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Abstract

An Analysis of the Relationship Between Respired Gases, Mixed Venous

Oxygen, and Cardiac Output

Tishan Wellalagodage, Oriel College Trinity 2025

The focus of this thesis is the estimation of cardiac output and mixed venous O2 sat-

uration (Sv̄O2) through the analysis of respired gases. Current methods for measuring

these parameters are limited by invasiveness, inaccuracy, or impracticality. Computed

cardiopulmonography (CCP) is a novel technique for the assessment of respiratory and

cardiac function, where each of these limitations may be addressed. CCP combines a

molecular flow sensor (MFS) with a comprehensive cardiopulmonary model to provide

non-invasive estimates of these, along with other cardiopulmonary parameters, through

highly accurate and contemporaneous measurements of respired gases. Here, its application

is tested in three different cohorts.

Chapter 1 provides an overview of the physiology and conditions relevant to the co-

horts studied. In addition, the development of the various methods of measuring and

estimating cardiac output are discussed, along with the historical context for the experi-

mental methods discussed in this thesis.

In Chapter 2, CCP is introduced. The physical principles which allow for the MFS

to record precise and contemporaneous breath-by-breath data, and the computational

model, which is comprised of separate sub-models, is discussed in detail. Previous work

undertaken with CCP is also presented.

Chapters 3 and 5 describe the results of the two clinical cohorts studied, the pulmonary

hypertension and cardiac surgery patient cohorts, respectively. Both studies were conceived

with the aim of comparing non-invasive CCP estimates of cardiac output and Sv̄O2 against
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the invasive clinical reference standards of measurement. The pulmonary hypertension

cohort study involved awake and spontaneously breathing participants, while the cardiac

surgery cohort study included participants who were mechanically ventilated, following

their postoperative admission to the intensive care unit. For the pulmonary hypertension

cohort, CCP estimates for cardiac output were slightly biased towards underestimating the

direct Fick cardiac output (mean difference: -0.25 L/minute, limits of agreement -1.9 to 1.4

L/min). For the cardiac surgery cohort, significant technical limitations made comparison

between CCP cardiac output and Sv̄O2 estimates against the reference measurements

difficult. The adjustments necessary to the respective CCP-based protocols due to these

differences were explored.

Chapter 4 involves the study of healthy volunteers, with the primary objective of bridging

the protocols used for awake participants in chapter 3 and mechanically ventilated ones

in chapter 5. Due to the invasive nature of reference measurements for cardiac output

and Sv̄O2, participants in this study instead underwent multiple protocols with different

experimental configurations for comparison. Intraclass correlation coefficients (ICC) were

calculated for each protocol. The open-circuit exogenous tracer gas protocol had the

highest (best) cardiac output ICC at 0.87. Conversely, the closed-circuit exogenous tracer

gas protocol was the worst of the four protocols at 0.64. The two identical CO2 based

protocols differed in their ICC values at 0.71 and 0.86.

Chapter 6 provides the overall conclusions gained from the results of the studies in

this thesis. The potential for future work, which has been directed by these results, is also

discussed.
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1 Introduction

1.1 The Cardiopulmonary System

The cardiopulmonary system is a collective term for the cardiovascular system, comprised

of the heart and vasculature, and the respiratory system, made up of the lungs and airways.

These interlinked systems are primarily responsible for the transport of O2 and CO2 in

blood and facilitating the exchange of metabolic nutrients, waste products, and water.(1; 2)

Air from the atmosphere flows through the conducting zone of the respiratory system

where it is warmed, humidified, and filtered before reaching the respiratory zone. The con-

ducting zone of the respiratory system begins with the trachea and ends with the terminal

bronchioles. The respiratory zone includes the respiratory bronchioles, alveolar ducts, and

alveolar sacs. The lung parenchyma is made up of the alveolar walls and interstitium.

Gas exchange, specifically the diffusion of O2 into the blood and the uptake of CO2 out

of the blood, occurs at the interface between the pulmonary capillaries and alveolar walls.(2)

Ventilation is not a perfectly efficient process. Dead space, the regions in the lung

which are not involved in gas exchange, result in a fraction of each breath being exhaled

unchanged. Dead space can be further categorised into anatomical, alveolar, and physiolog-

ical dead space.(2) Anatomical dead space is the volume of air in the conducting airways.

True alveolar dead space is air within the alveolar spaces that receive no perfusion; this

volume is considered to be negligible in the healthy population.(3) Apparent alveolar dead

space may also arise from ventilation/perfusion mismatch in the lung. Physiological dead

space is the sum of anatomical and alveolar dead space. In the mechanically ventilated

patient, apparatus dead space is an additional form of dead space. Apparatus dead space

is the volume of air within the endotracheal tube and other components such as connectors

and humidifiers.

The heart is the pump of the cardiovascular system which transports blood through
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the systemic and pulmonary circulation. Venous, deoxygenated blood flows through the

right atrium and into the right ventricle where it is pumped through the pulmonary

vasculature. At the same time, oxygenated blood from the pulmonary vasculature is

collected in the left atrium and is circulated through the aorta and into the systemic

arterial tree.(2)

1.2 Medical and Surgical Disorders of the Cardiopulmonary

System

This thesis is concerned primarily with the measurement of cardiac output and mixed venous

oxygenation in two groups of patients who have particular measurement requirements in

these areas. The two cohorts who took part in the experimental work presented in this

thesis were either pulmonary hypertension or postoperative cardiac surgery patients. The

disorders of the cardiopulmonary system relevant to these patients are described below.

1.2.1 Pulmonary hypertension

Pulmonary hypertension (PH) is diagnosed when the resting mean pulmonary artery

pressure is greater than 20 mmHg.(4) The diagnosis can be further classified based on the

diagnosis. Five different classifications for PH exist, with groups 2 and 3 being the most

common(5; 6):

• Group 1- Pulmonary arterial hypertension (PAH): PAH is characterised

by the obstruction of small pulmonary arteries due to endothelial dysfunction and

vascular remodelling. PAH can be caused by inherited conditions, a wide array of

acquired systemic disorders, drugs, and can also be classified as idiopathic.(7)

• Group 2- PH due to left-sided heart disease: Group 2 PH occurs as a result

of increased hydrostatic pressure in the pulmonary vasculature due to left heart

disorders such as aortic and mitral stenosis, heart failure (with either preserved or

reduced ejection fraction), and rheumatic heart disease.(5)
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• Group 3- PH due to lung disease or hypoxia: Lung disease which contributes to

the reduction of pulmonary capillary area, due to hypoxic pulmonary vasoconstriction,

destruction of the lung parenchyma, and/or vascular remodelling may cause this

class of PH.(8) Chronic obstructive pulmonary disease and interstitial lung disease

are significant contributors to this group.(6)

• Group 4- Chronic thromboembolic PH (CTEPH) and other pulmonary

artery obstructions: CTEPH occurs due to thromboembolic obstruction of the

pulmonary arteries. Additionally, the shear stress caused by obstruction leads

to vascular remodelling, contributing to a worsening of the pressure within the

pulmonary circulation.

• Group 5- PH with multifactorial mechanisms: This group includes PH caused

by disorders which do not fall under any of the other four classes. Examples include

chronic renal failure, sarcoidosis, and haemoglobinopathies including sickle cell

disease, thalassaemia, and spherocytosis.(6)

The diagnosis of PH requires right heart catheterisation using a pulmonary artery catheter

(PAC) in order to obtain right heart pressures, including the mean pulmonary artery

pressure. Prior to this, however, patients are extensively worked up for the purposes of

investigating possible differential diagnoses, identifying the class of PH, and for overall

assessment of functional status. These investigations include electrocardiography (ECG),

blood tests (including but not limited to haematology, biochemistry, thyroid function

tests, and immunology), chest computed tomography, transthoracic echocardiography,

pulmonary function tests, and cardiopulmonary exercise testing.(9) In addition to the

mean pulmonary artery pressure, other right heart and pulmonary artery pressures, cardiac

output, mixed venous O2 saturation, and arterial O2 saturation are also recorded. These

values are then used to calculate other parameters, including pulmonary vascular resistance,

cardiac index, stroke volume, and pulmonary arterial compliance.
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1.2.2 Disorders requiring cardiac surgical intervention

Cardiac surgery encompasses the surgical treatment of heart and thoracic aortic patholo-

gies. Coronary bypass grafting (CABG) for ischaemic heart disease, aortic and mitral

replacement or repair for either valvular regurgitation or stenosis, and a combination of

the aforementioned are the most commonly performed surgeries.(10) Most major cardiac

surgery is performed using cardiopulmonary bypass (CPB). CPB involves diverting venous

blood into a heat and gas exchanger and back into the arterial circulation. During this

time, the heart is stopped using a cardioplegia solution and the aorta is cross-clamped to

separate the systemic and coronary circulation.(11)

Ischaemic heart disease

CABG is a surgical option for ischaemic heart disease manifesting in various ways, including

acute ST-segment myocardial infarction, complex multivessel disease, and left ventricular

dysfunction. Arteries or veins harvested from the patient are used to bypass obstructed

coronary arteries.(12)

Aortic stenosis and regurgitation

The aortic valve is a tri-leaflet valve that opens to allow blood to flow from the left

ventricle to the aorta. Aortic stenosis, whereby the valve is pathologically narrowed and

restricts blood flowing out of the left ventricle, is the most common valvular disease in

Europe and America. It is usually due to age-related calcific degeneration in these regions.

Aortic regurgitation causes backflow of blood from the aorta into the left ventricle during

diastole. The causes of aortic regurgitation range from congenital defects such as a bicuspid

aortic valve (can also cause aortic stenosis) and acquired pathologies such as rheumatic

fever and infective endocarditis. Both aortic stenosis and regurgitation can be treated

with an aortic valve replacement (AVR) using either a mechanical or bioprosthetic valve.(13)

Mitral stenosis and regurgitation

The mitral valve is a bicuspid valve separating the left atrium and ventricle, allowing the
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flow of blood from the former into the latter during diastole. A regurgitant mitral valve can

be caused by various pathologies affecting the valve specifically or due to dilation of the left

atrium, annulus, or ventricle causing a functional failure of the cusps to converge. Mitral

valve stenosis has fewer causes than regurgitation, these include rheumatic heart disease

and infective endocarditis.(14) Where possible, mitral valve repair (MVr) is preferred

over mitral valve replacement (MVR) due to reduced mechanical stress on the valve

postoperatively.(14; 15; 16)

Tricuspid regurgitation

Clinically significant tricuspid regurgitation is most often due to secondary causes such

as left heart disease and pulmonary hypertension rather than valve-specific pathologies.

Tricuspid valve surgery is far less common than aortic and mitral valve surgery. Similar to

the approach for mitral valve regurgitation, tricuspid valve repair (TVr) is preferred over

replacement of the valve and is associated with a lower perioperative mortality.(17)

1.3 Respiratory-based Cardiac Output Measurement

Cardiac output measurement may be dichotomised into respiratory and non-respiratory

techniques. An overview of the former is presented below.

1.3.1 The Fick principle

The Fick principle describes the relationship between the arteriovenous difference of a

respiratory gas (usually either CO2 or O2, but not necessarily) and the production or

consumption of the same gas.(18; 19) Named for Adolf Fick, who first demonstrated the

principle in 1870 in a canine subject, it provides the theoretical basis for what is considered

the gold standard of cardiac output measurement, the direct Fick method.

Taking O2 as the subject gas, the Fick principle can be expressed mathematically with

the Fick equation:
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Q̇ =
V̇ O2

caO2 − cv̄O2

Where Q̇ is cardiac output, V̇ O2 is consumption of O2, caO2 is the arterial content of O2, and cv̄O2 is the

mixed venous content of O2.

Calculating the consumption or production of the subject gas requires sampling of respired

gases. Paired arterial and mixed venous blood gas samples are required for the calculation

of the arteriovenous difference of the subject gas. The direct Fick cardiac output can be

calculated if all of the components of the Fick equation are measured. In cases where this

is not possible, various methods of estimation of one or more components of the equation

can be used in order to calculate an indirect Fick cardiac output.

The assumptions necessary to calculate a Fick cardiac output are that there is no intracar-

diac shunt and that both pulmonary and systemic circulations are at a steady state at the

time of measuring the consumption/production and arteriovenous difference of the subject

gas.(20)

1.3.2 Development and application of the Fick method

Right heart catheterisation for the purposes of cardiac output measurement was first per-

formed by Otto Klein in 1930.(21; 22) It was not until the 1940s, however, that Cournand

and Richards extended the evidence base for direct Fick and indicator-based cardiac output

measurement and developed the technique to obtain a wider breadth of haemodynamic

measurements.(23; 24; 25) They, along with Werner Forssmann who performed the first

human right heart catheterisation (on himself), were recognised for their contribution to

the field with the Nobel Prize in 1956.(26)

Cournand and Ranges demonstrated the application of right heart catheterisation and the

subsequent calculation of direct Fick cardiac output in one subject.(23) Of note is that

sampling right ”auricular” (atrial) blood was considered to be a true mixed venous sample.
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This work was built upon a few years later in 1945 with a larger cohort of 34 to show

that right heart catheterisation was reproducible and viable in a representative range of

participants.(25) The experiment outlined by Cournand et al. described the collection of

exhaled gases using a Douglas bag and arterial and mixed venous blood sampling from

the femoral artery and right atrium/ventricle, respectively. The sampling of blood was

performed during the time that exhaled gas was collected. In general terms, except for the

location of mixed venous blood collection, the experimental method would be considered

acceptable in a modern-day setting.

Since the pioneering work of Cournand and others, right heart catheterisation has allowed

for the wide utilisation of Fick cardiac output measurements in clinical and research

environments. This has also led to the development of indirect Fick methods, where the

term indirect indicates that one or more of the variables of the Fick equation is estimated.

The estimated variable used for indirect Fick cardiac output calculation in the clini-

cal setting is usually V̇ O2 given the difficulty in direct measurement in the clinical setting.

Nomograms which take into account anthropometric and physiological factors are used.(20)

The arterial content of O2 in blood can also be estimated using pulse oximetry. Estimating

either the mixed venous O2 or CO2 content is more complex and is discussed later in this

chapter.

1.3.3 Early studies using tracer gases

In parallel with the work done in the early twentieth century to measure cardiac output

by applying the direct Fick method, the idea that the measurement of the uptake of an

exogenous gas by the lungs and circulation could also be used was under development.

The appeal of this concept stemmed from the assumption that the starting mixed venous

concentration of the exogenous gas was zero. This would negate the need for right heart

catheterisation. Instead, the exogenous or ’tracer’ gas in expired air could be measured

once it had reached equilibrium within the lungs and systemic circulation but before it
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had recirculated back to the lungs. The fractional volume of the expired tracer gas at

this equilibrium and the difference in both tracer gas concentrations between the first and

second gas samples was used to estimate cardiac output (or, more precisely, pulmonary

blood flow).(27)

Krogh and Lindard were the first to use tracer gases for this purpose.(28) Their ra-

tionale for using nitrous oxide (N2O) was that a gas soluble in the blood was required,

having first, unsuccessfully, attempted to replicate the work of Adolf Bornstein, who used

N2.(28; 29) The insolubility of N2 in blood resulted in significant measurement errors.

Their experiment can be summarised as having a subject breathe a predetermined mixture

of N2O, O2, and N2, sampling the expired gas at 5 and 15 seconds, and calculating

the difference in N2O between the samples to determine the uptake in blood (using the

blood-solubility of N2O at 37 ◦C), and calculating cardiac output using this difference.

Subsequent to the foundational work of Krogh and Lindard and others, Arthur Groll-

man refined the experimental technique for using tracer gases. This included identifying

acetylene (C2H2) as a more suitable gas than N2O (difficulties with analysis), ethyl iodide

(soluble in rubber), and ethylene (unpredictable solubility in blood due to lipophilic-

ity). C2H2 was also better fit for purpose due to a greater solubility in blood compared

to ethylene or N2O, reducing measurement error and due to its similar aqueous and

non-aqueous solubility.(27) He, along with Eli Marshall, also proposed a rebreathing

method in which a rubber bag was filled with a tracer gas mixture of known volume and

composition. This method was considered to be simpler than previously proposed ones.(30)

Using the C2H2 rebreathing method, Grollman was able to demonstrate reproducible

estimates of cardiac output within 2%.(27) As he had noted in a previous publication,

the use of tracer gases for the determination of cardiac output relied on the following

assumptions(30):

• That gas sampling would take place when equilibrium was reached between both the
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lungs and rebreathing bag and between alveolar air and the blood before recirculation

occurred.

• The correct solubility of the tracer gas in blood was known.

• The mixed venous content of O2 remained constant during the experiment.

• The absorption of the tracer gas in tissues such as the lung and upper respiratory

tract was accounted for.

1.3.4 Advances in respiratory-based methods

Grollman’s promising initial results with the C2H2 rebreathing method resulted in other

researchers’ interest in further tracer gas-based experiments. This included comparing the

tracer gas technique with the direct Fick method. Noting that earlier studies compared

the two methods in sequence, Chapman et al. were the first to simultaneously compare

the direct Fick and C2H2 rebreathing method of measuring cardiac output.(31)

The key finding from the Chapman study was a direct Fick value which was consis-

tently around 24% higher across participants compared to the C2H2 value. This was a

result consistent with some of the earlier studies which had compared the methods in

sequence.

Potential limitations of the tracer gas method and explanations for the discrepancy

with direct Fick values for cardiac output included the possibility of recirculation before

blood sampling had taken place, an incorrect solubility coefficient for C2H2 in blood being

used, and an altered arteriovenous O2 difference due to rebreathing. The arteriovenous

difference was specifically thought to be at risk of overestimation (which would result in

an underestimation of cardiac output) due to the potential for rebreathing to result in

increased alveolar recruitment and consequently reducing the effect of any venous shunt

within the pulmonary circulation.(31)
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Chapman et al. discussed the error due to recirculation, an incorrectly high solubil-

ity coefficient for C2H2 in blood, and forced rebreathing causing an increased arteriovenous

difference as being approximately 5% (greater with a higher true cardiac output), 7%,

and 6%, respectively. Ascribing the underestimation of cardiac output when using the

C2H2 method to multiple factors was an important conclusion, as it provided an avenue

for each of the issues identified to be addressed in future studies, rather than representing

an inherent issue with the principles of the technique.

The tracer gas method using exogenous gases (including but not limited to C2H2) was

further refined to account for the solubility of gas in the lung and to use the measured

uptake of the tracer gas in blood from semi-continuous respired gas analysis to estimate

cardiac output.(32; 33) The effective lung tissue volume into which tracer gases dissolve

was either assumed based on literature values or estimated experimentally. Sackner et

al., for example, used a carbon monoxide isotope to determine lung tissue volume and

subsequently how much of the initial C2H2 uptake was into tissue rather than blood.(33)

Although an exogenous tracer gas such as C2H2 has clear benefits, as discussed previously,

CO2 can also be used as an endogenous tracer gas. The following general principles apply

when using CO2 for this purpose: By using either a total or partial method of rebreathing,

a mixed venous CO2 content can be estimated. This is based on the assumption that

the arterial content of CO2 can be estimated if the end-tidal PCO2 at rest is taken as a

surrogate for arterial PCO2. If the CO2 production (V̇ CO2) is also known, then the Fick

equation can be applied to calculate a value for cardiac output. CO2 rebreathing may be

categorised as an indirect Fick method as the arteriovenous difference is estimated.(34)

The total rebreathing method for CO2 did not gain traction as a viable clinical technique

due to the risk of hypoxia and the impracticality of application in most patient populations.

This method involved the participant rebreathing CO2 until the end-tidal partial pressure

of CO2 plateaued, indicating that an equilibrium with mixed venous blood had been
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reached. The partial rebreathing method instead requires deliberate and transient changes

in ventilation to generate two sets of CO2 partial pressure (used as a surrogate for arterial

content) and production values. These values can then be applied to derive cardiac output

in the following way(35):

Q̇ =
V̇ CO21

caCO21
− cv̄CO21

=
V̇ CO22

caCO22
− cv̄CO22

(1.1)

Where Q̇ is the cardiac output, V̇ CO2 is the production of CO2, and caCO2
and cv̄CO2

are the ar-

terial and mixed venous contents of CO2 respectively. The subscripts 1 and 2 refer to the two measurement

timepoints.

Equation 1.1 can be rearranged:

Q̇ =
V̇ CO21 − V̇ CO22

(caCO21
− caCO22

)− (cv̄CO21
− cv̄CO22

)
(1.2)

The mixed venous content is assumed to stay constant between timepoints 1 and 2,

giving cv̄CO21
− cv̄CO22

= 0. Therefore:

Q̇ =
V̇ CO21 − V̇ CO22

caCO21
− caCO22

(1.3)

It is, therefore, possible to estimate cardiac output using the partial rebreathing method

without knowing the mixed venous content of CO2 (if the assumption is held that the
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mixed venous content does not change between timepoints). Various methods have been

discussed for generating the change in ventilation (and end-tidal CO2).(34; 35)

1.4 Non-Respiratory Approaches to Measuring Cardiac Output

1.4.1 Thermodilution

The measurement of cardiac output by thermodilution, which requires insertion of a PAC,

is considered the clinical reference standard. Thermodilution, like the direct Fick method,

is a technique rooted in principles of mass balance. Unlike the direct Fick method, however,

thermodilution is far more convenient to implement in various clinical settings.

Thermodilution involves the injection of an indicator substance (usually cold saline)

of a known temperature and volume into the right atrium via a proximal port of the PAC.

A sensor attached to the PAC in the pulmonary artery then detects the temperature of

blood, which has mixed with the injectate.(36) The change in temperature over time is

then used to calculate cardiac output (Q̇) as shown with the modified Stewart-Hamilton

equation(20):

Q̇ =
A∫

C(t)dt

Where A is the amount of thermal indicator, C is the concentration of thermal indicator, and t is

the time from injection to measurement in the pulmonary artery. The integral function in the denominator

represents the area under the curve of the change in temperature with respect to time.

Thermodilution can either be performed as a bolus method or continuously. The bolus

method requires multiple injections of thermal indicator in order to generate three mea-

surements of cardiac output within 10% of each other. The continuous method replaces
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the need for manual boluses by the use of a heated filament or continuous cold saline

infusion in the PAC, proximal to the pulmonary artery, to effect a temperature change; as

a result, a semi-continuous measure of cardiac output is possible.(37; 38)

The reliability of thermodilution-based cardiac output measurement can be affected

by the following factors(20):

• Loss of indicator between the injection site and the temperature sensor in the

pulmonary artery. Potential causes of loss of indicator include intracardiac shunt and

a lower volume of injectate used than expected due to operator error. Similarly, an

erroneously greater volume of injectate than expected will also result in an incorrect

measurement.

• A transient bradycardic response to the cold injectate. This would potentially lower

the cardiac output at the time of measurement.

• Cyclical changes in cardiac output due to mechanical ventilation will disproportion-

ately affect the right side of the heart.

• Significant tricuspid regurgitation will result in underestimation of cardiac output.

While the scientific basis for cardiac output measurement using thermodilution is robust,

the invasiveness of PAC insertion has seen a shift in practice to utilising alternative

methods where possible.(39; 40; 41; 42) This is especially true in situations where the

only PAC-derived parameter sought to guide diagnosis or management is cardiac output.

The risks of PAC insertion include those that exist for the central venous line insertion,

such as infection, bleeding, arterial puncture, and pneumothorax. Risks which are more

PAC-specific include cardiac arrhythmias, valvular rupture, cardiac perforation, pulmonary

infarction, and pulmonary artery rupture.(39; 40; 43)

A landmark study which was influential in shifting practice away from the widespread use

of PACs in the ICU setting was the PAC-Man trial. This was a large multicentre study

based in the United Kingdom examining the relationship between ICU mortality rates and
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PAC insertion.(39) The overall findings showed no difference between PAC and non-PAC

groups in terms of mortality and ICU and hospital length of stay. 10% of the PAC group

also suffered complications directly attributed to PAC insertion.

It should be noted that while the study had many strengths, there were also signifi-

cant flaws and features which make it difficult to draw specific conclusions. Notably, no

sub-group analysis was conducted for patients with a diagnosis of decompensated heart

failure, right heart failure or pulmonary hypertension, most PAC-related complications

were those associated with central line insertion (haematoma at insertion site, arterial

puncture etc), and patients with a PAC in-situ upon admission to the ICU were not eligible.

These factors make conclusions about PAC use difficult to establish in specific patient

populations, such as for those admitted from cardiac surgery (some of whom will already

have a PAC in-situ) with acutely decompensated heart failure. Despite this, as noted

by the authors of the PAC-man study in a later post hoc analysis, alternative methods

of cardiac output measurement had already been fast-tracked without proper evaluation

since publication, indicating the desire of clinicians to move away from using PACs.(44)

1.4.2 Non-pulmonary artery catheter-based methods

Most methods of cardiac output measurement that do not require pulmonary artery

catheterisation may be classified as minimally invasive or non-invasive. Transpulmonary

dilution methods are an exception to this due to the need for central venous and arterial

access, although are still less invasive than a PAC. This alone makes these methods

worthy of consideration over PAC-based ones. However, significant questions relating to

accuracy, practicality, and applicability to critically ill patients exist.(42; 45) The main

non-PAC-based methods, which are also not respiratory-based, are summarised below.

Pulse contour analysis

Pulse contour analysis is based on the principle that the morphology of the arterial

waveform corresponds to left ventricular stroke volume. Cardiac output can therefore be
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calculated if the heart rate is also known. A connection to an arterial line (a commonly

utilised monitoring modality in an ICU patient) is required in order to detect the arterial

waveform. Multiple commercially available models exist. All models follow the same

general principle of transforming the arterial waveform to a pressure measurement and

then to cardiac output, but differ on the technological approach.(38; 42; 45) A distinction

can also be made between uncalibrated and calibrated pulse contour devices. Uncalibrated

devices do not require calibration with a separate technique such as echocardiography or

transpulmonary dilution.(42)

A sub-cohort of postoperative cardiac surgery patients discussed in the experimental

chapters of this thesis had cardiac output measured for clinical purposes using the FloTrac

(Edwards Lifesciences, CA, USA) system. In a survey of approximately 6000 cardiac anaes-

thetists across North America, Europe, Asia, Australia, New Zealand, and South America,

the FloTrac was the most used alternative to a PAC for haemodynamic monitoring during

cardiac surgery (excluding transesophageal echocardiography which is invariably used for

monitoring during the perioperative course of a cardiac surgery patient).(46) For these

reasons, the FloTrac is discussed in more detail below.

The FloTrac is an uncalibrated pulse contour device which is connected to the arte-

rial line. Following connection, the pressure signal obtained from the arterial waveform is

used along with the standard deviation of mean arterial pressure and a conversion factor

to calculate a stroke volume.(38; 42; 45) The product of the stroke volume and heart rate

is then used to calculate cardiac output. The exact derivation of the conversion factor is

proprietary, however, characteristics of the arterial waveform- specifically, skewness and

kurtosis- and demographic details are used to calculate an estimate for arterial compliance.

Multiple updates to the algorithm have been released in order to better account for

extremes of physiology. Noted limitations which have been accounted for in the fourth

generation of updates include reduced accuracy and precision in patients with high or low

systemic vascular resistance and in patients with a low cardiac output.(47; 48; 49)

15



Cine MRI

Cine magnetic resonance imaging (MRI) is considered a reference technique to measure car-

diac output due to the high accuracy and precision associated with measurements.(50; 51)

Given the non-invasive nature of the technique, it is very close to an ideal cardiac output

monitor. The limiting factor of cine MRI is the lack of applicability to a significant

percentage of patients who would benefit from cardiac output monitoring. This includes

intensive care patients for whom the risks associated with transport to the MRI facility

may outweigh the benefits of a single cardiac output measurement.(52)

Transpulmonary dilution

Transpulmonary dilution uses the same methodological principles as PAC-based ther-

modilution. A thermal or chemical indicator is injected into the venous system and the

temperature or concentration change, respectively is measured via an arterial sample from

a pre-existing arterial line. This differs from PAC-thermodilution where the injection

is in the right atrium and the temperature sensor is in the pulmonary artery. As with

PAC-thermodilution, the modified Stewart-Hamilton equation is applied to calculate

cardiac output based on the temperature/concentration-time curve.(38; 53) The main

commercially available models of transpulmonary dilution available are PiCCO (Pulsion

Medical Systems, Germany), which uses intermittent thermodilution, and LiDCO, which

uses a bolus of lithium as the chemical indicator. The added advantage of the LiDCO

system is that central venous access is not required, as the lithium bolus may be delivered

through a peripheral vein.

Transoesophageal Doppler

This technique allows for the continuous estimation of cardiac output using Doppler

ultrasonography. An ultrasound probe is positioned and secured within the oesophagus,

and aortic blood flow velocity is measured. The cross-sectional diameter of the aorta is

then calculated, in conjunction with the measured velocity, to produce an estimate for
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cardiac output. (38; 45)

Transthoracic/transoesophageal echocardiography

Both transthoracic and transoesophageal echocardiography may be used to measure the

end-systolic and end-diastolic dimensions of the left ventricle. These dimensions can then

be converted to a stroke volume and subsequently cardiac output using the heart rate in a

similar fashion to cine MRI. (54)

Thoracic bioimpedance

Bioimpedance systems rely on the application of an electrical current of known frequency

and amplitude across the thorax. The changes during a cardiac cycle are measured and

correspond to variations in intrathoracic blood volume.(45) Due to concerns over signal

loss with high lung water, newer bioimpedance systems instead measure phase shifts that

occur when an oscillating current is passed through the thorax. These phase shifts occur

due to pulsatile flow rather and are volume-independent.(55)

Other non-invasive methods

A select few non-invasive cardiac output measurement methods involve the application of

a cuff to the distal upper limb (finger or wrist) to detect arterial pressure and volumetric

changes.(45) The ClearSight system (Edwards Lifesciences, CA, USA) for example, uses

a finger cuff to apply equal pressure to both sides of the artery to maintain a constant

arterial volume. This process is repeated to generate a finger pressure waveform, which is

then reconstructed to form an estimate of the brachial pressure waveform. This brachial

waveform can then be used to estimate cardiac output in a manner similar to pulse contour

analysis.(56; 57)
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1.5 Limitations of Current Cardiac Output Measurement Meth-

ods

The broad categories of cardiac output measurement methods available clinically, which

have been discussed, all have limitations. In general, there is an inverse relationship

between accuracy and invasiveness of the technique used (cine MRI is an exception).

Methods such as thermodilution and the direct Fick technique are considered to be the

standards of reference for measuring cardiac output but rely on invasive pulmonary artery

catheterisation. Conversely, less invasive methods lack accuracy and precision. Discussed

in this section are the issues associated with cardiac output monitors currently in use.

Invasiveness

The risks of PAC insertion have previously been summarised. The most common com-

plications are those which may occur in any procedure requiring central venous ac-

cess such as infection, bleeding, perforation of the vessel, pneumothorax, and arterial

puncture.(39; 40; 43) Virtually all of the complications reported in the PAC-man study

were due to these complications.(39) It is because of the complications unique to PAC

insertion, however, that there is a reluctance to utilise them for cardiac output monitor-

ing. Despite this, a prospective observational study by Bossert et al. (2006) showed the

rate of PAC-specific complications to be approximately 0.1% in their cohort of 3730.(58)

In this study, the complications were specifically pulmonary arterial rupture, knotting

of the catheter, and perforation of the right ventricle. While the complications relat-

ing to PAC insertion are potentially overemphasised, it should also be acknowledged

that a significantly less invasive method with similar accuracy and precision would in-

crease the proportion of patients who would receive cardiac output monitoring significantly.

Transpulmonary dilutional methods of measuring cardiac output such as PiCCO and

LiDCO are classified as minimally invasive due to not requiring pulmonary artery catheter-

isation. It should be noted that there is still a degree of invasiveness, however, given that

central venous (although peripheral venous access can also be used for LiDCO) and major
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arterial access is required.(38; 53; 59)

Accuracy and precision

The reliability of cardiac output measurements varies significantly based on the method

used. Within individual methods, it is also true that populations of patients with specif-

ically deranged physiology, e.g. those with low cardiac output, high systemic vascular

resistance etc. may not be suited for certain techniques. The levels of accuracy and

precision for the various methods of measuring cardiac output are discussed below.

Cardiac output measured using thermodilution via a PAC is generally considered reliable

with exceptions that are well documented. Specific pathologies, such as tricuspid valve

regurgitation and intracardiac shunt render measurements significantly less reliable.(20)In

cases where a patient has a low cardiac output, thermodilution measurements may overes-

timate the true value.(60; 61) This has been hypothesised to be due to the heat loss that

occurs in low-output states.(61) Similarly, in states of high cardiac output, thermodilution

may not be reliable.(60; 62) Possible reasons include increased sensitivity to intrathoracic

pressure changes and larger variations in body temperature.(62) For the bolus method of

thermodilution specifically, various operator-dependent factors can lead to error. These

include the injectate being of incorrect volume or temperature, concurrent administra-

tion of intravenous fluids, injections not being synchronised with the respiratory cycle,

and poor positioning of the catheter.(20; 63; 64)In terms of accuracy, continuous and

bolus/intermittent thermodilution can be considered interchangeable.(65; 66)

Transpulmonary dilution methods such as LiDCO and PiCCO are inherently less re-

liable than PAC-based thermodilution due to the unpredictable loss of indicator which

occurs across the pulmonary circulation. Recirculation of cold indicator is also a more

significant consideration given the longer transit time of the indicator.(38; 53) Low cardiac

output states render transpulmonary measurements unreliable due to the greater loss of

injectate temperature when compared to pulmonary artery thermodilution.(53)
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The accuracy of the indirect Fick technique is dependent on which of the components

of the Fick equation is estimated. V̇ O2 is often estimated, due to the difficulties around

direct measurement in the clinical setting, using standard formulae such as those described

by LaFarge and Miettinen and Bergstra.(67; 68) These formulae have been shown to

be unreliable and resulting cardiac output values should be interpreted with significant

caution.(69; 70)

Cardiac output measurement using other minimally invasive methods, such as pulse

contour analysis, oesophageal Doppler, and thoracic bioimpedance, is becoming more

common in the critical care setting.(46) Accuracy and trending ability over a variety of

physiological states are lacking, however, and remain a significant barrier to using these

results to guide clinical decision making.(38; 42; 45; 66)

Practicality

After taking into account the degree of invasiveness and accuracy of a monitoring device,

the next most important consideration is the practicality of integrating it within the

standard clinical setup. This setup will vary significantly depending on the disposition

of the patient and the interventions they require. For example, cine MRI, a reference

technique for cardiac output measurement which is also non-invasive, would be unlikely

to be suitable for an unstable patient in the intensive care unit due to issues associated

with transporting such patients to imaging facilities.(52) Another reference technique, the

direct Fick is also rarely utilised clinically due to difficulties with V̇ O2 measurement in

the inpatient setting.

1.5.1 Conclusion

This chapter has introduced an assessment of the available options for cardiac output mea-

surement. Their advantages and limitations have been described. It is clear that concerns

of invasiveness, accuracy, and/or practicality limit all of these methods from widespread use.
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The evolution of respiratory-based methods of measuring cardiac output has also been

chronicled. The principle of conserving mass balance underpins these methods and makes

them a promising avenue for further investigation.

The need for a form of cardiac output monitoring which is safe, applicable across a

broad range of clinical settings, and accurate is clear. The findings in this thesis relate

to the development and application of a novel and non-invasive technique for measuring

cardiac output, computed cardiopulmonography (CCP).

CCP consists of a technological component, the molecular flow sensor (MFS) which

allows for the highly accurate and precise measurement of respired gases, and an accom-

panying computational model of the cardiopulmonary system. CCP has previously been

implemented primarily in characterising respiratory physiology and pathology. This thesis

shifts the focus to a cardiac output-centred one but also explores aspects of respiratory

physiology which have yet not been considered in the CCP computational model. Two

variations of CCP for the purpose of cardiac output monitoring are presented, both of which

are compared against the gold-standard technique for cardiac output determination. The

two variations discussed were uniquely tailored to the cohorts they were implemented for,

pulmonary hypertension patients undergoing right-heart catheterisation and mechanically

ventilated patients in the ICU following cardiac surgery.
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2 Computed Cardiopulmonography

Introduced in this chapter are the foundational concepts related to the molecular flow

sensor (MFS) and computational model of the lungs and circulation, which together make

up computed cardiopulmonography (CCP). The MFS provides a method for respired gas

to be measured in an accurate and contemporaneous manner. This measured data is

then used within the computational model to estimate cardiopulmonary parameters which

reflect the subject’s physiology.

The use of laser absorption spectroscopy and pneumotachography within the MFS is

discussed, along with descriptions of how individual gas concentrations and environmental

conditions are measured. The three sub-models which make up the CCP computational

model are introduced, as is the integration of these sub-models to work as one larger model.

Finally, a broad outline of the steps taken when undertaking a CCP protocol is given.

2.1 The Molecular Flow Sensor

2.1.1 Laser absorption spectroscopy

Absorption spectroscopy refers to the process of measuring the decrease in radiation inten-

sity as it passes through an absorbing sample to determine the sample’s concentration.(71)

The technique has several advantages in the quantitative analysis of chemical concentra-

tions. All atoms and molecules absorb EM radiation, making it wholly generalisable. Each

species will also have a unique absorption spectrum, depending on wavelength. Along

with this generality and specificity, the widespread use of absorption spectroscopy is made

possible by the simplicity of both the experimental application and subsequent analysis of

the technique.(72)

When an atom or molecule absorbs a photon, it transitions from a ground state to

a higher energy level—an excited state. Depending on the frequency of the radiation,

the higher energy level can be characterised by the motions or degrees of freedom within

22



the atom or molecule. These include rotational motion, vibrational motion, electronic

motion, and nuclear and electron spin motion. The energy absorbed during the transition

corresponds to the peak in the subject species’ absorption spectrum.(73)

Laser absorption spectroscopy refers to an absorption spectroscopic method used for

measuring gases in which a laser is used as the light source. The laser beam is transmitted

along an optical path, and the reduction in beam intensity is measured after it has passed

through the gas sample.(74)

The Beer-Lambert law underlies the basis for absorption spectroscopy. It describes

the attenuation of light through an absorption species, and is expressed as follows(71):

I(v) = I0(v) exp
−σ(v)[N ]l (2.1)

Where I(v) is the light intensity following transmission through the absorber, I0(v) is the incident intensity

(i.e. intensity before passing through the absorber) of the light, σ(v) is the absorption cross-section of

the species at frequency v, [N ] is the concentration of the absorbing species, and l is the path length (i.e.

distance the light travels through the absorber).

The absorption cross-section for a given frequency is unique to individual atoms or

molecules in the absorbing sample, allowing for the concentration measurement of these

individual species. To account for experimental conditions, it is necessary that the spectral

line shape is factored into the analysis. This involves measurement of line broadening

and line shifting mechanisms. For both mechanisms, pressure and Doppler shifts are

the major factors of influence. Pressure broadening (also known as collision broadening)

results in a homogeneous broadening of absorption lines, meaning that all species in a

sample are affected in the same way. Essentially, a rise in pressure (causing an increase in

collision frequency) will shorten the lifetime of a species in its excited state, and therefore

increase the uncertainty associated with the frequency and contribute to homogeneous

broadening of the spectral line. The increase in uncertainty as a result of excited state
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lifetime shortening can be expressed as shown in equation 2.2.

∆v =
1

2π
(
1

τ ′
+

1

τ ′′
) (2.2)

Where ∆v is the frequency uncertainty and τ ′ and τ ′′ are the lifetimes in the excited and ground states,

respectively.

Doppler broadening is the main inhomogeneous line broadening mechanism. If a molecule

has a velocity component in the same direction as the radiation source, the photon ab-

sorption frequency shifts. Molecules can be classified into velocity classes, based on their

distribution of random velocities, using the Maxwellian velocity distribution function.

Based on the velocity class, the Doppler shift will vary.(75) Pressure broadening and

Doppler broadening result in a Lorentzian and Gaussian line shape, respectively. The com-

bination of these two mechanisms results in a mixed line shape, known as a Voigt profile.(76)

Line shifting is the process whereby the line shape is shifted in frequency. This can

be due to pressure shift, where the shift is directly proportional to the pressure, or Doppler

shift. With the latter mechanism, the Voigt profile is shifted based on the mean speed of

the gas in the direction of the beam of radiation.(75)

Laser absorption spectroscopy in its most basic form, i.e. direct absorption spectroscopy,

is limited by the need to measure a small change in light intensity variation against a

comparatively large background of transmitted light intensity.(71; 72) Variations have

been developed to counter this limitation. Among these variations is cavity enhanced

absorption spectroscopy (CEAS), which greatly increases the sensitivity of the technique

by enhancing the effective path length of the absorbing species by trapping light between

two highly reflective mirrors. The mirrors create an optical cavity which allows for light

to circulate. The effectiveness of CEAS relative to standard laser absorption spectroscopy
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can be shown using the following equation(71):

I0 − I(v)

I(v)
=

σ(v)[N ]l

1−R
(2.3)

Where R is the geometric mean of the reflectivity of the two cavity mirrors.

If no mirrors are used to enhance the path length, then R will be 0, and equation

2.3 can be transformed into equation 2.1. Conversely, if, for example, R=0.9999, it can be

seen that the path length increases significantly, resulting in a much higher variation in

light intensity. The MFS utilises both direct absorption and cavity enhanced absorption

spectroscopy to obtain measurements of respired gas concentrations.

2.1.2 Molecular flow sensing

The technological approach to directly measure the five gases—CO2, H2O, O2, CH4

(methane), and C2H2 (acetylene)—of experimental interest varied due to the different

physical properties of each gas. A summary of how each gas species was measured is

presented below. Common to all gas species analysed was the estimation of the concentra-

tion; where a predicted line shape, using instantaneous sample temperature and pressure,

sample composition from the previous 10 ms window, and line broadening parameters

from the literature, was regressed.

Measurement of CO2, H2O, methane (CH4), and acetylene (C2H2)

CO2 and H2O have similar transition strengths that are large enough that direct absorption

spectroscopy may be used. Distributed feedback diode lasers are used as the EM radiation

source. For both gases, rovibrational (rotational and vibration) transitions that were

both of a large enough absorption cross-section (to use direct absorption spectroscopy)

and specific enough to avoid the transitions of other gas species in the sample were selected.

Due to the similar transition strengths of CO2 and H2O, it was possible for both lasers to

be housed in the MFS electronics module and connected to the measurement head via a
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single optical cable. It was desirable to keep the measurement head itself as small and

light as possible, an important consideration in clinical settings, especially where space

around the head-end of the patient is limited. To help facilitate this aim, in addition to

housing the lasers in the electronics module, a V-path system with an optical path of

approximately 5 cm was installed within the head (panel A in figure 2.1). This served to

functionally increase the path length using mirrors located on both ends of the cell.

A B

Figure 2.1: Panel A shows two highly reflective spherical mirrors separated by a V-path for the
measurement of CO2 and H2O concentrations. The laser radiation is transmitted through the V-path
input fibre on top of the cell before reflecting off the mirrors and coming through the V-path output
fibre, also on top of the cell. Panel B shows the 21-pass system required for CH4 and C2H2 concentration
measurement. The 21-pass system increases the effective path length in the same way as the V-path
system. Image courtesy of Smith et al.(77)

Direct absorption spectroscopy using the distributed feedback diode lasers was also used

for CH4 and C2H2. Due to the smaller absorption coefficients for these molecules and the

low concentrations in which they are used in the experimental protocols discussed, the

V-path system used for CO2 and H2O was not suitable. Instead, a Herriott cell was used

to enhance the optical path length in a similar fashion to the V-path (panel B in figure 2.1).

Measurement of O2

Compared to the other gas species directly measured using the MFS, the absorption cross-

section of O2 for rovibrational transitions that can be measured using readily available

lasers is extremely small. For this reason, off-axis CEAS was utilised instead of direct
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absorption spectroscopy. This system was contained in the MFS measurement head,

and is shown in figure 2.2. With CEAS, the relationship between the O2 concentration

and absorption cross-section is given by the modified Beer-Lambert equation (described

previously in equation 2.3) to take into account the reflectivity of the cavity mirrors.

Figure 2.2: Schematic of the spectrometry setup within the MFS measurement head. Gas travels
through the mesh screens (gray) along the blue path. LD1 and PD1 are the O2 diode laser and photodiode,
respectively. The former emits radiation through the optical cavity (green) created by the two highly-
reflective mirrors (red) and the latter detects the radiation output. The configuration of the V-path
system for measuring the other gases, including the mirror (white and gray), optical path (yellow), diode
lasers (LD2 and LD3) and photodiode (PD2), is shown for context. Image courtesy of Ciaffoni et al.(78)

Measurement of temperature, pressure, and flow

The measurement of respired gas concentrations using laser absorption spectroscopy has

been discussed above. Additionally, it is necessary to measure temperature, barometric

pressure, and flow to contextualise these concentration measurements so that they reflect

the dynamic nature of the respiratory cycle accurately and contemporaneously.

Temperature and barometric pressure are necessary for the measurements of gas concentra-

tions and also for the spectroscopic line broadening parameters. The absolute pressure was

sensed using a standard pressure sensor (HCA-BARO, Sensortechnics, UK) connected, with

silicone tubing, to the airway pressure port, within the MFS measurement head (figure 2.3).

The temperature was monitored using four wire thermocouples, paired at either end

of the MFS measurement cell. Within the pairs, one wire measures peripheral gas flow and

the other protrudes further in to sample central gas flow. Positioning of the thermocouples
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was determined by simulations run prior to manufacturing the device. The readings from

the four thermocouples are averaged to obtain an estimate of gas flow temperature. Prior

to experimental measurements being taken, the MFS is warmed to 36◦C. This serves to

minimise condensation, which would affect the reflectivity of the mirrors used, and also to

provide a more stable spectroscopic environment, given that exhaled breath is close to

this temperature.

Figure 2.3: Schematic of the MFS measurement cell with the protective casing removed. Bidirectional
gas flows through the openings in the airway connectors. The differential pressure ports on the outside of
the mesh sheets are shown. Ports for the thermocouple and airway pressure port are located at the top of
the cell. Image courtesy of Ciaffoni et al.(78)

For the measurement of flow, a modified Lilly-style pneumotachograph, where flow is

measured by calculating the pressure drop through a mesh with a known resistance, is used.

A standard Lilly-style pneumotachograph has multiple limitations which were necessary to

overcome to achieve the accurate and time-aligned measurements required with the MFS.

The initial factors to consider are that firstly, the relationship between pressure drop and

flow is not necessarily linear, and secondly, differential pressure transducers are prone to

drift, which results in incorrect readings at zero flow. The former factor was addressed

using helical flow conditioners and wire meshes to ensure reproducible flow, independent

of upstream geometry, across the measurement mesh. The issue of baseline drift was

addressed with the installation of eight differential pressure sensors (HCLA, Sensortechnics,

UK) to reduce the variability of readings at zero flow states. The eight sensors were split

into two banks of four. Every five minutes, one of the banks is isolated for 20 seconds and

a drift correction is performed; during this time, the other bank continues to measure the

differential pressure to avoid breaks in data collection.

28



A more complicated and multifaceted consideration is that the need for accurate and

contemporaneous flow measurements is affected by the respiratory cycle, in which gas

composition, including viscosity and density, changes. Additionally, due to the variable

and bidirectional nature of the flow passing through the MFS measurement cell, it is

not laminar and therefore not linearly proportional to the pressure drop across the mesh

membrane. As a result, it was necessary to develop a term for the pressure drop to account

for the factors described. This was expressed in the following way:

∆P = αµV̇ + βρV̇ 2 (2.4)

Where ∆P is the pressure drop, α and β are parameters determined through calibration of the pneumota-

chograph, µ and ρ are the instantaneous viscosity and instantaneous density, respectively, and V̇ is the

rate of flow. The α and β parameters from equation 2.4 are determined by non-linearly regressing fit sets

of integrated flows (obtained during calibration) to the known calibration pump volume.

Estimating cardiac output using MFS measurements

Smith et al. described the development of the MFS to measure these tracer gases by

installing a Herriot cell and then used a non-invasive, MFS-based approach to estimate car-

diac output by measuring the uptake of CH4 and C2H2 in a group of healthy volunteers.(77)

The use of C2H2 to estimate cardiac output was based on the principles of mass balance,

in a conceptually similar way to that described by Grollman, as discussed in chapter 1.(30)

The cohort consisted of six men, between the ages of 21 and 40, with no significant

cardiorespiratory comorbidities. Participants were required to breathe through the MFS

in a two-stage protocol. For the first stage, participants breathed air for four minutes and

then a mixture of CH4, C2H2, 21% O2, and balance N2 at 30 L/min in an open-circuit

configuration (thereby breathing in the mixture as it flowed past and exhaling into air)

for a further four minutes. The second stage involved participants an exercise period,

where participants pedalled on a bicycle ergometer and breathed air for three minutes

and the same tracer gas mixture for 3 minutes at 60 L/min. To assess the reproducibil-
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ity of these measurements, the participants underwent the protocol on five consecutive days.

An algorithm to estimate cardiac output based on the tracer gas uptake was written

and is described in detail by Smith et al. To summarise, the tracer gas uptake was

assumed to occur by equilibration in the lungs and uptake into the tissue and circulation.

C2H2 is relatively soluble in blood, the uptake can therefore be used to predict cardiac

output. CH4 is relatively insoluble and will equilibrate in the lung without passing into

the circulation, this allows for a lung volume estimate to be made using the calculated

uptake in the breath. A cubic smoothing spline was fitted to the end-expiratory points

for the total respired gas flow to estimate the functional residual capacity (FRC). The

uptake of CH4 and C2H2 at this estimated FRC were used in the cardiac output algorithm.

To estimate the cardiac output with the method described, some assumptions were

necessary. Firstly, it was assumed that cardiac output and the lung gas volume were

constant over the measurement period. Secondly, and related to the first assumption, was

that the lung was homogeneous. This leads to further assumptions which need to be made

related to gas mixing, including whether the tracer gases had enough time to equilibrate

within the lung. To account for this, the first two breaths of the tracer gas breathing phase

were excluded from the analysis. The final two assumptions were that the solubility of the

tracer gases in the lung tissue was the same as the solubility in blood and that there was

no recirculation. To minimise the chance of using breaths after tracer gas recirculation

had taken place, breaths after the 10th tracer gas breath were excluded.

The results for this study showed a 7% test-to-test variability in cardiac output, highlight-

ing the reproducible nature of the MFS measurements, especially given the likelihood of a

natural variation in cardiac output on a day-to-day basis. Comparison with a reference

method of cardiac output measurement, such as the direct Fick method or thermodilution,

was not possible due to the ethics of performing pulmonary artery catheterisation on

a healthy volunteer. Instead, comparison was made using regression relations between
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cardiac output measured using the direct Fick method and O2 consumption (V̇ O2). This

was possible as V̇ O2 is directly measured using the MFS.

Summary

The core technologies, laser absorption spectroscopy and modified Lilly-pneumotachography,

used in the MFS have been discussed. The unique requirements needed to interrogate the

composition and flow of respired gas passing through the MFS in a contemporaneous and

reliable manner have also been considered. The end result is a device which is capable of

making direct measurements of molecular flow, which are clinically useful both in isolation

and also for input into the CCP model.

2.2 Cardiopulmonary Modelling

The basis for CCP is that information relating to respiratory gas exchange, if measured

accurately enough, can be reproduced using a cardiopulmonary model that conserves mass

balance. In the MFS, a device with the required accuracy and contemporaneity exists. In

the computational cardiopulmonary model, three sub-models—for the lungs, circulation,

and blood—exist within it that run in parallel to optimise the fitting parameters to

simulate the measured gas profiles. The lognormal lung model (LNL), recovers parameters

relating to lung inhomogeneity and volume. The circulatory and body gas stores (CBGS)

model simulates the uptake of gases across the circulation. The blood model describes

the handling of respiratory gases in blood so as to constrain the LNL and CBGS model’s

simulation of gas exchange in a physicochemically consistent way.

The three CCP sub-models run within a nonlinear optimisation routine (lsqnonlin, MAT-

LAB, Mathworks, USA).(79) The baseline characteristics of the participant are used, as

the fitting parameters are iteratively altered to simulate measured expiratory gas profiles.

Gases where the model has been set to simulate the expiratory profile (usually O2, CO2,

and N2) are compared against the measured profiles, and the squared difference between

the true and simulated fractional flow is taken. An example of the measured and simulated
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gas profiles is shown in figure 2.4. The squared difference for each gas is taken as a

residual for the optimisation function. The fitting parameter values which minimise the

sum of these residuals are taken as the best estimates. When a dataset is run through the

CCP model, four separate fits are produced. Each fit uses different, randomised starting

points for the fitting parameters. This is done to check the intra-dataset reproducibility of

parameter estimates.

Figure 2.4: Example of an expiratory gas
profile for O2. The green plot is the measured
expired gas profile for O2. The black plot is
the simulated gas profile. The overlap between
measured and simulated gas profiles indicates a
good model fit.

2.2.1 Lognormal lung model

The lognormal lung (LNL) model was first described by Mountain et al.(80) It serves

to estimate lung parameters which relate to volume and inhomogeneity. Inhomogeneity

within the lung occurs when there is a mismatch between ventilation (V̇ ) and perfusion

(Q̇). LNL-specific CCP parameters are estimated with this concept of lung inhomogeneity

as the core principle. Pure shunt (V̇ /Q̇ = 0) and alveolar dead space (V̇ /Q̇ = ∞) are not

considered within the standard version of the model, although a version that accounts for

the latter and the results of this change are discussed in subsequent chapters.

The fit parameters in the LNL model are as follows:

• VA: The alveolar volume, measured in litres (BTPS), at functional residual capacity

(FRC).
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• VD: The dead space volume, measured in litres (BTPS), at FRC. FRC is the sum

of VA and VD.

• CVD
: The fractional expansion of dead space relative to the fractional expansion of

the alveolar space.

• σVD: The standard deviation of the standardised dead space.

• σCL: The standard deviation for the natural logarithm of the standardised lung

compliance.

• σCd: The standard deviation for the natural logarithm of the standardised lung

conductance. This is set to be 0.3 over σCL based on previous investigations relating

to CCP model parameter determination.

The model lung consists of 125 compartments, each of which receives an equal share of

volume at FRC. For an individual lung compartment i, the volume is VA,i =
VA

125
. The lung

tissue volume which gas can dissolve into is also the same across compartments, and is

determined by the solubility of each gas species. To model inhomogeneity lung, each unit

receives a differing fractional share of ventilation (FCL,i), perfusion (FCd,i), and anatomical

dead space volume (FDS,i). As ventilation and perfusion are affected by metabolic rate,

compliance and pulmonary vascular conductance, respectively, are instead used. The ratios

FCL,i : VA,i and FCd,i : VA,i are assumed to follow a bivariate lognormal distribution. This

distribution is defined by the parameters σCL, σCd (both of which have been described

above), and ρ, which describes the correlation between σCL and σCd. FCL,i and FCd,i are

drawn from the distributions of standardised lung compliance and conductance, respec-

tively. FDS,i is drawn from the standardised dead space distribution, which is assumed to

be normally distributed. It is not expected that these distributions exactly match the real

lung, but rather provide a scaffold for the fit parameters to accurately reflect the variance

(inhomogeneity) within it.

Bidirectional gas flow and exchange is modelled contemporaneously, in a segmental fashion,

with each MFS measurement (made every 10 ms). The delay between measurement and
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modelling due to the transit of gas through the anatomical dead space is accounted for

with a model of plug flow. Plug flow refers to the unaltered (no gas exchange) transit of

gas through dead space.(81)

Gas exchange between the alveolus and pulmonary capillary is assumed to occur perfectly

within each model compartment. Therefore, equilibrium between alveolar gas, blood, and

the lung tissue is also assumed. Diffusion limitation, due to lung parenchymal damage,

hypoxia, or other factors, is not modelled. Based on the assumption of gaseous equilibrium

across phases, the gas concentration in each phase is iteratively adjusted until they are

equal. As the end-capillary blood and alveolar partial pressure are equal, per-compartment

gas exchange is determined by (per-compartment) blood flow and the mixed venous and

end-capillary partial pressure difference.

2.2.2 Circulation and body gas stores model

The circulation and body gas stores (CBGS) model was originally described by Magor-

Elliott et al.(82) The model uses anatomically viable compartments to estimate the

composition of mixed venous gas (CO2, O2, and inert gas) from a known arterial compo-

sition of gas (as derived by the LNL model from inspired gas profiles). It is the CBGS

sub-model within CCP that allows for the estimation of metabolic parameters by simulat-

ing the arteriovenous exchange of blood. The parameters fit by the CBGS model are as

follows:

• V̇ O2: The metabolic rate of O2 consumption at the tissue level, measured in L

STPD/minute.

• R: The respiratory quotient. This is the fraction of the metabolic production of

CO2 and consumption of O2.

• PiCO2: The ideal partial pressure of CO2. The ideal point refers to the point

at which the alveolar and arterial partial pressures are equal in a lung with no

inhomogeneity.(83)
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Individual body compartments, each connected to the lung in independent, parallel

pathways, are used; they are assigned perfusion parameters based on mass, density, vascular

volume and transit time through systemic arteries. There are 11 such compartments,

representing different major organs and tissue categories (skeletal muscle and adipose

tissue), and an additional one for the volume of blood present in the large arteries and

veins. Additionally, each compartment is assigned a solubility coefficient for the O2, CO2,

N2, CH4, and C2H2. The model is initially based on the International Commission for

Radiological Protection’s report of the tissue sizes of a standard man; this reference man

was a 25-year-old male, with a height and weight of 180 cm and 70 kg, respectively.(84; 85)

The CBGS model can be scaled based on the age, height, and weight of the subject

breathing through the MFS, by first calculating the fractional mass of fat (Ffat) and lean

body mass (LBM) as shown below:

Ffat =
1.2(BMI) + 0.23(age)− 10.8(isMale)− 5.4

100
(2.5)

Where BMI is the body mass index and isMale is set to 0 for females and 1 for males. The BMI is

calculated as mass in kg divided by the squared height in metres.

LBM = mass− Ffat(mass) (2.6)

Where mass is the total mass of the subject in kg.

To model gas exchange between the circulation and body tissues, it was first neces-

sary to consider each gas separately. For CO2 and O2, it was also necessary to consider the

interdependent exchange based on the Bohr and Haldane effects. The solubility coefficients

of each gas in the different compartments of the CBGS model were established from

literature values, as detailed by Magor-Elliott et al. The metabolic rates, again using

literature values, then serve as a starting point, along with the known arterial blood gas

contents, to simulate blood flow into the individual tissue compartments and the flow of

venous blood out of the compartment. As fit parameters, R and V̇ O2 are determined by

this simulated exchange at the blood-tissue interface.
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2.2.3 Blood model

The CCP blood sub-model, first described by O’Neill and Robbins, represents a mechanis-

tic, physicochemically accurate representation of the carriage of CO2 and O2 in blood.(86)

The process of constructing this model is detailed in their paper; the key points especially

relevant to CCP modelling are detailed in this section.

The primary purpose of the blood model is to bridge the LNL and CBGS models by

simulating the exchange of CO2 and O2 between the lungs and circulation. To do this, it

is necessary to be able to convert a given pair of CO2 and O2 partial pressures and convert

this to dissolved contents in the blood, and vice versa.

With the carriage of CO2 in blood, multiple factors must be considered. CO2 is sol-

uble in blood, but will also react with proteins, including haemoglobin, to form carbamino

compounds and react with water to form bicarbonate and protons via the formation of

carbonic acid. The formation of carbamino compounds and bicarbonate contributes to

the Haldane effect. The Haldane effect describes the increased affinity of deoxygenated

haemoglobin to bind with CO2. The binding of deoxygenated haemoglobin is also affected

by the Hamburger effect, or chloride shift. This occurs due to the buffering of the pro-

tons, produced during the reactions with CO2 and blood and water, by reactions with

haemoglobin, albumin, and phosphates, but also with the bicarbonate ions, which are

exchanged across the red cell membrane for chloride ions. These factors are all accounted

for within the blood model.

For O2, the major mode of transport in blood is by binding to haemoglobin, with a

small amount also dissolved in blood. The oxygenated (relaxed) and deoxygenated (tense)

forms of haemoglobin have different affinities for O2. This, along with the Bohr effect,

which describes the affinity of haemoglobin to bind or offload O2 based on pH, CO2 partial

pressure, and 2,3-disphosphoglycerate (2,3-DPG), is information which is captured within

the model to accurately simulate the carriage of O2 in blood.
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In addition to the specific considerations for each of CO2 and O2 outline above, the

model was built with the physicochemical constants for albumin and relaxed and tense

haemoglobin, as well as the physiological constraints of mass balance, electroneutrality,

and a Gibbs-Donnan equilibrium (where a system containing an unequal distribution

of permeant ions across a semi-permeable membrane exists). The model was validated

with literature values and in a range of different physiological states, including hyperoxia,

metabolic acidosis and alkalosis, anaemia and polycythaemia.

2.3 CCP Protocols

This chapter has thus far detailed the components of CCP, the MFS and the CCP

model—made up of three sub-models. The studies described in this thesis have different

experimental CCP protocols; however, they all share commonalities, which will be described

in the following section. The unique aspects of the protocols will be discussed in their

respective chapters.

2.3.1 Preparation

For the MFS to be ready for data collection, it must be warmed and calibrated. As dis-

cussed in section 2.1.2, the MFS is warmed to approximately 36◦C to prevent condensation

on the mirrors and to generate a spectroscopic environment similar to the one in which the

subject’s respired gas flow will create. The MFS is then calibrated using pure N2 and then

pure O2 (both gas preparations are supplied by BOC Speciality Gases, UK). Following

these steps, the MFS is allowed to run to ensure that the thermocouple temperatures

are all consistent with one another and that there are no gross abnormalities with the

absorbance spectra for individual gases.

In terms of preparing the subject for breathing through the MFS, the steps taken differ

based on whether they are awake or sedated and breathing with the aid of a mechanical

ventilator. If they are awake and able to follow instructions, the subject is first positioned
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either seated and upright or supine. A nose clip is then placed, to ensure that all respired

gas flow is through the MFS. The subject is then asked to breathe through the MFS via

a mouthpiece and heat and moisture exchanger (HME) filter, as pictured in figure 2.5.

During the first 30 seconds of breathing through the MFS, and before data collection

begins, flow calibration takes place. For a mechanically ventilated subject, a nose clip is

not necessary, given that all gas flow passes through an endotracheal tube (ETT). The

other preparatory steps are similar to the awake subject.

Figure 2.5: Picture of a volunteer wearing
a nose clip breathing through the MFS mea-
surement head via a mouthpiece and heat and
moisture exchanger (HME) filter.

The MFS unit consists of the measurement head (discussed earlier), in which the partici-

pant breathes through, which is connected to an electronics module placed on a trolley.

The electronics module is connected to a laptop to facilitate data transfer and viewing,

both in real-time and post-protocol. The MFS unit is shown in figure 2.6. The exact

configuration of the MFS relative to the subject will vary slightly depending on the space

and, whether the subject is awake or sedated and mechanically ventilated.

During the process of MFS-based data collection, the respired gas fractions and cu-

mulative volume uptake of each gas are visible on-screen with the software used to run

the device. An example of this is shown in figure 2.7. The cumulative volume of N2 is

of specific interest for all CCP protocols, as a balance of ≥ |±50| mL/minute during the
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Figure 2.6: Picture of the MFS unit. The
electronics module is placed on top of a trolley
(partially visible in this picture). The laptop
is connected via a USB cable to the electronics
module. The MFS head is connected to the
electronics module with an optical and power
cable. The MFS head is secured with a movable
arm, which is attached to the trolley.

phase when the subject is breathing in room air indicates a likely circuit leak.
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Figure 2.7: Panels A, B, and C show the respired gas fractions for O2 (green), CO2 (red), and N2

(black), respectively. Panel D shows the same experimental dataset with the cumulative volumes over
time for the same gases. The stable N2 uptake, as seen in panel D, indicates a leak-free circuit during the
experiment.

Prior to transferring the respired gas data from the MFS into the CCP model, a purpose-

built graphical user interface (GUI) is used to process the data. This includes setting the
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subject’s age, sex, height, and weight. The apparatus dead space, which will differ for

awake subjects compared to mechanically ventilated ones, and any available blood sample

data is also entered at this time. The dataset itself is then examined using the GUI to

determine the start and endpoint for modelling (useful if the subject does not immediately

develop a steady breathing pattern on the device or if there is a leak at the end of the

protocol) and to ensure the N2 balance over the course of the experiment is sufficiently

low, to rule out a circuit leak.

Depending on the objective of the protocol, the dataset will be processed (using the

GUI) and modelled differently. The two main objectives of CCP modelling can be classi-

fied into deriving lung inhomogeneity and volume parameters and obtaining an estimate of

cardiac output. If CH4 and C2H2 are used as tracer gases, as in the pulmonary hyperten-

sion cohort discussed in chapter 3, then both objectives can be achieved within the same

modelling run. CH4, as a relatively insoluble gas, equilibrates with the lungs without

being taken up in the pulmonary circulation and can be used to model lung inhomogeneity.

C2H2 is comparatively soluble, and the uptake within the pulmonary circulation can be

modelled to estimate cardiac output. For cases in which tracer gases are not used, but it

is still necessary to model both inhomogeneity and cardiac output, such as in the cardiac

surgery cohort discussed in chapter 5, it is currently necessary to split the dataset so that

it can be modelled separately. Here, a full or partial N2 washout is used for modelling

lung inhomogeneity, and a ventilation-based adjustment of CO2 is performed in order to

monitor cardiac output. An example of a tracer gas wash-in and N2 washout is shown

in figure 2.8. The details related to the modelling and protocol of both the pulmonary

hypertension and cardiac surgery cohorts have only been briefly summarised here, and are

discussed in detail in their respective chapters.

2.4 Previous Applications of CCP

The applications of CCP to date have been primarily to estimate lung parameters and fa-

cilitate early detection of disease. As part of the development of the lognormal lung model,
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Figure 2.8: Examples of a tracer gas wash-in (panel A) and full N2 washout (panel B). For both plots,
the start of the wash-in/washout phase, preceded by the air-breathing phase, is indicated by the red,
dashed line. The superimposed black, dashed lines represent the simulated uptake of the gases. In panel
A, the measured uptake of CH4 and C2H2 is seen by the cyan and magenta lines, respectively. CH4 is
seen to equilibrate between the reservoir bag and the lungs by the end of the rebreathing phase. This
allows for an estimate of lung volume to be made. The progressive uptake of C2H2 is due to the gas’
solubility in blood. An estimate of cardiac output can be made by measuring the rate of this uptake. In
panel B, the measured uptake of O2, CO2, and N2 is seen by the green, red, and black lines, respectively.
The O2 consumption can been seen to increase significantly from the start of the washout phase as pure
O2 is delivered to the participant. During the air-breathing phase, the N2 slope is virtually flat as there is
no uptake into the circulation. As the washout progresses, a production of N2 is seen as it is displaced
from the lungs for O2. The volume of N2 washed out can be used to calculate the lung volume. There is
a consistent negative slope for CO2, indicating a production, as it is unaffected by the N2 washout.

Mountain et al. examined the reproducibility of the lung inhomogeneity parameters.(80)

Three categories of participants were recruited: young and healthy, older and healthy,

and those with mild-moderate chronic obstructive pulmonary disease (COPD). The fit

parameter values recovered were highly repeatable between tests for participants, and

varied with age and between healthy and COPD participants.

In participants with asthma, Smith et al. examined the CCP parameter, σCL, and

compared this with the percentage predicted forced expiratory volume over one second

(FEV1%pred) as a marker of disease severity.(87) Both σCL and FEV1%pred were measured

pre and post-bronchodilator administration. The values correlated to some extent, however,

it was found that σCL did not predict bronchodilator reversibility and could not be used

interchangeably with FEV1%pred. Subsequently, Alamoudi et al. examined a cohort of

participants with severe asthma receiving biologic therapy, before and after therapy had

commenced.(88) σCL was found to be significantly reduced with bronchodilation and was
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strongly correlated with a reduction in blood eosinophil count, a biomarker of asthma. It

was also found that the cohort could be categorised based on the σCL response following

the commencement of biologics. Responders had improved symptoms, a lower FEV1%pred,

and were more likely to be in clinical remission a year after the baseline measurement.

Magor-Elliott et al. studied the impact of SARS-CoV-2 (COVID-19) infection on lung

physiology in participants who had previously contracted the disease.(89) Participants

were categorised based on the disease severity at the time of active infection: healthy

controls, community-managed illness, admitted to a hospital ward, and admitted to an

intensive care unit (ICU). A significant increase in anatomical dead space was seen in those

who had been admitted to the ICU. The functional residual capacity was significantly

lower, and σCL significantly higher in participants who had been infected with COVID-19

compared to the healthy controls.

2.5 Conclusion

Computed cardiopulmonography combines a molecular flow sensor and computational

model of the lungs and circulation system to characterise the cardiopulmonary physiology

of an individual. The individual components and concepts related to the technology and

modelling which make up CCP have been discussed in this chapter. The molecular flow

sensing uses laser absorption spectroscopy and pneumotachography to generate in-airway

concentration measurements and expired gas profiles of O2, CO2, H2O, CH4, and C2H2

every 10 ms. This data is then used within the CCP model to provide estimates of lung

inhomogeneity, metabolism, and circulatory function, which are clinically useful. The

lognormal lung, circulatory and body gas stores, and blood sub-models interact as one

combined model to generate these estimates.
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3 Pulmonary Hypertension Cohort Study

3.1 Introduction

This chapter presents the findings from a cohort of participants with pulmonary hyperten-

sion undergoing right heart catheterisation at the Hammersmith Hospital, London, UK.

The central question to be answered within this study was whether cardiac output can

be accurately estimated from respired gas analysis, and as such, builds on the previously

published research of many others, as described in chapter 1. Described is the development

of a technique which incorporates highly accurate and contemporaneous measurements of

respired gas and uses these measurements to estimate cardiac output in a novel way.

In previous studies, such as those by Grollman and Chapman, cardiac output was estimated

directly, such that it was the only parameter of interest which was solved for.(27; 30; 31)

This limits the ability to allow for the many factors that influence the value, such as

lung inhomogeneity and recirculation. An alternative approach is to solve the inverse

problem. Here, there can be a more detailed model of lung inhomogeneity, recirculation,

and cardiac output through an optimisation process involving estimates of parameters

alongside cardiac output so as to predict the most likely value for cardiac output, allowing

for these complex effects.

In the computed cardiopulmonography (CCP) protocol described in this chapter, an

indirect estimate of cardiac output in the inverted manner described above is obtained

through a comprehensive cardiopulmonary model and nonlinear optimisation, where several

parameters relating to the lungs, circulation, and metabolism are fit. This approach has

the advantage of incorporating the inhomogeneity of the lung, as well as recirculation of

gases in a much more detailed and potentially accurate manner. Additionally, the potential

influence of any previously unidentified dead space within the lung is also examined.

Smith et al. have previously shown that it is possible to generate reproducible estimates of
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cardiac output using the MFS with an acetylene (C2H2) and methane (CH4)-based tracer

gas approach.(77) An open-circuit approach was taken, and cardiac output was calculated

using a simple algorithmic approach. The study described in this chapter explores the

feasibility of developing Smith et al.’s protocol by using a detailed modelling approach.

As discussed in chapter 1, the use of C2H2 as a tracer gas to estimate cardiac out-

put is not new. C2H2 has the advantage of being predictably soluble in blood, not highly

lipophilic, and safe for inhalation in the quantities required for analysis. CH4 is relatively

insoluble in blood and will therefore undergo equilibration between the gas source and

lungs, in a manner dependent primarily on lung volume. With the highly accurate and con-

temporaneous measurements of the molecular flow sensor (MFS) and mass balance-based

computational model, it is therefore possible to use C2H2 and CH4 to estimate cardiac

output and other relevant cardiopulmonary parameters. When C2H2 has equilibrated

between the lungs and blood, the total pulmonary blood flow (equivalent to cardiac output

in the absence of an intracardiac shunt) can be calculated. CH4 is used for the purposes

of estimating CCP lung model parameters and replaces the N2 washout required in most

CCP protocols, including the one discussed in this chapter.

3.1.1 Closed-circuit approach

Smith et al. argued for the benefits of an open-circuit experimental setup due to the issues

of a closed/rebreathing-circuit potentially affecting cardiac output and the impracticality

of most devices required for this approach. A rebreathing circuit with the MFS used to

measure respired gases can feasibly be used to solve the latter problem, and is discussed

later in this chapter. It is also true that for widespread clinical and research use, a small

rebreathing bag which can be filled ahead of time would be more convenient than requiring

cylinders filled with tracer gases in close proximity to the subject during the protocol.

The risk of affecting cardiac output due to the rebreathing can be mitigated by hav-

ing a reservoir of sufficient volume, increasing the O2 concentration within the reservoir to

44



reduce a chemoreceptor-triggered hyperventilatory response, and by keeping the rebreathing

time sufficiently short.

3.1.2 Estimating cardiac output

Smith et al. used a simple algorithmic approach to estimate lung volume and cardiac

output based on the early wash-in of tracer gases. Their method used data collected from

the MFS, but did not use the CCP model. Instead, the tracer gas uptake was taken to be

a function of equilibration of the gas in the lung and uptake into the lung tissue and blood.

Several assumptions were made to circumvent the need for a comprehensive modelling

approach, as discussed in section 2.1.2. The early wash-in data was specifically used to

avoid recirculating gases, which was not accounted for within the algorithm. Additionally,

the first two to three breaths were excluded to account for lung inhomogeneity causing

imperfect gas mixing. For the study of the pulmonary hypertension cohort studied in this

chapter, a full CCP protocol was used. In addition to being able to estimate all CCP

parameters, using the full model has the advantage of accounting for lung inhomogeneity

and recirculation.

3.1.3 Alveolar dead space

Alveolar dead space reduces the proportion of inhaled gas that participates in gas exchange

with pulmonary capillary blood. The exact magnitude of alveolar dead space in healthy

individuals is debated. One position holds that true alveolar dead space is negligible in the

absence of respiratory disease, and that the main contribution arises from regions with high

ventilation–perfusion (V̇ /Q̇) ratios. Within the multiple inert gas elimination technique

(MIGET), the logSDV parameter is used to quantify ventilation distribution, and values

above 0.6 are considered abnormal. On this basis, Roca and Wagner estimated that V/Q

mismatch contributes approximately 5% of tidal volume to alveolar dead space.(90)

However, other evidence indicates that total alveolar dead space may be substantially

greater. Experimental and analytic studies suggest an end-tidal to arterial PCO2 gradient

45



of 2.5 mmHg,(91) together with an alveolar to end-tidal gradient of 2 mmHg, giving an

alveolar–arterial gradient of 4.5 mmHg.(92) This corresponds to a total alveolar dead

space of 10%.(93) Recent data support this interpretation. Sandhu et al. reported a total

alveolar dead space of 11.5% in convalescent COVID-19 subjects, of which only 5.5% could

be attributed to V̇ /Q̇ mismatch, the remainder likely reflecting other mechanisms.(94)

Comparable findings have also been observed in recent studies.(95)

Standard compartmental models of gas exchange typically incorporate only the V̇ /Q̇-

related component of alveolar dead space. To test the potential importance of other

sources, this chapter introduces an additional 6% alveolar dead space as a sensitivity

analysis, in order to examine the effect on computed estimates of cardiac output and

mixed venous oxygen saturation (Sv̄O2).

3.2 Methods

3.2.1 Experimental protocol

The ethics approval for this study was already in place as part of a broader set of studies

which examine the use of CCP in both healthy volunteers and patients with respiratory

disease. REC reference: 17/SC/0172. The experimental work was carried out in accor-

dance with the general principles of the Declaration of Helsinki.

Participants were studied during their scheduled right heart catheterisation procedure. The

aim was to have near-simultaneous direct Fick, thermodilution, and CCP cardiac output

measurements for comparison. The preparation required prior to studying a participant in-

volved multiple steps. Firstly, the MFS was switched on to allow warming to 36 ◦C to ensure

a stable spectroscopic environment and minimise condensation on the mirrors; following

this, the MFS was calibrated with pure O2 and N2, from calibration cylinders. Next, a 6

L anaesthetic reservoir bag was filled to approximately 75% of the participant’s functional

residual capacity (FRC). The FRC was obtained from lung function tests done as part of the

clinical work-up for right heart catheterisation. If this was not available, the predicted FRC

46



was obtained using the Global Lung Initiative’s (GLI) lung function calculator.(96) 75%

of FRC was chosen as the reservoir volume to account for the participants’ supine position

during right heart catheterisation. FRC is known to decrease in the supine position.(97; 98)

The contents of the reservoir bag were 0.2% C2H2, 0.6% CH4, 40% O2, and balance

N2. A concentration of O2 higher than room air was chosen to minimise the hyperven-

tilatory chemoreceptor response caused by a progressively hypoxic and hypercapnic gas

mixture due to rebreathing.(99) Once the reservoir bag was filled, it was connected to one

port of a three-way tap. Of the remaining ports, one was connected to the non-participant

end of the MFS, and the remaining one was open to air. The configuration of the MFS

with the three-way tap and reservoir bag is shown in figure 3.1.

Figure 3.1: Picture of the reservoir bag at-
tached, via a three-way tap, to the MFS head.
The bag is attached to the opposite end of the
participant end of the MFS head. The partic-
ipant breathes through the MFS via a mouth-
piece and heat and moisture exchanger (HME)
filter. During the air-breathing phase, the three-
way tap is open to the participant end and air;
during the rebreathing phase, the tap is turned
to allow the participant to respire into the bag.

With the participant lying supine, and after the pulmonary artery catheter (PAC) had been

confirmed to be positioned within in the pulmonary artery, breathing through the MFS

began. A nose clip was attached just prior to connection to ensure all respired gas flowed

through the MFS. Once the participant had reached a steady state of breathing through the

MFS (breathing through a mouthpiece and with a nose clip invariably alters the breathing),

a mixed venous blood gas sample was taken. The blood gas sample was analysed using a

point of care blood gas analyser (GEM Premier 5000, Instrumentation Laboratory, MA,

USA). The steady state period lasted at least three minutes, during this time, the periph-

eral oxygen saturation as measured by a pulse oximeter (SpO2) was recorded. After the

steady state phase, the three-way tap was turned so that the participant was rebreathing
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into the reservoir bag. Where possible, the rebreathing phase, which lasted between 30

to 60 seconds, was synchronised with the bolus thermodilution measurements of cardiac

output. After the rebreathing phase, the participant was disconnected from the MFS

and MFS data collection was stopped. An example of an experimental dataset is shown

in figure 3.2. It includes the measured and simulated (by CCP) uptakes of the tracer gases.
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Figure 3.2: Example of a tracer gas rebreathing dataset. The start of the rebreathing phase, preceded
by the air-breathing phase, is indicated by the red, dashed line. The measured uptake of CH4 and C2H2

is seen by the cyan and magenta lines, respectively. The superimposed black, dashed lines represent the
simulated uptake of the gases. CH4 is seen to equilibrate between the reservoir bag and the lungs by the
end of the rebreathing phase. This allows for an estimate of lung volume to be made. The progressive
uptake of C2H2 is due to the gas’ solubility in blood. An estimate of cardiac output can be made by
measuring the rate of this uptake.

The direct Fick cardiac output was calculated using the mixed venous blood gas re-

sults, O2 consumption (V̇ O2) as measured with the MFS, and the SpO2 value recorded

during the steady state phase. Further details pertaining to the direct Fick calculation are

discussed in section 3.3.2. The respired gas data collected during the protocol from the

MFS was processed through the CCP model using the University of Oxford Advanced

Research Computing (ARC) cluster supercomputer.

When modelling the data, using an accurate solubility for C2H2 in blood and lung

tissue was an important consideration as this would affect the cardiac output estimate. A

range of solubility coefficients for C2H2 have been published in the literature. An Ostwald
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(blood-gas partition) coefficient of 0.84 (equivalent to a Bunsen solubility coefficient of

0.74) was used in the CCP model. This value represented a reasonable midpoint in

experimentally derived values at standard temperature and pressure.(100; 101)

3.2.2 Modelling

As the attempt to estimate cardiac output using a short, closed-circuit CCP protocol

is novel, the results of the modelling were explored in detail. The CCP model utilises

a nonlinear optimisation routine to fit parameters. Each time a dataset is run through

the model, the fitting process is repeated four times from different, randomised starting

points. Inconsistent results within the four repeated fits would indicate that a global

minimum (a clear solution to the optimisation problem) has not been found, leading to

unreliable values for individual fit parameters. Given the novelty of the protocol and the

number of participants with significant respiratory disease (which affects modelling), a

single run, with four outputs to compare, was not deemed sufficient to be confident of the

estimated parameters. Instead, three different sets of optimisation parameters (specifically,

tolerances) were used. All datasets were run three times each per set, giving 12 fits per

set (as each run results in four different fits), and 36 fits in total. Details regarding the

different sets of optimisation tolerances used, along with the conclusions gained from this

analysis, are presented below.

A trust-region-reflective algorithm is used within the nonlinear least-squares solver. Using

this algorithm, multiple tolerance types, namely, optimality, function, and step, can be set,

which, if crossed, will stop the iterations of the solver. As such, they can be referred to

as termination sensitivities. Optimality tolerance sets the first-order optimality measure,

which describes how close a point x is to the optimal value based on the first derivative

of the objective function, where x is the parameter value. Practically, the optimality

tolerance helps to set the upper and lower bounds for fit parameters. Function tolerance

sets the relative lower bound for the change in the objective function from one step to

the next. If |f(xi)− f(xi+1)| < function tolerance ×+ |f(xi|), where f(x) is the objective
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function of parameter x and i is the ith iteration, then the solver stops. Step tolerance is

also a relative lower bound that limits the size of a step in the parameter value, x. The

iterations of the solver end when |(xi − xi+1| < step tolerance ×(1 + |xi|).(102) A visual

explanation of function and step tolerance is shown in figure 3.3.

The default values for the optimality, function, and step tolerances were 1 × 10−6

f

s
i+1

i

Figure 3.3: Visual depictions of function
and step tolerance. If the next iteration of the
objective function does not exceed the function
tolerance, ’f’, then the solver stops. A tighter
function tolerance equates to a lower value for
’f’. If the difference between the i+1th and
ith iteration is less than the step tolerance, ’s’,
then the solver will again stop. A tighter step
tolerance equates to a lower value for ’s’.

for previous CCP protocols. These tolerance values were used in addition to two pro-

gressively tighter sets of termination sensitivities, using tolerance values of 1× 10−8 and

1 × 10−10. The 36 fits (12 from each termination sensitivity) for each participant were

examined primarily as a whole dataset. The results of this analysis are discussed in detail

in section 3.3.3.

3.3 Results

3.3.1 Participants

47 participants were recruited to take part in the study, three participants were studied

twice. 12 participants were excluded due to a high N2 balance (≥ ± 50 mL), indicating a

circuit leak. 38 datasets, including the three participants who were studied twice, were
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used from 35 participants for the final analysis. Their baseline characteristics are shown

in table 3.1. The repeat studies were treated as separate participants due to the time

that had passed between measurements and changes in their physiology due to disease

improvement or progression and/or pharmacological therapy. The cohort identification

(ID) numbers for those studied twice were 3 and 27, 5 and 29, and 26 and 35.
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Table 3.1: Per-person baseline characteristics of the pulmonary hypertension cohort

Cohort
ID

Age /
years

Sex BMI /
kg m−2

PH
class.

Cardiovascular
disease

Respiratory
disease

Smoking
status

Smoking pack
years

SpO2 / % L-R
shunt

WHO
func.
class.

1 31 Male 26 1 - - Never smoked 0 94 - 3

2 47 Male 33 4 Autoimmune
myocarditis

PE Ex-smoker 19 97 - 3

3 59 Female 26 1 - Asthma Ex-smoker 6 92 - 1

4 24 Male 17 1 Congenital
heart disease

- Never smoked 0 97 Yes 3

5 38 Female 24 1 - - Ex-smoker 5 98 - 2

6 62 Male 25 1 - - Never smoked 0 93 - 3

7 54 Female 36 2 - - Never smoked 0 99 - 3

8 42 Female 29 1 - - Never smoked 0 96 - 3

9 70 Male 27 4 - PE Ex-smoker 15 92 - 1

10 20 Female 20 1 Atrial
septostomy

Restrictive
lung disease

Never smoked 0 95 - 3

11 59 Female 32 0 (no
PH)

- - Never smoked 0 98 - 2

12 55 Female 49 1 - OSA Never smoked 0 88 - 3

13 54 Male 29 1 Hypertension - Never smoked 0 99 - 1

14 78 Male 27 1 Hypertension Ex-smoker 4 78 - 4

15 34 Female 21 1 ASD with
L-R shunt

- Never smoked 0 98 Yes 2

16 60 Male 26 4 - PE, asthma,
bronchiecta-

sis

Never smoked 0 96 - 2

17 69 Female 27 2 IHD Acute
unilateral
pleural
effusion

Never smoked 0 99 - 2

18 51 Male 27 1 - - Current
smoker

10 99 - 2

19 76 Male 29 4 SSS, IHD,
hypertension

PE, COPD
(non-smoker)

Never smoked 0 96 - 2

20 57 Female 41 1 ASD (L-R
shunt)

Asthma Never smoked 0 96 Yes 3

21 53 Female 36 4 Hypertension PE Never smoked 0 96 - 3

22 72 Male 25 4 IHD PE, COPD Ex-smoker 50 95 - 3

23 73 Male 31 1 IHD - Ex-smoker 35 91 - 3

24 66 Female 26 1 Hypertension Asthma Never smoked 0 95 - 3

25 87 Male 34 4 AF,
hypertension,

IHD

PE Ex-smoker 30 94 - 3

26 55 Female 27 1 Hypertension - Ex-smoker 20 100 - 4

27 60 Female 26 1 - Asthma Ex-smoker 6 97 - 2

28 64 Female 25 3 Hypertension COPD Ex-smoker 15 94 - 3

29 38 Female 24 1 - - Ex-smoker 5 99 - 2

30 29 Female 29 1 Flow
regulator*

- Never smoked 0 82 - 3

31 48 Female 30 4 - PE Current
smoker

12 98 - 3

32 67 Female 32 3 - PE, ILD Never smoked 0 97 - 2

33 22 Female 21 1 ASD - Never smoked 0 97 - 3

34 80 Male 27 1 AF ILD Never smoked 0 99 - 3

35 55 Female 26 1 Hypertension - Ex-smoker 20 99 Yes 4

36 41 Male 32 4 - PE Ex-smoker 2 92 - 3

37 38 Male 27 1 - - Never smoked 0 94 - 2

38 78 Male 22 4 - PE Ex-smoker 18 95 - 3

ID, identification number. BMI, body mass index. PH class., World Health Organisation pulmonary
hypertension classification. SpO2, pulse oximeter measured peripheral oxygen saturation. L-R, left-to-right
intracardiac shunt. WHO func. class., World Health Organisation functional classification. ASD, atrial
septal defect. IHD, ischaemic heart disease. SSS, sick sinus syndrome. AF, atrial fibrillation. HIV, human
immunodeficiency virus. PE, pulmonary embolism. OSA, obstructive sleep apnoea. COPD, chronic
obstructive pulmonary disease. ILD, interstitial lung disease. *:In this participant’s case, the flow regulator
was implanted to offload pressure in the right heart.
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3.3.2 Direct Fick cardiac output

The direct Fick cardiac output (Q̇DF ) can be calculated if the consumption or production

(V̇x) and arteriovenous difference (cax− cv̄x) of gas x is known:

Q̇DF =
V̇x

cax− cv̄x
(3.1)

Given that the direct Fick cardiac output was considered the reference value with which

the experimentally derived cardiac output was compared, it was necessary to ensure all

components of the direct Fick calculation were as accurate as possible. This was especially

true for the O2 consumption (V̇ O2), which was measured directly using the MFS.

All participants had a mixed venous blood gas taken at the time of MFS connection.

This allowed for modelled estimation of a mixed venous O2 content (cv̄O2) value that

was contemporaneous with MFS breath-by-breath data acquisition. For participant 3,

a satisfactory mixed venous blood sample was not obtained. Arterial blood gases were

taken when clinically indicated for some participants, but never during the time of MFS

connection, given the likelihood of arterial puncture disturbing ventilation. Therefore,

arterial O2 saturation from pulse oximetry readings at the time of MFS connection were

used to calculate arterial O2 content. The following standard formula was applied:

caO2 = Hbv × 0.1× 1.39× (1− COHbv −MetHbv)× (SpO2/100) (3.2)

Where Hbv, COHbv, and MetHbv are the haemoglobin in g/L, carboxyhaemoglobin fraction, and

methaemoglobin fraction from the mixed venous blood gas sample respectively, 1.39 is

Hufner’s constant in mL O2/ g Hb (103), and SpO2 is the arterial O2 saturation percentage from pulse

oximetry.

An initial V̇ O2 value was obtained from the air-breathing phase of the experiment. This

value required correcting for potential fractional changes in O2 due to changing lung stores.
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The cumulative end-expiratory volumes were also regressed to account for the change in

lung stores (figure 3.4).
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Figure 3.4: An example of a section of an experimental dataset, which shows the regression line (blue)
applied to the end-expiratory uptake volumes. O2 is in green, N2 is in black, and CO2 is in red (partially
visible due to the superimposed regression line).

The corrected V̇ O2 (V̇ O2c) in mL/minute was calculated in the following way:

V̇ O2c = V̇ O2 − 1000(FRC× ḞO2) (3.3)

Where FRC is the functional residual capacity in L STPD and ḞO2 is the fractional end-tidal change in

O2 over the air-breathing phase per minute.

The corrections applied to the V̇ O2 measurements did not significantly alter the data

(figure 3.5). All subsequent analysis and discussion in this and later chapters use the

corrected V̇ O2, V̇ O2c values unless otherwise stated.

A full list of values used for the direct Fick calculation, including the final direct Fick

cardiac output, is shown in table 3.2. The direct Fick value for participant 3 was not

calculated due to the spurious mixed venous blood sample that was collected.
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Figure 3.5: Comparison between V̇ O2 and V̇ O2c . In panel A, the solid red line is the result of a
linear fit between the two values. The equation for this line is shown along with the confidence intervals
for the intercept and slope, and Pearson correlation coefficient (r). Panel B shows a Bland-Altman plot
with the difference between uncorrected and corrected V O2 measurements against the mean of the two
measurements; the mean and limits of agreement are shown with confidence intervals. Numbers next to
the datapoints represent the cohort ID numbers.
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Table 3.2: Values used for the calculation of the direct Fick cardiac output

Cohort
ID

V̇ O2 / mL
min−1

V̇ N2 / mL
min−1

ḞO2 / min−1 FRC / L
BTPS

V̇ O2c / mL
min−1

SpO2 /
%

Sv̄O2 /
%

Hb / g
L−1

COHb /
%

MetHb
/ %

Q̇DF / L
min−1

1 275 -12 0.003 1.4 272 94 74 155 1 0.6 6.4

2 314 33 -0.001 2.3 316 97 68 119 1.9 0.4 6.8

3† 220 4 0.005 3.2 208 92 - 136 1.9 0.3 -

4* 279 -28 0.008 3.5 257 97 90 175 1.1 0.3 -

5 264 0 0.003 3.0 258 98 64 128 0.9 0.8 4.3

6 209 -40 0.000 3.8 208 93 60 159 1.1 0.6 2.9

7 239 -27 -0.003 1.2 242 99 69 142 1.1 0.7 4.2

8 176 -6 0.002 1.1 175 96 68 133 1 0.6 3.4

9 345 3 0.003 7.5 329 92 69 123 1.1 1.2 8.5

10 224 -36 -0.001 1.2 225 95 70 143 1 0.6 4.7

11 217 21 0.002 1.9 214 98 77 120 1.6 0.7 6.4

12 273 -28 0.000 1.2 273 88 64 143 1.2 0.7 5.9

13 269 -14 0.002 2.9 265 99 77 160 1.1 0.5 5.6

14 254 -75 -0.001 2.6 255 78 43 118 1.5 0.6 4.5

15* 174 -33 -0.002 1.8 177 98 73 117 0.9 0.7 4.3

16 206 -32 -0.002 5.5 214 96 71 148 1.3 0.5 4.3

17 176 -15 0.000 1.0 176 99 68 112 1.5 0.7 3.7

18 264 -27 0.001 2.1 262 99 69 131 3.7 0.8 5.0

19 291 -35 0.003 3.4 282 96 69 149 1.3 0.5 5.1

20 248 -29 0.003 4.0 238 96 79 116 1.4 0.8 8.8

21 300 -2 0.000 2.0 299 96 75 138 1.3 0.5 7.7

22 217 -45 0.000 4.5 217 95 59 140 1.5 0.6 3.2

23 231 -24 -0.002 2.5 235 91 58 149 1.5 0.7 3.5

24 204 -40 0.002 2.0 202 95 70 121 1.2 0.8 4.9

25 314 -32 0.003 2.1 310 94 68 135 1.3 0.7 6.6

26 214 -19 0.000 2.2 214 100 77 135 1.2 0.7 5.0

27 199 -36 -0.002 3.0 203 97 75 140 2.3 0.5 4.9

28 210 3 -0.001 3.9 212 94 70 152 1.6 0.6 4.3

29 262 -22 0.002 2.5 258 99 68 131 1.1 0.6 4.7

30 181 -36 0.002 1.4 179 82 46 200 1.3 0.5 1.8

31 230 -5 -0.001 2.4 232 98 69 131 1.7 0.6 4.6

32 215 -7 0.000 1.6 215 97 75 138 1.3 0.5 5.3

33 219 -17 0.003 2.3 214 97 70 143 1.1 0.7 4.1

34 169 -15 0.000 3.1 170 99 52 88 1.5 0.8 3.0

35* 224 -9 0.004 2.0 218 99 83 117 1 0.7 8.6

36 288 -62 0.001 1.9 286 92 59 148 0.9 0.6 4.3

37 335 -50 0.001 2.1 333 94 38 167 0.9 0.6 2.6

38 255 -47 0.000 4.9 254 95 65 150 1.3 0.5 4.1

Mean 242±46 -22±21 0 ±0.002 2.2 ±1.1 239 ±44 95 ±5 68 ±11 138 ±20 1.4 ±0.5 0.6 ±0.2 6.3 ±8.6

Mean ± standard deviation. V̇ O2, O2 consumption. V̇ N2, N2 consumption. ḞO2, fractional O2 change.
FRC, functional residual capacity. V̇ O2c , O2 consumption corrected for ḞO2. SpO2, pulse oximeter
measured peripheral O2 saturation. Sv̄O2, mixed venous O2 saturation. The mixed venous blood gas sample
measurement was used for Sv̄O2, Hb, COHb, and MetHb. Hb, haemoglobin. COHb, carboxyhaemoglobin.
MetHb, methemoglobin. Q̇DF, direct Fick cardiac output. †: No valid mixed venous blood gas sample
available. *: Left-to-right intracardiac shunt.

Estimation of error in the direct Fick measurement

The calculation of the direct Fick cardiac output, including the process for correcting V̇ O2

was discussed in section 3.3.2. With all components of the direct Fick equation, shown

below, a degree of variance will be present and contribute to an overall variance for the

direct Fick cardiac output.

Q̇DF =
V̇ O2

k × Hbv × (SpO2 − Sv̄O2)
(3.4)
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Where k = 0.1× 1.39× (1− COHbv −MetHbv) and SpO2 and Sv̄O2 are given as fractional terms.

If the standard deviations of these components are known, an overall variance can be

calculated by using a variance propagation equation. The variance propagation equation

for the direct Fick cardiac output can be given as:

Var(Q̇) =

(
1

DiffAV

)2

Var(V̇O2) +

(
∂Q̇

∂Hbv

)2

Var(Hbv)+

+

(
∂Q̇

∂SpO2

)2

Var(SpO2) +

(
∂Q̇

∂Sv̄O2

)2

Var(Sv̄O2)

(3.5)

Where DiffAV is the arteriovenous difference, given as: k ×Hbv × (SpO2 − Sv̄O2), in mL/L.

The standard deviations used to calculate the variances of the Hbv and Sv̄O2 were taken

from values reported in the literature for the GEM Premier 5000 blood gas analyser.(104).

These values were 0.3 g/L for Hbv and 0.01% for Sv̄O2. An error of approximately ±2%

has been reported for pulse oximetry.(105) This was used to calculate a standard deviation

of approximately 1%. The standard deviation of V̇ O2 was considered to be roughly

proportional to the N2 balance. As the N2 balance reflects the total change of the dataset

during the airbreathing period, this was divided by four to obtain an approximate standard

deviation for V̇ O2. The effects of COHbv and MetHbv on the overall cardiac output

variance were considered sufficiently small that their variances were not included in the

equation. The partial derivatives for the individual components given in equation 5.13 are

as follows:

∂Q̇DF

∂ ˙V O2

=
1

DiffAV

(3.6)

∂Q̇DF

∂Hbv

= − V̇O2

(DiffAV )2
× k × (SpO2 − Sv̄O2) (3.7)

∂Q̇DF

∂SpO2

= −
˙V O2

(DiffAV )2
× k × Hbv (3.8)

∂Q̇DF

∂Sv̄O2

= − ∂Q̇DF

∂SpO2

(3.9)
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The calculated standard deviations for the direct Fick cardiac outputs for all participants

are given in table 3.3. Overall, these calculations suggest that a standard deviation of

approximately 6% applies to cardiac output measurements made by the gold standard

direct Fick approach.
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Table 3.3: Direct Fick cardiac output and variance values for all participants

Cohort ID Q̇DF / L min−1 SD / %

1 6.4 5.1
2 6.8 4.3
3† - -
4* - -
5 4.3 2.9
6 2.9 5.7
7 4.2 3.4
8 3.4 3.7
9 8.5 4.3
10 4.7 5.7
11 6.4 5.4
12 5.9 4.9
13 5.6 4.8
14 4.5 7.9
15* 4.3 6.1
16 4.3 5.5
17 3.7 3.9
18 5.0 4.2
19 5.1 4.8
20 8.8 6.6
21 7.7 4.8
22 3.2 5.9
23 3.5 3.9
24 4.9 6.4
25 6.6 4.7
26 5.0 4.8
27 4.9 6.4
28 4.3 4.2
29 4.7 3.9
30 1.8 5.7
31 4.6 3.5
32 5.3 4.7
33 4.1 4.2
34 3.0 3.1
35* 8.6 6.4
36 4.3 6.2
37 4.1 5.7
38 2.6 4.2

Mean 6.3± 8.6 6.2± 7.9

Mean ± standard deviation. SD, standard deviation. †: No valid mixed venous blood gas sample available.
*: Left-to-right intracardiac shunt.

3.3.3 Modelling

As discussed earlier in this chapter, three different sets of termination sensitivities were

used to fit the CCP parameters for each participant. This process resulted in 36 total59



fits per participant (three termination sensitivities, each run three times, with each run

yielding four fits from different, randomised starting points). To assess the reliability of

the fitting routine for each participants modelled data, two parameters in particular were

identified as particularly instructive. Firstly, the sum of squared residuals (referred to as

the residual from here on) for each fit was compared and the coefficient of variation (CV)

calculated. A high CV would indicate an inability for the solver to converge on a single

best solution, using the data available. Similarly, and for the same reason, the cardiac

output scaling (to modelled metabolic rate, height, weight, and sex; mean = 1) coefficient

of variation (referred to as Q̇ CV from here on) was examined in this way.

Figure 3.6 compares the CVs for residuals and cardiac output for the different termination

sensitivities. A Friedman test, a non-parametric statistical test to compare three or more

paired groups, was used to confirm that there were no differences between the termination

sensitivities for residual (χ2(2)=1.041, p=0.594) and Q̇ (χ2(2)=1.421, p=0.491) CVs.

Given the lack of significant difference between the different sets of termination sensitivities,

the results were combined into one dataset of 36 fits per participant (figure 3.8). From

analysis of this dataset, it was clear that for some participants, the Q̇ CV was larger than

would be expected for a single minimum value. It was also apparent that there was far more

variability in Q̇ scaling values than expected with any of the tolerance settings used. This

can be explained using the analogy of a footprint in sand. An overall minimum (for cardiac

output in this case) exists and is the footprint. If the footprint is magnified, gaps are seen

between the grains of sand; the magnification is analogous to the tolerance settings, where

even at the lowest sensitivity (1×10−6 in this case), a level of detail which is not physiolog-

ically and/or clinically useful is captured; a further illustration of this is shown in figure 3.7.

Prior to calculating the final Q̇ CV, a single outlier deletion was permitted if there

was a standardised value which was greater than (or less than if negative) or equal to ±

2.5, to account for fitting aberrations. Subsequent to this process, 10 participants were
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Figure 3.6: Comparison of CVs for the three termination sensitivities for residuals and cardiac
output (Q̇). Panel A shows the residual CVs against the individual participant datasets. The termination
sensitivities are shown from most sensitive to least. Panel B shows the Q̇ CVs in an identical format. In
panel A, the 1× 10−10 (red) column for participant 6 is cut off at the y-axis; the CV was 45%. In both
panels, any columns not visible are due to scale, and indicate a CV of close to 0.

flagged as exceeding the cutoff value, which was set to be a Q̇ CV of 5% (panel B in

figure 3.8). Participants who were at or above this cutoff value were flagged as having an

unreliable modelled cardiac output. One of these participants, 20, had previously been

flagged due to having a left-to-right cardiac shunt.
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a
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Figure 3.7: Visual depiction of the
process of finding a global minimum value.
The base of the function, where the global
minimum exists, is seen in the green circle
with the dashed circumferential line and
is magnified. There is a local minimum at
’a’ and a global minimum at ’b’. The step
tolerance, at any termination sensitivity
setting, is smaller than ’s’, which is the
distance between ’a’ and ’b’. This indicates
that the variability between possible values
of cardiac output is of a greater magnitude
and, therefore, not necessarily affected by
different termination sensitivities.

As discussed in section 3.3.1, the heterogeneity of the cohort’s cardiorespiratory physio-

logical characteristics warranted the partitioning into subgroups for analysis in addition

to analysing the cohort as a whole. Firstly, it was necessary to acknowledge that the

participants who had been flagged due to having a left-to-right intracardiac shunt should

be considered separately. With CCP, the cardiac output is estimated by measuring the

uptake of tracer gases by the pulmonary circulation via the lung. This means that a

left-to-right shunt is not ordinarily accounted for as the shunt is bypassed, unlike for the

direct Fick measurement, where the arteriovenous content difference of the measured gas

will narrow correspondingly to the magnitude of the shunt. Secondly, in terms of subgroups,

the cohort was divided into two based on the SpO2 during the air-breathing phase of the

experiment; these groups were SpO2 <95% and SpO2 ≥ 95%. Participants flagged due to a

Q̇ CV of ≥ 5% are highlighted in any results they are included in in this section. Finally,

participant 3, who did not have a reliable mixed venous blood sample, was excluded from

the analysis. Other possible reasons for the variability in Q̇ CV between participants,

such as smoking status and pulmonary hypertension diagnosis and classification, were

considered; however, no patterns were readily apparent.

Individuals with a higher SpO2 are unlikely to have clinically significant impairments

to gas exchange, which would then potentially affect respiratory measurements of cardiac

output. For those with SpO2 values of less than <95%, a pure shunt would dissociate the
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Figure 3.8: The residual (panel A) and Q̇ (panel B) CVs for the combined termination sensitivity
datasets for each participant. Some datasets had one outlying fit deleted if the standardised value for Q̇
scaling was greater than or equal to |±2.5|. In panel B, the dashed grey line indicates the 5% cutoff value
at which the fit was deemed unreliable.

values for the direct Fick from the indirect Fick. For the direct Fick, the shunt narrows

the arteriovenous O2 differences, and this is included in the cardiac output measurement.

For the indirect Fick, the CCP estimate in this case, the C2H2 is not included in the

shunt. Therefore, this may be a reason to exclude participants with low SpO2, as done for

participants with a left-to-right intracardiac shunt. However, true right-to-left shunting is
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rare, and these participants were included in the analysis as they may still have yielded

useful data for the direct and indirect Fick comparison.

Another reason for dividing participants based on SpO2 measurements was that hypoxia

is a major driver of diffusion limitation in alveolar gas exchange in a similar way to the

effects of high altitude.(106; 107) The CCP model does not account for diffusion limitation

in this way. Further to this, hypoxic individuals are more likely to have their respiratory

physiology represented by a multimodal V̇ /Q̇ distribution. When used for respiratory

disease, CCP is primarily intended as an early detection modality. The CCP model uses a

unimodal distribution for V̇ /Q̇ and may not be able to accurately fit lung inhomogeneity

and volume parameters in patients with moderate to severe lung disease who are more

likely to have a multimodal V̇ /Q̇ distribution.

The CCP-estimated parameters are presented in table 3.4. Out of the combined ter-

mination sensitivity dataset of 36 fits per participant, the fit with the median Q̇ was chosen

as the reference set of parameters for each participant. All results presented, including in

table 3.4 were from this reference parameter set.
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Table 3.4: Fit parameter values from the CCP model for all participants

Cohort
ID

VA / L
BTPS

VD / L
BTPS

CVD
σVD σCL PiCO2 /

kPa
V̇ O2 /
mL

min−1

RQ Q̇ / L
min−1

Sv̄O2 /
%

1 1.28 0.09 0.52 0.36 0.79 3.85 279 0.70 6.0 77

2 1.99 0.18 0.62 0.40 0.81 4.61 317 0.89 5.5 64

3 2.90 0.18 0.00 0.71 1.30 4.89 190 0.82 5.2 77

4 3.36 0.15 0.00 0.53 0.69 2.69 270 0.70 3.9 71

5 3.02 0.10 1.00 0.46 1.05 3.89 242 0.81 4.3 67

6 3.63 0.17 0.74 0.44 0.84 3.38 218 0.79 3.9 74

7 1.16 0.09 0.57 0.22 0.81 4.02 251 1.00 4.4 71

8 1.01 0.06 0.60 0.32 0.87 3.93 169 0.71 2.5 62

9 7.44 0.47 0.00 0.71 1.33 3.27 285 0.92 10.4 83

10 1.15 0.10 1.00 0.41 0.79 4.63 232 0.92 3.5 66

11 1.61 0.28 0.08 0.49 0.85 4.84 201 0.96 7.9 83

12 1.09 0.08 0.49 0.36 0.83 3.75 275 0.80 3.7 62

13 2.57 0.14 0.48 0.33 0.96 3.19 273 0.87 2.9 57

14 2.48 0.17 0.54 0.24 0.94 4.05 262 0.72 4.3 61

15 1.68 0.08 0.98 0.38 0.72 4.06 187 0.83 4.1 71

16 4.30 0.22 0.00 0.53 1.15 5.29 246 0.86 3.9 64

17 0.95 0.10 0.00 0.57 1.05 4.60 177 0.86 3.0 60

18 1.88 0.18 0.00 0.54 0.92 4.43 265 0.92 5.3 71

19 3.36 0.13 0.72 0.38 1.05 4.25 268 0.86 4.1 65

20 3.80 0.13 0.40 0.71 0.93 6.17 278 0.78 8.0 73

21 1.99 0.14 0.31 0.34 0.84 4.93 298 1.00 5.2 69

22 4.00 0.27 0.79 0.53 0.98 3.58 213 0.90 2.6 55

23 2.44 0.13 0.59 0.37 0.90 3.89 249 0.93 3.0 59

24 1.94 0.14 0.78 0.58 0.84 3.63 204 0.92 2.6 52

25 1.90 0.14 0.36 0.28 0.68 3.95 314 0.77 5.4 68

26 2.13 0.10 0.57 0.35 0.97 4.15 218 0.83 4.1 70

27 2.72 0.18 0.00 0.66 1.31 4.71 204 0.86 5.3 77

28 3.68 0.23 0.36 0.63 1.45 5.43 212 0.88 4.4 71

29 2.38 0.08 0.80 0.58 0.89 4.05 255 0.72 4.0 63

30 1.29 0.08 0.20 0.52 0.82 2.96 186 0.84 1.4 51

31 2.29 0.10 0.02 0.65 1.16 4.75 231 0.76 4.5 68

32 1.51 0.10 0.99 0.63 1.01 5.10 221 0.94 5.3 76

33 2.15 0.09 1.00 0.54 0.73 4.67 213 0.73 3.5 67

34 2.50 0.40 0.11 0.54 1.27 4.01 154 0.94 3.9 65

35 1.88 0.10 0.40 0.41 0.88 4.59 210 0.77 5.8 76

36 1.76 0.09 0.46 0.46 0.90 3.31 288 0.83 3.0 52

37 1.99 0.11 0.46 0.50 0.77 2.87 353 0.79 2.3 32

38 4.61 0.37 0.43 0.47 1.30 2.66 244 0.99 3.5 66

VA, alveolar volume. VD, dead space volume at functional residual capacity. CVD
, fractional expansion

of dead space relative to the fractional expansion of the alveolar space. σVD, standard deviation of the
standardised dead space. σCL, standard deviation for the natural logarithm of the standardised lung
vascular compliance. PiCO2, ideal partial pressure of CO2. RQ, respiratory quotient. σCd, standard
deviation for the natural logarithm of the standardised lung vascular conductance, is not shown in this
table, but is equal to σCL+0.3. 65



The results for cardiac output and Sv̄O2 for all participants (including those flagged) are

shown in figure 3.9. The comparison between the CCP estimated and direct Fick cardiac

output is shown in panels A and B, whilst the comparison between the CCP estimated

and mixed venous blood sample Sv̄O2 is shown in panels C and D. CCP estimates for both

cardiac output and Sv̄O2 strongly correlate with the invasive reference values. The cardiac

output estimates are biased towards underestimating cardiac output, this becomes more

pronounced at higher flow states. Notably, most outliers nearing or exceeding the limits of

agreement were participants flagged due to a high Q̇ CV. For Sv̄O2, there is less overall

bias, however the limits of agreement were broad, indicating a lack of agreement between

methods.

Figure 3.9: Comparison between computed cardiopulmonography (CCP) estimates of cardiac output
and Sv̄O2 against the direct Fick (DF) and mixed venous (MVBG) measurements, respectively. Panels A
and B compare cardiac output values. Panel A shows the correlation between the direct Fick cardiac
output and the CCP estimate. Panel B shows the CCP and direct Fick cardiac output values against the
reference direct Fick value. Q̇diff is the difference between values. The mean and limits of agreement for
the difference in values is shown with confidence intervals. Panels C and D show similar comparisons
for Sv̄O2, using the MVBG Sv̄O2 as the reference. In panels A and C, the dashed grey line is the line of
identity.
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3.3.4 SpO2-based subgroup analysis

For the analysis of participants based on the measured SpO2, those flagged due to a high

Q̇ CV or left-to-right intracardiac shunt were not included.

SpO2 ≥ 95% subgroup

The results for cardiac output and Sv̄O2 for participants with an SpO2 ≥ 95% are shown

in figure 3.10. For cardiac output, there was a strong correlation between the direct Fick

and CCP values. A significant bias towards underestimating cardiac output is still seen,

however, with most estimates being lower than the corresponding direct Fick measurement.

For Sv̄O2, the correlation is much weaker. The notable outlier, participant 34, skews the

correlation significantly, and also partially masks the bias of CCP underestimating Sv̄O2.

A possible explanation for this participant being an outlier for both Sv̄O2 and cardiac

output (where they breach the upper limit of agreement) is their severe interstitial lung

disease (lung function tests revealed airways obstruction and reduced carbon monoxide

diffusing capacity). This level of lung inhomogeneity could feasibly have caused problems

with CCP modelling.
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Figure 3.10: Comparison between CCP-estimated cardiac output and Sv̄O2 and the invasive reference
measurements for the SpO2 ≥ 95% subgroup. Panels A and B compare the cardiac output values and
panels C and D compare the Sv̄O2 values. In panels A and C, the solid red line is the linear fit between
values. The equation for this line, along with confidence intervals for the slope and intercept, and the
Pearson correlation coefficient (r), is shown. Grey, dashed line, line of identity.

SpO2 < 95% subgroup

The results for cardiac output and Sv̄O2 for participants with an SpO2 < 95% are shown

in figure 3.11. Unlike for the SpO2 ≥ 95% participants, both cardiac output and Sv̄O2

estimates correlate strongly with the invasive reference measurements. There is a similar

pattern of underestimation for cardiac output, although the limits of agreement are wider

than for the SpO2 ≥ 95% group. Limits of agreement and mean bias for Sv̄O2 are compa-

rable with the SpO2 ≥ 95% group.
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Figure 3.11: Comparison between CCP-estimated cardiac output and Sv̄O2 and the invasive reference
measurements for the SpO2 < 95% subgroup. Panels A and B compare cardiac output values and panels
C and D compare Sv̄O2 values. Grey, dashed line, line of identity; red line, regression line; b, regression
slope; a, regression intercept.

Overall comparison

The combined results for non-flagged participants from both subgroups are shown in figure

3.12. Both Sv̄O2 and cardiac output estimates correlate strongly with invasive reference

values. For cardiac output, the underestimation of cardiac output with a progressive

increase in difference as the direct Fick value increases is again evident. For Sv̄O2 the

overall dataset is not biased, although both high and low outliers mean that the limits of

agreement are wider than would be acceptable.

Sv̄O2 correction

The estimation of cardiac output by CCP with this experimental protocol is done by

measuring the uptake of C2H2 into the blood from the alveolar spaces. Sv̄O2, in general

terms, is estimated using the Fick principle, with the measured tracer gas uptake and the
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Figure 3.12: Comparison between CCP-estimated cardiac output and Sv̄O2 and the invasive reference
measurements for all non-flagged participants. Panels A and B compare cardiac output values, and panels
C and D compare Sv̄O2 values. Grey, dashed line, line of identity; red line, regression line; b, regression
slope; a, regression intercept. The red and blue crosses indicate an SpO2 of ≥ 95% and <95%, respectively.

modelled arterial oxygen saturation (Sm
a O2). It is therefore possible that an inaccurately

estimated Sm
a O2 would lead to a follow-on error with the estimated Sv̄O2. This would

be particularly relevant in participants with a low SpO2 given the discussed limitations

of modelling diffusion limitation. For this reason, a corrected CCP Sv̄O2 (Sc
v̄O2) was

calculated which would, in effect, use the pulse oximeter arterial O2 saturation instead of

Sm
a O2:

Sc
v̄O2 = Sm

v̄ O2 − (Sm
a O2 − SpO2) (3.10)

Where Sm
v̄ O2 is the initial, uncorrected CCP Sv̄O2 estimate.

The potential margin for error with pulse oximetry was also considered.(105; 108) A

further method of correction, which involved taking the mean of Sm
v̄ O2 and Sc

v̄O2 to give

Sµ
v̄O2 was therefore calculated. The results of the comparison for Sc

v̄O2 and Sµ
v̄O2 against
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the mixed venous blood sample mixed venous O2 saturation (Sv̄O2) are shown in figure

3.13. Compared to the non-corrected estimates (panels C and D, figure 3.12, both Sc
v̄O2

and Sµ
v̄O2 are slightly less biased towards underestimating the mixed venous sample’s O2

saturation, but are similarly correlated and have broadly similar limits of agreement.

Figure 3.13: Comparison between the corrected (panels A and B) and averaged (panels C and D)
CCP-estimated Sv̄O2 the mixed venous blood gas measurement for all non-flagged participants. The
vertical error bars indicate the range between the uncorrected and corrected (Scv̄O2) CCP Sv̄O2 estimates.
CCPc is Scv̄O2 and CCPµ is Sµv̄O2. Grey, dashed line, line of identity; red line, regression line; b, regression
slope; a, regression intercept. The red and blue crosses indicate an SpO2 of ≥ 95% and <95%, respectively.

3.3.5 Alveolar dead space

The process of producing 36 fits for each participant based on the three different termina-

tion sensitivities was repeated following the addition of 6% pure alveolar dead space to

the CCP model. Participants flagged for having a high Q̇ CV were the same except for
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participants 11 and 14, who were included in this set of results, having previously been

flagged with the non-alveolar dead space modelling.

The presence of alveolar dead space may, at least in part, explain the underestima-

tion of cardiac output using respiratory-based measurements, which has been present

historically, and also with the results presented earlier in this section. Presented below

are the results of adding 6% alveolar dead space to the CCP model lung. The results are

again presented within the measured SpO2 subgroups and then shown as an overall cohort.

SpO2 ≥ 95% subgroup

The results for cardiac output and Sv̄O2 for participants with an SpO2 ≥ 95% for the 6%

alveolar dead space fits (referred to as 6% AD from here on) are shown in figure 3.14.

For cardiac output, the bias improved from an underestimate of 400 mL/minute to 130

mL/minute. The correlation and limits of agreement were broadly comparable between

regular and 6% AD fits for this subgroup. For Sv̄O2, there was minimal difference between

the correlation, bias, and limits of agreement between regular and 6% AD fits.
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Figure 3.14: Comparison between CCP-estimated cardiac output and Sv̄O2 with 6% alveolar dead
space added and the invasive reference measurements for the SpO2 ≥ 95% subgroup. Panels A and B
compare cardiac output values, and panels C and D compare Sv̄O2 values. Grey, dashed line, line of
identity; red line, regression line; b, regression slope; a, regression intercept.

SpO2 < 95% subgroup

The results for cardiac output and Sv̄O2 for participants with an SpO2 < 95% are shown in

figure 3.15. For cardiac output, the results between regular and 6% AD fits are similar. For

Sv̄O2, the addition of participant 14, where the saturation is significantly overestimated, to

the 6% AD results skews the results so that the upper limit of agreement is much higher

when compared to the same subgroup’s regular results.
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Figure 3.15: Comparison between CCP-estimated cardiac output and Sv̄O2 with 6% alveolar dead
space added and the invasive reference measurements for the SpO2 < 95% subgroup. Panels A and B
compare cardiac output values, and panels C and D compare Sv̄O2 values. Grey, dashed line, line of
identity; red line, regression line; b, regression slope; a, regression intercept.

Overall comparison

The combined results for non-flagged participants from both subgroups are shown in figure

3.16. Both Sv̄O2 and cardiac output estimates correlate strongly with invasive reference

values. For cardiac output, the underestimation of the direct Fick cardiac output is less

compared to the regular fit with no added dead space (panel B in figure 3.12). For Sv̄O2

the overall dataset is not biased, although the limits of agreement are still wide.
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Figure 3.16: Comparison between CCP-estimated cardiac output and Sv̄O2 with 6% AD added and
the invasive reference measurements for all non-flagged participants. Panels A and B compare cardiac
output values, and panels C and D compare Sv̄O2 values. Grey, dashed line, line of identity; red line,
regression line; b, regression slope; a, regression intercept. The red and blue crosses indicate an SpO2 of
≥ 95% and <95%, respectively.

Sv̄O2 correction

The results of the comparison for Sc
v̄O2 and Sµ

v̄O2 with 6% AD added against the mixed

venous blood sample Sv̄O2 are shown in figure 3.17. Compared to the results for the non-

corrected CCP Sv̄O2 (panels C and D, figure 3.16), Scv̄O2 and Sµv̄O2 values correlate better

with the MVBG Sv̄O2 measurements. The Sµv̄O2 values are also less biased. Compared to

the results for the non-6% AD fitting (panels C and D, figure 3.13), both Scv̄O2 and Sµv̄O2

are similarly correlated and also have similar limits of agreement.
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Figure 3.17: Comparison between the corrected (panels A and B) and averaged (panels C and D)
CCP-estimated Sv̄O2 with 6% alveolar dead space added and the mixed venous blood gas measurement
for all non-flagged participants. Grey, dashed line, line of identity; red line, regression line; b, regression
slope; a, regression intercept. The red and blue crosses indicate an SpO2 of ≥ 95% and <95%, respectively.
The vertical error bars indicate the range between the uncorrected Sv̄O2 (Sm

v̄ O2) and corrected (Scv̄O2)
CCP Sv̄O2 estimates.

3.3.6 Comparison with thermodilution

All recruited participants had cardiac output measured using thermodilution as part of

their routine clinical workup in the cardiac catheterisation laboratory. Participant 30’s

thermodilution cardiac output measurement was not interpretable due to a right-to-left

intracardiac shunt. Given that these measurements were used by the treating clinicians

when forming an overall conclusion of their patient’s physiological state, a comparison was

made with the direct Fick cardiac output. This comparison is included in figure 3.18 along

with the comparison of 6% AD and non-6% AD cardiac output estimates for all non-flagged

participants against the direct Fick cardiac output. The CCP estimates of cardiac output

correlates significantly better with the direct Fick measurement than thermodilution-based
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values. Both thermodilution and 6% AD cardiac output values slightly underestimate the

direct Fick cardiac output and have comparable limits of agreement.

Figure 3.18: Comparison between CCP-estimated (with and without 6% alveolar dead space added)
and thermodilution-based cardiac output (Q̇TD) with the direct Fick measurement for all non-flagged
participants. Panels A, B, C, and D show the comparison between CCP and direct Fick cardiac output.
Panels A and B are without 6% alveolar dead space added and panels C and D include the added dead
space. Panels E and F show the comparison between thermodilution and direct Fick cardiac output. Grey,
dashed line, line of identity; red line, regression line; b, regression slope; a, regression intercept. The red
and blue crosses indicate an SpO2 of ≥ 95% and <95%, respectively.
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3.4 Discussion

In this chapter, a novel method for the estimation of cardiac output and Sv̄O2 has been

discussed. The combination of a highly accurate device with which to measure respired

gases and a computational model of the lungs and circulation is used to recover these,

along with other, relevant cardiopulmonary parameters. Considered in this section are

factors relating to the overall methodology of the study, including strengths, weaknesses,

and the feasibility and applicability of the protocol in future studies.

3.4.1 Protocol feasibility

Experimental setup

A short, usually less than five minutes, protocol with a closed-circuit setup has been

introduced in this chapter. The development of this protocol builds upon the foundational

work done by Smith et al., who demonstrated the promise of using the MFS to estimate

cardiac output. Here, the MFS was used similarly to obtain accurate and contemporaneous

measurements of respired gases. These measurements were then processed in the CCP

model to retrieve an indirect estimate of cardiac output and Sv̄O2.

The length of the protocol should be noted. In busy clinical and research settings,

a long protocol would reduce the motivation to conduct it in the first place and may also

lessen the likelihood of patients or participants consenting to partake. In the current

study, the protocol barely interrupted the clinical workflow. It was also noted that some

participants were more willing to consent to the study after being informed of the length

of time they would be required to breathe through the MFS. The closed-circuit setup

was trialled as an alternative to an open-circuit one for convenience and efficiency. The

reservoir bag was prefilled either ahead of the participant entering the catheterisation

laboratory or while the right heart catheterisation procedure was taking place, highlighting

the flexibility of this approach. The option to not have the tracer gas cylinders in the

room was also advantageous. It was also sometimes necessary for the procedure to take

place in an alternative, smaller laboratory. In these rooms, space for additional equipment

78



was extremely limited and therefore, the tracer gas cylinders were left outside. In an

open-circuit protocol, with the cylinders directly connected to the MFS, this would not

have been possible.

Another methodological strength of the study was the clinical setting. For over 90%

of the participants recruited, the same clinician performed the right heart catheterisation,

minimising the risk of unreliable thermodilution cardiac output measurements due to oper-

ator error. For participants where this clinician did not perform the procedure, one other

comparably experienced clinician did so instead. For all participants, bolus thermodilution

measurements were made until three values within 10% of each other were obtained; these

measurements were then averaged to calculate a final thermodilution cardiac output value.

MFS data is currently modelled using the University’s supercomputer. While multi-

ple estimates of cardiac output and Sv̄O2 can be generated (the frequency of which

depends on the specific protocol) in less than one hour, the supercomputer queue times are

highly variable, ranging from no queue time to days. For population-based studies where

single measurements of cardiac output and Sv̄O2 may be taken once every few months

or years, this is not an issue. If used for clinical monitoring, where results are required

every few hours or less, a version of the model would need to be available either locally or

on a private server. As discussed above, the protocol described in this chapter is short

and simple enough to implement for both the experimental operator and participant, that

performing the experiment multiple times a day to obtain these estimates would not pose

a significant challenge.

Modelling

The final results for CCP estimated parameters were presented after flagging participants

for a high Q̇ CV. The cutoff value of 5% was chosen based on literature data pertaining to

the variation of cardiac output in stable patients, where values of between 4.4% to 7.7%

were reported.(109; 110)
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An alternative to using the Q̇ CV to flag participants would have been to use the residual

CV instead. The residual value indicates how close the simulated expired gas profiles are

to the measured ones. Therefore, the residual values reflect the fit parameters, including

respiratory ones, as a whole. The short, rebreathing protocol used in this study is not

necessarily optimised to fit the respiratory parameters, compared to other CCP protocols

which use a full N2 washout or longer tracer gas wash-in (or both). As cardiac output

was the main fit parameter of interest, it was considered appropriate to use the Q̇ CV to

identify participants to flag. In the case of future studies where a protocol which is more

optimised for recovering respiratory parameters is used, it would be reasonable to consider

using the residual CV as a cutoff instead.

This is the first CCP study where the effects of termination sensitivities have been

examined in detail. It was decided that all three sets of termination sensitivities would be

used for two reasons. Firstly, the termination sensitivities are smaller than the variations

for the estimated parameters, and as such, may not make a difference to the optimisation

process. Related to the first point, is that secondly, as there was no difference between

termination sensitivities for Q̇ and residual CVs for this cohort, interpreting the results

of 36 datapoints per participant was seen as a more robust way of analysing the data

obtained from a protocol optimised for duration and portability. In future studies, it is

likely that only one termination sensitivity setting will be used, given these findings.

3.4.2 Accuracy of CCP-estimated parameters

Cardiac output

The CCP estimates, without 6% AD added, of cardiac output for non-flagged participants

correlated well with the direct Fick measurements, although there was a clear bias towards

underestimating the direct Fick cardiac output. The mean underestimation bias for this

cohort was 9%, however, which represents an improvement over Chapman’s study, where

the cardiac output using a C2H2 method was closer to 25%.(31) Chapman discussed the
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potential sources of error as possibly being due to recirculation, an incorrect solubility

coefficient for C2H2, and an altered arteriovenous O2 difference due to rebreathing. In

the current study, the latter factor is not applicable due to a difference in methodology.

The rationale behind choosing the solubility coefficient for C2H2 used in this study was

discussed in section 3.2.1, and barring any new additions to the literature, would not be

altered within the CCP model. It is possible that the recirculation may not have been

modelled accurately in our study. To explore this further, more work around the validation

of the CBGS sub-model would need to be conducted. The potential influence of alveolar

dead space affecting the measured uptake of C2H2, and causing an underestimation of

cardiac output, is discussed in the section 4.4.3.

The error associated with the direct Fick cardiac output measurements was discussed

in section 3.3.2. An estimate of approximately 5% or 250 mL/minute was made for the

standard deviation of the reference method (Q̇DF) for non-flagged participants (table 3.3).

When considering the variance of the difference between the experimental (Q̇CCP), the

function, f , of the random variables Q̇CCP and Q̇DF is:

f = Q̇DF − Q̇CCP (3.11)

The partial derivatives are therefore df/Q̇DF = 1 and df/Q̇CCP = −1. The variance

function becomes:

Var(Q̇DF − Q̇CCP) = (1)2var(Q̇DF) + (−1)2var(Q̇CCP) (3.12)

From the standard deviation calculated in section 3.3.2 of 250 mL/minute (non-flagged

participants) and from the standard deviation for Q̇CCP − Q̇DF of approximately 750

mL/minute, calculated from the limits of agreement from panel B of figure 3.12:
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var(Q̇CCP) = Var(Q̇DF − Q̇CCP)− var(Q̇DF)

= 7502 − 2502

= 500000

Therefore, the standard deviation for var(Q̇CCP) is
√
500000 ≈ 707 mL/minute- signif-

icantly higher than the direct Fick standard deviation. Given that the former is the

estimate obtained from an optimisation algorithm, and the latter is calculated from direct

measurements, this is to be expected, however.

Sv̄O2

The estimation of Sv̄O2 in this study has been promising, but the wide confidence intervals

for CCP values compared to the mixed venous sample values indicate that further work

is required. It is important to note, however, that the uncertainty associated with the

arterial O2 saturation greatly affected these results. The excellent correlation when this

is accounted for support this claim. For future studies or clinical situations where an

arterial blood gas sample is taken, the blood gas arterial O2 saturation may be used. In

the current study, some participants did require arterial gas sampling for clinical reasons.

These results were not used to ensure the consistency of method application between

participants. Further, these arterial blood gases were taken after the CCP protocol.

Ideally, they would be taken during the air-breathing phase of the protocol, as the mixed

venous gas sample was, and from a pre-existing arterial line, so as not to disturb ventilation.

Multi-visit participants

For the three participants who were studied twice, it would have been reasonable to

compare the results of their invasive, reference measurements and CCP-estimates for

cardiac output and Sv̄O2 from the first visit to the second. However, for one participant

(ID 3 and 27), the mixed venous blood gas sample taken during their first procedure was
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considered a spurious one, and for another (ID 26 and 35), they had developed a left-to-

right intracardiac shunt following a change to their pulmonary hypertension medication

after the first procedure as the right heart pressures had reduced sufficiently to ’reactivate’

the shunt. The medication change had worked well in that the pulmonary pressures, and

therefore right heart pressures, were reduced; however, this allowed blood to be shunted

from the left to right heart via a patent foramen ovale. For the remaining participant (ID

5 and 29), the mixed venous Sv̄O2 went from 64% to 68%, the corresponding (uncorrected)

CCP estimates were 67% to 63% with no added alveolar dead space and 68% to 65%

with 6%AD. The direct Fick cardiac output went from 4.3 L/min to 4.7 L/min, the

corresponding CCP estimates were 4.3 L/min to 4 L/min with no added alveolar dead

space and 4.5 L/min to 4.1 L/min with 6%AD.

3.4.3 Alveolar dead space

A key finding discussed in this chapter is the effect of alveolar dead space. The concept of

a proportion of total ventilation flowing into alveolar dead space in the healthy lung is not

one that is established within the current understanding of respiratory physiology. However,

this has been shown to be a possibility and may serve to at least partially explain the

underestimation of cardiac output, both with CCP and for conceptually similar techniques

such as those described by Grollman and Chapman.(30; 31) Based on Sandhu et al.’s work,

the total dead space in the lung was calculated to be approximately 11.5%, with roughly

half of this being due to V̇ /Q̇ mismatch and the other half potentially being due to pure or

apparent alveolar dead space.(94) It is possible that, instead of half of this total dead space

being due to alveolar dead space, it is another process driving this observation. One such

possibility is that water in the lung airways absorbs C2H2 during inspiration and releases it

back during expiration. This would mean that a fraction of C2H2 would not reach the level

of the alveolus, and therefore, the C2H2 available to be taken up by the pulmonary capillary

would be less. It is not certain whether the magnitude of underestimation (if any) of car-

diac output with this mechanism would be the same as if it were due to alveolar dead space.
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Another factor to consider is that the alveolar dead space calculated by Sandhu et

al. may not manifest in the same way for C2H2 as it does for CO2. It is possible that there

is a delay in the equilibration of CO2 with blood. There are many factors which affect the

carriage of CO2 in blood, as briefly discussed in section 2.2.3. A major determinant of this

carriage is the Haldane effect, which in turn is dependent on the loading and unloading of

O2 to haemoglobin. Richardson et al. have shown that inefficiencies in gas exchange by

red blood cells, specifically diffusion-limited O2 unloading, may result in these processes

of O2 (and by extension, CO2 exchange) to be slower than previously thought.(111) In

future iterations of the CCP model, the uptake of gases in lung water and the alveolar

dead space for C2H2 specifically will be explored.

The CCP cardiac output estimates with 6% AD were 4% lower, on average, than the direct

Fick measurements. This represents an improvement over the non-6% AD fits, where the

direct Fick cardiac output was underestimated by 9%, on average. It should be highlighted

that two extra participants were included in the 6% AD results due to having a Q̇ CV of

<5%. One of these participants, 11, was a high outlier, with the CCP value being almost

2 L/minute higher than the direct Fick measurement. However, even when this outlier

is removed, the 6% AD underestimation is approximately 5.5%, indicating the possible

influence of dead space affecting the uptake of C2H2.

3.4.4 Limitations

12 participants out of the 47 recruited were excluded due to a high N2 balance when

breathing through the MFS, indicating a circuit leak. While this rate is high, there

were factors which indicate that there is significant room for improvement with future

studies. Firstly, most exclusions occurred early in the recruitment phase. Participants

are more likely to have a circuit leak when lying supine due to the increased likelihood of

the mouthpiece becoming malpositioned. As recruitment progressed, the experimental

operator (this author) became better at preventing circuit leaks by instructing participants

more effectively and being able to identify and prevent malpositioning before it occurred.
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Some participants who were not fluent in English (although still able to provide informed

consent), had more difficulty following instructions, which increased the likelihood of a

leak. In rare cases where a degree of pharmacological sedation was required, a leak was

more likely to occur due to the need to actively ’stay on’ the mouthpiece, especially in

the supine position. In one case, the participant’s nose shape was such that the nose clip

did not occlude the nostrils adequately; in future, this could be addressed by using nostril

plugs instead.

From the 38 datasets from the 35 participants remaining, seven participants from the

6% AD fitting and nine participants from the non-6% AD fitting were flagged as hav-

ing a high Q̇ CV. Proportionally, this is a high number of participants to exclude, and

is likely due to the pathophysiological characteristics of the participants in this cohort

and the CCP protocol. As previously discussed, CCP, even in protocols optimised to

recover respiratory parameters, is designed for the early detection of disease. This, along

with the fact that the protocol described in this chapter was designed to be as short

and convenient to execute as possible, will inevitably result in fitting failures, defined

here as a high Q̇ CV. To test this, a comparison with this protocol and a longer and/or

open-circuit protocol would be required. Increasing the time for the air-breathing phase

is unlikely to be of benefit. To increase the rebreathing time, a CO2 absorber could be used.

While the number of participants flagged for a high Q̇ CV was high, it is a success

of the protocol that participants with a low SpO2 had CCP estimates of cardiac output

and Sv̄O2 that were largely comparable to those with SpO2 values of ≥95%. Given these

findings, it is likely that stratification based on participant SpO2 is not required for CCP

protocols, although the small sample sizes of the two subgroups in this cohort make it

difficult to make a definitive conclusion.
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3.4.5 Thermodilution measurements

In this cohort, the thermodilution measurements taken during right heart catheterisation

show a tendency for overestimation of low true cardiac outputs and underestimation of high

true cardiac outputs. This is in keeping with findings published in the literature. Figure

3.19 shows plots published by Baylor and Narang et al., where the globular pattern of the

datapoints demonstrated in panel F of figure 3.18 can be appreciated as a result of this

two-way bias.(36; 60) The proposed mechanism for underestimation is that rapid tempera-

ture changes occurring in high-flow states can result in cardiac output underestimation due

to the limited sensitivity of the PAC-thermistor to such changes.(112). In low-flow states,

it is possible that the heat loss that occurs causes thermodilution-based overestimation of

cardiac output measurements.(61) Both Narang et al. and Baylor’s studies included taking

the average of three (in Narang et al.’s case, three to five) thermodilution measurements.

Baylor also specified that only the measurements where the thermodilution curve appeared

satisfactory (Narang et al. did not comment on this). Therefore, the quality control

measures for thermodilution are largely comparable to the study discussed in this chapter.

As the thermodilution to direct Fick bias is bidirectional, depending on the direct Fick

value, it is not helpful to compare the mean difference when comparing the results to

CCP-estimates. This is highlighted by the fact that the mean difference for thermodilution

when compared to the direct Fick cardiac output is 1%, despite the limits of agreement

being wider and the correlation being poorer than CCP-estimated cardiac output (with or

without 6% AD).

Given the above results, CCP appears to be the superior method over thermodilution for a

single estimate of cardiac output. This is further supported by the comparative invasiveness

of the two methods, where pulmonary artery catheterisation has well-documented risks

compared to what is a non-invasive method in CCP.(39; 40; 43) The small sample size of

the cohort and the significant number of excluded and flagged participants, however, do

not make this conclusion a definitive one. These limitations can be addressed in future
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studies, as previously discussed.

A B

Figure 3.19: Comparison of thermodilution and direct Fick cardiac output measurements from two
separate studies. Panel A shows the results from Baylor, and panel B shows the results from Narang et al.
Note that for both figures, the x-axis shows the mean of thermodilution and direct Fick measurements,
rather than using the direct Fick value as the reference. In panel B, the y-axis difference is direct Fick
− thermodilution, rather than thermodilution − direct Fick as is the case for panel A and the results
presented in this chapter.

3.4.6 Direct Fick cardiac output

The error associated with the direct Fick calculation was discussed in section 3.3.2. This

calculated variance should be accounted for when considering the comparison of CCP

estimates with the direct Fick cardiac output.

Using table 3.3 as a reference, the mean direct Fick cardiac output standard deviation was

6.2%, equivalent to 284 mL/minute for all participants. The approximate standard devia-

tions derived from limits of agreement for both non-6% AD and 6% AD CCP-estimates of

cardiac output (panels B and D in figure 3.18) were 720 mL/minute and 830 mL/min,

respectively. Clearly, these standard deviations for CCP are wider than desirable. However,

they still compare favourably compared to the thermodilution standard deviation of 900

mL/minute (panel F in figure 3.18). When considering the underestimation bias of CCP,

it is possible that the magnitude of this is not as great as first thought, when the direct

Fick standard deviation is accounted for.
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3.5 Conclusion

The results of an observational study, examining non-invasively acquired cardiopulmonary

parameters in pulmonary hypertension patients undergoing right heart catheterisation,

have been discussed. Specifically, CCP estimates of cardiac output and Sv̄O2 have been

compared against the invasive reference standards, the direct Fick method and mixed

venous blood gas analysis, respectively. With cardiac output, an additional point of

comparison with thermodilution, the clinical reference standard, was possible. CCP has

been shown to be comparable, and potentially superior, to thermodilution for a single

measure of cardiac output. Given the difference in invasiveness between thermodilution,

where right heart catheterisation is required, and CCP, these findings represent a significant

advancement in the progress of a technique for a respiratory-based measurement of cardiac

output.

From a modelling standpoint, the effects of different termination sensitivities on CCP

output parameters have been explored in detail. These findings have allowed for a greater

degree of confidence in both identifying problematic datasets and interpreting CCP esti-

mates. As such, it is likely that a similar approach to the process described will be carried

forward to other studies where CCP is used.

This study has limitations which should be acknowledged. Primarily, the sample size of

participants included in the final analysis, excluding flagged participants, was small. While

this is the case, it is still possible to comment on the clear promise of CCP-estimated

cardiac output and Sv̄O2 and that larger-scale studies are warranted given the initial

results. The other limitations of this study relate more to factors inherent to CCP as

a technique. Breathing through the mouthpiece and with a nose clip requires a degree

of cooperation from the subject, which is not always possible. It is necessary for the

tracer gases, in their appropriate concentrations, to be available in advance, although a

closed-circuit protocol where the rebreathing gas mixture can be prepared in advance is a

good step towards addressing the overall practicality of the technique.
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To conclude, the results of this study show that in CCP, a non-invasive method of

measuring cardiac output has been developed that is comparable to the invasive, clinical

reference standard, pulmonary artery catheter-based thermodilution. It has also been

shown that CCP-based Sv̄O2 mixed venous estimates may also have current utility in clini-

cal and research settings, with further optimisation possible. The overall findings highlight

the potential for the use of CCP-based cardiac output measurement in population-based

studies. Examples of this include, but are not limited to, examining cardiac output as

a long-term predictor of cardiac morbidity and mortality, and the use of cardiac output

measurement to guide therapy in clinical settings where right heart catheterisation is

inappropriately invasive.
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4 Healthy Volunteer Study

4.1 Introduction

This chapter presents the findings from a cohort of healthy volunteers who were recruited

to undertake a series of computed cardiopulmonography (CCP)-based experiments. The

estimation of cardiac output and mixed venous O2 saturation (Sv̄O2) using respired gas

analysis were the primary outcomes of interest. In addition to using the exogenous tracer

gases, methane (CH4) and acetylene (C2H2), as described in the pulmonary hypertension

cohort study in chapter 3, an endogenous tracer gas-based method, using CO2, is introduced.

The overarching objective in this study was to determine whether an endogenous gas

such as CO2 could feasibly be used in place of exogenous tracer gases to accurately

and non-invasively estimate cardiac output and Sv̄O2, among other cardiopulmonary

parameters.

4.1.1 CO2 as a tracer gas

The appeal of using CO2 as a tracer gas stems from the fact that it will be more readily

available compared to a CH4 and C2H2 mixture, in both research and clinical settings.

For mechanically ventilated patients, especially, where it would be exceedingly difficult to

load a ventilatory circuit with exogenous gases, an approach using CO2 may be the only

viable approach for the estimation of cardiac output using a respiratory gas-based technique.

The manipulation and analysis of CO2 for the estimation of cardiac output using Fick

principles has been described in the literature before and was discussed in chapter 1.(35)

The novelty of the method introduced in this chapter stems from the use of integrated

use of CCP, which consists of a highly accurate device for respired gas analysis with

excellent time-resolution and a comprehensive model of the lungs and circulation, within a

closed-circuit setup. The closed-circuit setup was described in chapter 3, but was initially

developed during this study with healthy volunteers, and has the benefits of being easy to

implement and brief in duration.
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4.1.2 Computed cardiopulmonography (CCP)

The CCP-based approach to estimating cardiac output in this study remains broadly

similar to that described in the pulmonary hypertension cohort. The respired gas data that

is obtained from the molecular flow sensor (MFS) is passed through the cardiopulmonary

model. Here, parameters relating to the lungs, circulation, and metabolism are fit. This

approach allows for the inhomogeneity of the lung and any recirculation of gases to be

accounted for in the nonlinear optimisation routine when estimating values for cardiac

output and Sv̄O2.

The approach to modelling data obtained from CCP protocols has been simplified and

refined from the pulmonary hypertension cohort study (chapter 3). This is discussed in

detail later in the chapter, but the conclusions related to setting termination sensitivities

within the model and examining the variances of fit parameters as a way of determining

the quality of results are incorporated into this study.

Alveolar dead space

In recently published work, Sandhu et al. raised the possibility that a fraction of lung venti-

lation is distributed into regions of pure alveolar dead space, even in healthy individuals.(94)

This leads to a higher overall proportion of alveolar dead space, in addition to apparent

alveolar dead space arising as a result of V̇ /Q̇ and other mechanisms. The effects of

taking this possibility into account within the cardiopulmonary model are examined via a

sensitivity analysis. The differences in these effects between protocols using endogenous

(CO2) and exogenous (CH4 and C2H2) were also of interest, and discussed in this chapter.

4.1.3 Protocol comparison

As this study involved the recruitment of healthy volunteers, no invasive reference mea-

surement of cardiac output or Sv̄O2 was possible due to reasons of ethical permissibility.

Instead, comparisons were made between the different protocols. Specifically, the bias

and precision of the protocols relative to each other were examined using a statistical
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process, which is detailed. This process serves as an indicator of the potential feasibility

for various research and clinical applications, where comparisons of results made with

reference techniques can be made.

4.2 Methods

4.2.1 Experimental protocol

The ethics approval for this study was in place under a broader set of studies which utilise

CCP to estimate cardiopulmonary parameters in healthy volunteers and patients with

respiratory disease. REC reference 17/SC/1072. The experimental work was carried out

in accordance with the general principles of the Declaration of Helsinki.

Healthy volunteers, i.e. with no significant comorbidities of a cardiac or respiratory

nature, were recruited for the study at a research facility in the Department of Physiology,

Anatomy and Genetics at the University of Oxford. Each participant underwent four CCP

protocols. The reproducibility between the CCP cardiac output and Sv̄O2 estimates for

each of the different protocols was analysed for each participant.

In order, the four protocols were a rebreathing exogenous tracer gas protocol where

participants underwent a period of rebreathing into a reservoir bag filled with a mixture

of CH4 and C2H2 in air, two identical rebreathing protocols where the exogenous tracer

gases were replaced with a high concentration of CO2 (to serve as an endogenous tracer

gas), and finally an open-circuit protocol where a period of breathing a CH4 and C2H2

mixture took place, followed by a period of breathing only CH4 (at the same concentra-

tion). The order of the protocols was kept the same across participants to minimise C2H2

loading by keeping the two exogenous tracer gas protocols as far apart as possible and to

maintain experimental consistency. Regarding the latter reason, it was acknowledged that

not randomising the order may introduce bias related to the order of the protocols, however.

For the closed- and open-circuit exogenous tracer gas protocols, cardiac output is es-
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timated by measuring the uptake of C2H2, which is soluble in blood. The lung parameters

are estimated from the equilibration of CH4—which is far less soluble in blood than

C2H2—between the lung and circuit. For the CO2 rebreathing protocol, CO2 acts as an

endogenous tracer gas. As CO2 is soluble in blood, its uptake in the circulation from

the lungs can be used to estimate cardiac output in a similar way to how C2H2 is used.

Modelling the parameters of lung inhomogeneity is primarily estimated by a combination

of extrapolating the partial washout of N2 (by inhaling 93% O2 in the reservoir bag) and

examining the equilibration of gases between the lung and reservoir bag.

The contents of the reservoir bag for the exogenous tracer gas protocol were 0.3% C2H2,

0.9% CH4, 21% O2, and balance N2, these concentrations were the same for the open-

circuit protocol. This mixture contained slightly higher concentrations of tracer gases than

the pulmonary hypertension cohort. The mixture for the endogenous tracer gas protocol

consisted of 7% CO2 and balance O2.

The configuration of the MFS and reservoir bag for the rebreathing protocols was the same

as for the pulmonary hypertension cohort study. The pre-filled reservoir bag was connected

to one port of a three-way tap. The second port was connected to the non-participant

end of the MFS and the remaining port was open to air. The open-circuit protocol was

configured so that gas flowed between a mass flow controller (MFC) and tubing open to

air at a rate of 40–60 L/minute. Connected to the non-participant end of the MFS, and

between the MFC and tubing was a T-piece connector for the participant to breathe in from

the gas flow passing across and to expire through the expiratory tubing. The open-circuit

configuration is shown in figure 4.1. The concentrations of exogenous tracer gases for the

open-circuit protocol were the same as for the rebreathing protocol. Schematics of the

three different protocols are shown in figure 4.2.

Participants were seated in an upright position when breathing through the MFS, with a

nose clip attached. For the rebreathing protocols, a steady state phase of at least three

minutes in which the participant breathed air was completed prior to the three-way tap
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MFC

Figure 4.1: Simplified diagram of the open-circuit con-
figuration. Gas from the MFC (black square) flows within
a tubing circuit. It can be inspired by the participant via
the MFS head (grey cylinder) in a path shown by the red,
dashed arrows or flow across (black arrows) through the
expiratory tubing, which is open to air. The participant’s
expired gas (blue, dashed arrows) also flows through the
expiratory tubing. Not to scale.

A B

C

Figure 4.2: Schematics of the three experimen-
tal protocols. In panel A, the closed-circuit exoge-
nous tracer gas protocol is shown, with the respired
fractional gas concentrations of CH4 in cyan and
C2H2 in magenta. In panel B, the CO2 rebreath-
ing protocol is shown, with the respired fractional
gas concentrations for CO2 (red) and O2 (green),
respectively. In panels A and B, the grey, dashed
line indicates the turning of the three-way valve to
the reservoir bag, having initially been open to air,
so that rebreathing can commence. In panel C, the
open-circuit exogenous tracer gas protocol is shown,
with the respired fractional gas concentrations of
CH4 in cyan and C2H2 in magenta. CH4 and C2H2

are delivered via the mass flow controller between
the periods marked by the grey and red, dashed lines.
After this, the delivery of C2H2 is ceased, while the
flow of CH4 continues.

being turned in the direction of the reservoir bag for a one-minute rebreathing phase. For

the open-circuit protocol, the air-breathing phase was two minutes long, followed by C2H2

and CH4 breathing for two minutes, and finally, CH4 without C2H2 for a further two
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minutes.

All four protocols took place over a single day for each participant, a minimum of 10

minutes was taken between protocols to allow for any residual tracer gases to wash out of

from the circulation. Before the first protocol for each participant, the MFS was warmed

to 36◦C and calibrated with pure O2 and N2, following the standard procedure for all

CCP experiments. The reservoir bag was filled to the participant’s predicted FRC for the

three rebreathing protocols using the Global Lung Initiative lung function calculator.(96)

The full FRC was used instead of a fraction as the participants were seated upright for

these protocols.

Following the completion of the four protocols, a blood sample was taken to measure the

haemoglobin. Participants were given the option of having a venous or capillary sample

taken. The sample was then processed using a point-of-care system (HemoCue Hb 201+,

HemoCue AB, Sweden). The blood sample was taken after all the protocols to ensure that

the cardiac output was as stable as possible during measurements and not affected by a

sympathetic nervous system response to the blood draw.

4.2.2 Modelling

The approach to CCP modelling for the healthy volunteer cohort was guided by the results

of the pulmonary hypertension cohort. Only one termination sensitivity, the least sensitive

(optimality, function, and step tolerances of 1 × 10−6), was chosen for modelling. The

rationale for this was discussed in detail in chapter 3, but briefly, the variations in the fit

parameters of interest were greater than the differences that would be seen if they were

due to the termination sensitivities. For each protocol, a total of 12 fits were obtained for

each protocol. The process was then repeated for fits with 6% alveolar dead space (6%

AD) added. Here, 6% of the ventilation to the CCP model lung was apportioned to a

region of pure alveolar dead space. For each dataset, outliers were identified by examining

the cardiac output scaling coefficient of variation (Q̇ CV). The results of the modelling

95



are discussed in section 4.3.

4.2.3 Bias and precision

In the absence of a set of results from a reference method, the relative bias and precision

of the three different protocols were compared. Correlation and Bland-Altman plots were

inspected for visually apparent patterns of bias, followed by statistical analysis with a

nonparametric method.

The assessment of the relative precision of the cardiac output and Sv̄O2 estimates ob-

tained from the different protocols used here is based around the concept of an intraclass

correlation coefficient (ICC).(113) In very general terms it may be written as:

ICC =
variance of interest

total variance

=
variance of interest

variance of interest + unwanted variance

The denominator is very simply the measured variance across individuals, where for method

x:

Var(x) = Var(q) + Var(ϵx) (4.1)

Where Var(q) is the variance of interest and Var(ϵx) is the unwanted variance for protocol x.

To calculate the ICC, it is also necessary to estimate Var(q). Here, a simple model

for the bias and noise for each protocol can be written, that this may be estimated by the

covariance between two methods. Taking the cardiac outputs of the closed- (TGc) and

open-circuit (TGo) exogenous tracer gas protocols as an example, the covariance is given

by:

Covar(TGc,TGo) =
1

(n− 1)

∑[
(Q̇TGc,i

− Q̄TGc)(Q̇TGo,i
− Q̄TGo)

]
(4.2)

Where the 1
(n−1) term refers to the degrees of freedom, Q̇TGc,i

and Q̇TGo,i
are the cardiac outputs for the

ith participants for the respective protocols, and Q̄TGc and Q̄TGo are the mean cardiac outputs for the
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respective protocols.

A model term for Q̇TGc,i
can be expressed as:

Q̇TGc,i
= qi + bTGc + ϵTGc,i

(4.3)

Where qi is the true cardiac output value for the ith participant, bTGc
is the protocol specific bias, and

ϵTGc,i
is the error of the method for the ith participant.

Here, qi is assumed to be the same across protocols for each participant, bTGc is constant

across participants for the specific method, and ϵTGc is the error without the influence of

bias (which has been addressed with the bTGc term). Q̇TGo,i
can be expressed similarly.

The model term for both protocols can then be substituted back into equation 4.2:

Covar(TGc,TGo) =
1

(n− 1)

∑[
(qi+bTGc+ϵTGc,i

−Q̄TGc)(qi+bTGo+ϵTGo,i
−Q̄TGo)

]
(4.4)

Equation 4.4 can be partially expanded by multiplying both protocol terms by the error

terms of the other protocol:

Covar(TGc,TGo) =
1

(n− 1)

∑[
(qi + bTGc − Q̄TGc)(qi + bTGo − Q̄TGo)

+ ϵTGo,i
(qi + bTGc − Q̄TGc) + ϵTGc,i

(qi + bTGo − Q̄TGo)

+ ϵTGc,i
· ϵTGo,i

]
(4.5)

The expected values can then be taken. The mean term for both protocols can be expected

to be the sum of the true cardiac output mean (Q̄) and the protocol bias. The error terms

(ϵTGc,i
and ϵTGo,i

) each have a mean of zero and are uncorrelated with any of the terms for
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which they are multipliers. The expression for the expected covariance becomes:

Covar(TGc,TGo) = E
[∑[

(qi + bTGc − (q̄ + bTGc))(qi + bTGo − (q̄ + bTGo))
]]

(4.6)

= E
[∑[

(qi − q̄)(qi − q̄)
]]

= Var(q)

There are two assumptions made in the set of equations listed above that have been

mentioned, but require highlighting. Firstly, an assumption is made that the model term

for the cardiac output, e.g. Q̇TGc,i
can be expressed in terms of a bias and error as outlined

in equation 4.3. Secondly, it is assumed that the true cardiac output for each participant,

qi, is constant across all four protocols.

As the Pearson correlation coefficient is given by:

r =
Covar(TGc,TGo)√
Var(TGc) · Var(TGo)

(4.7)

It follows that the ICCs for TGc relative to TGo and vice versa are:

ICCTGc =
r ×

√
Var(TGc) · Var(TGo)

Var(TGc)
(4.8)

ICCTGo =
r ×

√
Var(TGo) · Var(TGc)

Var(TGo)
(4.9)

Given there are four protocols, there will be three estimates of ICC for each protocol from

the three correlations. These may be averaged to give an overall estimate of the ICC for

each protocol.
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4.3 Results

4.3.1 Participants

14 participants were recruited to take part in the study. One participant was only able

to tolerate the first of four protocols and was therefore excluded from the final analysis.

None of the participants had any cardiovascular or respiratory diseases of note. There

were no smokers in the cohort. Their baseline characteristics are shown in table 4.1. A

high N2 balance was observed with participant 3’s TGo dataset, due to a presumed circuit

leak, therefore warranting exclusion from the analysis.

Table 4.1: Per-person baseline characteristics of the healthy volunteer cohort

Cohort ID Age /
years

Sex Height / m BMI / kg
m−2

SpO2 / % Hb / g L−1

1 20 Female 1.72 21 100 118

2 20 Male 1.88 27 97 147

3 20 Female 1.72 22 97 124

4 22 Male 1.87 23 98 147

5 20 Male 1.78 20 98 142

6 20 Female 1.63 21 99 142

7 19 Female 1.73 24 97 137

8 20 Male 1.80 23 98 147

9 20 Male 1.86 23 97 151

10 19 Female 1.68 19 96 133

11 20 Female 1.58 22 95 136

12 20 Female 1.71 22 98 134

13 25 Male 1.84 27 98 151

ID, identification number. BMI, body mass index. SpO2, pulse oximeter measured peripheral oxygen
saturation. Hb, haemoglobin concentration.

4.3.2 Modelling

Examples of the airway gas compositions and of the tidal flows for each protocol, along

with their CCP model predictions, for the three types of protocols are shown in figure 4.4.

The Q̇ CVs for each protocol without and with 6% AD are shown in figure 4.5. A

coefficient of variation of 5% or greater following the deletion of up to one outlier was

used to flag potentially unreliable datasets; this was the same procedure applied that
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Figure 4.4: Examples of the exogenous closed-circuit (panel A) and open-circuit (panel C) and
CO2 rebreathing protocols (panel B). In panel A, the start of the rebreathing phase, preceded by the
air-breathing phase, is indicated by the red, dashed line. For panels A and C, the measured uptake of CH4

and C2H2 is seen by the cyan and magenta lines, respectively. In panel B, the start of the rebreathing
phase, preceded by the air-breathing phase, is indicated by the grey, dashed line. The measured uptake of
CO2 can be seen by the red, dashed line. The negative trend prior to rebreathing represents a production
of CO2. Rebreathing through the reservoir bag results in the consumption of CO2. In panel C, the start of
the CH4 and C2H2 breathing phase is indicated by the grey, dashed line; the delivery of C2H2 is stopped
after two minutes, as indicated by the red, dashed line; the delivery of CH4 is stopped two minutes after
this. For all panels, the superimposed black, dashed lines represent the simulated uptake of the gases.

was used in the pulmonary hypertension cohort study. Following this, the dataset with

the median cardiac output value for each of the participants’ four protocols was used for

further analysis. For ease of reference, the closed-circuit approach using exogenous tracer

gases in the reservoir bag, two CO2 rebreathing protocols, and open-circuit exogenous
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tracer gas protocol, will be abbreviated as TGc, CO2 #1, CO2 #2, and TGo, respectively.

For both non-6% AD and 6% AD runs, fits were not obtained for the TGc protocols for

participant 13, likely due to issues that arose during the air-breathing phase related to

highly variable tidal breaths.

A Friedman test revealed a statistically significant difference in the Q̇ CV across the

different protocols (χ2(3) = 17.945, p < 0.001). A post hoc analysis with a Wilcoxon

signed-rank test was conducted with a Bonferroni correction applied, resulting in a sig-

nificance level set at p < 0.0125, to examine the specific differences between protocols.

The second CO2 protocol showed a significantly higher Q̇ CV than the TGc protocol

(Z=-2.589, p=0.01). The first (Z=-3.059, p=0.002) and second (Z=-3.059, p=0.002) CO2

protocols also had significantly higher Q̇ CVs than the TGo protocol. No statistically

significant difference was found between the TGc and TGo protocols.

The CCP-estimated parameters for the exogenous tracer gas and CO2 protocols are

shown in tables 4.2 and 4.3, respectively.
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A

B

Figure 4.5: Comparison of the Q̇ CVs for the four experimental protocols. Panel A shows the Q̇
CVs for the non-6% AD fits. Panel B shows the Q̇ CVs for the 6% AD fits. In panel A, the TGo (black)
column is not visible due to scale for participant 4; the CV was 0.04%. In panel B, the CO2 #1 (green)
column is cut off at the y-axis; the CV was 10.56%. The dashed grey line in both panels indicates the 5%
cutoff value at which fits were deemed potentially unreliable.
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Table 4.2: Fit parameter values from the exogenous tracer gas fits for all participants

Cohort
ID

Protocol VA / L
BTPS

VD / L
BTPS

CVD
σVD σCL PiCO2 /

kPa
V̇ O2 /
mL

min−1

RQ Q̇ / L
min−1

Sv̄O2 /
%

1 TGc 3.44 0.09 0.11 0.34 0.55 4.74 313 0.77 5.7 65

2 TGc 3.72 0.15 0.51 0.33 0.43 5.23 436 0.91 10.2 77

3 TGc 2.96 0.13 0.00 0.31 0.46 4.20 324 0.95 6.0 68

4 TGc 5.09 0.13 0.99 0.37 0.62 5.42 412 0.79 6.7 67

5 TGc 3.98 0.12 1.00 0.30 0.45 4.93 393 0.72 7.5 72

6 TGc 2.41 0.08 0.00 0.31 0.50 5.75 298 0.70 6.3 72

7 TGc 2.46 0.08 1.00 0.32 0.50 4.41 375 0.87 5.7 64

8 TGc 3.05 0.15 0.25 0.26 0.49 5.22 416 0.71 9.2 76

9 TGc 3.65 0.18 0.12 0.11 0.49 4.84 420 0.78 6.2 66

10 TGc 3.54 0.09 1.00 0.47 0.65 5.01 189 0.72 3.2 65

11 TGc 2.67 0.06 0.00 0.47 0.51 4.30 298 0.82 5.2 69

12 TGc 3.19 0.07 0.78 0.19 0.62 4.88 302 1.00 3.8 56

13 TGc - - - - - - - - - -

Mean 3.33 ±
0.72

0.11 ±
0.03

0.41 ± 0.40 0.33 ± 0.10 0.53 ± 0.07 4.90 ±
0.45

332 ±
71

0.83 ± 0.10 6.2 ±
1.9

68 ± 6

1 TGo 3.47 0.08 0.94 0.39 0.57 4.50 260 0.74 4.7 65

2 TGo 3.60 0.12 1.00 0.45 0.41 4.98 424 0.74 8.3 73

3 TGo - - - - - - - - - -

4 TGo 4.52 0.11 1.00 0.27 0.59 5.33 388 0.81 6.8 70

5 TGo 3.87 0.11 1.00 0.27 0.46 4.89 343 0.74 5.5 66

6 TGo 2.44 0.08 0.43 0.26 0.54 5.61 232 0.75 3.2 59

7 TGo 2.35 0.09 0.38 0.29 0.51 4.27 299 0.97 4.9 67

8 TGo 3.38 0.13 0.16 0.22 0.50 4.74 374 0.91 7.4 74

9 TGo 3.88 0.14 0.77 0.29 0.42 4.87 353 0.90 5.0 65

10 TGo 3.20 0.08 1.00 0.47 0.53 4.79 181 0.74 2.7 62

11 TGo 2.70 0.06 0.00 0.67 0.63 4.34 279 0.85 3.9 61

12 TGo 2.95 0.07 0.16 0.27 0.49 5.15 240 0.89 3.7 63

13 TGo 3.23 0.13 0.31 0.39 0.61 3.76 352 0.88 5.7 70

Mean 3.31 ±
0.60

0.10 ±
0.03

0.59 ± 0.35 0.36 ± 0.13 0.53 ± 0.07 4.71 ±
0.46

309 ±
69

0.82 ± 0.09 4.9 ±
1.7

66 ± 5

Mean ± standard deviation. VA, alveolar volume. VD, dead space volume at functional residual capacity.
CVD

, fractional expansion of dead space relative to the fractional expansion of the alveolar space. σVD,
standard deviation of the standardised dead space. σCL, standard deviation for the natural logarithm
of the standardised lung vascular compliance. PiCO2, ideal partial pressure of CO2. RQ, respiratory
quotient. σCd, standard deviation for the natural logarithm of the standardised lung vascular conductance,
is not shown in this table, but is equal to σCL+0.3.
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Table 4.3: Fit parameter values from the CO2 fits for all participants

Cohort
ID

Protocol VA / L
BTPS

VD / L
BTPS

CVD
σVD σCL PiCO2 /

kPa
V̇ O2 /
mL

min−1

RQ Q̇ / L
min−1

Sv̄O2 /
%

1 CO2 #1 3.63 0.08 0.50 0.36 0.56 4.54 303 0.70 7.6 75

2 CO2 #1 3.81 0.14 0.35 0.34 0.40 5.24 433 0.72 7.1 68

3 CO2 #1 3.07 0.10 1.00 0.28 0.48 4.08 314 0.93 5.1 64

4 CO2 #1 4.85 0.10 0.98 0.29 0.58 5.39 413 0.74 7.8 72

5 CO2 #1 4.21 0.11 0.66 0.28 0.46 5.00 377 0.70 7.4 72

6 CO2 #1 2.61 0.07 0.10 0.34 0.53 5.53 248 0.70 3.5 61

7 CO2 #1 2.47 0.08 0.38 0.35 0.43 4.59 370 0.83 4.3 54

8 CO2 #1 3.46 0.11 0.84 0.32 0.47 5.19 399 0.91 7.5 72

9 CO2 #1 3.83 0.15 0.49 0.26 0.40 5.28 406 0.88 6.6 69

10 CO2 #1 3.88 0.10 1.00 0.41 0.65 4.97 183 0.77 2.1 51

11 CO2 #1 2.86 0.06 0.04 0.28 0.53 4.29 309 0.82 3.5 52

12 CO2 #1 2.95 0.08 0.47 0.26 0.58 4.96 269 0.95 4.1 63

13 CO2 #1 3.39 0.16 0.05 0.44 0.57 4.05 375 0.96 5.4 67

Mean 3.47 ±
0.64

0.10 ±
0.03

0.52 ± 0.34 0.32 ± 0.06 0.51 ± 0.07 4.91 ±
0.45

339 ±
60

0.81 ± 0.10 5.5 ±
1.8

65 ± 8

1 CO2 #2 3.88 0.09 0.51 0.26 0.64 4.60 306 0.70 7.7 74

2 CO2 #2 3.91 0.15 0.07 0.27 0.40 5.00 416 0.70 6.2 65

3 CO2 #2 3.09 0.11 0.70 0.31 0.51 4.27 333 0.70 5.1 61

4 CO2 #2 4.90 0.10 0.98 0.32 0.65 5.41 408 0.77 6.3 66

5 CO2 #2 4.31 0.11 0.67 0.38 0.41 4.92 362 0.70 4.7 59

6 CO2 #2 2.60 0.07 0.18 0.32 0.53 5.58 258 0.76 3.3 57

7 CO2 #2 2.59 0.08 0.00 0.32 0.41 4.69 382 0.70 5.5 62

8 CO2 #2 3.51 0.15 0.00 0.22 0.51 5.26 397 0.83 7.2 71

9 CO2 #2 3.97 0.16 0.45 0.22 0.47 5.31 406 0.96 6.1 67

10 CO2 #2 3.76 0.10 1.00 0.29 0.67 5.03 186 0.77 2.8 62

11 CO2 #2 2.93 0.06 0.00 0.63 0.53 4.40 320 0.76 3.3 47

12 CO2 #2 2.87 0.07 0.15 0.19 0.57 5.28 267 0.85 3.6 58

13 CO2 #2 3.13 0.18 0.02 0.41 0.59 3.98 377 0.85 6.2 70

Mean 3.49 ±
0.66

0.11 ±
0.04

0.31 ± 0.35 0.31 ± 0.12 0.52 ± 0.08 4.96 ±
0.43

333 ±
64

0.77 ± 0.08 5.2 ±
1.5

63 ± 8

Mean ± standard deviation. VA, alveolar volume. VD, dead space volume at functional residual capacity.
CVD

, fractional expansion of dead space relative to the fractional expansion of the alveolar space. σVD,
standard deviation of the standardised dead space. σCL, standard deviation for the natural logarithm
of the standardised lung vascular compliance. PiCO2, ideal partial pressure of CO2. RQ, respiratory
quotient. σCd, standard deviation for the natural logarithm of the standardised lung vascular conductance,
is not shown in this table, but is equal to σCL+0.3.
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4.3.3 Inter-protocol comparison

This section outlines the stepwise process for examining the CCP estimates for cardiac

output and Sv̄O2. The relative bias and precisions between protocols are presented; the

derivation processes of which were described in the Methods section (section 4.2).

Statistical comparisons of respiratory parameters

As a preliminary step, the fit respiratory parameters across protocols (tables 4.2 and 4.3)

were compared. Variability of these parameters across the protocols may cause differences

in cardiac output and as such, they were compared for statistically significant differences.

Friedman tests were conducted for each of the respiratory parameters, with only VA being

significantly different across groups (χ2(3) = 14.229, p = 0.003). A post hoc Wilcoxon

signed-rank test with a Bonferroni correction (significance level set at p < 0.0125) for

VA showed a significant difference between the CO2#1 and TGo (Z=-2.851, p=0.004)

and CO2#2 and TGo (Z=-2.746, p=0.006) protocols. Here, the CO2 protocols estimated

smaller alveolar volumes than the TGo protocol.

General comparisons of cardiac output

The CCP-estimated parameters for each protocol, including cardiac output, were shown

in tables 4.2 and 4.3. The median cardiac output estimates for each protocol were: 6.1 ±

2 L/minute for TGc, 5.3 ± 1.9 L/minute for CO2 #1, 5.3 ± 1.4 L/minute for CO2 #2,

and 5 ± 1.8 L/minute for TGo.

Cardiac output bias

When comparing the results of the experimental protocols against each other, the first

stage of analysis was to look for patterns of relative bias. Firstly, the cardiac outputs of

the two identical CO2 protocols were compared against each other, as shown in figure

4.6. In general, there was good correlation between these protocols. The positive bias

of 310 mL/minute towards the first CO2 protocol relative the second CO2 one is mostly

explained by the large difference for participant 5’s results.
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Figure 4.6: Comparisons for CCP cardiac output estimates for the two CO2 protocols. Q̇µ is the

mean of the cardiac outputs. Q̇diff is the difference between values. Flagged datasets based on the 5%
Q̇ CV cutoff are marked with black dots. Grey, dashed line, line of identity; red line, regression line; b,
regression slope; a, regression intercept.

Similarly, figure 4.7 shows the cardiac output comparisons for the two CO2 protocols

individually against the mean of the two exogenous tracer gas protocols (TGµ). A greater

degree of bias can be seen for the CO2 #2 protocol, where the cardiac output is underesti-

mated by 500 mL/minute compared to the exogenous tracer gas cardiac output. A poorer

correlation than for the CO2 #1 protocol is also seen.

Finally, the two exogenous tracer gas protocols were assessed for differences, the comparison

plots are shown in figure 4.8. While there is a clear bias towards higher cardiac output

values for the TGc protocol, the excellent correlation between the protocols suggests a

significant degree of proportional reproducibility.

The cardiac output values between protocols were examined for statistically significant

differences. A Friedman test revealed a statistically significant difference (χ2(3) = 11.073, p

= 0.011). A post hoc Wilcoxon signed-rank test with a Bonferroni correction (significance

level set at p < 0.0125) for cardiac output showed a significant difference only between the

TGo and TGc (Z=-2.845, p=0.004).
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Figure 4.7: Comparisons for CCP cardiac output estimates for the CO2 protocols against the mean
of the exogenous tracer gas protocols. Panels A and B compare the CO2 #1 protocol against the mean
cardiac output of the TGc and TGo protocols (TGµ). Panels C and D compare the same for the CO2 #2
protocol. Participants 3 and 13 were excluded as both had missing exogenous tracer gas values. Grey,
dashed line, line of identity; red line, regression line; b, regression slope; a, regression intercept.

Figure 4.8: Comparisons for CCP cardiac output estimates for the two exogenous tracer gas protocols.
Participants 3 and 13 were excluded as both had missing exogenous tracer gas values. Flagged datasets
based on the 5% Q̇ CV cutoff are marked with black dots. Grey, dashed line, line of identity; red line,
regression line; b, regression slope; a, regression intercept.
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Cardiac output variance, correlation, and precision

As discussed in section 4.2.3, the relative precision of the cardiac output (and Sv̄O2)

CCP estimates for the different protocols may be assessed using the intraclass correlation

coefficient (ICC). For each protocol, three ICC estimates may be calculated from the

correlations with the other three protocols as shown in equations 4.8 and 4.9. An overall

estimate of the ICC for each protocol can then be given by taking the mean of the three

calculated estimates. The calculated correlation coefficients and variances for cardiac

output, including the Var(q) values, are given in table 4.4.

Table 4.4: Protocol correlation coefficients and variances
for cardiac output

Correlation
coefficient (r)

TGc CO2#1 CO2#2 TGo

TGc - 0.70 0.60 0.89

CO2#1 - - 0.85 0.80

CO2#2 - - - 0.73

Protocol
variance / (L

min−1)2

3.91 3.66 2.48 2.87

Var(q) / (L min−1)2

TGc - 2.65 1.87 2.98

CO2#1 - - 2.56 2.59

CO2#2 - - - 2.09

Mean ICC 0.64 0.71 0.86 0.87

The values for the TGc and first CO2 protocols are indicative of moderate reliability, while

the values for the second CO2 and TGo indicate good to excellent reliability.(114)

General comparisons for Sv̄O2

The median Sv̄O2 estimates for each protocol were: 68 ± 6 % for TGc, 65 ± 8 % for CO2

#1, 62 ± 6 % for CO2 #2, and 66 ± 5 % for TGo.
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Sv̄O2 bias

The CCP estimates of Sv̄O2 for the two CO2 protocols are shown in figure 4.9. Moderate

correlation was seen between the two protocols, with the three datasets in particular seen

to be outlying (participants 5, 7, and 10), two of whom were flagged due to a high Q̇ CV.

There was minimal bias, as shown by the mean difference of 1.5 % in the Bland-Altman

plot in panel B of figure 4.9.

Figure 4.9: Comparisons for CCP Sv̄O2 estimates for the two CO2 protocols. Sv̄O2µ is the mean of
the cardiac outputs. Flagged datasets based on the 5% Q̇ CV cutoff are marked with black dots. Grey,
dashed line, line of identity; red line, regression line; b, regression slope; a, regression intercept.

The comparisons for the individual CO2 protocols against the mean Sv̄O2 of the two

exogenous protocols is shown in figure 4.7. The correlation for both comparisons was

relatively weak. A slight degree of bias towards a lower CO2 protocol-estimated Sv̄O2 is

also observed, this bias was not significantly different between protocols. The limits of

agreement were also similar in comparison.

The comparison between the two exogenous tracer gas protocols is shown in figure 4.11. A

moderate correlation is observed. The data was not overly biased, however, most datasets

had higher TGc estimates of Sv̄O2.

109



Figure 4.10: Comparisons for CCP Sv̄O2 estimates for the CO2 protocols against the mean of the
exogenous tracer gas protocols. Panels A and B compare the CO2 #1 protocol against the mean Sv̄O2 of
the TGc and TGo protocols. Panels C and D compare the same for the CO2 #2 protocol. Participants 3
and 13 were excluded as both had missing exogenous tracer gas values. Grey, dashed line, line of identity;
red line, regression line; b, regression slope; a, regression intercept.

Figure 4.11: Comparisons for CCP cardiac output estimates for the two exogenous tracer gas protocols.
Participants 3 and 13 were excluded as both had missing exogenous tracer gas values. Flagged datasets
based on the 5% Q̇ CV cutoff are marked with black dots. Grey, dashed line, line of identity; red line,
regression line; b, regression slope; a, regression intercept.

A Friedman test for the Sv̄O2 CCP estimates revealed no statistical differences (χ2(3) =

5.509, p = 0.138). Therefore, no statistical tests within protocol pairs were indicated.
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Sv̄O2 variance, correlation, and precision

The same calculations for variance and correlation made for cardiac output can be repeated

for Sv̄O2. Table 4.5 shows the correlation coefficients and variances for Sv̄O2.

Table 4.5: Protocol correlation coefficients and variances for Sv̄O2

Correlation
coefficient (r)

TGc CO2#1 CO2#2 TGo

TGc - 0.61 0.12 0.50

CO2#1 - - 0.29 0.41

CO2#2 - - - 0.60

Protocol
variance / (%)2

32 65 49 22

Var(q) (%)2

TGc - 28 5 13

CO2#1 - - 16 15

CO2#2 - - - 13

Mean ICC 0.48 0.31 0.28 0.70

The ICCs were expectedly worse than those for cardiac output. As Koo and Li indicate,

values with a lower variability among sampled subjects will result in a lower ICC value.(114)

In this case, Sv̄O2 values across participants will vary less than for estimates of cardiac

output, which are influenced by factors such as body surface area. For the Sv̄O2 estimates,

compared to the cardiac output estimates, the TGo was indicative of greater reliability

than the other protocols.

Alveolar dead space

With one exception (participant 6 for the TGc protocol) across the protocols, the cardiac

output estimates increased in a roughly linear way following the addition of alveolar dead

space to the model. The magnitude of this change was significantly greater for the CO2

protocols than the exogenous tracer gas ones.
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Figure 4.12: Comparisons for cardiac output between the 6% AD and regular (reg.) fits for each
protocol. Panels A and B compare the TGc fits, C and D compare the combined CO2 protocol fits, and E
and F compare the TGo fits. Q̇Mean is the mean of the 6% AD and regular cardiac output estimates. The
black dots indicate datasets which were flagged due to a high Q̇ CV for either or both of the 6% AD and
regular fits. Grey, dashed line, line of identity; red line, regression line; b, regression slope; a, regression
intercept.

The results of adding alveolar dead space to Sv̄O2 are shown in figure 4.13. For most

datasets, the Sv̄O2 was slightly higher following the addition of alveolar dead space to the

model. For the cardiac output estimates, the CO2 datasets were the most affected by the

addition of dead space.
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Figure 4.13: Comparisons for Sv̄O2 between the 6% AD and regular (reg.) fits for each protocol.
Panels A and B compare the TGc fits, C and D compare the combined CO2 protocol fits, and E and F
compare the TGo fits. The black dots indicate datasets which were flagged due to a high Q̇ CV for either
or both of the 6% AD and regular fits. Grey, dashed line, line of identity; red line, regression line; b,
regression slope; a, regression intercept.
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4.4 Discussion

4.4.1 Protocol feasibility

The potential benefits of a closed-circuit approach, as used for the TGc and CO2 protocols,

were discussed in chapter 3. Briefly, the short length of the protocol (around four minutes)

and flexibility to fill the reservoir bag ahead of time make it easier to implement in clinical

and research settings. The four protocols were conducted on the same day, primarily to

enable fair comparison. However, this also demonstrated that these CCP protocols may be

repeated without issue. In general, participants were willing and comfortable completing

the full series of protocols in relatively quick succession. One participant withdrew from

the study after the first protocol, citing respiratory discomfort when breathing through the

MFS. This was likely related to anxiety in the context of having an underlying psychiatric

history, and not an issue commonly seen with volunteers or patients breathing on the device.

For the TGc protocol, the gas mixture in the reservoir bag was made up to approxi-

mately 21% and not 40% O2 as it had been for the pulmonary hypertension cohort. This

was due to the fact that the healthy volunteer study was conducted before recruitment

for the pulmonary hypertension cohort had begun. Reducing hyperventilation during

the rebreathing period by increasing the starting concentration of O2 was only proposed

following the conclusion of the former study.

To estimate cardiac output using CCP, a measured haemoglobin value is required. For all

other biochemical parameters, which are usually input during the data processing stage

(prior to modelling), such as electrolytes and O2 and CO2 partial pressures, standard

values may be used to construct the blood sub-model. To avoid the requirement for

laboratory processing of blood samples and to give participants the choice of a capillary

draw instead of a venous one, only haemoglobin was measured, using the HemoCue Hb

201+ point-of-care device. As this cohort consisted only of relatively young and healthy

participants, it is unlikely that estimating the other blood values would have significantly

affected the accuracy of CCP-estimated parameters.
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As a gas which is endogenous to the body, CO2 is an attractive alternative to the

exogenous tracer gases used for the other protocols. As discussed in section 1.3.4, indirect

Fick methods which utilise CO2 in this way have been described in the literature. Haryadi

et al. compared their partial rebreathing CO2 method against bolus thermodilution mea-

surements of cardiac output in six canine subjects. Their experimental method correlated

and agreed relatively well with thermodilution.(35) For this study, with healthy volunteers,

a concentration of 7% was chosen based on previous preliminary experiments as one in

which alveolar and arterial CO2 levels would rise quickly (within the rebreathing period)

and to a magnitude where the signal far exceeds the noise. All participants noted the

taste associated with breathing in this high concentration of CO2, however, none found it

intolerable.

4.4.2 Modelling

The modelling approach was largely guided by the results of the pulmonary hypertension

cohort. The main deviation from this was to use one termination sensitivity instead

of three. Outlying datasets were again identified and flagged if the Q̇ CV was ≥ 5%.

Only the CO2 protocols had outliers, suggesting a weakness with this particular protocol.

Specifically, it is possible that a longer rebreathing time is required for a more definitive

estimate of cardiac output when using CO2 as a tracer gas and/or that the difficulty of

recovering lung parameters affected the cardiac output estimates. Regarding the latter

factor, the lung parameters would have primarily been estimated from the partial N2

washout which occurs following the inhalation of the rebreathing mixture containing 93%

O2. In comparison, for regular CCP protocols, a full N2 washout is performed by having

the subject breathe 100% O2 for five minutes. However, with reference to tables 4.2 and

4.3, which show the fit parameter values for each protocol, the fit respiratory parameters

were only different for the two CO2 protocols when compared to the TGo protocol, where

the former estimates were less than the latter’s. This highlights that compared to a CH4

based approach for estimating lung parameters, the CO2 approach is partially, but not
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wholly, comparable.

The Q̇ CVs between protocols were compared using non-parametric tests and discussed

in section 4.3.2. Compared to both CO2 protocols, the Q̇ CV for the TGo protocol was

significantly lower. While the two exogenous tracer gas protocols were not different, it is

possible that with a larger sample size, the TGo Q̇ CV would have also been significantly

lower than for the TGc protocol. In future studies, this would ideally be tested with a

larger sample size, as a lower Q̇ CV would increase the strength of argument for using an

open-circuit over a closed-circuit approach.

4.4.3 Inter-protocol comparison

Cardiac output bias

The analysis of relative bias between the cardiac output estimates of each protocol was

discussed in section 4.3.3. The first comparison made was between the two CO2 protocols

(figure 4.6), to assess the reproducibility of the method over a short space of time. The

two sets of results were strongly correlated, with some (310 mL/minute) bias towards a

higher cardiac output with the CO2 #1 protocol. As most participants had mean cardiac

output estimates of over 4 L/minute, this equates to a less than 10% mean difference in the

values. Of uncertain significance is that three of the four flagged datasets underestimated

the CO2 #1 cardiac output relative to CO2 #2; only one other dataset had a lower CO2

#1 cardiac output estimate than CO2 #2.

The difference between the two CO2 protocols is made more evident when comparing each

of them to the mean cardiac output estimates for the exogenous tracer gas protocols (TGµ),

as shown in figure 4.7. Here, the CO2 #1 protocol estimates correlate better with the

TGµ estimates than the CO2 #2 and TGµ pair. There is also a greater magnitude of bias

with the latter comparison, although both comparisons yield higher TGµ cardiac output

values on average. The reason for the higher estimates with the exogenous tracer gases

may potentially be due to CCP modelling factors. Particularly, it is possible estimating
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cardiac output using C2H2, where the starting concentration in the body is zero, lends to

a higher value, than for CO2, even at a high inspired concentration.

The most notable aspect of the comparison between the two exogenous tracer gas protocols

(figure 4.8) is the significant positive bias, of over 1 L/minute, with the TGc cardiac output

estimates. Despite this, the results are strongly correlated, with the overestimation of the

TGc relative to the TGo protocol corresponding to a rise in the mean cardiac output. A

consideration here is that the observation may be partially true, in that the open-circuit

method results in a lower true cardiac output than rebreathing into a reservoir bag. To

assess whether this is true, or if it is simply a case that one method over- or underestimates

the true cardiac output (both may also be true), a measurement of cardiac output using a

reference method would need to be taken at the time of both protocols.

In clinical situations where cardiac output monitoring is utilised, the trend over time

is often more relevant than the absolute values. Therefore, the excellent correlation

seen between the TGc and TGo protocols (panel A in figure 4.8), between the two CO2

protocols (panel A in figure 4.6), and potentially also between the CO2 #1 and mean of

the exogenous tracer gas protocols (panel A in figure 4.7) suggest that the techniques

in their current form could be serviceable as as trending monitor, even if the absolute

estimated values are different to the true cardiac output values.

Cardiac output precision

The calculation of the intraclass correlation coefficient (ICC) was used to evaluate the

relative precision of the four protocols. The ICC reflects both the degree of correlation and

agreement between measurements.(114) As such, it was chosen as an alternative to com-

paring the estimates against a reference measurement standard of cardiac output and Sv̄O2.

The reason for the significant difference between the ICCs for the two CO2 protocols

is unclear, although likely related to the low sample size. Another possibility is that
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participants were more comfortable rebreathing into the reservoir bag for the repeat study,

resulting in a cardiac output closer to a resting state. This is somewhat supported by

the decreasing variance of the three rebreathing protocols in the order of which they were

performed.

The higher ICC with the TGo compared to the TGc protocol suggests that the for-

mer is more reliable when generating reliable cardiac output estimates. Although if the

results from chapter 3 are considered, where the CCP-estimates of the TGc protocol

underestimated the reference method (direct Fick), the underestimation of the open-circuit

protocol relative to the closed-circuit one may indicate greater reproducibility with less

accuracy.

An assumption made when calculating the ICC for each protocol is that the true cardiac

output for each participant remains constant across the four protocols. This was a nec-

essary assumption to proceed with the inter-protocol comparison of cardiac output and

Sv̄O2, but may not be true. A small amount of variation may occur, even when external

conditions and factors are kept constant, however, it is also a possibility that rebreathing

into a reservoir bag as opposed to an open circuit or rebreathing CO2 instead of CH4 and

C2H2 was more stimulating, leading to a higher circulatory flow state.

Sv̄O2 bias

The comparison of the Sv̄O2 estimates from the two CO2 protocols (figure 4.9) shows

moderately correlated results, with a low mean difference, indicating little bias. While

the mean difference was low, it is potentially of note that only flagged datasets had lower

CO2 #1 than CO2 #2 values.

For the comparison of the individual CO2 protocols with the exogenous tracer gas protocol

mean, both sets of results showed poor to moderate correlation. There was minimal bias

when comparing the CO2 #1 and TGµ values. The bias was slightly higher for the CO2
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#2 protocol, which was in part due to a significant outlier (participant 11), although most

datasets had lower values for CO2 #2 than for TGµ.

The comparison between the two exogenous tracer gas protocols showed results which were

moderately correlated and minimally biased. The limits of agreement were also slightly

tighter than for the CO2 comparisons made above.

In general, the lack of bias for the comparisons made with the different Sv̄O2 estimates is

encouraging. It is also a reflection of the fact that natural variation in Sv̄O2 is likely to

be less than for cardiac output, with the expected values for the former also occupying a

tighter normal range across participants than the latter.

Sv̄O2 precision

As discussed in section 4.3.3, the ICCs for Sv̄O2 were lower than for cardiac output.

While this was an expected result due to the lower variability between participants of

Sv̄O2 compared to cardiac output, it is also a reflection of the difficulty with obtaining

CCP-estimates of Sv̄O2. The wide limits of agreement when examining the Bland-Altman

plots in figures 4.9, 4.10, and 4.11 of between 21 to 31% (to give approximate standard

deviations between 5 and 8%), underscore this. As discussed in chapter 3, the CCP

estimate of Sv̄O2 is dependent on the cardiac output and modelled arterial saturation,

as it is conceptually the arteriovenous difference which is estimated. This is in contrast

to the more direct way of estimating cardiac output with CCP, where the uptake of the

tracer gas from the lung and into the circulation is modelled.

Alveolar dead space

The rationale for adding a fraction of pure alveolar dead space (6% AD) to the modelled

ventilation was discussed in chapter 3, and relates to findings made by Sandhu et al.(94)

For cardiac output, physiologically negligible changes were seen when adding 6% AD to

the exogenous tracer gas datasets. While all of these datasets, except for one (participant
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6–TGc protocol), had higher cardiac output estimates with the 6% AD fits, the mean

difference of between 120 to 220 mL/minute for participants with mean cardiac outputs

mostly greater than 4 L/minute indicates that the uptake of C2H2 was not overly affected

by the change. This was not the case for the CO2 protocols, where the 6% AD estimates

gave significantly higher estimates of cardiac output, with effects proportional to the total

cardiac output mean.

Discussed in section of chapter 3 was the possibility of a difference between the cal-

culated alveolar dead space for CO2 and C2H2. The complexities associated with the

carriage of CO2 in blood, including the linked exchange of CO2 with O2 through the

Haldane effect, may cause this difference.(111) From the comparison of cardiac output

estimates presented in section 4.3.3, it can be seen that CO2 is more sensitive to the

addition of alveolar dead space than C2H2. This may be due to an apparent effect of

the dead space, due to a mechanism such as incomplete CO2 exchange. More probably,

it may be a true effect, where the arteriovenous pressure difference of CO2 is relatively

small, such that a 6% increase (equating to roughly 2 mmHg) in the arterial-alveolar

CO2 pressure gradient is significant in relation to this. In comparison, a 6% change in

the arterial value for C2H2 is much less significant due to a large arteriovenous pressure

gradient, given that the mixed venous pressure is 0.

The sensitivity of the uptake of CO2 to adding alveolar dead space is further supported

by the Sv̄O2 estimate comparison. Again, the differences for the exogenous tracer gas

datasets were physiologically insignificant, with a few clear outliers. For the CO2 datasets,

there was a slight but notable increase in Sv̄O2 estimates following the addition of 6% AD.

This was an expected result, as the increase in the CCP cardiac output would result in an

increased Sv̄O2 to reduce the arteriovenous difference in O2.

120



4.4.4 Limitations and other considerations

This study was primarily limited by a small sample size and lack of a reference standard of

measurement by which to compare CCP estimates of cardiac output and Sv̄O2. The former

obscures conclusions that can be made relating to the inter-protocol comparisons of the fit

CCP parameters and the coefficient of variation of cardiac output scaling. While the lack

of reference measurement for either cardiac output or Sv̄O2 means that it is impossible

to determine the accuracy of any of the three different protocols discussed, some degree

of association can be made by using the results from the pulmonary hypertension cohort

results, and examining the results of the TGc protocol with direct Fick and mixed venous

blood gas measurements as discussed above in section 4.4.3.

Beyond the number of participants, a point can be made that these participants were also

not representative of those who would require cardiac output and/or Sv̄O2 monitoring. The

response to this is twofold. Firstly, the estimation of parameters of lung inhomogeneity

with CCP is optimised for those with, at most, mild respiratory disease. As an accurate

characterisation of lung inhomogeneity is required to estimate cardiac output and Sv̄O2,

via the nonlinear optimisation process, studying healthy volunteers, who are unlikely to

have overly inhomogeneous lungs, is a logical starting point. With these participants, the

estimation of lung parameters is less of an unknown variable, in comparison to one such as

the pulmonary hypertension cohort used in chapter 3, where participants almost invariably

had some degree of respiratory disease. Secondly, a long-term objective with CCP is to

examine trends in cardiac output and Sv̄O2 in population-based studies, in participants

where such measurements are currently not possible due to the invasive or questionable

accuracy of the available techniques. Therefore, studying a cohort of healthy volunteers

such as this one represents a preview of what can be extended into much larger studies.

Blood sampling

As the study described in this chapter employed a convenience sampling method of healthy

volunteers, and because a measurement of haemoglobin was essential for the estimation

121



of cardiac output, the participants were given the choice between a venous and capillary

blood sample. In a study comparing capillary and venous haemoglobin values with the

same device (HemoCue Hb 201+) used in the present study, it was shown that the capillary

values were 5.9 g/L higher than the venous values.(115) Most participants were amenable

to having a venous sample taken, but the non-standardised approach to blood sampling is

a minor weakness of this study.

Protocol order

The four protocols were ordered in such a way as to avoid the excessive loading of the

exogenous tracer gases between consecutive protocols with those gases. As discussed

in section 4.3.3, however, a slight trend was noticed with a reduction in cardiac output

related to the protocol order, with the first protocol (TGc) resulting in the highest and

last protocol (TGo) resulting in the lowest cardiac output estimate. As most of these

participants had not undergone a CCP experiment before, it is possible that they became

more relaxed as the study progressed, resulting in a reduction of cardiac output back to a

normal baseline. In future studies with multiple protocols, the order can be randomised,

with longer breaks between experiments to address the concerns of residual tracer gases

being present in the circulation from previous protocols.

4.5 Conclusion

The results of an observational study, examining the estimates of cardiac output and Sv̄O2

across protocols using endogenous and exogenous tracer gases in healthy volunteers have

been discussed. The primary objective, to explore the feasibility of using CO2 for the

purposes of estimating cardiac output using a respiratory gas-based approach was partially

achieved. The variability of the CO2 protocols compared to the exogenous tracer gas ones

indicates that there are still questions to be answered on how best to use CO2 as a tracer

gas. However, the differences between the CO2 rebreathing protocols and the exogenous

tracer gas protocols were not so stark as to suggest that the former would not be viable

even with adjustments to the protocol and modelling.
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While the nature of this study was such that invasive reference measurements of these

parameters for comparison were not possible, examining the relative bias and precision

of the protocols yielded insight into how viable these techniques would be for use in

patients or other subjects. The generally good correlation of cardiac output between

types of protocols, suggests that future studies comparing these protocols against reference

techniques would be worthwhile.

The quantification of precision using intraclass correlation coefficients for cardiac output

revealed that the open-circuit tracer gas may be more reliable than the closed-circuit

alternatives discussed, although clearly, future work comparing the protocols against

reference techniques such as the direct Fick method or even thermodilution (as a clinical

standard of reference) is required.

The sub-analysis of fits using added alveolar dead space was significant in that differences

in the values for cardiac output and Sv̄O2 were greater for the CO2 protocols than for

the exogenous tracer gas protocols. The physiological implications of this are not yet

completely clear, as further validatory work is required to ensure the modelling is accurate,

and these observations reflect real physiology.

The limitations of this study have been discussed in detail. To summarise, they pri-

marily include a small sample size, lack of reference measurements for comparison, and

slight inconsistencies in the haemoglobin measurements. It is important to note, however,

that this study was executed as a proof-of-concept study to then apply these or similar

CCP protocols to populations undergoing invasive cardiac output monitoring. As such,

while it is difficult to draw definitive conclusions from the results of this study due to the

stated weaknesses of the study, enough information was obtained to achieve the initial

purposes for which the study was designed.
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The use of CCP as a technique for the noninvasive estimation of cardiopulmonary parame-

ters, using CO2 in a closed-circuit configuration and CH4 and C2H2 in both open- and

closed-circuit configurations, has been introduced. These different protocols are currently

not wholly comparable, with varying differences between them. Overall, however, the

promise of these techniques in future, larger studies can be seen. In these future studies,

the comparisons of estimated parameters with their corresponding reference measurements

will help answer questions related to the current validity of these protocols and applied

concepts.
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5 Cardiac Surgery Cohort

5.1 Introduction

This chapter presents the findings from a cohort of patients studied upon their admission

to the cardiothoracic intensive care unit (ICU) following cardiac surgery. The primary

outcomes observed in the study were the computed cardiopulmonography (CCP)-based

estimation of cardiac output and mixed venous O2 saturation Sv̄O2 using CO2 as an

endogenous tracer gas. The use of CO2 as a tracer gas was introduced in chapter 4, where

the results of a study involving healthy volunteers were discussed. With the cardiac surgery

cohort, the process and challenges of using the same conceptual approach with participants

who were sedated and mechanically ventilated are discussed, along with the results of the

study.

5.1.1 Participants

This was one of the first CCP studies involving mechanically ventilated patients, and the

first to attempt the estimation of cardiac output and Sv̄O2 in this population. These esti-

mates were compared with the pulmonary artery catheter (PAC)-based invasive reference

measurements, the direct Fick method and mixed venous blood gas analysis, respectively.

As this study was observational in nature, it was not ethically permissible for PACs

to be inserted purely for research purposes. This, combined with the institutional pref-

erence for avoiding the use of PACs where possible, made it apparent that recruitment

would be exceedingly slow. Due to the low sample size and novelty of the CCP protocol,

for the reasons mentioned above, the inclusion criteria were later widened to include a

small group of participants where cardiac output was monitored using a minimally invasive

method. This group was recruited primarily for the purpose of protocol evaluation and

optimisation.
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5.1.2 Positive pressure ventilation

The positive pressure ventilation system used for mechanically ventilated patients in ICU

had not been extensively tested with CCP prior to this study. During the course of the

study, issues related to CCP data collection via the molecular flow sensor (MFS) were

identified and attributed, at least in part, to the differences in mechanical ventilation

compared to spontaneous breathing. For this reason, a thorough investigation of specific

potential causes and solutions was conducted. This included considering factors such as

the machinery within the MFS and other factors unique to this cohort, including residual

volatile anaesthetic gases in the circulation. A detailed description of this investigative

process, including the subsequent fixes implemented, is provided later in this chapter.

5.1.3 Computed cardiopulmonography

Cardiac output and Sv̄O2

The estimation of cardiac output and Sv̄O2 using CCP in this cohort required the design of

a novel protocol to account for the fact that gases cannot be easily added to a mechanical

ventilator circuit. This ruled out the possibility of using exogenous tracer gases as described

in chapters 3 and 4, but also using endogenous gases in high concentrations, as done with

CO2 in chapter 4. Instead, the minute ventilation was adjusted to effect a brief change in

end-tidal CO2 (PETCO2).

The fitting of MFS-recorded data with the cardiopulmonary model is largely as described

for the healthy volunteer and pulmonary hypertension cohorts. A notable difference is

the segmenting of the protocol into various stages to recover lung, blood, and metabolic

parameters separately. The reasons and process for this are detailed in section 5.2.

Alveolar dead space

The possibility that the fraction of alveolar dead space in the wider population is underes-

timated has been discussed in chapters 3 and 4. This possibility was considered on the

basis of work done by Sandhu et al.(94) Within this cohort, all participants (including
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those without PACs), had arterial blood gas samples taken during MFS data collection.

It was therefore possible to estimate the total fraction of alveolar dead space, including

that arising from mechanisms other than V̇ /Q̇ mismatch, for each participant using CCP.

These dead space values were then used when estimating cardiac output and Sv̄O2.

5.2 Methods

5.2.1 Experimental protocol

The ethics approval for this study was granted by the West Midlands – Black Country

Research Ethics Committee in May 2022. REC reference: 22/WM/0094. The experimental

work was carried out in accordance with the general principles of the Declaration of Helsinki.

Participants scheduled to undergo elective mitral valve, multi-valve, or otherwise complex

cardiac surgery were identified and handed participant information sheets during their

cardiac surgery preadmission clinic. This population was identified as having the highest

likelihood of having a PAC placed during the perioperative period. These clinic visits

usually took place between a week to several months before the surgery, depending on

the clinical condition of the patients. Potential participants were approached upon their

admission to hospital to discuss consent to participate in the study.

Participants were initially eligible for recruitment if they had given written consent

to take part in the study prior to their surgery, were aged 18 years or older, were receiving

mechanical ventilation via an endotracheal tube (ETT) post-surgery in the intensive care

unit (ICU), and if they had a PAC in situ in the ICU. Due to difficulties with recruitment,

an amendment to this criteria was made so that participants with a minimally/non-invasive

cardiac output monitoring device were also eligible even without a PAC. These participants

had cardiac output continuously monitored with a pulse contour system, the FloTrac

(Edwards Lifesciences). This was the institutional preference for minimally invasive cardiac

output monitoring.
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Recruited participants had their clinical cardiac output measurements, either with contin-

uous thermodilution (requires a PAC) or a FloTrac, recorded during the period of time

the MFS was connected to their ventilatory circuit. The direct Fick cardiac output for

participants with a PAC was calculated after data collection, along with a single CCP

estimate of cardiac output.

The MFS was connected to the participant’s ventilatory circuit upon their postoper-

ative admission to the cardiac ICU. Prior to connection, the MFS had been warmed to

36◦C and calibrated with pure O2 and N2, in line with the standard operating procedure

for CCP protocols. The experimental configuration for this study required adjustments due

to the need to integrate the MFS with the ventilatory circuit instead of having an awake

participant able to breathe through the MFS via a mouthpiece. The MFS electronics

module was situated at the foot-end of the participant’s bed, with the MFS measurement

head supported by a purpose-built, adjustable arm at the head-end of the bed. The

measurement head was connected to the participant’s ETT via a catheter mount and

heat and moisture exchanger (HME) filter; the ventilatory tubing was connected to the

non-participant end of the measurement head. The configuration of the measurement head

and ventilatory circuit is shown in figure 5.1.

Figure 5.1: Photograph of the MFS
measurement head connected to a mechan-
ically ventilated participant in the ICU.
The ETT is connected to the MFS mea-
surement head via a catheter mount, end-
tidal CO2 sensor, and HME filter. Both
the inspiratory and expiratory limbs of
the ventilatory tubing connect to the non-
participant end of the MFS head. The
MFS head is supported by an adjustable
arm; the adjustable arm in turn is con-
nected to a pole attached to the hospital
bed (not in picture). Photo courtesy of
Dr Jessica Luiz, Department of Physiology,
Anatomy and Genetics, University of Ox-
ford.

The data collection for this protocol was split into four main stages. Firstly, a steady state

of at least five minutes allows for the initial quality control checks to take place, including
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to check for circuit leaks, which would manifest as a high N2 balance. The steady state also

provides the baseline for the second stage, the partial N2 washout, to take place. In this

stage, the fraction of inspired O2 (FiO2) was increased to 20% above the initial value for five

minutes. For example, if the initial FiO2 was 50%, then it would be increased to 70%. The

N2 washout stage allows for the CCP lung inhomogeneity parameters to be recovered. A

partial instead of a fullN2 washout was chosen due to the risk of absorption atelectasis.(116)

Following the washout, the FiO2 was reduced to its initial value and a second steady

state of at least five minutes was conducted to allow for O2 levels in the lung to return

to baseline. The final stage involved a deliberate change in minute ventilation, either

by adjusting the respiratory rate, tidal volume or both, to effect a change in CO2 levels

for at most one minute. This was guided by using the PETCO2 displayed on the clinical

monitoring screen. By effecting a change in CO2 over a relatively short period of time,

CO2 was used as an endogenous tracer gas in a similar way to described in chapter 4

with the cohort of healthy volunteers, where the solubility of CO2 in blood allows for the

uptake in the circulation to be measured and used to estimate cardiac output. A change

of approximately 1 kPa was thought to be sufficient for modelling purposes.

To facilitate the calculation of the direct Fick cardiac output, paired arterial and mixed

venous blood gas samples were taken during one of the two steady state phases. Examples

of the partial N2 washout and CO2 change stage are shown in figure 5.2.

Over the course of data collection, any clinical events, such as changes in therapy

(ino/chronotropic infusions etc.) and postoperative complications, were recorded.
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Figure 5.2: Examples of the partial N2 washout (panel A) and CO2 change (panel B) stages. In
panel A, the start of the partial washout, where the FiO2 is increased, is indicated by the red, dashed line.
The measured uptake of O2 and CO2 can be seen by the green and yellow lines, respectively. The black,
dashed lines represent the simulated uptake of both gases. In panel B, the fractional gas concentration
is shown against time. In this example, the participant was hyperventilated by increasing the minute
ventilation and respiratory rate. The start of the hyperventilation period is indicated by the grey, dashed
line. The measured fractional gas concentration of CO2 can be seen by the red lines. The black, dashed
lines represent the simulated fractional concentration of CO2.

5.2.2 N2 balance

For CCP protocols, the N2 balance is a quality control indicator. It is observable while

data collection is taking place and during the data processing stage. A N2 balance of, or

close to, zero will be seen as a flat line. Panel A of figure 5.2 shows a dataset where the

N2 balance is close to zero.

In the cardiac surgery cohort, it was observed that the N2 balance was consistently

negative, indicating a production of N2. At times, the negative N2 balance approached or

exceeded 50 mL/minute. This was significant as a dataset with a ± 50 mL/minute N2

balance has previously been established as a criterion for exclusion for CCP protocols of

this length. As participants were ventilated with relatively low tidal volumes, in keeping

with modern intensive care unit practices of ’lung protective ventilation’, N2 balances of

this magnitude were more concerning than they would have been with non-ventilated par-

ticipants with a higher minute ventilation. The investigative approach taken to identifying

the cause of large negative N2 balances and the measures implemented to address each
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possible cause are discussed below.

General considerations

As with non-ventilated, spontaneously breathing participants, the first and most important

cause of a high N2 balance to rule out is a circuit leak. This was done systematically

by first ensuring a secure connection of the endotracheal tube’s catheter mount and the

ventilatory tubing to either end of the MFS. Following that, all accessory items, including

the mainstream end-tidal CO2 sensor and HME filters, were double-checked for fit. Finally,

the endotracheal tube cuff pressure was checked to rule out the possibility of air flowing

around the cuff and bypassing the MFS. The ventilator display was also checked to ensure

that inspiratory and expiratory tidal volumes were roughly equal. A significantly higher

inspiratory, i.e. delivered volume would be indicative of a circuit leak. It should also

be noted, however, that a circuit leak would manifest as a consumption of N2 (positive

balance), rather than a production as observed in this cohort. Nevertheless, the above

steps were implemented as standard quality control checks when connecting participants

to the MFS for this study.

Technical issues with the MFS head and electronics module were also considered. Any

major problems were largely ruled out by conducting breathing tests with the same MFS

using a non-ventilated participant, where the N2 balance was observed to be negligible.

Volatile anaesthesia

A unique characteristic of the cardiac surgery cohort compared to other previously studied

groups using CCP was that these participants potentially had residual volatile anaesthesia

in their systemic circulation. Given that the standard three-gas MFS used for the cohort

measures O2, H2O vapour, and CO2 with the balance assumed to be N2, it was possible

that participants were exhaling volatile anaesthetic gas not accounted for in the MFS

readings and therefore manifesting as a large N2 production.

131



All participants were maintained under general anaesthesia with isoflurane, the insti-

tutional preference for an inhalational anaesthetic agent during cardiac surgery. For a

minimum anaesthesia time of over four hours, including time on cardiopulmonary bypass,

the participants were given a minimum alveolar concentration (MAC) between 0.7-1.2 of

isoflurane. Following transfer from surgery to the cardiac intensive care unit, participants

were usually connected to the MFS around one to two hours after they had last been

exposed to isoflurane. With no practical way of measuring the isoflurane MAC at the

point of MFS connection, it was necessary to estimate this using literature values. Shown

in figure 5.3, from Miller’s Anesthesia, 9th edition, are the washout curves for isoflurane

based on inhalation time and MAC.(1) The dashed purple and orange lines depict the

washout of isoflurane after four hours of delivery at a MAC of 1.2 and best represent this

cohort. While the graph ends at 60 minutes, it was considered a reasonable possibility that

there was between 0.1-0.2 MAC of residual isoflurane at the time of MFS connection.

Figure 5.3: Graph showing the mod-
elled washout of isoflurane, as alveolar par-
tial pressure normalised to MAC, with re-
spect to time. The solid and dashed lines
represent 30 minutes and four hours of
isoflurane delivery at 1.2 MAC. The orange
and purple lines indicate the alveolar and
central nervous system partial pressure of
isoflurane, respectively. Image from Chap-
ter 20 of Miller’s Anesthesia, 9th Edition,
Elsevier.

Based on this possibility, a method for processing MFS breath-by-breath data accounting

for isoflurane was developed. 1 MAC of isoflurane is equivalent to an alveolar concentration

of 1.5%, subject to other factors such as age. Therefore, 0.1-0.2 MAC of isoflurane would

be approximately equivalent to 0.15-0.3% in the lung. As discussed in section 2.1.2, the

pressure drop by which flow is calculated requires measurements of instantaneous density

and viscosity. Therefore, to quantify the effects of volatile agent passing through the
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MFS, it is necessary to calculate the viscosity and density of isoflurane. Habre et al.

experimentally calculated the viscosity of isoflurane at varying concentrations in different

carrier gases. The mean viscosity and density for 1 MAC of isoflurane in 50% O2 was given

as 1.8927 Pa s× 10−5 and 1.172 kg/m3, respectively. (117) These values, along with the

others published by Habre et al., were used as a starting point to calculate the viscosity

and density of any isoflurane passing through the MFS.

A program was developed to examine the effects of varying concentrations of the volatile

agent. This program accounted for the viscosity and density of isoflurane, as discussed

above, and also the volume present in the composite gas mixture. Based on the washout

curves discussed earlier, it was likely that participants would have no more than 0.1-0.2

MAC of isoflurane in their system at the time of MFS connection. The last ten participants

to be recruited for the study were reanalysed at isoflurane MACs of 0.1, 0.2 and 0.3. The

results of this analysis are shown in table 5.1.

Table 5.1: N2 balance for different MACs of isoflurane

Study order 0 MAC:
V̇ N2 / mL
min−1

0.1 MAC:
V̇ N2 / mL
min−1

0.2 MAC:
V̇ N2 / mL
min−1

0.3 MAC:
V̇ N2 / mL
min−1

25 -55 -51 -45 -40

24 -42 -38 -31 -25

23 -71 -67 -62 -56

22 -41 -38 -32 -27

21 -48 -44 -39 -34

20 -40 -35 -28 -21

19 -39 -34 -29 -24

18 -41 -38 -31 -24

17 -34 -32 -29 -25

16 -38 -33 -29 -24

15 -31 -24 -16 -8

V̇ N2, N2 production. Participants were sorted based on time of recruitment, starting from the most
recent. 0 MAC indicates the original, uncorrected N2 balance.

As seen in table 5.1, a uniform decrease in the magnitude of the N2 balance was observed
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with increasing MACs of isoflurane. Also evident, however, was that respired isoflurane did

not account for the majority of the negative N2 balance in any of the individual datasets.

This was true even at a MAC of 0.3, a concentration of isoflurane unlikely to have been

present in any of the participants at the time of MFS connection.

Based on these results, it was concluded that residual isoflurane within the participants’

circulation was unlikely to be significant factor in the large N2 balances observed. To

avoid over-processing the MFS measurement data, the isoflurane correction was not used

in the final version of datasets run through the CCP model, and the remaining participant

datasets were not run through the isoflurane correction program. The uncertainty of the

exact isoflurane MAC in each participant at the time of MFS connection also contributed

to this decision.

Positive pressure ventilation

The MFS has been used in numerous studies to assess cardiopulmonary parameters in

awake, spontaneously breathing participants. Less data exists for intubated participants

receiving positive pressure ventilation. Given the non-physiological nature of positive

pressure ventilation, where there is a progressive inspiratory pressure rise followed by a

sharp return to baseline on expiration, it was thought that this could potentially result in

an incorrect cumulative inert gas balance calculation.

An experiment was conducted to examine the effects of positive pressure ventilation

on the MFS data recordings in the Department of Physiology, Anatomy and Genetics,

University of Oxford. Here, the same MFS used for the study was connected to a ventilator

on one side and an anaesthetic reservoir bag on the other side. The reservoir bag simulated

the inflation and deflation of a lung. The cumulative uptake of N2 was measured over a

range of different ventilator modes and settings. Invariably, an N2 production, similar

to that observed during the actual study, was observed. Repeat experiments with a

spontaneously breathing volunteer instead of a ventilator resulted in N2 balances of close
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to zero. An example record with the ventilator and reservoir bag configuration is shown in

figure 5.4.

Figure 5.4: Example record of the cu-
mulative uptake of N2 (yellow lines) over
time of a test conducted with the venti-
lator and anaesthetic reservoir bag. The
ventilator was set to continuous manda-
tory ventilation (CMV) with a starting
positive-end expiratory pressure (PEEP)
of 0 cmH2O, with tidal volumes stepping
up from 200 to 250 to 300 mL. The red,
dashed line indicates the increase of the
PEEP to 5 cmH2O, with volumes stepping
down from 300 to 200 to 100 mL. A nega-
tive uptake volume indicates a production
of N2.

A subsequent experiment was conducted to examine the pressure effects on flow using

the MFS employed in the study. A syringe pump was attached to the participant side of

the MFS, with the non-participant side sealed off with a plug. In this configuration, the

pump movement would pressurise and depressurise the MFS measurement cell (figure 5.5).

The pump was programmed to move 10 mm towards the MFS, then back to its original

position, and finally 10 mm away from the MFS. It was observed that the transient flow,

and therefore volume, was always in the direction of the increasing or decreasing pressure.

Experimental recordings of this are shown in figure 5.6. The conclusion from this was

that virtually all measured flow was driven by a pressure change, which would lead to a

cumulatively high inert gas balance.
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Figure 5.5: Simplified diagram of the syringe
pump experiment’s configuration. The syringe pump,
shown on the left, can move in and out of the MFS
(grey cylinder) in the path shown by the red, dashed
arrows. On the right side of the MFS, the non-
participant side, the port is sealed with a plug (blue
shape). Not to scale.
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Figure 5.6: Example record of the flow and barometric pressure from the MFS during a syringe pump
experiment. In this example, pressurising the system can be seen to cause a corresponding change in flow,
which is then recorded as a change in volume.

Depending on the mode of mechanical ventilation, the ramp speed of the inspiratory

pressure delivered varies. It was not believed, however, that the ramp speed of inspiratory

pressure contributed to the false inert gas balance. This can be shown mathematically

within the context of the syringe pump experiment:

From time (t) = 0 and at pressure (p) = 0, i.e. atmospheric pressure, there is a pressure

ramp to p = P at t = T . If the flow transients at the beginning and end of this ramp are

discounted, pressure may be written as:

p = mt (5.1)

Therefore, m = P/T .
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Within the MFS, the pressure inside the two limbs of the pneumotachograph can be

expressed as:

Limb1 : p1 = m(t− τ1) (5.2)

Limb2 : p2 = m(t− τ2) (5.3)

Where τ1 and τ2 are the time constants for Limb1 and Limb2 respectively.

Given the differential pressure applied by the syringe pump is proportional to the fictitious

volume, it can be expressed as:

p1–p2 = m(τ1–τ2) (5.4)

Integrating this over the period of the ramp time will yield a value that is proportional to

the fictitious volume (V ):

V ∝ mT (τ1–τ2) (5.5)

Substituting for m = P
T
yields:

V ∝ P (τ1–τ2) (5.6)

V is therefore shown to be independent of the speed of the ramp increase in pressure.

Figure 5.7 shows the relationship between pressure and time, as presented in the above

series of equations, graphically.

Given the significantly asymmetric flow patterns during inhalation and exhalation through

a ventilator, the syringe pump configuration was used to ensure the MFS was capable

of making accurate measurements across a wide range of values. First MFS recordings

were made with a normal pump action. Following this, the pump was set to simulate the
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Figure 5.7: Schematic of the relationship
between pressure (p) and time (t). There is a
ramp in pressure over time, with a gradient m,
represented by the solid line. Here, the flow
transients at the beginning and end of the ramp
in pressure are not shown. For the pneumota-
chograph limbs , the first order solution for p is
given by p1 =m(t− τ1) and p2 =m(t− τ2) for
limbs 1 and 2 (limb 2 not shown here for image
clarity), respectively.

flow pattern of a ventilator, with a slow inhalation and rapid exhalation. No significant

differences were seen between the two sets of experimental recordings (figure 5.8).

Figure 5.8: Comparison between the normal syringe pump action (panels A and B) and the ventilator-
like action (panels C and D). Panels A and C show three syringe pump-delivered ’breaths’ each. In panel
C, the gradual inspiration followed by the sharp release for expiration can be observed. Panels B and D
show the cumulative volume uptake for N2 (yellow lines) over time. The N2 balances are shown on top of
the plotted data.

Differential pressure sensors

As part of a series of upgrades to the MFS, new differential pressure sensors were installed
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midway through the recruitment of the cardiac surgery cohort study. With the old sensors

(HCLA, Sensortechnics) it was found that the measurements taken at a constant flow over

a 5- 10 minute period were not stable. This had been initially accounted for by using

the average of eight sensors, split into two banks of four, as described in section 2.1.2.

The new sensors (SM9336, TE Connectivity) were comparatively more stable, however,

they had a slower response time. While this slower response time is not significant for

spontaneously breathing participants, the fast transitions during the respiratory cycle in

mechanically ventilated participants potentially caused a degree of inaccuracy, seen as an

incorrect N2 balance.

Using the ventilator and reservoir bag setup described above, a comparison was made

between the two sets of sensors. The results of this comparison are shown in figure 5.9.

Figure 5.9: Comparison between the old (panel A) and new (panel B) differential pressure sensors.
The cumulative uptake volume for N2 is shown in yellow. The N2 balances are shown on top of the plotted
data.

Flow correction

To account for the fictitious volume registered due to the potential interaction between

differential pressure sensing and mechanical ventilation, a routine to correct the datasets

was developed. The nature of this correction first requires the manual identification of

a window in which the N2 balance is expected to be close to zero. Two such periods

exist in this protocol, the steady state stages before and after the partial N2 washout.

The pre-washout stages occurs from the time of MFS connection to the ventilator circuit
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to just before the FiO2 is increased for the partial N2 washout. Datasets were initially

corrected using the pre-washout window for the washout fit and the post-washout window

for the cardiac output fit. To avoid the complication of having two separately corrected

fits, however, it was decided that the correction window would be between the start of

the pre-washout stage and the end of the post-washout stage. An example of a corrected

dataset is shown in figure 5.10.
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Figure 5.10: Example of a dataset before and after flow correction. The cumulative uptake of N2

during the partial N2 washout stage and preceding steady state is shown. The original dataset is in yellow
and the flow corrected dataset is in blue. The horizontal, grey, dashed line is at 0 L uptake, for reference.
The vertical, red, dashed line indicates the start of the partial N2 washout stage.

Within the chosen correction window, a correction coefficient for flow, k, is calculated, which

minimises the absolute cumulative N2 volume. The flow correction function from which k is

derived is fit with a non-linear least squares routine, specifically the Levenberg-Marquardt

algorithm. No constraints are set for k. The function is expressed as:

F ∗ = F
(
1± (k × dP )

)
Where F ∗ is the corrected flow, F is the uncorrected flow, and dP is the rate of airway pressure change

over the window.

Due to the varying degrees of N2 production in each dataset, a common value for k

was not found. Given the process of manually selecting the minimisation window for k for
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each dataset and the different pressure sensors used for part of the cohort, this was an

expected outcome. The pre-washout phase N2 balances before and after flow correction

are shown in table 5.2.

Table 5.2: Original and corrected V̇ N2 values

Study order Original V̇ N2 / mL
min−1

Corrected V̇ N2 /
mL min−1

1 -21 12

2 -7 26

3 -28 -9

4 -13 8

5 -44 35

6 -18 6

7 -23 39

8 -36 -22

9 -31 1

10 -27 5

11 -31 29

12 -39 13

13 -46 -14

14 -31 10

15 -52 17

16 -34 -7

17 -37 2

18 -39 40

19 -40 21

20 -48 -7

21 – 37

22 -41 13

23 -71 16

24 -42 13

25 -55 -6

Median -37 ± 15 12 ± 20

Median ± interquartile range. Comparison of original and flow corrected pre-washout N2 balances. A
negative value indicates a production of N2. For the 21st participant (ID: 11), the data was not viable for
fitting until it had been corrected for flow.
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Conclusion

The issue causing incorrect N2 balances for participant datasets in this study has not been

definitively identified or resolved. It is a strong possibility, however, that the newly installed

differential pressure sensors were less suitable than the old ones for the sharp transitions

between inspiration and expiration in mechanically ventilated individuals. The small sam-

ple size of participants studied with either sensor type limits the certainty of this conclusion.

The impact of isoflurane was examined in a subset of participants, selected based on

the chronology of their recruitment into the study, but all with high N2 balances. It is

unlikely that any residual isoflurane would contribute significantly to the N2 balance.

A method of correcting acquired MFS data has been discussed. This method was used

to correct all data collected before it was put through the cardiopulmonary model. For

participants with low N2 balances studied with the old differential pressure sensors, the

correction was still applied to ensure all participants were treated equally.

5.2.3 Modelling

In preparation for CCP modelling, all datasets were corrected for flow as described pre-

viously to account for incorrectly recorded N2 balances. Following this, a segmented

approach was required to process the data through the CCP model. The current version

of CCP is such that a protocol with discrete stages to estimate lung parameters, blood

chemistry, and cardiac output requires modelling of these stages separately. This was

the case for the cardiac surgery cohort study, where a partial N2 washout was used to

estimate lung parameters and a hyper/hypoventilation manoeuvre was used to estimate the

cardiac output. In contrast, the studies using closed-circuit configurations with anaesthetic

reservoir bags described in chapters 3 and 4, achieved both modelling objectives during

the rebreathing phase. Similarly, the open-circuit protocol using the exogenous tracer

gases CH4 and C2H2 described in chapter 4 could be modelled as one dataset.
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For the cardiac output fitting, 12 separate fits were obtained for each participant’s dataset.

This was the approach used for the healthy volunteer cohort, which in turn was guided

by the results from the pulmonary hypertension cohort. As with the healthy volunteer

cohort, only one set of optimality, function, and step tolerances was used (1× 10−6). This

process was then repeated after the addition of alveolar dead space (AD) to the model lung.

Unlike for the two previous cohorts, the dead space was estimated for each participant

using CCP. The modelling approach for this is discussed below. For each dataset, outliers

were identified by examining the cardiac output coefficient of variation (Q̇ CV).

Lung parameters

The first segment to be modelled is the washout stage. It is at this stage that alveolar

volume (VA) and the parameter for quantifying the distribution of lung compliance (σCL)

are estimated, and thereafter set as fixed parameters for the subsequent segments of

modelling. The other CCP parameters, with the exception of cardiac output, are also

fit during the partial washout phase, but are not carried forward to the other modelling

segments. This is primarily due to the assumption that these other parameters, such as

V̇ O2, the ideal CO2 point (PiCO2), dead space distributions etc, may change during the

other protocol stages.

Cardiac output

Using the fixed estimates of VA and σCL, cardiac output is estimated by using data ac-

quired during the time of the change in minute ventilation and the steady state prior. The

perturbation of CO2 caused by the change in minute ventilation allows for the difference

in uptake of CO2 in the circulation before and after the change to be used to estimate the

cardiac output. This can be further expanded upon by considering the Fick relation with

CO2 as the subject gas:

Q̇ =
V̇ CO2

cv̄CO2 − caCO2

(5.7)

Where Q̇ is the cardiac output, V̇ CO2 is the production of CO2, and caCO2
and cv̄CO2

are the arterial
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and mixed venous contents of CO2 respectively.

In the first instance, V̇ CO2 may be estimated from the CO2 exchange at the mouth

and caCO2 may be estimated from the end-tidal CO2 partial pressure. Q̇ and cv̄CO2 remain

unknown, however. A potential theoretical solution to solving these unknowns would be

to change caCO2 instantaneously, thus causing a change in V̇ CO2, but with Q̇ and cv̄CO2

remaining unchanged. This would yield a second equation, to then solve for the two

unknowns simultaneously. In this situation, however, it would not be possible to change

caCO2 to a fixed unchanging value without considering the effects of recirculation and the

change in production of CO2 at the mouth, which will initially be buffered by the lung

volume. To deal with these issues of transience, a more detailed version of the Fick relation

can be used:

Q̇ =

∫ T2

T1
V̇CO2(t) dt− (VL,T2 · FA,CO2,T2 − VL,T1 · FA,CO2,T1)∫ T2

T1
cv̄CO2(t) dt−

∫ T2

T1
caCO2(t) dt

(5.8)

Where T1 and T2 are the two timepoints over which this equation is considered, VL is the volume in the

lung with respect to time and FA,CO2 is the fractional alveolar concentration of CO2 with respect to time.

The
∫ T2

T1
V̇CO2(t) dt term gives the integrated production of CO2 at the mouth over the

specified time period, between T1 and T2. The remaining terms in the numerator account

for the exchange of CO2 across the pulmonary capillary at T1 and accumulated CO2 in

the lung at T2. The denominator accounts for the change in cv̄CO2 due to recirculation as

caCO2 changes between the time period of T1 to T2. Conceptually, it is in this way that

the deliberate perturbations in CO2 generate the information for the CCP model fitting

to estimate cardiac output.

Blood chemistry parameters and alveolar dead space

All participants in the cohort had an arterial blood gas sample taken during a steady state

phase of the protocol. Additionally, those with a PAC in situ also had a mixed venous

blood gas sample taken, usually during the same steady state stage. To model estimates
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of the arterial and mixed venous O2 and CO2 partial pressures in blood, a window of

approximately one minute before and after the blood gas sample(s) is used. This window

was chosen to facilitate a direct comparison with the sampled blood gas values, where the

MFS-measured values for V̇ O2 and V̇ CO2 from the 30-second period immediately prior to

blood sampling gave a value for the respiratory exchange ratio (RER) associated with the

sample(s). For this modelling segment, VA and σCL are again fixed.

Using the same steady state stage window, the proportion of ventilation that is dis-

tributed to alveolar dead space can be estimated. This process can be represented with an

R-line diagram (figure 5.11). Using the RER 30 seconds before blood sampling (specifically

arterial in this case, in case the mixed venous sample was taken at a different steady

state), a blood R-line is constructed through the modelled arterial point, PaO2 and PaCO2.

The CCP blood sub-model is used to construct the remainder of the line, where the

measured haemoglobin and other blood gas parameters are incorporated. The second line

plotted is the gas R-line. Here, the simulated alveolar point, PAO2 and PACO2, is used

with the same RER to construct the line based on the alveolar gas equation.(118) The

intersection of the blood and gas R-lines is the ideal point, PiO2 and PiCO2. The ideal

point represents both the arterial and alveolar partial pressures of O2 and CO2 if there

was no inhomogeneity present in the lung.(83)

Estimation of the ideal point allows for an iterative modelling process, whereby the

alveolar dead space fraction can be adjusted from zero to a value at which the modelled

arterial PaO2 and PaCO2 falls on the blood R-line. To facilitate this iterative modelling

approach, a further 125 model lung compartments that match the properties of the initial

125 lung compartments in the CCP model are added. These additional compartments are

only different in that they have no blood flow. The inspired gas flow is then gradually

diverted to these compartments until the condition of the modelled arterial point inter-

secting with the blood R-line is met.
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Alveolar dead space can arise as both pure alveolar dead space and apparent alveo-

lar dead space. The latter is caused by significant V̇ /Q̇ inequalities. In order to estimate

total alveolar space entirely though pure alveolar deadspace, it is first necessary to effec-

tively eliminate the V/Q inhomogeneity normally present in the CCP model. This was

done by the following means:

• σCd, which is the standard deviation for the natural logarithm of the standardised

lung conductance, is usually set to be 0.3 over σCL (the standard deviation for the

natural logarithm of the standardised lung compliance). Instead, σCd was set to

equal σCL.

• The correlation coefficient between σCd and σCL, ρ, which can be thought of as

the correlation between ventilation and blood flow, is usually fixed at 0.87. In this

homogenised version of the model lung, ρ was set at 0.98.

v-

A

ia

I

PO2 / kPa

PC
O

2 
/ k

Pa

Figure 5.11: Schematic of the R-line dia-
gram. The x- and y-axis are the partial pressures
of O2 and CO2, respectively. The blood R-line
is in red and the gas R-line is in blue. v̄ is the
modelled mixed venous point, a is the modelled
arterial point (using the arterial blood gas sam-
ple), i is the ideal point, A is the alveolar point,
and I is the inspired point. As alveolar dead
space is added, A will move up the gas R-line,
due to the reduced efficiency in gas exchange.
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5.3 Results

5.3.1 Participants

The difficulty in recruiting participants with a PAC was primarily due to the clinical

preference for avoiding insertion where possible, due to the lack of perceived benefit-to-risk

ratio. From September 2022 to November 2024, nearly all patients undergoing mitral

valve, multi-valve, or otherwise complex cardiac surgery in the John Radcliffe Hospital,

Oxford were handed participant information sheets during their preadmission clinic visit.

Figure 5.12 shows the outcome of recruitment during this period.

Figure 5.12: Flow diagram of participant
recruitment to the cardiac surgery cohort study.
In most cases, it was possible to ascertain
whether patients would be subject to PAC inser-
tion before consenting them for the study. The
number that did not consent includes those who
had a PAC inserted, but also those where the
consent discussion took place prior to discussing
the possibility of PAC insertion with the treat-
ing anaesthetist/intensivist.

15 participants with PACs in situ were recruited to take part in the study, their charac-

teristics are shown in table 5.3. Due to the major issues with recruitment, participants

with FloTrac-monitored cardiac output were recruited. The FloTrac participants were

considered separately where possible, given the lack of a validated cardiac output mea-

surement in this group. Their characteristics are shown in table 5.4. For ease of reference,

the cohort identification numbers have been assigned such that those with invasive refer-

ence measurements were given numbers between 1 and 15, and those without were given

numbers between 16 and 25. Within these groups, the numbers reflect the chronology of

recruitment to the study.
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Table 5.3: Per-person baseline characteristics of the PAC cardiac surgical cohort

Cohort
ID

Age /
years

Sex BMI / kg
m−2

Surgery Cardiovascular
disease

Respiratory
disease

Smoking
status

Smoking
pack years

1 52 Female 22 Re-do AVR, AA
and hemiarch
replacement

Hypertension,
previous AVR

- Never smoked 0

2 71 Male 26 AVR, MVr CVA, infective
endocarditis,
hypertension

Asthma Never smoked 0

3 78 Female 31 MVr, TVr, LAAO AF - Never smoked 0

4 71 Male 23 MVr, AVR, CABG Hypertension - Never smoked 0

5 59 Male 25 MVr, AVR, AF
ablation, LAA

excision

AF - Never smoked 0

6 66 Male 29 AVR, MVR Hypertension, CVA - Never smoked 0

7 78 Male 28 MVr, TVr AF - Never smoked 0

8 62 Male 27 MVr, TVr, AVR AF, hypertension - Never smoked 0

9 71 Female 22 Re-do MVR, ASD
closure

IHD, previous MVr
and CABG, AF,
hypertension

- Ex-smoker 5

10 65 Male 23 MVr, TVr, LAAO,
AF ablation

AF - Current
smoker

8

11 69 Male 34 MVr, TVr, CABG Hypertension, AF - Current
smoker

10

12 84 Male 21 MVR CMC - Never smoked 0

13 80 Male 23 MVr, LAAO AF - Never smoked 0

14 63 Male 21 MVr, TVr, LAAO AF - Ex-smoker 18

15 75 Male 27 MVr, PFO closure - - Ex-smoker 3

ID, identification number. BMI, body mass index. AA, ascending aorta. AVR, aortic valve replacement.
MVr, mitral valve repair. MVR, mitral valve replacement. TVr, tricuspid valve repair. LAAO, left
atrial appendage occlusion. LAA, left atrial appendage. CABG, coronary artery bypass graft. AF, atrial
fibrillation. CVA, cerebrovascular accident. IHD, ischaemic heart disease. ASD, atrial septal defect. CMC,
closed mitral commissurotomy. PFO, patent foramen ovale.

Table 5.4: Per-person baseline characteristics of the FloTrac cardiac surgical cohort

Cohort
ID

Age /
years

Sex BMI / kg
m−2

Surgery Cardiovascular
disease

Respiratory
disease

Smoking
status

Smoking
pack years

16 42 Male 32 MVr Hypertension Asthma Never smoked 0

17 77 Male 27 MVr, TVr, LAAO AF - Ex-smoker 2

18 44 Male 22 MVr Infective
endocarditis

- Current
smoker

2

19 80 Female 18 MVr, TVr Hypertension - Never smoked 0

20 71 Male 25 MVr, TVr AF, hypertension - Never smoked 0

21 48 Male 25 MVr AF - Current
smoker

15

22 71 Female 26 MVr - Asthma Never smoked 0

23 63 Female 29 MVr, TVr Hypertension - Never smoked 0

24 72 Female 17 MVr Hypertension COPD Never smoked 0

25 66 Male 29 MVr Hypertension - Never smoked 0

ID, identification number. BMI, body mass index. MVr, mitral valve repair. TVr, tricuspid valve repair.
LAAO, left atrial appendage occlusion. AF, atrial fibrillation. COPD, chronic obstructive pulmonary
disease.

5.3.2 Direct Fick cardiac output

For participants recruited with a PAC in situ, the direct Fick cardiac output was calculated

and used as a reference measurement by which to compare the CCP estimates. In this
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study, the direct Fick cardiac output (Q̇DF)was calculated using O2 as the subject gas:

Q̇DF =
V̇ O2

caO2 − cv̄O2

(5.9)

A similar stepwise approach to the one described in section 3.3.2 of chapter 3 for the pul-

monary hypertension cohort was taken to ensure the accuracy of all measured components

of the direct Fick calculation. Arterial and mixed venous blood gas samples were taken

during the steady state stages of the protocol, and were usually paired. The same formula

was applied to calculate both the arterial and mixed venous O2 contents. This formula is

shown for the calculation of caO2 below:

caO2 = Hba×0.1×1.39× (1−COHba−MetHba)× (SaO2/100)+0.0031×PaO2×7.50062

(5.10)

Where Hba, COHba, and MetHba are the haemoglobin in g/L, carboxyhaemoglobin fraction, and

methaemoglobin fraction from the arterial blood gas sample respectively, 1.39 is Hufner’s constant in mL

O2/ g Hb(103), PaO2 is the arterial O2 partial pressure in kPa, 0.0031 is the solubility coefficient for O2

in plasma, and 7.50062 is the conversion factor for kPa to mmHg. To note is that the arterial values for

Hb, COHb, and MetHb were used for the calculation of the mixed venous O2 content for consistency.

The V̇ O2 values used were from the steady state stage at which the blood gases were

taken. The datasets were first corrected for flow, as discussed in section 5.2.2. The V̇ O2

values were then corrected for any fractional changes in O2 due to the change in lung

stores. This was the same approach used for the pulmonary hypertension cohort (section

3.3.2). The corrected V̇ O2 (V̇ O2c) in mL/minute is given as:

V̇ O2c = V̇ O2 − 1000(FRC× ḞO2) (5.11)

Where FRC is the functional residual capacity in L STPD and ḞO2 is the fractional end-tidal change in

O2 over the air-breathing phase per minute.
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All references to V̇ O2 herein refer to the V̇ O2c value unless otherwise stated. The full list

of values used for the direct Fick calculation for participants with a PAC is shown in table

5.5.

150



T
a
b
le

5
.5
:
V
al
u
es

u
se
d
fo
r
th
e
ca
lc
u
la
ti
on

of
th
e
d
ir
ec
t
F
ic
k
ca
rd
ia
c
ou

tp
u
t
(u
p
d
at
ed

w
it
h
ar
te
ri
al

an
d
m
ix
ed

ve
n
ou

s
ox
y
ge
n
p
ar
ti
al

p
re
ss
u
re
s)

C
oh

or
t

ID
V̇
O

2
/
m
L

m
in

−
1

V̇
N

2
/
m
L

m
in

−
1

Ḟ
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Estimation of error in the direct Fick measurement

The error associated with the calculation of the direct Fick cardiac output due to the

variance with the individual components of the calculation was also discussed in section

3.3.2 of chapter 3. The Fick equation, using O2 as the subject gas, may be given as:

Q̇DF =
V̇ O2

k × Hba × (SaO2 − Sv̄O2)
(5.12)

Where k = 0.1× 1.39× (1− COHba −MetHba) and SaO2 and Sv̄O2 are given as fractional terms.

The variance propagation equation for the direct Fick cardiac output is:

Var(Q̇) =

(
1

DiffAV

)2

Var(V̇O2) +

(
∂Q̇

∂Hbv

)2

Var(Hbv)+

+

(
∂Q̇

∂SpO2

)2

Var(SpO2) +

(
∂Q̇

∂Sv̄O2

)2

Var(Sv̄O2) (5.13)

Where DiffAV is the arteriovenous difference, given as: k ×Hba × (SaO2 − Sv̄O2), in mL/L.

The standard deviations used to calculate the variances of the haemoglobin and O2

saturation for arterial and mixed venous blood were taken from the values reported in the

manual for the device used, the ABL800 Flex (Radiometer, Denmark), where reference had

also been made to the previous generation’s device for certain performance characteristics

which had not changed.(119; 120) The standard deviations for haemoglobin and the satu-

rations were 1 g/L and 0.3%, respectively. The standard deviation for V̇ O2 was calculated

from the N2 balance, as these two values were considered roughly proportional. The N2

balance value for each participant was divided by four to give an approximate standard

deviation for V̇ O2. The effects of COHb, MetHb, and the O2 dissolved in blood were

considered sufficiently small that their variances were not included in the equation. The

partial derivatives for the individual components in the direct Fick variance propagation
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equation were:

∂Q̇DF

∂V̇ O2

=
1

DiffAV

(5.14)

∂Q̇DF

∂Hba

= −
˙V O2

(DiffAV )2
× k × (SaO2 − Sv̄O2) (5.15)

∂Q̇DF

∂SaO2

= −
˙V O2

(DiffAV )2
× k × Hba (5.16)

∂Q̇DF

∂Sv̄O2

= − ∂Q̇DF

∂SaO2

(5.17)

The calculated standard deviations for the direct Fick cardiac outputs for all participants

with a PAC are given in table 5.6.

Table 5.6: Direct Fick cardiac output and variance values for PAC participants

Cohort ID Q̇DF / L min−1 SD / %

1 6.0 3.1
2 5.8 4.1
3 4.4 3.6
4 4.1 2.5
5 8.1 2.2
6 8.5 3.0
11 6.0 3.4
14 7.9 3.1
15 5.8 2.1
20 5.6 1.8
21 5.7 4.2
22 6.5 2.0
23 10.4 2.1
24 6.4 2.5
25 7.5 1.9

Mean 6.3± 1.6 2.8± 0.8

Mean ± standard deviation. SD, standard deviation.

5.3.3 N2 balance

The issues relating to the N2 balances with the datasets acquired from the cardiac surgery

cohort were discussed in section 5.2.2. In this section, the change in differential pressure

sensors during recruitment was discussed as possibly exacerbating these issues. Figure
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5.13 shows the N2 balance comparisons before and after the new sensors were installed.

Based on these findings, the old sensors were reinstalled. However, no further participants

were recruited to the study following this change. A Mann-Whitney U test was conducted
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Figure 5.13: Pre-washout stage N2 balances (given as productions) of the cardiac surgery cohort
(PAC and non-PAC) participants. The x-axis gives the chronological order of recruitment. The first eight
participants (red columns) were studied with the old differential pressure sensors. For the 21st participant
(ID: 11), the data was not viable for fitting until it had been corrected for flow.

to determine if there were differences in the N2 balance between participants studied with

the old and new sensors. The group studied with new sensors had an N2 production

significantly higher than those studied with old sensors (U= 111, p=0.003).

5.3.4 Modelling

The Q̇ CVs for each participant’s 12 cardiac output fits (using the data collected during

the ventilation stage) with and without added alveolar dead space (AD) are shown in

figure 5.14. A coefficient of variation of 5% or greater following the deletion of up to one

outlier was used to flag potentially unreliable datasets. Following this, the dataset with

the median cardiac output value was used for further analysis. For the 15th and 21st

participants for both AD and non-AD runs, and the AD run for the 22nd participant, fits

were not obtained for reasons that were not completely clear, although were potentially

related to the N2 balance.

Given the findings discussed in section that the N2 balance was significantly worse in

participants studied with the new differential pressure sensor, a Mann Whitney U test
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Figure 5.14: Comparison of the Q̇ CVs for the cardiac output fits. Panel A shows the Q̇ CVs for the
fits without added dead space. Panel B shows the Q̇ CVs for the fits with dead space added. Missing
columns indicate a modelling failure for that particular dataset. The dashed grey line in both panels
indicates the 5% cutoff value at which fits were deemed potentially unreliable.

was conducted to assess the difference in Q̇ CV between participants studied with the old

and new sensors. Here, the Q̇ CV was significantly higher in participants studied with the
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new sensors (U=107, p=0.001).

The CCP-estimated parameters from the different fitting segments are shown in ta-

bles 5.7 and 5.8 for the participants with a PAC in situ. Tables 5.9 and 5.10 show the

same parameters for participants who did not have a PAC inserted.

Table 5.7: Fit parameter values from the CCP model during the washout stage for PAC participants

Cohort
ID

VA / L
BTPS

VD / L
BTPS

CVD
σCD σCL PiCO2 /

kPa
AD* /
%

1 1.96 0.03 1.00 0.10 1.02 5.49 22

2 1.62 0.04 1.00 0.69 0.73 5.42 9

3 1.26 0.07 0.92 0.16 0.49 4.66 24

4 2.49 0.21 0.99 0.21 2.06 6.54 0

5 1.61 0.06 1.00 0.45 0.40 5.98 16

6 1.48 0.06 1.00 0.45 0.49 6.15 17

7 3.15 0.04 0.93 0.62 0.88 5.10 24

8 2.22 0.07 1.00 0.47 0.52 5.48 18

9 1.62 0.05 1.00 0.10 0.92 4.86 18

10 2.59 0.10 1.00 0.10 0.74 5.22 36

11 3.26 0.13 0.05 0.26 1.53 6.66 21

12 2.12 0.07 1.00 0.19 0.60 4.75 27

13 2.55 0.16 1.00 0.22 0.44 6.17 30

14 3.52 0.10 0.97 0.47 0.47 6.14 3

15 1.47 0.10 0.56 0.47 1.04 5.40 16

VA, alveolar volume. VD, dead space volume. CVD
, relative expansion of dead space. σCD, standard

deviation of the standardised dead space. σCL, standard deviation of the natural logarithm of lung
vascular compliance. PiCO2, ideal partial pressure of CO2. AD, alveolar dead space. *:The alveolar dead
space value was estimated by fitting the steady state stage where the arterial blood gas was taken. σCd,
standard deviation for the natural logarithm of the standardised lung vascular conductance, is not shown
in this table, but is equal to σCL+0.3.
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Table 5.8: Fit parameter values from the CCP model during the ventilation change stage for PAC
participants

Cohort
ID

V̇ O2 /
mL

min−1

RQ Q̇ / L
min−1

Sv̄O2 /
%

1 220 0.75 2.5 43

2 314 0.72 5.9 72

3 189 0.84 3.6 68

4 190 0.96 4.2 59

5 358 0.63 6.6 72

6 290 0.62 5.7 72

7 240 0.66 4.2 67

8 280 0.63 7.3 74

9 - - - -

10 284 0.62 2.3 36

11 194 1.00 2.6 58

12 - - - -

13 334 0.59 3.9 32

14 249 0.64 3.6 66

15 290 0.78 3.2 46

V̇ O2, oxygen consumption. RQ, respiratory quotient. Q̇, cardiac output. Sv̄O2, mixed venous oxygen
saturation.

Table 5.9: Fit parameter values from the CCP model during the washout stage for FloTrac participants

Cohort
ID

VA / L
BTPS

VD / L
BTPS

CVD
σVD σCL PiCO2 /

kPa
AD* /
%

16 1.47 0.08 1.00 0.20 0.73 5.30 6

17 1.99 0.08 0.61 0.22 0.55 6.40 24

18 1.93 0.07 0.91 0.32 0.51 5.66 1

19 2.21 0.06 1.00 0.25 0.52 6.86 3

20 1.43 0.04 0.96 0.58 0.84 5.88 17

21 2.80 0.10 0.09 0.44 1.10 4.39 23

22 2.58 0.11 1.00 0.10 0.51 4.58 33

23 2.15 0.10 0.40 0.10 0.49 5.09 10

24 2.75 0.19 0.41 0.30 0.29 5.88 33

25 2.29 0.12 0.53 0.20 0.75 5.74 16

VA, alveolar volume. VD, dead space volume. CVD
, relative expansion of dead space. σVD, standard

deviation of the standardised dead space. σCL, standard deviation of the natural logarithm of lung
vascular compliance. PiCO2, ideal partial pressure of CO2. AlvDS*, alveolar dead space estimated by
fitting the steady state stage where the arterial blood gas was taken.
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Table 5.10: Fit parameter values from the CCP model during the ventilation change stage for FloTrac
participants

Cohort
ID

V̇ O2 /
mL

min−1

RQ Q̇ / L
min−1

Sv̄O2 /
%

16 354 0.78 4.8 63

17 225 0.54 6.5 81

18 260 0.71 4.3 68

19 197 0.72 2.6 45

20 194 0.92 3.2 72

21 214 0.96 2.3 53

22 226 0.66 2.6 45

23 265 0.89 3.4 54

24 183 0.99 1.7 41

25 338 0.80 6.6 73

V̇ O2, oxygen consumption. RQ, respiratory quotient. Q̇, cardiac output. Sv̄O2, mixed venous oxygen
saturation.

5.3.5 PAC participant comparison

The primary group of participants studied were those who had PAC-based invasive ref-

erence measurements of cardiac output and Sv̄O2 available for comparison against the

corresponding CCP estimates. This section examines the results of participants with PACs.

Important to note is that no postoperative complications (beyond expected postoperative

changes such as basal atelectasis etc.) were encountered during data collection that may

have significantly affected the modelled results.

Cardiac output

Figure 5.15 shows the results of the comparison between CCP estimates and the direct

Fick measurements of cardiac output. The CCP estimates underestimate the direct Fick

measurements, and there is a poor correlation between the two sets of values. The flagged

datasets appear to have a significant effect on these results, with the CCP − direct Fick

difference (Q̇diff) being below the mean for all of these datasets except for one (participant

7). A Mann-Whitney U test was conducted to examine Q̇diff values between flagged and

non-flagged participants. The test showed that the Q̇diff was significantly larger (more
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negative) for flagged participants (U=5, p=0.02).

Figure 5.15: Comparison between CCP-estimated cardiac output and the invasive reference measure-
ment from the direct Fick method. Q̇diff is the difference between values. Flagged datasets based on the
5% Q̇ CV cutoff are marked with black dots. Grey, dashed line, line of identity; red line, regression line;
b, regression slope; a, regression intercept.

As there were more flagged participants with the new differential pressure sensors than

the old, and because the N2 balance was worse with the new sensors, it was considered a

possibility that datasets with an initially worse N2 balance (before correcting the dataset

as described in section 5.2.2) yielded poorer cardiac output estimates. The relationship

between the N2 production and Q̇diff was therefore examined to investigate this, and is

shown in Figure 5.16. There was a strong negative correlation between the N2 production

and Q̇diff . r(10) = -0.79, p < 0.0025.

Finally, a Mann Whitney U test was conducted to examine the differences in Q̇diff between

participants studied with the old and new differential pressure sensors. Here, the difference

was not significant (U=9, p=0.086), indicating that a poor initial N2 balance was more

likely to be predictive of a poor CCP cardiac output estimate than the flow sensors

themselves. This should, however, be taken with the context that the new flow sensors

were more likely to yield worse N2 balances, as shown in section 5.3.4.
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Figure 5.16: Comparison between Q̇diff and the N2 production. Flagged datasets based on the 5%
Q̇ CV cutoff are marked with black dots. Grey, dashed line, line of identity; red line, regression line; b,
regression slope; a, regression intercept.

Sv̄O2

The comparison of CCP-estimates of Sv̄O2 and the values obtained from the mixed venous

blood gas sample are shown in figure 5.17. The CCP estimates underestimate the true Sv̄O2

values, with the flagged datasets contributing significantly to this. The one non-flagged

participant–1, where the Sv̄O2 was significantly underestimated, an issue at the point of

data collection or modelling was likely, given that the cardiac output was also grossly

underestimated (figure 5.15).
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Figure 5.17: Comparison between CCP-estimated Sv̄O2 and the invasive reference measurement from
the mixed venous blood gas sample. Flagged datasets based on the 5% Q̇ CV cutoff are marked with
black dots. Grey, dashed line, line of identity; red line, regression line; b, regression slope; a, regression
intercept.

Alveolar dead space

The process of producing 12 cardiac output fits for each participant was repeated after the

personalised alveolar dead space (AD) had been calculated. More participants were flagged

due to having a high Q̇ CV than for the runs without added dead space. Participants 7,

10, 13, 14, and 15 were flagged to both groups. Participants 4, 5, and 8 were flagged only

for the AD fits. Participant 11 was flagged for the non-AD fit but not for the AD fit.

The comparisons for CCP estimates of cardiac output and Sv̄O2 with the invasive reference

measurements is shown in figure 5.18. For cardiac output, apart from a minor improvement

in the correlation between values when compared to fits without added dead space, the

CCP estimates still underestimated the direct Fick measurements. These results were

again skewed by outlying data from primarily flagged datasets. For Sv̄O2, the limits of

agreement and correlation were improved when compared to non-AD fits.
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Figure 5.18: Comparison between CCP-estimated cardiac output with added alveolar dead space and
the invasive reference measurement from the direct Fick method. Panels A and B compare the cardiac
output values, and panels C and D compare Sv̄O2 values. Flagged datasets based on the 5% Q̇ CV cutoff
are marked with black dots. Grey, dashed line, line of identity; red line, regression line; b, regression slope;
a, regression intercept.

Comparison with thermodilution

For participants with a PAC, clinical monitoring of cardiac output was made with con-

tinuous thermodilution, except for one participant–9, where a PAC without continuous

monitoring functionality was used due to a supply shortage. A comparison was made

between these thermodilution measurements and the direct Fick measurements. Figure

5.19 shows this comparison along with the comparison of CCP estimates (with AD) of

cardiac output against the direct Fick measurements. Both thermodilution and CCP-based

values underestimate the direct Fick cardiac output.
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Figure 5.19: Comparison between CCP-estimated cardiac output with added alveolar dead space
and thermodilution-based (TD) cardiac output (with the direct Fick measurement. Panels A and B show
the comparison between CCP and direct Fick cardiac output. Panels C and D show the comparison
between thermodilution and direct Fick cardiac output. Flagged datasets based on the 5% Q̇ CV cutoff
are marked with black dots. Grey, dashed line, line of identity; red line, regression line; b, regression slope;
a, regression intercept.

5.3.6 Non-PAC participant comparison

As discussed in section 1.4.2 of chapter 1, there are questions over the accuracy and precision

of FloTrac-based cardiac output values across a broad range of patient groups.(47; 48; 49)

As such, without a reliable reference measurement of cardiac output, it is not possible to

evaluate the accuracy of the CCP estimates. These participants were primarily recruited for

the ongoing evaluation and optimisation of the protocol, especially the ventilation change

stage. Acknowledging these points, the comparison between FloTrac and CCP estimates

of cardiac output are shown in figure 5.20. Here, the CCP estimates underestimated the

FloTrac values and were poorly correlated.
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Figure 5.20: Comparison between CCP-estimated cardiac output with added alveolar dead space
and FloTrac-based (FT) cardiac output. Flagged datasets based on the 5% Q̇ CV cutoff are marked with
black dots. Grey, dashed line, line of identity; red line, regression line; b, regression slope; a, regression
intercept.

5.4 Discussion

5.4.1 Protocol feasibility

Experimental setup

When considering the experimental setup of the cardiac surgery cohort study, the main

challenge to overcome was developing a CCP protocol which could be used to estimate

cardiac output in the mechanically ventilated patient. The MFS has previously been

integrated into a ventilatory circuit, as described by Ciaffoni et al., where data was collected

from a participant undergoing an aortic aneurysm repair.(78) Unlike for the pulmonary

hypertension and healthy volunteer cohort studies (chapters 3 and 4, respectively), it

was not possible to introduce an exogenous tracer gas, such as C2H2, or a pre-prepared

endogenous gas mixture into the ventilatory circuit.

The solution, to make brief changes to the minute ventilation, appears to be a feasi-

ble one. Due to operator inexperience with this approach, there were certain participants

for whom the magnitude of the end-tidal CO2 change was not close enough to the target

of 1 kPa, as the minute ventilation adjustments were too conservative. It also became

apparent that hyperventilating was preferable to hypoventilating for modelling and safety

purposes. As the optimisation algorithm at the core of the CCP model aims to minimise

the difference between the simulated and measured expired breaths, having more breaths
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for the model to use (as is the case with hyperventilating) seemed to yield better model fits.

Regarding safety, to hypoventilate the participant enough to effect a large enough change

in end-tidal CO2 in less than a minute required a period resembling an end-expiratory

breath hold interspersed with two or three breaths with the potential for desaturation.

The size of the full MFS unit, including the head and trolley-mounted electronics module

(figures 2.3 and 2.6 shown in chapter 2), was also a factor when planning the experiment.

With critically ill patients, space around the bed, and especially the head-end, is limited.

As the MFS is still in a state of constant redesign and development, there is a significant

amount of space in the electronics module and, to a lesser extent, the head that can be

reduced in the future.

Modelling

The sequential nature of the experimental protocol, where the partial N2 washout stage was

conducted at a separate time from the ventilation change stage, required a correspondingly

segmented modelling approach. This is in contrast to the pulmonary hypertension and

healthy volunteer cohort studies, including the open-circuit protocol conducted with the

latter. In this study, the parameters of lung inhomogeneity recovered from the N2 washout

stage were then used for the metabolic parameter fitting. While this approach would not

have affected the results, future studies, or indeed clinical applications, would benefit from

a more streamlined approach where all modelling segments could be performed sequentially

in the same run.

A potential source of modelling difficulty with the pulmonary hypertension cohort was

the inhomogeneity of their lungs, due to factors such as a significant smoking history and

previous thromboembolic disease. This would also have been true for this cohort, given the

well-documented pulmonary complications of cardiac surgery in the early postoperative

period. Common complications include pleural effusions and atelectasis, and others such

as an increased pulmonary shunt fraction and a reduction in static and dynamic lung
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compliance.(121)

5.4.2 N2 balance

The problems relating to the N2 balance were a major and unexpected limitation of the

study. While significant work was done to diagnose and address the potential causes, as

detailed in section 5.2.2, it is also clear that more work is required. This is especially

true given the strong negative correlation between Q̇diff (CCP cardiac output - direct Fick

cardiac output value) and the uncorrected pre-washout N2, which suggests that a poor N2

balance affects the recovery of CCP parameters.

Isoflurane

The possible influence of expired isoflurane being measured incorrectly as an inert gas

and being the main cause of the N2 balance issue was effectively ruled out. While there

was likely to be a percentage of isoflurane in each of the participants at the time of MFS

connection, this was shown to be too small to affect the N2 balance significantly. In future

studies where a subject is connected to the MFS while anaesthetised with a volatile gas,

either a post-hoc correction such as the one discussed in section 5.2.2 for isoflurane, or a

hardware adjustment for the detection of the gas is required.

Positive pressure ventilation

An unresolved issue from the wider N2 balance problem stems from the inability of the

differential pressure sensors to accurately account for the rapid changes in flow with positive

pressure ventilation. In an effort to optimise the datasets acquired in this study, a flow

correction was applied. However, this did not appear to have the desired effect, as datasets

with a worse initial N2 balance were more likely to underestimate the corresponding direct

Fick cardiac output (figure 5.16).

Future work to address this issue will revolve around finding an appropriately configured

differential pressure sensor and possibly also adjusting the geometry of the flow path
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within the MFS head. The new sensors installed midway through recruitment were more

stable than the ones they replaced, but at the expense of response time. As seen in figure

5.13, this likely caused a worsening of the N2 balance. Since the conclusion of the study, a

third set of differential pressure sensors aimed at striking a better balance between the

response time and stability will be trialled in upcoming studies.

The current pressure sensing system with the MFS is such that the pressure is sam-

pled circumferentially at multiple points in a grid formed by the differential pressure

sensors. With the rapid transience of positive pressure ventilation, it is possible that

sampling pressure at the circumference does not adequately reflect the flow through the

centre of the flow path. Therefore, altering the geometry of the MFS head for a central

sampling of pressure may help with addressing this issue.

5.4.3 Accuracy of CCP-estimated parameters

Cardiac output

The CCP estimates, without dead space added, correlate relatively poorly with the direct

Fick measurements, with a clear bias towards underestimating the direct Fick cardiac

output. These results were clearly affected by the poor N2 balances, as discussed above,

and make it difficult to comment on the overall validity of the protocol and modelling

aspects of the experiment.

A further consideration when considering the comparison between CCP estimates and

the direct Fick cardiac output is that datasets flagged for having a high Q̇ CV were

included. This is in contrast to the results presented for the pulmonary hypertension

cohort, and was considered necessary due to the small sample size. When considering only

the non-flagged participants in the comparison plots in figure 5.15, the low Q̇diff for most

of these participants shows that further studies with this experimental method, where the

limitations of this current study are addressed, would be worthwhile.
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Sv̄O2

The CCP estimates of Sv̄O2 were poorly correlated with the mixed venous blood gas sample

results (figure 5.17). Given the results for the cardiac output estimates, as discussed

directly above, this is unsurprising. The CCP estimate of Sv̄O2 is reliant on the cardiac

output estimate, as it is the uptake of the tracer gas (CO2 in this study) that is modelled.

Therefore, a poorly estimated cardiac output will inevitably result in a poorly estimated

Sv̄O2. This can be seen when examining the comparison plots for cardiac output and Sv̄O2

(panel B in figures 5.15 and 5.17), where participants 2, 3, 4, 5, 6, and 8 have estimates

for both parameters which are relatively close to the invasive reference measurements. It

is also clear that the outlying datasets form the majority of the poor estimates.

Alveolar dead space

As all participants recruited had arterial blood gas measurements taken during their time

connected to the MFS, it was possible to obtain an estimate of the alveolar dead space

fraction (AD). In work that has been referenced in chapters 3 and 4, Sandhu et al. showed

that the total fraction of alveolar dead space in healthy individuals may be greater than

originally thought, at approximately 11.5%.(94) This was also shown in experimental data

from Farrow et al.(95) As seen in tables 5.7 and 5.9, for most participants, the alveolar

dead space values were much higher than the 11.5% figure that Sandhu et al. showed was

present, on average, for healthy individuals. This is an expected finding given the changes

to the lung in the immediate postoperative period.(121) Dixon et al. also discussed the

effect of postoperative inflammatory changes triggering microvascular thromboses in the

lung as a mechanism of an acute increase in dead space fraction.(122)

The addition of this estimated dead space to the metabolic stage of the modelling had

the effect of slightly improving the CCP-estimated cardiac output and Sv̄O2, relative to

the invasive reference measurements. For both parameters, the correlation and confidence

intervals improved (figure 5.18) relative to the invasive measurements when compared to

the fits with no added dead space. Importantly, not all AD estimates were higher than
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the corresponding non-AD estimates. It is not clear whether this is an observation which

stems from the previously stated issues of poor model fitting due to N2 balance problems

or a real finding. In the healthy volunteer cohort, all CO2-based estimates of cardiac

output were higher with added dead space (figure 4.12).

FloTrac participants

The recruitment of participants with a minimally-invasive FloTrac cardiac output moni-

toring was due to the previously discussed difficulties in recruiting participants with PACs.

With these participants, the emphasis was on developing and fine tuning the experimental

protocol. The scientific basis for pulse contour devices, and the FloTrac especially, was

discussed in chapter 1. Briefly, the FloTrac is connected to a pre-existing arterial line.

Here, the pressure signal from the arterial line is converted to a stroke volume and then

used to give a cardiac output by multiplying this with the heart rate.(38; 42; 45) Multiple

studies have highlighted the limitations of the FloTrac, especially in abnormal physiological

states.(47; 48; 49) As such, the FloTrac cardiac output values were not considered to be

true reference values for this study.

5.4.4 Limitations

The two major limitations of this study, recruitment and N2 balance have been discussed

extensively in this chapter. The latter will not be discussed here again. With the former,

the difficulties in recruitment (figure 5.12), indicate the institutional, and likely regional,

aversion to inserting PACs. Studies such as PAC-man have no doubt influenced this,

although the previously discussed (section 1.5) caveats to the conclusions from this study

and others, such as Bossert et al. indicate that PAC use may have fallen out of favour

unfairly.(39; 58) Whether the reluctance to insert PACs is justified or not, however, any

further studies examining this CCP protocol against PAC-based measurements (including

the direct Fick method for mixed venous O2 sampling), should be done in areas or institu-

tions where the threshold for insertion is lower.
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There are other limitations to this study which should be discussed. These include,

protocol specific ones, especially relating to the ventilation change stage, and the modelling

failures for certain participants, where cardiac output and Sv̄O2 estimates were not obtained.

Protocol

Most cardiac surgery patients admitted to the ICU in the study’s institution were scheduled

for extubation within four hours of admission, if they were clinically stable. This left a

limited window of time to conduct what was a relatively lengthy (necessarily so) CCP

protocol of between 20 to 30 minutes, before weaning from sedation and the ventilator

had begun, but after the steps to properly admit the patient to the ICU had been com-

pleted. As a result, only one ventilation change stage and N2 washout per participant was

conducted. Apart from time considerations, however, there would be no reason why multi-

ple such stages could not be conducted to examine the reproducibility of the fit parameters.

Regarding the ventilation change, during the early recruitment stage, the changes to

minute ventilation often fell well below the target of a ± 1 kPa change with the end-tidal

CO2. This was primarily due to patient safety considerations, especially when hypoven-

tilating the participant. It is possible that aiming for such a high magnitude of change

is not necessary, given the highly precise measurements made with the MFS, however,

it would be beneficial to examine the effect of this change relative to the accuracy of

the estimated cardiac output. Another factor to consider is that the ventilation change

stage was strictly kept to a minute at most, to avoid excessive recirculation and potential

modelling difficulties. The circulation sub-model is currently being examined, with the

view to improve how recirculation is modelled. It may be that this allows for a longer

ventilation change stage, which could enable better model fitting.

Modelling

For two participants (9 and 12), estimates of cardiac output and Sv̄O2 were not recovered

due to modelling failures. This was identified as likely being due to a disparity between
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the true and modelled cardiac output. Here, the O2 consumption would be the same in

both cases (as it is measured), however, with the model attempting to fit a low cardiac

output, the delivered O2 would be too low to meet the metabolic demands. Machinery

within the CCP model exists to protect against this, but only to a certain extent. As with

most of the datasets obtained in this study, it may be that the N2 balance affected the

data and subsequently the modelling, rather than the issue being with the modelling itself,

however.

5.4.5 Thermodilution measurements

The two-way bias of thermodilution-based cardiac output, where true low cardiac outputs

are overestimated and vice-versa, has been discussed previously (section 1.5 and 3.4.5).

This pattern is again seen with the cardiac surgery cohort, where higher direct Fick cardiac

output values are progressively underestimated to a greater extent.

In this cohort, thermodilution is clearly superior to the CCP estimates. However, as

discussed above, the significant technical limitations with the CCP protocol in this study

warrant a repeat of this comparison once these limitations are addressed.

5.4.6 Direct Fick cardiac output

The direct Fick cardiac output measurements taken in this study were reliable from a

methodological standpoint. In most cases, the arterial and mixed venous blood gases were

taken during the same steady state. The V̇ O2 values used were corrected as discussed in

section 5.3.2. The reliability of the reference measurements is further reflected in the low

variance (table 5.6) when the individual components of the direct Fick calculation are

accounted for.

5.5 Conclusion

The results of an observational study, examining non-invasively acquired cardiopulmonary

parameters in patients post-cardiac surgery, have been discussed. Specifically, CCP es-
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timates of cardiac output and Sv̄O2 have been compared against the invasive reference

standards, the direct Fick method and mixed venous blood gas analysis, respectively. It

was also possible to compare the relative performance of thermodilution-based cardiac

output compared to the direct Fick method.

Significant limitations in the study, primarily related to difficulties in recruiting appropriate

participants and molecular flow sensing in the context of positive pressure ventilation,

make it difficult to comment on the validity of this CCP protocol. With the small number

of participants where the technical difficulties with N2 balance were less pronounced, the

CCP-estimated parameters compare favourably with the invasive reference measurements.

This indicates that repeating the study, with more favourable recruitment conditions and

once the technical difficulties have been solved, would be worthwhile.

This study has also highlighted the need for a less invasive alternative to PAC-based

cardiac output and mixed venous O2 measurement. The reluctance to insert PACs due to

safety concerns meant that a relatively unvalidated alternative in the FloTrac was used

when monitoring of cardiac output monitoring was clinically indicated. It is also evident

that thermodilution is not completely reliable for single measurements of cardiac output,

especially in situations of low or high output states.

A novel methodology for the CCP-based estimation of lung inhomogeneity and metabolic

parameters in the mechanically ventilated patient has been presented in this chapter. While

the difficulties encountered mean that a direct comparison of the estimated parameters

against the reference measurements is not helpful in drawing conclusions, this study has

set a foundation for future studies, including clear areas of improvement which can and

are being addressed.
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6 Conclusion and Future Work

Presented in this thesis is work centred around the development and application of com-

puted cardiopulmonography (CCP) for estimating cardiopulmonary parameters. The

primary parameters of interest were cardiac output and mixed venous O2 saturation

(Sv̄O2). CCP combines a technological aspect, the molecular flow sensor (MFS), with a

computational model of the cardiopulmonary system. The MFS allows for highly accurate

and frequent (every 10 ms) measurements of O2, CO2, H2O vapour, CH4, and C2H2 to

be made. This is done using laser absorption spectroscopy and pneumotachography. A

particular advantage of the MFS system is that all gas analysis occurs in the mainstream

gas flow contemporaneously with the gas flow measurement. This avoids the uncertain

delays associated with sidestream analysers, it avoids changes away from the physico-

chemical conditions under which flow is measured, and allows for the rapid estimation

of viscosity and density to ensure an accurate translation of the pressure drop recorded

by the pneumotachograph into a corresponding measurement of respiratory flow. The

computational model utilises three sub-models: the lognormal lung, circulatory and body

gas stores, and physicochemical blood models to simulate the physiology of gas exchange

from the lung to the circulation. The parameters of the cardiopulmonary model are then

fit to the measured gas profiles from the MFS in order to estimate the lung inhomogeneity

and metabolic parameters using a nonlinear optimisation routine.

The overarching motivation for developing a CCP-based method for the estimation of

cardiac output and Sv̄O2 was that the techniques currently available in clinical practice are

invasive, inaccurate, impractical, or a combination of these. It was therefore necessary to

apply the experimental CCP methods to representative populations, where a comparison

of accuracy and practicality could be made against the reference standards of measurement.

This thesis presents the work from three cohort studies, including two, the pulmonary

hypertension and cardiac surgery cohorts, where cardiac output and Sv̄O2 monitoring is

indicated with relative frequency. The remaining study, using healthy volunteers, was

conducted to compare exogenous and endogenous gas-based methods for the estimation of
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cardiopulmonary parameters, as well as to examine the overall feasibility of using CO2 for

this purpose. The conclusions from the three cohort studies are discussed below.

6.1 Pulmonary Hypertension Cohort

In chapter 3, the pulmonary hypertension cohort study was designed with the goal of

bringing a practical, non-invasive, and accurate technique for the estimation of cardiac

output and Sv̄O2 in the non-ventilated patient population. The rebreathing method used

to facilitate the wash-in of the tracer gases, CH4 and C2H2, improved upon the practicality

of open-circuit configurations used in previous studies. Here, the anaesthetic reservoir bag

used for rebreathing could be pre-filled, negating the need for the MFS to be connected to

gas supply lines. The protocol length, less than five minutes, also reduces the barrier to

uptake of this method in clinical and research settings.

Due to the multiple points of novelty with this experimental configuration, a new mod-

elling approach was developed. The effects of different termination sensitivities within the

nonlinear optimisation algorithm were examined. It was determined that the granularity

offered by progressively more sensitive tolerances was beyond the level of physiological

significance required. As part of this wider analysis, each participant’s dataset was run 36

times (12 times for each of the three termination sensitivity sets) to obtain a coefficient of

variation for the sum of the squared residual and cardiac output (Q̇ CV). A cutoff value

of 5% was implemented for the Q̇ CV, where datasets above this value flagged as being

unreliable. As a quality control indicator, this process has now been taken forward to

other CCP studies, including the ones presented in this thesis.

The CCP estimates of cardiac output for participants where the Q̇ CV was less than 5%,

i.e. non-flagged participants, were comparable, and potentially slightly superior, to the

corresponding thermodilution measurements when compared with the reference direct Fick

measurements. While the caveat of this statement referring to non-flagged participants

should not be ignored, the promise of this rebreathing technique using exogenous tracer
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gases is clear. The Sv̄O2 estimates compared less well with the direct Fick measurements

and highlighted a limitation of the study, which was that pulse oximetry was used to

estimate the arterial content of O2.

The presence of a percentage of alveolar dead space in healthy individuals was discussed

as a possibility, based on findings from Sandhu et al.(94) The effect of adding this dead

space to the model lung was examined, with the overall result showing an increase in

CCP-estimated cardiac output, and therefore comparing more favourably to the direct

Fick measurements than the fits without dead space added.

The results of the pulmonary hypertension study represent a significant advancement in

the application of CCP to estimate cardiac output and Sv̄O2. As stated above, the number

of flagged participants cannot be ignored, and work is required from a protocol setup and

modelling standpoint to reduce and eliminate datasets with high Q̇ CVs. Despite this, the

fact that unreliable datasets are identified early through this mechanism allows for results

with a low Q̇ CV to be used with greater confidence.

6.2 Healthy Volunteer Cohort

In chapter 4, the healthy volunteer study was conceived in equal parts to test the rebreath-

ing circuit configuration (subsequently carried forward to the pulmonary hypertension

study) and to compare cardiac output and Sv̄O2 estimates from exogenous and endoge-

nous (CO2) tracer gas-based methods. The motivation for using CO2 as a tracer gas

was to increase the potential uptake of the method in settings where it would be diffi-

cult or impossible to use exogenous tracer gases, such as in mechanically ventilated patients.

This study was limited by the lack of a reference measurement for both cardiac out-

put and Sv̄O2. As a result, comparisons between the four different protocols, the exogenous

rebreathing and open-circuit and two CO2 rebreathing protocols, were required. This

included the use of correlations and Bland-Altman plots to examine the relative bias of
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each protocol. An adapted estimation of the intraclass correlation coefficient (ICC) was

then used to examine the relative precision between the protocols. While the relatively

small sample size of the cohort made definitive conclusions difficult to make, the differences

in parameter estimates between the two CO2 protocols as well as high Q̇ CV values

only appearing for CO2 and not exogenous tracer gas datasets, suggest that there are

inherent difficulties with using CO2 as a tracer gas. Another finding of note was that the

rebreathing exogenous tracer gas protocol yielded the highest cardiac output estimates.

Given the findings of the pulmonary hypertension cohort, where this nearly identical

protocol underestimated the direct Fick measurements, it is likely that the CO2 protocols

(and open-circuit exogenous protocol) in the healthy volunteer study were underestimating

the true cardiac output to a greater degree.

6.3 Cardiac Surgery Cohort

Chapter 5 presented the results from the cardiac surgery cohort. In contrast to patients in

the pulmonary hypertension cohort—where pulmonary artery catheterisation is required

not only for mixed venous O2 sampling and cardiac output monitoring but also for mea-

suring pulmonary artery pressures (and therefore cannot be replaced)—a larger proportion

of cardiac surgery patients could benefit from a non-invasive alternative to the pulmonary

artery catheter (PAC)-based approach. Currently, cardiac output monitoring is routinely

avoided, or minimally invasive options, such as pulse contour analysis, which lack accuracy,

are used due to the risks associated with PAC insertion. The utility of a non-invasive and

mass-balanced approach, as CCP is, is therefore clear.

This study was limited by two major factors. Firstly, the reluctance to insert PACs

due to safety concerns meant that the sample size was much smaller than anticipated.

Secondly, the technical issues with the MFS when connected to mechanically ventilated

participants affected the measured data and subsequent modelling, even with a post-hoc

correction to flow during the data processing stage. Due to the latter factor, the CCP

estimates of cardiac output and Sv̄O2 compared poorly with the invasive reference measure-
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ments. Despite this, when considering only the small number of non-flagged participants,

where the uncorrected N2 balance was good, the comparisons were far more favourable.

This indicates a certain degree of promise that the technique developed in this study is

viable, once the technical issues are rectified (or improved upon significantly).

Since all participants in this study had arterial blood gas samples taken during MFS data

collection, it was possible to directly estimate the alveolar dead space fraction, rather

than relying on the literature value used in the pulmonary hypertension and healthy

volunteer cohorts. In the healthy volunteer cohort study, cardiac output was found to be

significantly higher following the addition of alveolar dead space to the model lung for the

CO2 datasets compared with the exogenous tracer gas datasets. Therefore, for the cardiac

surgery participants, it was anticipated that the modelled cardiac outputs, calculated with

the additional dead space included, would also be higher than those obtained without

incorporating dead space, as a CO2-based method was also used here to estimate cardiac

output. This was not entirely the case, however, with some cardiac output values being

lower following the addition of dead space. It is currently unclear whether this finding is

confounded by the technical issues with the data collection or whether the expectation

that the addition of alveolar dead space to the model should increase the cardiac output

is based on incorrect assumptions.

6.4 Future Work

The three studies discussed in this thesis provide several avenues for the improvement of

CCP techniques and informing future studies. For all three studies, only single measure-

ments of cardiac output and Sv̄O2 were taken (one per different protocol for the healthy

volunteer study). It is entirely possible, however, to estimate these parameters on a more

frequent basis to guide acute therapy. Postoperative cardiac surgery patients would be an

example of this, where the CCP technique used in chapter 5 of hyper-/hypoventilating the

patient to effect a CO2 change could be conducted as often as every 30 minutes (based on

the model run time), with steady states in between.
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While in certain clinical situations, cardiac output and Sv̄O2 measures more frequent

than what CCP can offer may be required, the true value of these CCP estimates may lie

in longer-term clinical and research applications. The current invasive nature of accurate

measurements of cardiac output and Sv̄O2 limits the use of these parameters in population-

based studies. However, certain published studies indicate the benefit of exploring this area.

Bown et al. demonstrated that a reduction in cardiac output, measured at baseline, 18

months, 3 and 5 years, may be associated with cognitive decline in multiple domains.(123)

Additionally, single measurements of cardiac output and Sv̄O2 in patients admitted to

hospital may be useful in predicting long-term morbidity and mortality. Hamdan et al.

and Hsieh et al. showed higher rates of mortality and morbidity associated with a lower

cardiac output-dependent measure (cardiac index and cardiac power output, respectively)

in patients with heart failure.(124; 125) Similarly, for Sv̄O2, with measurements taken upon

admission to the intensive care unit (ICU), Holm et al. and Kaakinen et al. both showed

worse short- and long-term outcomes for patients with Sv̄O2 values less than 60%.(126; 127)

As discussed earlier in this chapter, certain weaknesses of the pulmonary hypertension

cohort study must be addressed for the protocol to be taken forward for further clinical

and research applications. Namely, these weaknesses were the number of participants

for which the Q̇ CV was greater than the cutoff value of 5% and the bias towards the

CCP values of cardiac output underestimating the direct Fick values. For the former, the

work should be focused around trialling new protocols with an input stimulus with more

power than from the current method. This may include measures such as extending the

period of rebreathing, or including an O2 washout period, to more accurately estimate

the lung inhomogeneity and volume parameters. For the latter, the work in this thesis

explored increasing the modelled dead space to address the underestimation of cardiac

output. This did not entirely correct the phenomenon, however. As CCP is rooted in mass

balance, the presence of residual bias suggests that there are flaws in the modelling. Two

future pieces of work to address this should be considered. Firstly, the exchange of C2H2
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with the airways during tidal breathing should be explored. Specifically, the question to

be answered is whether a fraction of C2H2 is absorbed by the airways during inspiration

and released back during expiration, and is therefore not available for uptake into the

systemic circulation, as currently modelled. Secondly, further validatory work concerning

the recirculation within the circulatory and body gas stores (CBGS) sub-model should

be conducted. In particular, the blood volumes for the central compartments and the

recirculation times for C2H2 should be reevaluated.

For the healthy volunteer cohort, multiple participants were flagged for having a high Q̇

CV when undertaking the CO2 rebreathing protocol. No participants were flagged for

this reason in either of the exogenous tracer gas protocols. As such, the future work,

similar to the pulmonary hypertension cohort protocol, should centre around finding a

protocol which provides more power in the input signal. This would then help inform

further protocol designs for ventilated subjects, where CO2 is used as a tracer gas.

With reference to future studies involving mechanically ventilated participants, the two

factors which severely limited the cardiac surgery cohort study must be addressed. The

issues surrounding N2 balance may be addressed in the first instance by installing a newly

acquired third version of differential pressure sensors, which address the stability issues

encountered with the first set and the slow response time with the second set. Another

factor to address, which is more complex to address, relates to altering the geometry

of the flow path within the MFS head. Here, the challenge is to develop a method for

sampling pressure radially as well as circumferentially across the measurement mesh. A

potential issue with circumferential sampling in mechanically ventilated subjects is that

the rapid transience between inspiration and expiration may create patterns of flow which

differ between the centre and peripheries of the flow path, thereby causing inaccuracies

in data measurement. Once the flow sensing has been fixed so that low values for N2

exchange are consistently obtained in mechanically ventilated subjects, a preliminary study

in participants without PACs should be conducted to examine whether Q̇ CVs below the
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5% cutoff can reliably be achieved.

The second factor which affected the cardiac surgery cohort study was the small sample

size, due to the difficulty in recruiting participants with PACs. For future research studies

where the aim is to validate the presented CCP technique, a centre (potentially overseas)

where PAC use is more frequent should be used. However, this should only be attempted

once the aforementioned technical issues are rectified.

Conclusion

The results of three studies, examining the use of computed cardiopulmonography for

the non-invasive estimation of cardiac output and Sv̄O2 have been discussed. While each

study presented challenges and limitations to overcome, these results represent meaningful

advances in our understanding of CCP. This includes definitive points of improvement,

which can clearly and tangibly be addressed in future studies.
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7 Appendix: Contributions

The studies presented in this thesis included healthy volunteers and patients, where

contributions from multiple individuals were required for the design and safe execution

of the experimental protocols conducted. Listed below are the acknowledgements of the

contributions made by these individuals for each study. In addition to this list, the design

of the studies and analysis and interpretation of the data reported within this thesis was

undertaken entirely by the author under the supervision of Professor Peter Robbins.

Pulmonary hypertension cohort study

Dr Nick Talbot: Chief investigator; assistance in securing ethical approval.

Dr Dominic Sandhu: Development and improvement to computational model; assis-

tance in securing institutional ethical approval.

Dr Graham Richmond: Technical assistance with molecular flow sensor.

Dr Francesco Lo Giudice: Assistance recruiting participants; clinical proceduralist during

experimental protocols.

Professor Luke Howard: Assistance recruiting participants; clinical proceduralist dur-

ing experimental protocols; assistance in securing institutional ethical approval.

Healthy volunteer cohort study

Dr Nick Talbot: Chief investigator; assistance in securing ethical approval; conception and

design of study.

Dr Dominic Sandhu: Development and improvement to computational model.
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Ms Hazel Bott: Assistance in recruiting participants, assistance with dataset processing.

Dr Graham Richmond: Technical assistance with experimental protocol and molecu-

lar flow sensor.

Dr Nicholas Smith: Technical assistance with experimental protocol and molecular flow

sensor; conception and design of open-circuit exogenous gas protocol.

Cardiac surgery cohort study

Dr Andrew Johnson: Trust-based chief investigator; assistance in securing ethical approval;

assistance recruiting participants; support during experiments.

Dr Dominic Sandhu: Development and improvement to computational model.

Dr Graham Richmond: Assistance in N2 balance issue investigation; design and de-

velopment of flow correction program, assistance with experimental protocol.

Dr Nicholas Smith: assistance with experimental protocol.

Dr John Couper: Design and development of physical support structures for molecu-

lar flow sensor.
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