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Abstract 

This thesis is made up of three parts: i) the development of a comprehensive computational 

model of the pulmonary (patho)physiology of healthy and diseased lungs, ii) the application of a 

novel optimisation-based approach to validate this computational model, and iii) the use of this 

model to optimise mechanical ventilator settings for patients with diseased lungs.   

The model described in this thesis is an extended implementation of the Nottingham 

Physiological Simulator (NPS) in MATLAB. An iterative multi-compartmental modelling 

approach is adopted, and modifications (based on physiological mechanisms) are proposed to 

characterise healthy as well as diseased states.  

In the second part of the thesis, an optimisation-based approach is employed to validate the 

robustness of this model. The model is subjected to simultaneous variations in the values of 

multiple physiologically relevant uncertain parameters with respect to a set of specified 

performance criteria, based on expected levels of variation in arterial blood gas values found in 

the patient population. Performance criteria are evaluated using computer simulations. Local 

and global optimisation algorithms are employed to search for the worst-case parameter 

combination that could cause the model outputs to deviate from their expected range of 

operation, i.e. violate the specified model performance criteria. The optimisation-based analysis 

is proposed as a useful complement to current statistical model validation techniques, which are 

reliant on matching data from in vitro and in vivo studies. 

The last section of the thesis considers the problem of optimising settings of mechanical 

ventilation in an Intensive Therapy Unit (ITU) for patients with diseased lungs. This is a 

challenging task for physicians who have to select appropriate mechanical ventilator settings to 

satisfy multiple, sometimes conflicting, objectives including i) maintaining adequate 

oxygenation, ii) maintaining adequate carbon dioxide clearance and iii) minimising the risks of 

ventilator associated lung injury (VALI). Currently, physicians are reliant on guidelines based 

on previous experience and recommendations from a very limited number of in vivo studies 

which, by their very nature, cannot form the basis of personalised, disease-specific treatment 

protocols. This thesis formulates the choice of ventilator settings as a constrained multi-
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objective optimisation problem, which is solved using a hybrid optimisation algorithm and a 

validated physiological simulation model, to optimise the settings of mechanical ventilation for 

a healthy lung and for several pulmonary disease cases. The optimal settings are shown to 

satisfy the conflicting clinical objectives, to improve the ventilation perfusion matching within 

the lung, and, crucially, to be disease-specific.  
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Abbreviations and Nomenclature 

BIR:  Bronchial Inlet Resistance, airway resistance of assigned to each alveolar 

compartment. 

C: content (concentration) [ml l
-1]

 e.g. CaO2: ml of O2 per litre of arterial blood. 

CO: cardiac output [ml min
-1
] 

CO2: Carbon dioxide  

FiO2:  Fraction of inspired air constituting of oxygen. 

FRC: Functional residual Capacity [ml]. 

FRCnominal: Nominal value of FRC used in the model = 3000ml. 

Hb: Haemoglobin content in blood [gm l
-1
] 

HPV: Hypoxic Pulmonary Vasoconstriction 

I:E : Inspiratory to Expiratory Ratio 

N2: Nitrogen 

NPS: Nottingham Physiology Simulator 

O2: Oxygen  

P: Partial pressure [kPa] e.g. PO2 ï Partial pressure of oxygen, PalvO2: Partial pressure of 

oxygen in alveolar compartment, PvO2: Partial pressure of oxygen in venous 

compartment. 

PEEP: Positive End Expiratory Pressure [cmH2O] 
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PVR: Pulmonary Vascular Resistance, blood flow resistance assigned to each 

pulmonary capillary compartment. 

Q: Perfusion distribution of the lung [ml] 

RQ: Respiratory Quotient 

S: Saturation (0-100%) e.g. SO2 ï arterial saturation of haemoglobin with oxygen. 

T: Temperature [°c] 

TIR: the combined resistance of all alveolar compartments 

TLC: Total Lung Capacity [ml]. 

TOP: Threshold Opening Pressure. Extra pressure within the collapsed alveolar 

compartment. 

V/Q: Ventilation Perfusion Ratio 

V: Ventilation distribution in the lung [ml] 

VALI: Ventilator Associated Lung Injury 

VentRate: Respiration rate set by the ventilator [breaths per minute, bpm] 

VO2: oxygen consumption [ml min
-1
] 

Vtidal: Tidal Volume [ml] 

Ŭȟ ɼ: Resistance multiplier of size n, where n is the total number of diseased 

compartments in the model. Ŭ is used to create ventilation distribution and ɼ is used to 

create perfusion distribution. 

pH: pH level in blood. 



Modelling and optimisation of mechanical ventilation for critically ill patients 

 

 

15 Abbreviations and Nomenclature  

 

v: volume of alveolar compartment, [ml] 

t: time, most commonly used to represent the duration of a simulation. It can also 

describe the ótime sliceô, depicting the duration of real time of one model iteration.  

  

Special subscripts-  

i: inspired, e: expired, alv: alveolar, a: arterial, v: venous 
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Chapter 1: Introduction  

An explanation of the motivation for the research described in this thesis is provided in this 

chapter. Key concepts are introduced, pertaining to the modelling and optimisation of 

pulmonary (patho) physiology, which are discussed in more detail later in this thesis. Finally, 

the structure of the thesis, the focus of each chapter and the main contributions of the research 

are described.  

1.1 Motivation  

Mechanical ventilation of the lungs is a commonly-used, life-saving procedure. The majority of 

critically ill patients in Intensive Therapy Units (ITU) spend some time with their lungs 

ventilated by a mechanical ventilator. However, mechanical ventilation also exposes patientsô 

lungs to potentially damaging pressures and flows. Studies have shown that 2.9% of patients 

receiving mechanical ventilation suffer from Ventilator Associated Lung Injury (VALI) 

(Anzueto et al 2004), necessitating prolonged stays in the ITU, and potentially causing 

pneumonia, lifelong pulmonary scarring, and even multiple organ failure (Dreyfuss 1992, 

Gammon 1992).  

The main objectives of mechanical ventilation are to maximise gas exchange and minimise the 

risk of VALI (Slutsky 1993). The selection of appropriate settings of mechanical ventilators in 

an ITU is a significant challenge for the physician, due mainly to the heterogeneity of the 

pulmonary disease states, as well as the non-uniform distribution of ventilation in the lungs 

(Villar 2004, Gattinoni 2006). Currently, physicians rely on ñarbitrarily fixedò guidelines 
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(DeProst 2011) based on their previous experience and recommendations from a limited number 

of in vivo studies (ARDS Network 2000).  

The mortality rate (30%-40%) of mechanically ventilated patients suffering from VALI still 

remains high under current guidelines (Mercat 2008).  Various studies (Keenan et al 2004, 

Morris 2002) have suggested that incorporation of patient specific treatment in the ITU could 

significantly reduce this high mortality rate and also improve patient care. However, the lack of 

available bedside data to clearly determine the state of patients, together with the complexity of 

the relevant internal physiology, which often has large variance, has hindered the incorporation 

of patient specific information into physician decisions (DeProst 2011).  

Computational modelling has increasingly been proposed as a useful and reliable tool with 

which physicians could be able to gain a deeper understanding of the underlying physiology and 

make more informed decisions for patients in the ITU (McCahon 2008, Kathirgamanathan 

2009). Even though modelling approaches can be restricted by the detail and complexity of the 

underlying physiology, computational modelling is not limited by patient compliance, ethical 

considerations and financial constraints, in contrast to the traditional in vivo clinical studies, 

(Hardman 2006). The use of modelling in this area of clinical medicine has thus become more 

common, with several successful research studies reported in the literature (see Weibel  1963, 

West 1969, Hinds 1984, Joyce 1996, Hahn 2003, Yem 2006 and references therein) that have 

had significant impact on the field of pulmonary physiology. 

However, physiological models intended for the use in clinical environments can often face 

harsh expectations from physicians; the models must cope with significant levels of uncertainty 

arising from assumed values of parameters (Harrell 1996, Chase 2011), and population and 

disease heterogeneity, and their validation must provide convincing evidence of their 

applicability and reliability in the clinical arena (Hardman 2008). Current validation of 
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physiological models is typically limited to comparison of the performance of the model against 

the associated empirical data (Hardman 1998, Moppett 2008, Wilson 2009, Chase 2010), and 

this can potentially leave the model vulnerable to variability in parameters which are found 

within the patient population but are not adequately represented by the available empirical data.  

By adapting and augmenting established systematic model validation approaches that are 

currently available in the area of systems and control engineering, additional levels of formalism 

and reliability can be brought to the problem of validating physiological models. The concept of 

órobustnessô is widely used in engineering contexts to denote the requirement that certain 

desired characteristics are maintained by a system despite fluctuations in the behaviour of its 

component elements or its environment (internal/external parameters and disturbances) (Doyle 

2002). In systems and control engineering, many different analytical and computational 

approaches have been developed to assess the robust stability and performance of computer 

simulation models of safety-critical applications (Menon 2007, Martin 2008). In this thesis, we 

show how similar approaches can be utilised for validating computational models of pulmonary 

(patho)physiology ï these validated models can then be further developed and employed in 

designing in silico experiments for exploring current practice for choosing the settings of 

mechanical ventilator for individual patients and disease states.  

1.2 Thesis organisation 

The thesis begins with a discussion of the necessary background in pulmonary 

(patho)physiology. Subsequently the development of a model of pulmonary (patho)physiology 

is presented. In the second part of the thesis, an optimisation approach is employed to validate 

the robustness of this model. Validated pulmonary physiology models are used to represent 

various diseased lung states in silico, and an optimisation-based methodology is used to 
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determine patient specific optimal mechanical ventilator settings for these in silico disease 

states. The thesis has five chapters, which are outlined below: 

Chapter 2 introduces relevant background on the relevant physiology for the model considered 

in this thesis. The structure of the lungs is discussed, explanations of the important 

physiological terms are provided, and the most important mathematical equations describing 

arterial blood gas calculations are also given. The proposed extended implementation of the 

Nottingham Physiological Simulator (NPS) (Hardman 1998), which consists of different 

modules including the respiratory system, the cardiovascular system, the renal system, the acid 

base mechanism and a mechanical ventilator, is described in detail. Modifications (based on 

physiological mechanisms) are proposed to characterise healthy as well as diseased states. 

These modifications address two distinct faults within the previous version of the model: 1) the 

inability of the model to accurately represent collapse within the lungs under disease states and 

2) the incomplete response of the model to positive end expiratory pressure (PEEP). These 

faults were identified during the model development process and the solutions which were 

developed to address them are described in detail.  

Chapter 3 begins with a discussion of current practices followed in physiological model 

validation and the need for improved techniques. Optimisation algorithms such as Sequential 

Quadratic Programming (SQP), Mesh Adaptive Direct Search (MADS), Genetic Algorithms 

(GA) and Differential Evolution (DE) are described.  The general underlying principles of 

optimisation-based model validation, and previous efforts to employ optimisation algorithms to 

similar problems, are also described. In the process of model validation, the pulmonary 

physiology model is subjected to simultaneous variations in the values of multiple 

physiologically relevant uncertain parameters with respect to a set of specified performance 
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criteria. These performance criteria are based on expected levels of variation in arterial blood 

gas values found in the patient population and they are evaluated using numerical simulations.  

Chapter 4 begins with a brief introduction to modern mechanical ventilators and the associated 

problem of VALI. Current ITU strategies for deciding on the values of key mechanical 

ventilator settings are presented.  The problem of choosing optimal mechanical ventilator 

settings for diseased lungs is formulated as a constrained multi-objective optimisation problem. 

Two multi-objective optimisation approaches are presented ï a) an approach using an 

aggregated objective function with user defined weights (WAOF) and a hybrid optimisation 

algorithm and b) a Pareto dominance-based approach using a nondominated sorting genetic 

algorithm (NSGA-II). The NSGA-II result is used to illustrate the conflicting objectives of the 

optimisation problem considered here. The relative merits of the two approaches are compared 

using an example in silico disease case. A range of different pulmonary disorders are then 

created in silico by manipulating the ventilation and perfusion distribution within the validated 

computational model. Resistances to airflow and blood movement are introduced which 

simulate a wide spectrum of ventilation and perfusion abnormalities representative of 

pulmonary disease scenarios in the published literature. The results of applying the proposed 

optimisation-based approach for choosing ventilator settings for these different disease states 

are discussed. 

Finally in chapter 5, the main conclusions of the work in this thesis are presented and possible 

areas for future research are proposed. 

1.3 Main contributions of this study 

1. An improved version of one of the most complex and detailed pulmonary physiological 

models currently reported in the literature is implemented in MATLAB following an 

iterative multi-compartmental modelling approach.  
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2. To augment traditional model validation methods typically used in clinical settings, an 

advanced optimisation-based approach is adapted from the engineering literature and 

applied to validate the robustness of a pulmonary (patho)-physiological model. 

3. A new approach for representing pulmonary disease states in silico using a (patho)-

physiological model is presented. Significant modifications, based on a detailed 

consideration of the underlying physiological mechanisms, are incorporated into the 

model in order to allow it to accurately represent a number of different disease states. 

4. A novel optimisation-based strategy is proposed to determine the disease-specific 

optimal settings for the ventilator which satisfy all clinical objectives of mechanical 

ventilation, many of which are in conflict with each other. The optimal settings are 

shown to significantly improve the ventilation-perfusion matching within the diseased 

lung, and to be highly disease specific. 

 

The key publications resulting from this thesis are listed below: 

Das A, Menon PP, Bates DG, Hardman JG. Optimisation of mechanical ventilator settings: 

towards personalised management of disease states, submitted to IEEE Transactions on 

Biomedical Engineering, 2012. 

Das A, Gao Z, Menon PP, Hardman JG, Bates DG. A systems engineering approach to 

validation of a pulmonary physiology simulator for clinical applications. Journal of Royal 

Society Interface 2011; 8(54):44-55.  

Das A, Gao Z, Menon PP, Hardman JG, Bates DG. Optimisation of mechanical ventilator 

settings. In proceedings of the International Federation of Automatic Control (IFAC) World 

Congress. Milan, Italy. 2011. 
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Das A, Bates, DG, Hardman JG. An engineering approach to validation of a pulmonary 

physiology simulator. In  proceedings of the  International Congress on Computational 

Bioengineering (ICCB). Bertinoro (Forli), Italy. 2009. 
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Chapter 2: Modelling of pulmonary physiology 

This chapter presents a brief introduction to the principles of pulmonary physiology that pertain 

to the modelling work described in this thesis. The structure of the lungs is discussed, an 

explanation of the important terms is provided and the most important mathematical equations 

describing arterial blood gas calculations are also given. The development of the extended 

implementation of the Nottingham Physiological Simulator (NPS) (Hardman 1998), is described 

in detail.  Modifications (based on physiological mechanisms) are proposed to characterise 

healthy as well as diseased states.  

2.1 Pulmonary physiology ï key concepts 

2.1.1 Lungs  

The lungs primarily have two functions ï the movement of oxygen (O2) and carbon dioxide 

(CO2) to and from the alveoli (through convection) and the provision of a surface for gas 

exchange (through diffusion). The lungs consist of approximately 300 million alveoli, 

surrounded by a network of capillaries, providing a large surface area for the transfer of gases. 

These gases reach the alveoli though a complex tree like structure of airways, starting from the 

trachea, which divides into the bronchi. These further divide into bronchioles, terminal 

bronchioles, alveolar ducts and finally the alveoli. Gas flow to and from the alveoli depends on 

the  airway resistances and the pressure gradient (between the mouth and the lungs) created by 

the respiratory muscles, which causes the expansion and deflation of the lungs. The pulmonary 

artery brings deoxygenated blood to the lungs from the heart and divides into the pulmonary 
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capillaries. Here O2 is diffused to the blood and CO2 is diffused to the alveolar units. The 

pulmonary capillaries containing the oxygenated blood converge into the pulmonary vein. This 

blood is transported to the heart which pumps the oxygenated blood into systemic circulation.             

 

Figure 2.1: Lung structure 

2.1.2 Lung volumes and capacities 

The amount of air that the lung inhales, exhales or holds under different conditions can be 

described by specific lung volumes and capacities. Figure 2.2 introduces various lung volumes 

and capacities which are important clinically as their values can be affected by pathological 

processes. When compared to normal physiological ranges, they can help physicians in making 

diagnoses regarding the underlying pathological conditions. Their descriptions along with their 

approximate values (for a normal 70kg young male) are given below.   
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Figure 2.2: Lung volumes and capacities 

Tidal Volume (Vtidal): this is the volume of air that moves in and out of the lungs in a single 

breath. It normally has a value in the range 400ml ï 500ml but it is also dependent on other 

variables such as response to disease or exercise. 

Residual Volume (RV): The volume remaining in the lung after a forced expiration. In general, 

the value of RV is found to be approximately equal to 1.5 litres. 

Inspiratory Reserve Volume (IRV): The maximum volume that can be inspired after Vtidal. In 

general, IRV is approximately equal to 3 litres.  

Expiratory Reserve Volume (ERV): The maximum volume that can be expired at the end of 

normal expiration. In general, ERV is approximately 1.5 litres.  

Functional Residual Capacity (FRC): The total volume of gas left in the lung at the end of 

normal expiration. In general, the value of FRC is approximately 3 litres.  
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Total Lung Capacity (TLC): The maximum volume that the lung can stretch to while limited by 

the chest wall and the force of the inspiratory muscles. TLC in general is approximately 6 litres. 

Vital Capacity (VC): The maximum volume that can be inhaled from Residual Volume. In 

general, the VC is approximately equal to 4.5 litres.  

Lung function is most commonly tested using a spirometer which measures the volume and 

flow of air entering and leaving the lung during a breath. The spirometer is thus used to 

determine the lung volumes of Vtidal, IRV, ERV and VC. Other tests of lung functionality such 

as the nitrogen washout technique (NWT) can be used to approximate FRC. In NWT, a patient 

breathes air with 100% oxygen while the concentration of nitrogen is monitored in expired air 

using a nitrogen analyzer. When the nitrogen is completely ówashed outô of the expired air, the 

amount of nitrogen at the beginning of the test can be approximated by multiplying total volume 

of expired air with percentage of nitrogen in the expired air. As the air in the lung at the 

beginning of the test consisted of 80% nitrogen, the total volume at the beginning of the test can 

be approximated. Using FRC, RV can simply be calculated as RV = FRC - ERV. For detailed 

information on the spirometer, NWT and other tests for lung volumes/capacities the reader is 

referred to (Cotes 2006).  

Estimates of lung volumes aid physicians in making pathological diagnoses. For example, 

restrictive diseases such as fibrosis reduce the compliance of the lung, which reduces these 

volumes as the lung struggles to expand under normal breathing patterns. Obstructive diseases 

such as chronic bronchitis and emphysema increase resistance to airflow. To overcome this 

resistance, high pressures are generated which can cause a decrease in the recoil of the lungs at 

expiration.  RV, FRC and therefore TLC tend to be higher than normal under such conditions.  
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2.1.3 O2 and CO2 movement across the alveolar membrane 

The exchange of gases between blood and ventilated air occurs by diffusion across the alveolar 

membrane. The O2 partial pressures are higher in the alveoli than the capillaries and CO2 partial 

pressure is higher in the capillaries, which creates a gradient for the diffusion of gases. The rate 

of diffusion depends on the surface area (large in the lungs due to the number of alveoli), the 

concentration gradients of gases (large between pulmonary capillary blood and alveolar air) and 

the individual properties of a gas. For example the rate of CO2 diffusion across the alveolar 

membrane is dependent on the partial pressure of CO2 molecules (lower than O2) and the 

solubility of CO2 in the plasma (CO2 is more soluble in liquid than O2).  

 

Figure 2.3: O2 dissociation curves adapted from (West 2004, pg 76). O2 = Oxygen, Hb = 

Haemoglobin. 

Blood carries O2 to the tissues in two forms: dissolved and combined with haemoglobin (Hb). 

As indicated by the dissociation curve in Figure 2.3, the dissolved O2 constitutes a relatively 

small portion of the total blood oxygen content. This occurs due to the reduced solubility of O2 

in blood relative to CO2. To satisfy the O2 requirements of the body, O2 is bound chemically to 

haemoglobin.  
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The plateau of the oxygen dissociation curve at high O2 partial pressure (PO2) allows the body to 

maintain oxygen saturation in the event of a sudden fall in alveolar PO2. At the peripheral 

tissues, PO2 is low, so oxygen is released quickly. The curve can shift to the right under the 

following conditions: 

1. Under the Bohr effect, wherein haemoglobin has less affinity to O2 as H
+ 

ions in the 

blood increase. For example, in the peripheral tissues the increase in CO2 as a result of 

metabolism increases the number of H
+ 

ions bound to haemoglobin and promotes the 

dissociation of O2 at the peripheral tissue.  

2. Under the Haldane effect, wherein haemoglobin has less affinity to CO2 as the 

concentration of O2 rises. For example, the increase in available O2 promotes 

dissociation of CO2 and uptake of oxygen from the blood. 

3. As temperature increases - this is usually not very significant except in the case of 

extreme temperature changes such as hypothermia. 

4. As the 2, 3-Disphosphoglycerate (2, 3 DPG ï a regulatory organophosphate produced by 

red blood cells) concentration increases.  

CO2 is present in a higher quantity in blood than oxygen as it is more soluble and more 

chemically reactive. CO2 has a major regulatory contribution in controlling blood pH levels. In 

plasma, the dissolved CO2 reacts with water to form H
+
 and HCO3

- 
ion (bicarbonate) in the 

following reversible reaction.  

-++ÚÚ+ 33222 HCOHCOHOHCO
   [2.1] 

This equation represents the acid base equilibrium in the blood. If CO2 increases, H
+ 
ions in the 

blood increase, which reduces the pH (making it more acidic). If HCO3 increases, the available 

H
+
 ions in the blood decrease and the pH increases (more alkaline). The reaction helps to 
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maintain the pH balance in the blood. In the human body, the kidneys also regulate the acid base 

balance in blood by absorbing HCO3
-
 ions and producing H

+
 ions. CO2 also binds directly to 

proteins, known as carbamino compounds which contribute to CO2 transfer around the body. In 

blood, CO2 is dissolved in plasma (PCO2 about 8%), in the form of H2CO3 (about 80%) and as 

carbamino compounds (about 11%).  

2.1.4 The airways and the blood vessels 

 

Figure 2.4: Deadspace and shunt. 

The region of the lungs that does not participate in gas exchange is called the physiological 

deadspace. It consists of the series and the parallel deadspace. 

¶ The series (anatomical) deadspace (SD) consists of the conducting airways such as the 

trachea, bronchi and the bronchioles. 

¶ The parallel (alveolar) deadspace (PD) are alveoli which are well ventilated but poorly 

perfused by blood through the pulmonary capillaries.  
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The fraction of deoxygenated blood from the heart (cardiac output) that does not participate in 

gas exchange is called the physiological shunt. It is composed of the anatomical shunt and 

alveolar shunt.  

¶ The anatomical shunt (AS) is the shunting of blood directly from the pulmonary artery 

to the pulmonary vein without participating in gas exchange. 

¶ The alveolar shunt (AlvS) is the blood passing through pulmonary capillaries with 

poorly ventilated alveoli caused by obstructed or collapsed airways. 

2.1.5 Distribution of ventilation and perfusion 

An impairment of gas exchange functions in the lung can be indicated by poor oxygenation 

(arterial hypoxemia) and CO2 retention (hypercapnia) or both. Mechanisms mentioned in 

Section 2.1.4 dictate the movement of the partial pressure of O2 and CO2 across the alveolar 

capillary membrane. The movement of O2 from alveoli into the blood is determined by 

saturation of the haemoglobin (Figure 2.3). This is affected by the supply of O2 to the tissues 

and extraction of CO2 from the tissues as a result of metabolic processes. 

The distribution of gas exchange can provide significant information regarding the pathology of 

the lung. Figure 2.5 shows the typical ventilation perfusion distribution of a healthy lung. The 

healthy lung is relatively heterogeneous, i.e. the ventilation and perfusion distribution is 

generally uniform across the lung. This conforms closely to the data reported in (Wagner 1974), 

in which 95% of ventilation and perfusion in a healthy lung is confined to within the V/Q ratio 

of 0.3 and 2.1.  
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Figure 2.5: Ventilation (V) perfusion (Q) distribution of a healthy lung. The lines are drawn as a 

visualisation aide only. 

Ventilation (V) in the lungs is influenced by the variation in distribution of air across the lung. 

The perfusion (Q) is dependent on the cardiac output, the arterial-venous pressure gradient and 

arterial-alveolar pressure gradient. Efficient gas exchange occurs when ventilation is adequately 

matched to perfusion in the gas exchanging lung unit. This matching can be represented by the 

V/Q (ventilation/perfusion) distribution, where a V/Q ratio of 1 would indicate that the 

ventilation and perfusion is matched and the lung unit is normal. At one extreme of V/Q 

distribution, there is deadspace (Section 2.1.3) which is an area of the lung that is normally 

ventilated but not perfused with blood. At the other extreme of the V/Q distribution is the area 

of the lung with normal perfusion where the alveoli is blocked or collapsed and no ventilation 

occurs (Section 2.1.3). All three characteristics contribute to the V/Q distribution.   
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Many pathological anomalies can affect the airways and the blood vessels, creating an 

imbalance and resultant abnormal V/Q ratio. High V/Q contributes to a higher PO2 and increases 

the amount of wasted ventilation. However at high PO2, the O2 dissociation is robust to sudden 

decrease in PO2, as indicated by the plateau of the haemoglobin (Hb) saturation curve of the O2 

dissociation (Figure 2.3). Under low V/Q, the effect of shunt is evident as poorly ventilated 

areas create low PO2 and low Hb saturation which lead to reduced oxygen content and 

hypoxemia.  Therefore, decrease in PO2 is not followed by a proportional decrease in 

haemoglobin saturation.   

V/Q imbalance holds key information regarding the state of the lung, but it is hard to measure 

accurately as the relationship can be heavily influenced by time varying parameters of cardiac 

output and minute ventilation (amount of air in breaths per minute).  For a more detailed 

description of the relevant physiology, the reader is referred to (Cotes 2006) and (West 2004). 

2.2 Modelling and implementation of a pulmonary physiology 

simulator 

2.2.1 Modelling of pulmonary systems - background 

Since the early 20th century, many efforts (Henderson 1920, Van Slyke 1921) have been made 

to explain the underlying theoretical principles of the relationships between ventilation, blood 

flow and gas exchange in pulmonary physiology. The outcome of this research has been the 

derivation of mathematical equations which have become fundamental to the study of 

pulmonary physiology in recent years. The earliest analysis of these equations is reported in 

(Rahn 1949), which determines the alveolar gas concentrations using several analytical 

techniques. The detailed insight into the structure of the human lung as a geometric model of the 

airways consisting of 24 generations was originally proposed in (Weibel 1963). The reducing 
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ratio of radii of the airway as the generations progressed was another important outcome of this 

pioneering research which laid the foundation for several other follow-up studies as in  

(Peterman 1984, Wiggs 1992, Tsoukias 1998 , Yem et al 2003). 

To the best of the authorôs knowledge, the first ever published dynamical representation of the 

respiratory regulation is by Grodins and colleagues in 1954 (Grodins 1954, 1967). In (Grodins 

1967) the proposed model characterized the relationship among lung, blood and tissue with 

differential equations, in which the time delays of the gas exchange system were accounted for. 

The model included the effect on O2-CO2 interaction by the chemoreceptors, chemical buffering 

etc, and has formed the basis of many other theoretical works (Saunders 1980, Ursino 2001, 

Stuhmiller 2005). However, the model developed here is extremely simplified, with only three 

compartments representing the lung, the brain and the tissues. The simplified lung is modelled 

as a compartment of constant volume, uniform content and no deadspace, ventilated by a 

continuous unidirectional stream of air. The model was utilised to understand the gas transport 

and acid-base buffering in the respiratory system.  

Research works by John B West (West 1969) and colleagues helped to develop deeper insight 

into pulmonary ventilation, perfusion and gas exchange. To achieve this, computational models 

of the lungs were used and the effects of varying ventilation perfusion inequality were analysed. 

West studied the effects of varying numbers of alveolar compartments (between 3-1000) and 

recommended that at least 100 alveolar compartments were needed for an optimal compromise 

between the computational complexity and accuracy of pulmonary models. Furthermore, the 

effect of variation of ventilation perfusion ratios on O2 and CO2 transfer into the blood was also 

investigated. However, individual compliances, inflow resistances and vascular resistances that 

are associated with alveolar compartments were not accounted for in these models. 



Modelling and optimisation of mechanical ventilation for critically ill patients 

 

 

34 Modelling of pulmonary physiology  

 

Chiari (Chiari 1997) and colleagues presented a model of the respiratory system incorporating 

O2-CO2 transport and exchange. The model constitutes three compartments: the lung, the brain 

and the body.  The basic representation was an adoption of the model of Grodins (Grodins 

1967) with the added implementation of nonlinear O2-CO2 gas movement and a ventilation 

controller that adjusted alveolar ventilation and cardiac output. The gas flows are assumed to be 

continuous and unidirectional. The lungs as well as the body tissue were represented as single 

units and hence effects of variable ventilation, perfusion and metabolic rates were not 

considered. 

The number of distinct alveolar compartments considered and the motivation for choosing this 

number has varied hugely across the literature. Single/bi-compartmental models offer simplicity 

in calculations and allow for better understanding of some inadequately understood 

physiological behaviour. Swanson (Swanson 1983) used a bi-compartment model to analyse the 

alveolar gas exchange during exercise relative to a normal lung. Vidalmelo (Vidalmelo 1993, 

1998) used a bi-compartmental model to depict the alveolar-arterial gas transport through 

analytically describing the gas diffusion, alveolar-arterial pressure gradient, CO2 and O2 

dissociation curves and the behaviour due to physiological shunt and cardiac output. Hotchkiss 

(Hotchkiss 1994) investigated the effects on ventilation distribution and alveolar pressures of 

mechanical ventilation inputs such as frequency and duty cycle. Other examples of research 

studies using single and bi-compartmental alveolar models of the lung include Farmery (1996), 

Joyce (Joyce 1996), Liu (Liu 1998).  However, single and bi-compartmental models of the lung 

can be inadequate in representing the effect of inhomogeneties arising from the distribution of 

ventilation / perfusion, variations in time constants associated with respiratory frequency, tidal 

breathing, series/parallel resistances etc, especially in different pathological states. 
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Many models (e.g. (West 1969)) have thus incorporated multiple gas exchanging compartments 

while also attempting to capture other characteristics of the respiratory system in more detail. 

These models have been used for the analysis of distributions of gases, resistances, and 

compliances across the whole lung that are important, but generally ignored in the more 

simplistic models. Hinds (Hinds 1980, 1984) proposes one such model, accounting for 

ventilation perfusion distribution, and looking at variations of volume and pressure within the 

lung. Petrini (Petrini 1983) measured the effect of series deadspace created by the conducting 

airways and the role of this in effective ventilation. Hickling (Hickling 1998) looked at the 

combined effect of recruitment and derecruitment of 27000 alveoli in parallel that offered an 

insight into the pressure volume relationship of these alveolar units. 

Rutledge (Rutledge 1993, 1994) proposed two versions of a respiratory model within his 

proposed ventilator administrator strategies, VentSim and VentPlan. VentPlan is a simplified 

physiological model with uniform airway resistance, fixed compliance, no ventilation perfusion 

abnormalities apart from the anatomical shunt, and a simple input as the driving pressure of the 

lungs. VentSim is a relatively more thorough representation, but so far remains unvalidated 

relative to VentPlan. Rutledgeôs simplistic model as used in VentPlan may compromise its 

applicability on patients with more complex pathophysiological abnormalities.  

Rees (2006) presented a model of O2 and CO2 transport in the lungs, blood and the tissues and 

applied it for the selection of optimal mechanical ventilator settings. The lungs consist of two 

compartments each with different ventilation perfusion ratios. The circulation of blood is 

represented by a mixed venous compartment and an arterial compartment, storing corresponding 

blood gas parameters. The pulmonary model used is extremely simplified and is unlikely to 

accurately represent pathophysiological conditions due to the relatively inadequate ventilation-

perfusion distribution considered.  
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Yem (Yem 2003) present a model of a comprehensive cardio respiratory system. This system 

includes compartments for cardiovascular circulation, brain, peripheral shunt, liver, kidneys, 

muscles and fat. The series deadspace incorporates a compartmental approximation to a lung 

model proposed by Weibel (Weibel, 1963). The ventilation perfusion distribution is limited to 

four alveolar compartments (one unperfused, three perfused).  The model has been applied in 

determining the sources of error in non invasive blood flow measurements (Yem 2003) and 

analysing ventilation perfusion abnormalities in diseased lungs (Yem 2006). 

In the literature, the respiratory system has often been depicted as a number of lumped gas 

exchanging units. Simplistic models, i.e. single or bi-compartmental compartmental 

representations, have proved to be useful in improving the understanding of pulmonary 

physiology. However, difficult problems such as understanding and treating lung injury under 

different pathological conditions require the incorporation of much more detailed models of 

pulmonary physiology. For this purpose, this thesis presents the development of a 

comprehensive physiological model, specifically an improved implementation of the 

Nottingham physiology simulator. 

The Nottingham physiology simulator (NPS) 

The NPS is a set of physiological models representing the pulmonary system, gas transport in 

the blood and gas exchange at the peripheral tissues. The main features of the simulator are 

shown in Figure 2.6.  

The models use mass-conserving algebraic equations of pulmonary dynamics and blood gas 

transport. Beginning with default initial settings, the equations are solved iteratively in a 

sequence, where each iteration represents a ótime sliceô t of real physiological time (Hardman 

2001). Theoretically, the shorter the time slices are the more accurate the representation of the 
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physiological dynamics will be, but this advantage is offset by the corresponding increase in 

computation times. 

 

Figure 2.6: Diagrammatic representation of important features of the respiratory model in the 

NPS (adapted from Hardman et al 1998) 

The pulmonary model consists of the mechanical ventilation equipment, anatomical and 

alveolar deadspace, anatomical and alveolar shunts, ventilated alveolar compartments and 

corresponding perfused capillary compartments. To recap from Section 2.1.4, the series 

deadspace (SD) consists of the trachea, bronchi and the bronchioles where no gas exchange 

occurs. It is located between the mouth and the alveolar compartments. Inhaled gases pass 
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through the SD during inspiration and alveolar gases pass through the SD during expiration. In 

the model, an SD of volume 60ml is split into 50 stacked compartments of equal volumes (see 

Figure 2.6). No mixing between the compartments of SD is assumed.  

Any residual alveolar air in the SD at the end of expiration is re-inhaled as inspiration is 

initiated. This residual air is composed of gases exhaled from both perfused alveolar 

compartments (normal perfusion) and the parallel deadspace (PD) (alveolar compartments with 

limited perfusion). Therefore, the size of deadspace (SD and PD) can have a significant effect 

on the gas composition of the alveolar compartments. Compared to analytic techniques 

representing ósingle stepô tidal movement of gases through the SD (e.g. Stuhmiller 2005), the 

iterative modelling technique has the important advantage of producing realistic and gradual 

changes in gas compositions of the SD and the alveolar compartments and accounting for the 

residual gases from the previous breath.  

The inhaled air consists of five gases: oxygen, nitrogen, carbon dioxide, water vapour and a 5th 

gas used to model additives such as helium or other anaesthetic gases. During inspiration, the 

flow (fi) of air to or from an alveolar compartment i in a time slice t is determined by the 

following equation: 

Ὢ
Pv  PA

Ru RA
       [2.2] 

where Pv is the pressure supplied by the mechanical ventilator, PAi  is the pressure in the alveolar 

compartment Ὥ at t, Ru is the constant upper airway resistance and RAi is the bronchial inlet 

resistances of the alveolar compartment Ὥ. The total flow of air entering the SD at time t is 

calculated by 

Ὢ  В Ὢ       [2.3] 
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During inspiration, the fractions of gases (F
x
) in each compartment of the SD are updated based 

on the composition of Ὢ. The volume of gas ὼ in alveolar compartment (vA) is given by: 

vA  
vA ὪϽ

vA

vA
                   ὉὼὬὥὰὭὲὫ

vA Ὢ ϽFx                 ὍὲὬὥὰὭὲὫ 
   [2.4] 

Each alveolar compartment can be assigned a bronchial inlet resistance and compliance. 

Compliance specifies the volume gradient with respect to pressure, and represents a measure of 

the óstiffnessô of the lung. Ageing and pulmonary disorders such as emphysema increase the 

compliance of the lung and reduce the elastic recoil of the lung. Other pulmonary disorders such 

as fibrosis and pneumonia decrease the compliance of the lung and make the lung óstifferô.  

Following (Macklem 1967), a fixed resistance to the flow was introduced. The tension at the 

centre of the alveolus and at the alveolar capillary border is assumed to be equal. The 

respiratory system has an intrinsic response to low oxygen levels in blood which is to restrict 

the blood flow in the pulmonary blood vessels, known as Hypoxic Pulmonary Vasoconstriction 

(HPV). This is modelled as a simple function, resembling the stimulus response curve suggested 

by Marshall (Marshall 1994), and incorporated into the simulator to gradually constrict the 

blood vessels as a response to low alveolar oxygen tension. The atmospheric pressure is fixed at 

101.3kPa and the body temperature is fixed at 37.2°C.  

During each time slice t, equilibration between the alveolar compartment and the corresponding 

capillary compartment is achieved iteratively by moving small volumes of each gas between the 

compartments until the partial pressures of these gases differ by <1% across the alveolar-

capillary boundary. The process includes the nonlinear movement of O2 and CO2 across the 

alveolar capillary membrane during equilibration.  
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In blood, the total O2 content (CO2) is carried in two forms, as a solution and as oxyhaemoglobin 

(saturated haemoglobin in Figure 2.3): 

CO2 SO2ϽὌόὪϽHb + PO2ϽO2sol    [2.5]  

In this equation, SO2 is the haemoglobin saturation, Huf is the Hufner constant, Hb is the 

haemoglobin content and O2sol is the O2 solubility constant. The following pressure-saturation 

relation, as suggested by (Severinghaus 1979) to describe the O2 dissociation curve, is used in 

this model: 

  SO2 PO2 ρυπϽPO2 ςστππρ     [2.6] 

SO2 is the saturation of the haemoglobin in blood and PO2 is the partial pressure of oxygen in the 

blood. Eqn. 2.6 applies to a standard O2 dissociation curve such as that shown in Figure 2.3 (at 

pH=7.4 and temperature=37°C). As suggested by (Severinghaus 1966), PO2 has been 

determined with appropriate correction factors in base excess BE, temperature T and pH 

(7.5005168 = pressure conversion factor from kPa to mmHg): 

PO2 χȢυππφ168 Ā PO2 Ͻρπ
Ȣ pH-7.4 Ȣ T-37 Ȣ ϽBE [2.7] 

The CO2 content of the blood (CCO2) is deduced from the plasma CO2 content (CCO2plasma) by 

the following equation (Douglas 1988): 

 CCO2  CCO2plasmaϽ ρ
Ȣ ϽHb

Ȣ Ȣ  ȢSO2ϽȢ pH
  [2.8] 

where SO2 is the O2 saturation, Hb is the haemoglobin concentration and pH is the blood pH 

level. The coefficients were determined by Douglas as a standardised solution to the McHardy 
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version of Visserôs equation  (McHardy 1967) by iteratively finding the best fit values to a given 

set of clinical data.  

The value of CCO2plasma in Eqn. 2.8 can be deduced by the Henderson-Hasselbach logarithmic 

equation for plasma CCO2 (Kelman 1966): 

CCO2plasmaςȢςςφϽ s ĀPCO2plasmaρ  ρπpH ï pK'    [2.9] 

where s is the plasma CO2 solubility coefficient and pK' is the apparent pK (acid dissociation 

constant of the CO2 bicarbonate relationship). PCO2plasma is the partial pressure of CO2 in plasma 

and ó2.226ô refers to the conversion factor from  miliMoles per litre to ml/100ml. (Kelman 

1966) gives the equations for s and pK' as: 

 s = 0.0307 + 0.0057 Ā σχT + 0.00002 Ͻ σχT   [2.10] 

pK' = 6.086 +0.042 Ā (7.4 - pH) + σψT Ͻ πȢππτχςπȢππρσω χȢτ pH     [2.11] 

For pH calculation, the Henderson Hasselbach and the Van Slyke equation (Siggard-Andersen 

1977) are combined. Below is the derivation of the relevant equation. The Henderson-

Hasselbach equation (governed by the mass action equation (acid dissociation)) states that 

(Cotes 2006, pg 70): 

 pH = pK + log 
 

  
   [2.12] 

Substituting pK=6.1 (under normal conditions) and the denominator πȢςςυ Ͻ PCO2  (acid 

concentration being a function of CO2 solubility constant 0.225 and PCO2 (in kPa)) gives:  

pH = 6.1 + ÌÏÇ
HCO3

Ȣ  Ͻ PCO2
     [2.13] 
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For a given pH, base excess (BE), and haemoglobin content (Hb), HCO3 is calculated using the 

Van-Slyke equation as given by (Siggard-Andersen 1977): 

HCO3  ςȢσ Hb χȢχ pH χȢτ  
BE

Ȣ  Hb
 ςτȢτ [2.14] 

The capillary blood is mixed with arterial blood using Eqn. 2.15 which considers the anatomical 

shunt (ὛὬ with the venous blood content of gas x (Cv
x , the non-shunted blood content from the 

pulmonary capillaries (Ccap
x ), arterial blood content (C

x
, the arterial volume (v  and the 

cardiac output (CO).  

Cx  
CO Ā  Ͻ Cv

x   Ͻ Ccap
x  CxϽv  CO 

v
    [2.15] 

The peripheral tissue model consists of a single tissue compartment, acting between the 

peripheral capillary and the active tissue (undergoing respiration to produce energy).  The 

consumed O2 (VO2) is removed and the produced CO2 (VCO2) is added to this tissue 

compartment. Similarly to alveolar equilibration, peripheral capillary gas partial pressures reach 

equilibrium with the tissue compartment partial pressures, with respect to the nonlinear 

movement of O2 and CO2.  Metabolic production of acids, other than carbonic acid via CO2 

production, is not modelled.  

A simple equation of renal compensation for acid base disturbance is incorporated. The base 

excess (BE) of blood under normal conditions is zero. BE increases by 0.1 per time slice if pH 

falls below 7.36 (to compensate for acidosis) and decreases by 0.1 per time slice if pH rises 

above 7.4 (under alkalosis). The cardiovascular model considered here simply sets the cardiac 

output (blood flow entering the pulmonary model) per time slice. 
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NPS has been applied previously in the study of various physiological phenomena and as a 

training simulator. A simulated patient is assumed to be under complete mechanical ventilation. 

Consequently, the effects of ventilatory autoregulation by the patient have not been incorporated 

into the models. Currently, it also does not take into consideration any metabolic, myogenic or 

neurogenic autoregulation of the physiological parameters. 

It should be noted that the NPS is effectively solving a set of ordinary differential equations 

numerically using an Euler method over a time step t. A large value of t can produce inaccurate 

results. The value of t is fixed at 5 ms for the all the results that were produced for this thesis, 

which is considerably shorter than earlier investigations where t of up to 200ms were regularly 

employed (Hardman 2000). The implementation of more stable numerical method can have 

significant advantages with respect to faster computational speeds and availability of tools for 

various computational analyses. However the thesis is focused towards analysing and 

implementing the current model. The processes implemented in the NPS have been described 

and validated successfully against clinical data in various research publications (Hardman 1998, 

Hardman 1999a, Hardman 1999b, Hardman 2000, Hardman 2003).  

The NPS has been implemented into the MATLAB environment (Matlab R2006a on a PC 

running Microsoft Windows XP version 2002). The new MATLAB implementation of the 

simulator has several advantages over the previous PASCAL  based implementation of the NPS: 

¶ The model is easily integrated with an extensive library of MATLAB toolboxes (such 

as the global optimisation toolbox, robust control toolbox) for computational analysis & 

design. This is useful for the work on model validation and the identification of optimal 

ventilator settings to be performed in the subsequent stages of this project. The easy 

availability of systems and control toolboxes provide an easy interface for the wider 

control community. 
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¶ The MATLAB simulator allows easy storage and access to all variables involved for the 

duration of the simulation, with available computer memory being the only constraint. 

This makes small variations in any selected variable straightforward to record and 

monitor for further analysis. 

¶ The explicit high-level MATLAB code is easy to amend and available to scrutiny, 

hence any modifications are easy to administer for the user, unlike the executable file 

only approach of NPS where access to the code is only available to the developer.  

¶ The results produced from running simulations are saved in a MAT format which 

makes it easier to display the data and to transfer to spreadsheet software such as 

MICROSOFT EXCEL. 

MATLAB is an interpreted language, i.e. an interpreter program executes the source code. This 

makes program execution slower compared to compiled languages where the source code is 

converted directly to machine code. However the current applications of the physiology 

simulator are not real time dependent, hence the present simulation times should be acceptable. 

Furthermore, by linking C files with MATLAB, individual sections of the code are optimised 

for rapid execution and bottlenecks in the code are reduced.  

Since the MATLAB simulator is not GUI (graphical user interface) based, it is not as easy to 

manually change values and settings during simulations and to consequently monitor the effects. 

However the current scope of the simulator is for theoretical and computational research and not 

for real time ITU training, and thus this is not expected to be a significant issue.   

Finally, it is important to point out that both simulators can work well alongside each other. For 

example, to match the models to a specific clinical scenario, the GUI based NPS can be used to 

determine the matching parameters such as airway resistances etc which would then make 
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simulation in MATLAB very simple. Conversely, if a user finds the NPS GUI restricting, the 

MATLAB simulator will allow for an easier access to any variable within the code. 

2.2.2 Simulation model initialisation 

Weight 70 Kg 

Inspired Gas Warmed and humidified 

Inspired Flow Pattern Constant flow 

Fraction of Inhaled O2, FiO2 0.196 

Tidal Volume 500 ml 

Respiratory Rate 12 bpm 

Inspiratory to expiratory ratio 1:2 

Number of alveolar 

compartments 
100 

Respiratory quotient 0.8 

Oxygen consumption 250 ml min
-1
 

Cardiac output 5 litres min
-1 

Table 2.1: Simulation model default configuration (unless otherwise stated) 

The lungs are modelled as a system comprising external equipment (e.g. a mechanical 

ventilator), anatomical and alveolar deadspace, and ventilated and perfused alveoli. In this 

study, 100 individual alveolar compartments have been incorporated into the model. The initial 

configuration of the model is given in Table 2.1. The inspired air consists of oxygen (19.6%), 

nitrogen (74%), carbon dioxide (0.1%). The balance is made up of water vapour (6.3%). Each 
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alveolar compartment can be attributed a specific bronchial inlet resistance to create a desired 

ventilation-perfusion distribution (see Section 2.1.6).  

2.2.3 Program Structure 

Figure 2.7 uses a sequence diagram to formally describe the structure of the code. A sequence 

diagram (Fowler 2003) shows the interaction between a group of objects. The vertical 

information in the diagram represents the sequence (order) of messages/calls as they occur 

while the horizontal information from left to right shows the objects and the messages that are 

sent between objects. Each object has a lifeline (a box with vertical dashed lines) and an 

activation bar, that shows whether the object is active or not. Thus the sequence diagram 

demonstrates the construction of functional modules in the simulator. The diagram further 

explains the flow of the information among the various functional modules of the software. The 

compartmentalisation of the model allows for easier validation and testing of individual 

components during implementation and the direct access to the structures such as the 

cardiovascular system (CVS) for future modifications. 
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Figure 2.7: Sequence diagram of the objects and their relationships in the MATLAB 

implementation of NPS. 
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2.3 Model development and utilisation 

The simulated lung in the model consists of 100 parallel alveolar compartments, each with three 

major parameters: volume of the alveolar compartment (v), pressure within the alveolar 

compartment (P) and bronchiolar inlet resistance (BIR). The flow of air to and from the alveolar 

compartment can be observed by the change in v and represents the ventilation (V) of the 

alveolar compartment. Each alveolar compartment has a corresponding pulmonary capillary 

compartment with a pulmonary vascular resistance (PVR). The flow of blood (Q) within the 

pulmonary compartment represents the perfusion of the pulmonary capillary compartment. The 

ventilation and perfusion (V/Q) distribution of the simulated lung can be modified by adjusting 

the BIR and PVR of the alveolar compartment.  

The mechanism for the movement of air from the mechanical ventilator, through the serial 

deadspace and to the alveolar compartments can be summarised as follows: 

1) The lung is at rest at the end of expiration. The volume v of each alveolar compartment at the 

end of expiration is given by the FRC (functional residual capacity) of the compartment. The 

FRC of a healthy alveolar compartment (FRCnominal) is set at a default value of 30ml. For a 

healthy lung, the pressure Plung of the alveolar compartment at FRC is zero. 

2) At the initiation of inspiration, mechanical ventilator settings of tidal volume and PEEP are 

converted to positive pressure PMV at the top of the airways, developing a pressure gradient 

between the mechanical ventilator and alveolar compartments. 

3) The pressure gradient causes a flow of air into the alveolar compartments. This is equivalent 

to a flow of current between two points in an electric circuit, where a potential difference exists 

across an ohmic resistance. Extending the standard electric circuit analogy, the flow of air 



Modelling and optimisation of mechanical ventilation for critically ill patients 

 

 

49 Modelling of pulmonary physiology  

 

between the ventilator and the lung can be determined using the equivalent of ñOhmôs Lawò:  

the difference in pressures (PMV ï Plung) divided by the total resistance of the conducting 

airways. 

4) The flow contributes to the existing volume of the alveolar compartments,  

5) The instantaneous pressure in the alveolar compartment is calculated using the static 

piecewise linear volume-pressure relationship (Figure 2.8). The expansion of the lung above 

FRCnominal represents the compliance of the alveolar compartment. The maximum volume that 

the alveolar compartment can achieve is the total lung capacity (TLC). During inspiration, the 

pressure P of the alveolar compartment rises as v increases.  

 

Figure 2.8: The static volume-pressure relationship used in the model 

6) At the end of inspiration the ventilator pressure is reduced to zero as the ventilator output is 

removed. The lung exhales passively along the pressure gradient until the pressure in the lung 

equilibrates (returns to zero) at resting volume (FRC). 



Modelling and optimisation of mechanical ventilation for critically ill patients 

 

 

50 Modelling of pulmonary physiology  

 

2.3.1 Simulating a healthy lung 

For a healthy lung, the original model of 100 alveolar compartments (Hardman 2001) 

incorporated a fixed BIR (BIRnominal) of 0.001 kpa per ml per minute and fixed PVR (PVRnominal) 

of 16 ml per minute. The current model implementation randomly distributes BIR and PVR 

with a uniform distribution of U(0.75x, 2x) where x is BIRnominal and PVRnominal respectively. 

This enables the simulation of heterogeneous ventilation perfusion (V/Q) distribution in the 

simulated lung as proposed by (Wagner 1974) and given in Figure 2.9.  

 

Figure 2.9: V/Q distribution of a healthy lung 

Figure 2.10 depicts a five minute simulation of the change in volume of 100 alveolar 

compartments for a healthy simulated lung. The plot was produced using a tidal volume of 400 
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ml, ventilator rate (VentRate) of 12 breaths per minute and an inspiratory to expiratory ratio 

(I:E) of 1/3. These settings correspond to the typical breathing pattern of a healthy human. 

 

Figure 2.10: Change in volume (v) of healthy alveolar compartments. Each alveolar 

compartment has a unique BIR, resulting in the small variations in v shown in the projection. 

Vtidal = 400ml, VentRate = 12 bpm and I:E = 1/3. 

2.3.2 Simulating diseased lungs 

Abnormal V/Q distribution in the lung results from the obstruction of air flow and blood flow. 

Abnormal V/Q distribution has been shown to exist in pulmonary diseases such as chronic 

obstructive pulmonary disease (COPD) (Wagner 1977), asthma (Wagner 1978), pulmonary 

embolism (Elliott 1992), and acute respiratory distress syndrome (ARDS) (Pappert 1994).  






























































































































































































