducted using the followings:

● An inspiratory pressure (PIP) of 15 cmH2O, representing the average of 30 individual measurements ranging from 
14 to 16 cmH2O.

● A respiratory rate (Fr) of 25 cycle/minute.
● An inspiratory to expiratory time ratio of 1/2.
● Respiratory system resistance (Rrs) set based on the age of the simulated subject. For pediatric cases, Rrs = 40 

cmH2O/L/s was used.
● A normal respiratory system compliance (Crs) of 1 mL/cmH2O was considered.

Validating Model Predictions of Inspiratory Flow and Tidal Volume with Pediatric ICU 
Data
Table 3 compares the predicted peak flow and tidal volume values of both models with clinical data from nine pediatric 
ICU patients intubated with ETTs of varying diameters (4.0–5.5 mm). The nonlinear model consistently yields lower 
mean percentage differences from clinical measurements than the linear model:

● Tidal Volume: Mean difference of 9.85% (nonlinear) vs 17.67% (linear)
● Peak Flow: Mean difference of 15.68% (nonlinear) vs 46.87% (linear)

These results indicate improved predictive accuracy for the nonlinear model. Student’s t-tests confirmed that both models 
show statistically significant deviations from actual values (p < 0.001), though the nonlinear model is notably closer to 
clinical observations.

Figure 4 Simulated flow (A) and volume (B) signals generated by the linear (dashed line) and nonlinear (solid line) respiratory models.
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Effects of the Endotracheal Tube ID on Nonlinear Peak Flow and Tidal Volume
Table 4 summarizes the peak tidal volume and peak expiratory flow values produced by the nonlinear model for five 
different pediatric ETT sizes (ID 3.5 to 5.5 mm). The results show that as inner diameter of ETT increases, tidal volume 
and peak flow increase.

Figure 5 further illustrates these effects through simulated waveforms of tidal volume (A) and respiratory airflow (B) 
for each ETT size. As the ETT diameter increases, the amplitude of the volume and flow waveforms also increases. 
Narrower tubes impose higher resistance, reducing both airflow and delivered volume.

Effects of the ID of the Endotracheal Tube on Choice of the Expiratory Time (Tex)
Figure 6 shows the time required to evacuate 95% of tidal volume (Tex) for the same five ETT sizes, assuming a fixed 
respiratory system resistance of 10 cmH2O/L/s. The results reveal a sharp increase in time required to evacuate 95% of 
VT as ETT inner diameter decreases. For example, Tex is shortest for the ID of 5.5 mm and significantly longer for the ID 
of 3.5 mm. This highlights the critical influence of ETT resistance on respiratory timing and the need for appropriate 
expiratory duration in pediatric ventilation settings.

Table 3 Validation Summary of Linear and Nonlinear Model Predictions Against 
Pediatric ICU Measurements (ETT Sizes 4–5.5 mm)

Patient Tidal Volume (% Difference)* Peak Flow (% Difference)*

Linear vs ICU Nonlinear vs ICU Linear vs ICU Nonlinear vs ICU

1 12.99% 5.53% 49.65% 6.47%

2 7.94% 3.45% 74.12% 29.29%

3 7.87% 3.47% 30.94% 5.24%

4 19.00% 10.31% 14.05% 2.29%

5 10.67% 1.35% 31.31% 7.09%

6 24.08% 14.38% 43.44% 24.84%

7 38.32% 30.31% 116.75% 36.95%

8 12.36% 7.24% 33.07% 14.65%

9 25.78% 12.60% 28.49% 14.27%

Overall 17.67% 9.85% 46.87% 15.68%

Notes: *The percentage difference was calculated using the formula: real � estimatedj j=real � 100. Student’s 
t-tests showed statistically significant differences between the two models and the actual values (p < 0.001).

Table 4 Comparison of Tidal Volume and Peak Inspiratory Flow Across Five 
Pediatric Endotracheal Tube Sizes (3.5–5.5 mm)

ETT ID (mm) Nonlinear Tidal Volume (L) Nonlinear Peak Flow (L/s)

3.5 0.121 0.251

4 0.129 0.300

4.5 0.133 0.351

5 0.137 0.395

5.5 0.138 0.418

Notes: Simulation parameters were Crs = 0.01 L/cmH2O, Rrs = 40 cmH2O/L/s, respiratory 
frequency = 25 cycles/min, and PIP = 15 cmH2O.
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Figure 5 Respiratory cycle of tidal volume (A) and respiratory airflow (B) resulting from the nonlinear model for five pediatric endotracheal tubes.

Figure 6 Time required to evacuate 95% of tidal volume through five pediatric endotracheal tube diameters, assuming a respiratory system resistance of 10 cmH2O/L/s.
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Discussion
Validity of the Electrical and Mathematical Model of the Respiratory System with the 
ETT
To assess the validity of our model (the linear and the nonlinear), we compared their output—tidal volume and airflow— 
with the equations that describe the behavior of the volume and airflow during inspiration and expiration.

The volume during the inspiratory time is given by equation (16):18

Where VI is the inspiratory volume, ΔP is the difference between inspiratory pressure and PEEP, Crs is the respiratory 
system compliance, t is time, and τi is the inspiratory time constant.

By deriving the equation (16) with respect to time, inspiratory airflow ð _VI) is given by the equation (17):

Where Rt is the respiratory resistance.
The maximum volume delivered to the lung (VT ) at the end of inspiratory time is given by the equation (18):18

During expiratory time, the volume is given by the equation (19):

Where τe is the expiratory time constant.
By deriving the equation (19) with respect to time, the expiratory airflow _VE tð Þ is given by the equation (20):

The flow waveform resulting from the nonlinear model simulation (Figure 4A) shows that during inspiratory time, the 
flow rapidly increases, reaching its peak at the end of the rise time, before decreasing exponentially as described by 
equation (17). During expiration, the flow pattern in the nonlinear model exhibits two distinct phases separated by 
a noticeable inflection point, which was absent in the linear model. Initially, the expiratory flow increases in magnitude 
with a concave-down profile, reflecting the strong influence of flow-dependent resistance as described by Rohrer’s 
equation. As flow decreases, the resistance drops significantly, leading to a shift in the dynamics: the flow transitions to 
a more linear-like decay and follows the equation (20), similar to the pattern observed in the linear model. This change in 
concavity—absent in the linear model—is not a modeling artifact but rather an emergent feature of the nonlinear 
resistance formulation. Unlike Poiseuille’s law, which assumes constant resistance, Rohrer’s equation captures the 
dynamic interaction between airflow and resistance during expiration through an ETT.

It is important to note, however, that the use of a single-compartment model imposes certain limitations in accurately 
reproducing expiration dynamics. This modeling approach simplifies the lung as a single unit, failing to represent the 
heterogeneity of alveolar mechanics and neglecting nonlinearities in respiratory system compliance.19,20

Validation of predicted peak tidal volumes and peak flows against pediatric ICU data, (Table 3), revealed that the 
nonlinear model substantially outperformed the linear model in both metrics. The mean percentage error for peak tidal 
volume decreased from 17.67% (linear) to 9.85% (nonlinear), while the error for peak flow dropped from 46.87% to 
15.68%. These findings confirm that incorporating flow-dependent resistance significantly improves the accuracy of 
respiratory system modeling under controlled ventilation, especially for pediatric airways where resistance plays 
a dominant role.
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Effects of the ETT on the Flow and Volume
Tidal volume is determined by the pre-set inspiratory pressure but is also influenced by the inspiratory time, the 
compliance of the respiratory system, and airway resistance. Thus, inadequate settings of these parameters can lead to 
hypoxemia and hypoventilation.21

To investigate the influence of ETT size on respiratory mechanics, we performed simulations of the respiratory model 
under varying pressure levels (ranging from 14 to 16 cmH2O, with 30 measurements per ETT) and applied Student’s 
t-tests to compare tidal volume and inspiratory flow between each ETT pair. The comparisons were conducted using 
a two-tailed, two-sample unequal variance t-test, which is appropriate for independent simulations with potentially 
differing variances.

The results showed statistically significant differences (p < 0.001) in both peak flow and tidal volume between all 
ETT pairs for the nonlinear model (Table 4). These findings confirm that even subtle changes in ETT diameter can lead to 
measurable and consistent differences in respiratory outcomes across a range of pressure levels. Importantly, the 
significant p-values support the conclusion that ETT size has a non-negligible effect on both the volume delivered and 
the airflow dynamics during pressure-controlled ventilation.

These results reinforce the importance of incorporating accurate ETT modeling in respiratory simulations and 
highlight the need for clinicians to consider the mechanical implications of ETT size selection. Failure to do so may 
result in suboptimal ventilation, particularly in patients with high flow demands or reduced lung compliance.

Effects of the ETT on the Expiratory Time
The importance of studying the effects of ETTs on choice of inspiratory and expiratory times is to avoid air trapping and 
pulmonary barotrauma. An expiratory time of less time than necessary to inhale the most air volume from the lungs may 
lead to incomplete emptying of the lungs. This can increase the residual volume and the functional residual capacity and 
cause air trapping in the lungs. Here comes the importance of studying the effect of estimating the expiratory time and 
thus the ratio Tin/Tex according to the endotracheal tube used. Some clinicians consider that the use of 95% to 98% 
volume emptying level is good enough for exhalation21 which is corresponding, respectively, 3 τe to 5 τe.

Figure 6 shows that the time required to evacuate 95% of tidal volume decreases as the inner diameter of the ETT 
increases. Smaller ETTs increase airway resistance, leading to longer expiratory times, while larger ETTs decrease 
resistance and facilitate faster emptying.

This finding highlights the critical importance of selecting an appropriate ETT size to optimize expiratory duration 
and minimize complications such as pulmonary barotrauma related to air trapping in patients during PCV. A clear 
understanding of how ETT dimensions affect expiratory mechanics is essential for configuring ventilator settings that 
best meet individual patient requirements.

Clinical Implication Concerning the Optimization of the Setting the PCV
The main aim of mechanical ventilation is to maintain arterial partial pressures of carbon dioxide (PaCO2) and oxygen 
(PaO2) within their normal physiological ranges, which for PaCO2 should be between 35 and 45 mmHg and for PaO2 

between 80 and 100 mmHg.22 The aim of maintaining PAO2 and PaCO2 within their normal values is to ensure good 
oxygenation and ventilation, respectively. These objectives will be achieved by proper adjustment and optimization of 
mechanical ventilation, while minimizing the risk of ventilator-induced lung damage.

These arterial blood gas levels directly reflect how well gas exchange happens in the alveoli. Therefore, under
standing and controlling the alveolar partial pressure of carbon dioxide (PACO2) and oxygen (PAO2) is crucial. These 
alveolar pressures directly determine how much CO2 is removed and how much O2 is absorbed. Our model helps 
maintain these alveolar gas pressures near target arterial levels: around 40 mmHg for PACO2 and 80–100 mmHg for 
PAO2.22

A key ventilator setting is respiratory frequency (Fr), which is linked to expiratory time. Not allowing enough 
expiratory time can lead to “auto-PEEP” or air trapping in the lungs, increasing pressure inside the chest and raising the 
risk of lung injury. However, the challenge arises because an increase in expiratory time inherently leads to an increase in 
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the total respiratory cycle time. Consequently, this leads to a decrease in the respiratory frequency Fr. The relationship 
between Fr and alveolar ventilation _VA is direct and crucial, as articulated by equation (21):

In this equation, VT represents the tidal volume, and VD is the dead space volume—the portion of the inspired air that 
does not participate in gas exchange. This equation highlights that for a given tidal volume and dead space, alveolar 
ventilation is directly proportional to the respiratory frequency.

Therefore, a decreased Fr, necessitated by a prolonged Tex to prevent air trapping, invariably results in decreased 
alveolar ventilation. This reduction in the effective delivery and removal of gases to and from the alveoli has profound 
implications for PACO2. The relationship between alveolar ventilation and PACO2 is inversely proportional, as elegantly 
described by equation (22):23

Where K is a constant that accounts for the physical conditions within the lungs (eg, air being warmed and humidified),24 

and _VCO2 represents the metabolic production of carbon dioxide. This equation illustrates that if alveolar ventilation 
( _VA) decreases, while carbon dioxide production remains constant, PACO2 will inevitably rise.

Beyond carbon dioxide, alveolar ventilation also critically influences the alveolar partial pressure of oxygen (PAO2). 
The relationship between PAO2 and PACO2, and by extension alveolar ventilation, is described by the alveolar gas 
equation (23):24

Here, Patm refers to the atmospheric pressure, PH2O to the partial pressure of water vapor, FIO2 to the fraction of inspired 
oxygen and _VO2 represents the metabolic consumption of oxygen. This shows that increased PACO2 leads to decreased 
PAO2 (hypoxemia).

Given these interdependencies, clinicians must constantly adjust several controllable parameters in pressure- 
controlled ventilation to manage alveolar ventilation and arterial blood gases. These include:25

● Inspiratory Pressure (PIP): This determines the peak pressure delivered to the airways during inspiration. 
Increasing PIP will increase the tidal volume, thereby increasing alveolar ventilation, assuming other parameters 
are constant. However, excessive PIP carries the risk of barotrauma.

● Respiratory Frequency (Fr): As discussed, adjusting Fr directly influences alveolar ventilation. Increasing Fr 

increases _VA and thus tends to lower PaCO2, while decreasing Fr has the opposite effect. However, increasing Fr too 
much can reduce Tex and lead to air trapping.

● Inspiratory to Expiratory Ratio (Tin/Tex): This ratio defines the proportion of the respiratory cycle spent in 
inspiration versus expiration. A longer inspiratory time (relative to expiratory time) can allow for more complete 
lung inflation and potentially better gas exchange, but it significantly reduces the available expiratory time, 
increasing the risk of air trapping (auto-PEEP), especially in patients with obstructive lung disease. Conversely, 
a shorter inspiratory time (and thus a longer expiratory time) helps prevent air trapping but may compromise gas 
delivery if it is too short. Careful adjustment of this ratio is crucial to balance optimal ventilation with lung 
protection.

● Positive End-Expiratory Pressure (PEEP): PEEP is the pressure maintained in the lungs at the end of exhalation. It 
is applied to recruit collapsed alveoli, improve oxygenation by increasing the functional residual capacity, and prevent 
alveolar collapse during expiration. While primarily influencing PaO2, PEEP can also indirectly affect PaCO2 by 
improving lung mechanics and ventilation-perfusion matching. However, excessive PEEP can also lead to barotrauma 
and hemodynamic compromise.
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● Fraction of Inspired Oxygen (FiO2): This is the concentration of oxygen in the inspired gas mixture. FiO2 is 
primarily used to control PaO2. Clinicians aim to use the lowest FiO2 possible to achieve adequate oxygenation, 
typically targeting a PaO2 of 80–100 mmHg or an oxygen saturation (SpO2) of 92–98% to minimize oxygen 
toxicity.

Our mathematical model supports clinical decision-making by simulating the effects of these ventilator settings. 
Critically, our model addresses the significant role of the endotracheal tube (ETT) diameter in pediatric ventilation, 
a factor often overlooked but corroborated by previous work.26,27 Our findings show how different pediatric ETTs affect 
airflow and tidal volume, highlighting that narrower ETTs increase airway resistance, requiring higher pressures and 
potentially leading to air trapping. This comprehensive approach, incorporating ETT resistance, allows for more 
personalized ventilation strategies, helping clinicians optimize gas exchange, prevent complications, and ultimately 
improve patient outcomes.

Based on our findings, a simple guideline can be proposed to support clinical decision-making. For each pediatric 
patient, the recommended ETT size should first be chosen according to age and weight. When a smaller ETT (≤4.0 mm) 
is required due to anatomical constraints, clinicians should anticipate increased resistance, prolonged expiratory time, and 
a higher risk of air trapping. In such cases, ventilator settings should be adjusted by lengthening the expiratory time, 
reducing respiratory frequency if necessary, and carefully optimizing the Tin/Tex ratio. Conversely, when a larger ETT 
(≥5.0 mm) can be used, airflow resistance is reduced, allowing more efficient ventilation with lower risk of dynamic 
hyperinflation. This practical framework highlights how our model can help guide individualized ventilation strategies in 
pediatric intensive care.

Limitations and Future Work
The model’s predictions differ from experimental values mainly because the respiratory system is simplified into 
a single-compartment RC model, which assumes homogeneity and does not represent the heterogeneous distribution 
of compliance and resistance across different lung regions. This simplification also omits the contribution of ventilator 
circuit components such as tubing, filters, and humidifiers. Although this approach facilitates mathematical tractability 
and allows for initial validation, it inevitably limits physiological fidelity, particularly in complex clinical scenarios such 
as acute respiratory distress syndrome or obstructive lung disease. Nevertheless, the model remains valuable for 
analyzing ventilator performance and guiding parameter adjustment. Future work should aim to incorporate additional 
system components and develop multi-compartment models with nonlinear compliance and heterogeneous airway 
properties, thereby improving accuracy and broadening the clinical applicability of the simulation framework.

Another limitation of this study is that model validation was performed with a relatively small cohort of nine pediatric 
patients from a single center, using a narrow range of ventilator settings. While this dataset was sufficient to demonstrate 
proof-of-concept and highlight the advantages of nonlinear modeling, it may not capture the full variability of clinical 
practice. Therefore, caution is warranted when generalizing these findings. Broader validation across larger and more 
diverse patient groups—including older children, neonates with extremely small ETTs, and adults ventilated with 
pediatric-sized tubes—will be necessary to strengthen confidence in the model’s applicability. Expanding the validation 
to different disease states, such as acute respiratory distress syndrome or obstructive airway diseases, would also improve 
its clinical relevance.

Conclusion
In this research, we created and validated a respiratory system simulation model for pressure-controlled ventilation 
(PCV) incorporating both linear and nonlinear endotracheal tube (ETT) resistance. Validation against pediatric ICU data 
confirmed that the nonlinear model provided more accurate predictions of tidal volume and inspiratory flow than the 
linear model. These findings highlight the importance of ETT size in pediatric ventilation and support personalized 
strategies such as selecting the most appropriate ETT diameter, adjusting expiratory time to prevent air trapping, and 
tailoring ventilator settings (frequency, inspiratory pressure, and Tin/Tex ratio) to optimize gas exchange while minimiz
ing lung injury. Beyond its role as a research framework, the model offers practical opportunities for clinical integration, 
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including algorithm-guided ETT selection, real-time ventilator setting personalization, and the development of automated 
decision-support systems embedded into mechanical ventilators. Such applications would allow clinicians to predict the 
consequences of different ventilation strategies in advance, improve patient safety, and streamline critical care work
flows. The model therefore provides not only a valuable tool for safer and more effective PCV in pediatric patients but 
also a foundation for future innovations in automated ventilatory management.
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