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Abstract

This thesis is made up of three parts: i) the development of a comprehensive computational
model of the pulmonary (patjhysiology of healthy and diseased lungs, ii) the application of a
novel optimisatiorbased approach to validate this computational model, and iii) the use of this

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

The malel described in this thesis is an extended implementation of the Nottingham
Physiological Simulator (NPS) in MATLAB. An iterative muttompartmental modelling
approach is adopted, and modifications (based on physiological mechanisms) are proposed to

charcterise healthy as well as diseased states.

In the second part of the thesis, an optimisatiased 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 oeimgutersimulations. Local

and global optimisation algorithms are employed to search for the -vamst 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 optimibaised analysis

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

reliant on matching data from vitro andin vivostudies.

The last section of the thesis considers the problem of optimising settings bamuad
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 inclygdin) 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 recommeiutiest from a very limited number of vivo studies

which, by their very nature, cannot form the basis of personalised, dsgasic treatment

protocols. This thesis formulates the choice of ventilator settings as a constrained multi
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objective optimisabn 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 ardoshown
satisfy the conflicting clinical objectives, to improve the ventilation perfusion matching within

the lung, and, crucially, to be diseageecific.
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v: volume of alveolar compartment, [ml]

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

describe the o6time slicebd, depicting the du

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 conceptare 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 iscammonlyused, lifesaving procedure. The majority of

critically ill patients in Intensive Therapy Units (ITU) spend some time with their lungs
ventilated by a mechanical ventil ator. However
lungs to potentidy 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
pneumois, 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 settingsmechanical ventilators in

an ITU is a significant challenge for the physician, due mainly to the heterogeneity of the
pulmonary disease states, as well as theumiform distribution of ventilation in the lungs

(Villar 2004, Gattinoni 2006). Currentlyp hy si ci ans rely on Aarbitrar
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(DeProst 2011) based on their previous experience and recommendations from a limited number

of in vivostudies (ARDS Network 2000).

The mortality rate (30940%) of mechanically ventilated patients suffgrimtom 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 al®prove 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 spedic 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 irdrmed 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 compliancealethic
considerations and financial constraints, in contrast to the traditionavo clinical studies
(Hardman 2006). The use of modelling in this area of clinical medicine has thus become more
common, with several successful research studies reportld iiterature (se&Veibel 1963,

West 1969, Hinds 1984, Joyce 1996, Hahn 2003, Yem 2006 and references thatdiaye

had significant impact on the field of pulmonary physiology

However, physiological modelstended 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 éterogeneity, and their validation must provide convincing evideofceheir

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 ngaiaka
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 representi layailable 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 theoblem of validating physiological models. The concept of
6robustnessd6 is widely wused in engineering
desired characteristics are maintained by a system despite fluctuations in the behaviour of its
componenklements 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 tef compu
simulation models of safetgritical applications (Menon 2007, Martin 2008). In this thesis, we
show how similar approaches can be utilised for validating computational models of pulmonary
(patho)physiologyi these validated models can then be furttheveloped and employed in
designingin silico experiments for exploring current practice for choosing the settings of

mechanical ventilator for individual patier@nd disease states.

1.2 Thesis organisation

The thesis begins with a discussion of the ssas/ 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. Validatpdimonary physiology models are used to represent

various diseased lung stataés silico, and an optimisaticbhased methodology is used to
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determine patient specific optimal mechanical ventilator settings for thes#ico disease

states. The thesis hiige chapters, which are outlined below:

Chapter 2 introduces relevant background onr¢evantphysiologyfor the model considered

in this thesis. The structure of the lungs is discussed, explanations of the important
physiological terms are providednd 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 theespiratory system, the cardiovascular system, the renal system, the acid
base mechanism and a mechanical ventilator, is described in detdifidsitions (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 representlapsewithin the lungs under disease states and

2) the incomplete response of the model to positive endagapi 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 mod
validation and the need for improved technigu@ptimisation algorithms such as Sequential
Quadratic Programming (SQP), Mesh Adaptive Direct Search (MADS), Genetic Algerithm
(GA) and Differential Evolution (DEjare described. The general underlyimingples of
optimisationbased model validatiomnd previous efforts to employ optimisation algorithms to
similar problems are also described. In the process of model validation, the pulmonary
physiology modelis subjected to simultaneous variations 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 populato 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 arg@resented. The problem of choosing optimal mechanical ventilator
settings for diseased lungs is formulated as a constrainedahjdttive optimisation problem.

Two multi-objective optimisation approaches are preserited) an approach using an
aggregatd objective function with user defined weights (WAOF) and a hybrid optimisation
algorithm and b) a Pareto dominaszased approach using a nondominated sorting genetic
algorithm (NSGAII). The NSGAII result is used to illustrate the conflicting objectvef the
optimisation problem considered here. The relative merits of the two approaches are compared
using an examplén silico disease case. A range of different pulmonary disorders are then
createdn silico by manipulating the ventilation and perfusidistribution 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 liteza The results of applying the proposed
optimisationbased 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 foffuture research are proposed.

1.3 Main contributions of this study

1. Animproved version of one of the most complex and detailed pulmonary physiblogica
models currently reported in the literature is implemented in MATLAB following an

iterative multtcompartmental modelling approach.
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2. To augment traditional model validation methods typically used in clinical settings, an
advanced optimisatiehased appiach is adapted from the engineering literature and
applied to validate the robustness of a pulmonary (pgthygiological model

3. A new approach for representing pulmonary disease statsidico using a (patho)
physiological model is presented. Signifitamodifications, 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 optimisatiorbased strategy is propas$ to determine the diseasgeecific
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 ventilatignerfusion 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 personalisadanagement of disease states, submitté8E& Transactions on

Biomedical Engineering2012.

Das A, Gao Z, Menon PP, Hardman JG, Bates DG. A systems engineering approach to
validation of a pulmonary physiology simulator for clinical applicatidosirnal of Royal

Society Interfac011; 8(54):4465.

Das A, Gao Z, Menon PP, Hardman JG, Bates DG. Optimisation of mechanical ventilator
settings. In proceedings of th&ernational Federation of Automatic Control (IFAC) World

CongressMilan, Italy. 2011.
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DasA, Bates, DG, Hardman JG. An engineering approach to validation of a pulmonary
physiology simulator. In proceedings of th&ernational 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 tantomathematical 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 physiolcg mechanisms) are proposed to characterise

healthy as well as diseased states.

2.1 Pulmonary physiologyi key concepts
2.1.1 Lungs

The lungs primarily have two functioristhe movement of oxygen gDand carbon dioxide

(CG,) to and from the alveoli lfrough 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 aeh 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 iaflsga@inds 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 fromhiéeet and divides into the pulmonary
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capillaries. Here Q@is diffused to the blood and GUs diffused to the alveolar units. The
pulmonary capillaries containing the oxygenated blood converge into the pulmonary vein. This

blood is transported to the hearhich pumps the oxygenated blood into systemic circulation.

Trachea - Bronchs

Pulmonary ; N
Artery ! Y /
A /
LN
Alvedlar | L
Duct i }I
i AN
- Capillaries | / :
|

Bronchioles

Figure 2.1: Lungstructure

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 lungplumes 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 thenoves in and out of the lungs in a single
breath. It normally has a value in the range 400rBDOmI 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 fbecgiration. 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 Vole (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, thelwva 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 raximum 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 linedhe pirometer 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
breatles air with 100% oxygemvhile the concentration of nitrogen is monitored in expired air
using a nitrogen analyzer. When the nitrogen i
amount of nitrogen at the beginning of the test can be approximated by multiplying total volume
of exprred air with percentage of nitrogen in the expired air. As the air in the dttie
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 = HRY. For detailed
information onthe spirometer, NWTand other testdor 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 abréisis reduce the compliance of the lumadnich 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
resistanceghigh 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 0O, and CO, movement across the alveolar membrane

The exchange ajases between blood and ventilated air occurs by diffusion across the alveolar
membrane. The {partial pressures are higher in the alveoli than the capillaries apgatial
pressure is higher in the capillaries, which creates a gradient for theafifiafsjases. 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 axple the rate of CQdiffusion across the alveolar
membrane is dependent on the partial pressure of i@ecules (lower than £ and the

solubility of CGyin the plasma (C&@is more soluble in liquid than D

Saturation

Bound O, to Hb

O, Content in blood = Dissolved O, +
O, bound to Hb

Dissolved O,

Saturation of Haemoglobin %

Partial pressure O,

Figure 2.3: Qdissociation curves adaptérom (West2004,pg /). O, = Oxygen, Hb =
Haemoglobin
Blood carries @to the tissue#n two forms: dissolved and combined whhemoglobin (Hh)
As indicated by thealissociation curve inigure 2.3,the dissolvedO, constitutes a relatively
small portion of the total blood oxygen contefiis occurs due to the reduced solubility gf O
in blood relative taCO,. To satisfy the @requirements of the body,,@ bound chemically to

haemoglobin.
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The plateau of thexygen dissociatiomurve at highO, partial pressuréPo,) allows the body to
maintain oxygen saturation in the event of a sudden fadleolar Po,. At the peripheral
tissues, B:is low, so oxygen is released quickly. The curve can shift to the right dinele

following conditions:

1. Under the Bohr effect, wherein haemoglobin has less affinity,tasOH ions in the
blood increase. For exampia the peripheral tissues the increase in, @®a result of
metabolism increases the number ofiehs bound tchaemoglobin and promatehe
dissociation of @at the peripheral tissue.

2. Under the Haldane effect, wherein haemoglobin has less affinity tp &Othe
concentration of @ rises. For examplethe increase in available ,Opromotes
dissociation of C@and ptake of oxygen from the blood.

3. As temperature increasesthis is usually not very significant except in the case of
extreme temperature changes such as hypothermia.

4. As the 2, 23Disphosphoglycerate (2, 3 DRGa regulatory organophosphate produced by

redblood cells) concentration increases.

CO, is present in a higher quantity in blood than oxygen as it is more soluble and more
chemically reactive. C&has a major regulatory contribution in controlling blood pH levels. In
plasma the dissolved C@reactswith water to form H and HCQ ion (bicarbonate) in the
following reversible reaction.

CO,+H,0U H,CO,U H*+HCG, 2.1]

This equation represents the acid base equilibrium in the blood..linc@ases, Hions in the
blood increasewhich reduces the pH (making it more acjdi¢ HCOs 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 H@Oons and producing Hions. CQ also binds directly to
proteins, known as carbamino compounds which contribute sar@@sfer around the body. In
blood, CQ is dissolved in plasma B, about 8%), in the form of }¥O; (about 80%) and as

carbamino compands (about 11%).

2.14 The airways and the blood vessels

Anatomical

Deadspace
Alveolar
Alveolar Deadspace
Shunt i
caused by
reduced \
ventilation
Pulmonary | ] Pulmonary
Artery vein
I Anatomical
Shunt

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.

1 Theseries (anatomical) deadspace (SD) consists of the conducting airways such as the

trachea, bronchi and the bronchioles.

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

perfused by blood through the pulmonary capiia
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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.

1 The anatomical shunt (AS) is the shuntingblifod directly from the pulmonary artery
to the pulmonary vein without participating in gas exchange.
1 The alveolar shunt (AlvS) is the blood passing through pulmonary capillaries with

poorly ventilated alveoli caused by obstructed or collapsed airways.

2.15 Distribution of ventilation and perfusion

An impairment of gas exchange functions in the lung can be indicated by poor oxygenation
(arterial hypoxemia) and CGQetention (hypercapnia) or both. Mechanisms mentioned in
Section 2.1.4 dictate the movemeritthe partial pressure of Xand CQ across the alveolar
capillary membrane. The movement of @om alveoli into the blood is determined by
saturation of the haemoglobin (Figure 2.3). This is affected by the supply tof tBe tissues

and extraction of O, 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 confinedittdn the V/Q ratio

of 0.3 and 2.1.
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Figure 2.5: VentilatiorfV) perfusion(Q) distribution of a healthy lung. The lines are drawia as
visualisation aide only.

Ventilation (V) in the lungs is influenced by the variation in distribution of air actas$ung.

The perfusion (Q) is dependent on the cardiac output, the akterials pressure gradient and

arteriatalveolar pressure gradient. Efficient gas exchange occurs when ventilation is adequately

matched to perfusion in the gas exchanging lung Whis 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 isleadspacgSection 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 ésethe

of the lung withnormal perfusiorwhere the alveoli is blocked or collapsed and no ventilation

occus (Section 21.3). All three characteristicntribute 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 highan® ncreases

the amount of wasted ventilation. However at high Fhe Q dissociation is robust to sudden
decrease in &3, as indicated by the plateau of the haemoglobin (Hb) saturation curve of the O
dissociation (Figure 2.3). Under low V/Q, the effectsbiunt is evident as poorly ventilated
areas create low 2 and low Hb saturation which lead to reduced oxygen content and
hypoxemia. Therefore, decrease ig, Bs not followed by a proportional decrease in

haemoglobin saturation.

V/Q imbalance holds keinformation 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 veilation (amount of air inbreaths 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 eféofHenderson 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
techniquesThe 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 anotheraimimaricome of this
pioneering research which laid the foundation for several other falfpvgtudies as in

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

To the best of the authorodés knowl edogefthet he fir
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 gafha&ge system were accounted for.

The model included the effect on-OO, 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 moditveloped 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 unidiretional stream of air. The model was utilised to understand the gas transport

and acidbase buffering in the respiratory system.

Research works by John B West (West 1969) and colleagues helped to develop deeper insight
into pulmonary ventilation, perfugicand 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 numbersalvieolar compartments (betwe8qA000) and
recommende 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 op&d CQ transfer into the blabwas also
investigated. However, individual compliances, inflow resistances and vascular resistances that

are associated with alveolar compartments were not accdoniedhese models
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Chiari (Chiari1997) and colleagues presented a model of the respiratory system incorporating
0,-CO, transport and exchange. The model constitutes three compartments: the lung, the brain
and the body. The basic representation was an adoptithe ahodel ofGrodins (Grodins

1967) with the added implementation of nonlineagrG®, 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 bodyetissre 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 acrols titerature. Single/aiompartmental models offer simplicity

in calculations and allow for better understanding of some inadequately understood
physiological behaviour. Swanson (Swanson 1983) used@nppartment model to analyse the
alveolar gas exchae during exercise relative to a normal lung. Vidalmelo (Vidalmelo 1993,
1998) used a bBtompartmental model to depict the alveedaterial gas transport through
analytically describing the gas diffusion, alveedaterial pressure gradient, g@nd Q
dissociation curves and the behaviour due to physiological shunt and cardiac output. Hotchkiss
(Hotchkiss 1994) investigated the effects on ventilation distribution and alveolar presisures
mechanical ventilation inputs such as frequency and duty c§ther examples of research
studies using single and-bompartmental alveolar models of the lung include Farmery (1996),
Joyce (Joyce 1996), Liu (Liu 1998However, sngle and bicompartmental models of the lung

can be inadequate in representing theceftd 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 (g. (West1969)) 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, resistatice
compliances across the whole lutttat 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 ardspre 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 derecruitmeh27000 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 administratetrategies VentSm and VentPlan. VentPlan is a simplified
physiologi@l model with uniform airway resistance, fixed compliance, no ventilation perfusion
abnormalities apart from the anatomical shand a simple input as the driving pressure of the
lungs. VentSim is a ratively more thorough representation, but so far remains unvalidated
relative to Vent Pl an. as Rsed ilventPtare ihay compromisé itsst i ¢

applicability on patients with more complex pathophysiolalggdnormalities.

Rees (2006) presexd a model of @and CQ transport in the lungs, blood and the tissues and
applied t for the selection of optimal mechanical ventilator settings. The lungs consist of two
compartments each with different ventilation perfusion ratios. The circulationoofl bk
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 thévedlainadequate 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 deadsp incorporates a compartmental approximatioa bong

model proposed by Weibel (Weibel, 1963). The ventilation perfusion distribution is limited to
four alveolar compartments (one unperfused, three perfused). The modelehaapplied 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 minioaped gas
exchanging units. Simplistic models, i.e. single or-cdmpartmental compartmental
representations, have proved to be useful in improving the understanding of pulmonary
physiology. However, difficult problems such as understanding andnigelatig 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 improvedplementation of the

Nottingham physiology simulator.

The Nottinghanphysiologysimulator (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 mairedeat the simulator are

shown in Figure 2.6.

The models use massnserving algebraic equation$ pulmonary dynamics and blood gas
transport. Beginning with default initial settings, the equations are solved iteratively in a
sequence, where each itérain r e p r e s e nttofsrealaphysidlogicaletimes (Hardeand

2001). Theoretically, the shorter the time slices are the more accurate the representhtion of
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physiological dynamics will be, but thadvantagds offset by the corresponding incredse

computation times.
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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 deagsace, 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

occus. 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 stackachpartments of el 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 ighaled as inspiration is

initiated. This residual air is composed of gases exhaled from both perfussdaal
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. Compareghalytic techniques
representing 6single stepd tidal movement of
iterative modelling technique has the important advantage of producing realistic and gradual
changes in gas compositions of the SD andatiieolar 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.im®piration, the

flow (f;) of air to or from an alveolar compartmenin a time slicet is determined by the
following equation:

P, Pa

Ru Ra

[2.2]

where R is the pressure supplied by the mechanical ventilatpisRhe pressure in the alveolar
compartmentCat t, R, is the constant upper airway resistance apdiRRthe bronchial inlet
resistances of the alveolar compartm&the total flow of air entering the SD ame t is

calculated by

Q B [2.3]
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During inspiration, the fractions of gases)(in each compartment of the SD are updated based

on the composition 6f2 The volume of ga&in alveolar compartment() is given by:

v, Va "levf 0 ) 0 @& 2.4
Va2 QF Ok & Q¢ Q

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 o6stiffnessdé of the lung. A g emanngreasenttee p ul mor
compliance of the lung and reduce the elastic recoil of the lung. Other pulmonary disorders such

as fibrosis and pneumonia decrease the compli ar

Following (Macklem 1967), a fixed resistance te 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 pulmonwrblood 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 slicg equilibration between the alveolar compartment and the corresponding
capillary comparnent 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 ahd>CQ across the

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

(saturated haemoglobin in Figure 2.3):
COZ Soz J006 ™ b+ P02 302s o | [25]

In this equation, & is the haemoglobin saturatiohiuf is the Hufner constanti bis the
haemoglobin content ar@2s oid the Q solubility constant. The following pressesaturation
relation, as suggested by (Severinghaus 18y9escribe the ©dissociation curve, is used in

this model:

Soz Poz P U P COoT TP [2.6]

Soy is the saturation of the haemoglobin in blood Bgglis the partial pressure of oxygen in the
blood. Eqgn. 2.6 applies to a standardd@®sociationcurve such as that shown in Figure 2.3 (at
pH=7.4 and temperature=37°C). As suggested by (Severinghaus 1R&§Mas been
determined with appropriate correction factors in base excessteBtperature T and pH

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

Pop XEB) 1 (6[8302 q:) w8 pPH4 8 T37 8 BE [27]

The CQ content of the blood (£,) is deduced from the plasma £€ntent (Goplasma) by

the following equationouglas 1988):

8 Bib
Cca CcapiadR 535 s,08 or [2.8]

where Sy, is the Q saturation,H bis the haemoglobin concentration and pH is the blood pH

level. The coefficients were determined by Douglas as a standardised solution to-taslv
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ver si on of V(MsHardyrl86g) byeitgratigeety findimg the best fit values to a given

set of clinical data.

The value ofCc @p | 2 dMmEAN. 2.8 can be deduced by the Hendetsasselbach logarithim

equation for plasma ¢, (Kelman 1966):

Ccapl asne® G Bs C'éﬁ;Pl ashha pTEAPK [2.9]

wheres is the plasma COsolubility coefficient andy Kis the apparent pK (acid dissociation
constant of the C¢bicarbonate relationshipPc qp | a dSthe partial pressure of G@h plasma
and 062.22606 refers to the conversion factor

1966) gives the equations feandp Kas:

s=0030G000AGYX T +0000D&x T [2.10]

pK=60 84.0 4A74-ph oY T OM8InT X gBimpowd pH [2.11]

For pH calculation, the Henderson Hasselbach and the Van Slyke equation (Bigdarsen
1977) are combined. Below is the derivation of the relevant equafitre Henderson
Hasselbach equation (governed by the mass action equation (acid dissociation)) states that

(Cotes 2006, pg 70):

pHpkKIl og [2.12]

Sutbstituting pK=6.1 (under normal conditions) and the denominat® ¢ ®P:; o (acid

concentration being a function of @&blubility constant 0.225 and:& (in kPa)) gives:

HCQ

cQ
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For a given pH, base excess (BE), andrhoglobin content (Hb), HGOs calculated using the

Van-Slyke equation as given by (Siggakddersen 1977):

BE

HC® ¢ Hb x& pH x8 EEEra—

¢ 8 [2.14]

The capillary blood is mixed with arterial blood using Eqn. 2.15 which consideasn#temical
shunt {YQ with the venous blood content of gast{ (, the norshunted blood content from the
pulmonary capillaries G ap arterial blood conten(C* , the arterial volumgv and the
cardiac output (CO).

CoO A XLfapCOv CO
Vv

CX

[2.15]

The peripheral tissue model consists of a single tissue compartment, acting between the
peripheral capillary and thactive tissue (undergoing respiration to produce energy). The
consumed @ (Vo) is removed and the proded CQ (Vcoy is added to this tissue
compartment. Simildy to alveolar equilibration, peripheral capillary gas partial pressures reach
equilibrium with the tissue compartment partial pressures, with respect to the nonlinear
movement of @and CQ. Metabolic production of acids, other than carbonic acid vig CO

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 increased Iper 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 pulmonarydel) 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 autotatjan 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 tHePS iseffectively solvhg a set of ordinary differential equations
numerically usingan Euler method over a timaept. A large value of can produce inaccurate
results.The value ot is fixed at 5 ms for the all the results that were produced for this thesis
which is considrably shorter than earlier investigatiomseret 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 speedwaitability of tods for
various computational analyseslowever the thesis is focused towards analysing and
implementing the current modélhe proceses implemented in the NH&ve been described
and validatedgsuccessfullyagainst clinical data in various research pultilices (Hardman 1998,

Hardman 1999a, Hardman 1999b, Hardn2®00, Hardman 2003).

The NPShas beerimplemented into the MATLAB environment (Matla®2006a on a PC
running Microsoft Windows XP version 2002). The new MATLAB implementation of the

simulator has several advantages over the previous PASia&kd implementation of the NPS:

1 The model is easily integrated with an extensive library of MATLAB toolboxes (such
astheglobal optimisation toolbox, robust control toolbox) for computational analysis &
design. This is useful for the work on model validation and the identificationtiofiadp
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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1 The MATLAB simulator allows easy storage and access taskbles 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.

1 The explicit highlevel MATLAB code is easy to amend and available to scrutiny,
hence any modifications are easy to adminigiethe userunlike the executable file
only approach of NPS wheeecess tohe code is only available to the developer.

1 The results produced from runnirggmulations 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 exeation 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 anbottlenecksn the code are reduced.

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

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 airwsigtaaces 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 70Kg
Inspired Gas Warmed and humidified
Inspired Flow Pattern Constant flow
Fraction of Inhaled @FiO, 0.196
Tidal Volume 500 ml
Respiratory Rate 12 bpm
Inspiratory to expiratory ratio 1:2

Number of alveolar

100
compartments
Respiratory quotient 0.8
Oxygen consumption 250 ml min*
Cardiac output 5 litres min™

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 tle¢ ioel 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 specificdiviah inlet resistance to create a desired

ventilationperfusion 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 intetian 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 object&ach object has #feline (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
explairs 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 structuresssiicl a

cardiovascular system (CVS) for future modifications.
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Figure 2.7: Sequence diagram of the objectsthet 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 100Ifralveolar compartments, each with three
major parameters: volume of the alveolar compartmeht ressure within the alveolar
compartmentl) and bronchiolar inlet resistance (BIR). The flow of air to and from the alveolar
compartment can be observbg the change irv 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 compartent 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 &ism 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 voluofeeach alveolar compartment at the
end of expiration is given by tHeRC (functional residual capacity) of the compartment. The
FRC of a healthy alveolar compartment (FR6a) is set at a default value of 30ml. For a

healthy lung, the pressuRg,4 of the alveolar compartment at FRC is zero.

2) At the initiation of inspation, mechanical ventilator settings of tidal volume and PEEP are
converted to positive pressuRg, at the top of the airways, developing a pressure gradient

between the mechanical ventilator and alveolar compartments.

3) The pressure gradient causdbw 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 resisiee. Extending the standard electric circuit analdbg flow of air
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between the ventilator and the luogn be determined using the equivalehfi Oh mé s: L awo
the difference in pressure®, 1 Pung) divided by the total resistance of the conducting

airways.

4) The flow contributes to the existing volume of the alveotempartmers,

5) The instantaneous pressure in the alveolar compartment is calculated using the static
piecewise linear volumpressure relationship (Figure 2.8). The expansion of the lung above
FRGominal represents the compliance of the alveolar compamt. The maximum volume that

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

pressure® of the alveolar compartment risesvaacreases.

200

150 ......................................................................... 4
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Figure 2.8: The static volunressure relationship used in thedab
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).
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2.3.1 Simulating a healthy lung

For a healthy lung, the original model of 100 alveolar compartments (Hardman 2001)
incorporated a fixed BIR (BlRmina) Of 0.001 kpa per ml per minute and fixed PVR (RV¥Ra)

of 16 ml per minute. The current model implartagion randomly distributes BIR and PVR
with a uniform distribution ofJ(0.75¢, 2xX) whereX is BIRngminat aNd PVRominal 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.
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Figure 2.9: V/Q distribution of a healthy lung

Figure 2.10 depicts a five mite simulation ofthe 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 volunfe) 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 théung 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 199), and acute respiratory distress syndrome (ARDS) (Pappert 1994).
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