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And the end of all our exploring
Will be to arrive where we started
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ABSTRACT: BEDSIDE MEASUREMENTS OF OXYGEN CONSUMPTION AND
END-EXPIRATORY LUNG VOLUME IN MECHANICALLY VENTILATED PATIENTS

Jessica Luiz Segel, Green Templeton College DPhil Thesis, Michaelmas Term 2025

Critical care medicine relies heavily on physiological monitoring, however, several
fundamental variables remain difficult to measure at the bedside. This thesis focuses on
two of these variables: oxygen consumption (Vo2) and end-expiratory lung volume
(EELV). Both are central to understanding metabolic and respiratory function, but their
reliable quantification in mechanically ventilated patients has historically been challenging.
The overarching aim of this work was to determine whether Vo2 and EELV can be
measured with sufficient accuracy to provide clinically meaningful information in the
intensive care setting.

Chapters 1 and 2 provide the physiological background to Vo2 and EELV, outlining their
importance and the challenges associated with their measurement in critical care.

Chapter 3 introduces Computed Cardiopulmonography (CCP), a technique composed of
in-airway highly-precise and time-resolved measurements of respired gas composition and
flow (Molecular Flow Sensor; MFS) along with robust cardiopulmonary modelling.

The first experimental strand (Chapters 4 and 5) investigated Vo2 measurement using the
MFS. In healthy volunteers, the MFS showed strong agreement with the Douglas bag
method, and in mechanically ventilated patients it provided precise Vo2 assessments over
a prolonged measurement window. A novel quality control approach based on nitrogen
balance was developed to construct confidence intervals around each individual Vo2
measurement. Vo2 trends were captured in tandem with fluctuations in body temperature,
muscle activity, and haemodynamic status, supporting the feasibility of its real-time
monitoring in critical care.

The second experimental strand (Chapters 6 and 7) examined the estimation of EELV using
CCP. In healthy volunteers, CCP-derived volumes agreed with body plethysmography.
EELV values obtained by CCP under partial and full multi-breath nitrogen washout
stimulus were compared and proven to provide equivalent results. In mechanically
ventilated patients, CCP delivered reproducible EELV estimates. An application of such
estimates was conducted to assess the changes in absolute volume induced by lung
recruitment manoeuvres: the total lung volume change was highly variable and did not
correlate with existing predictors of lung recruitability.

Chapter 8 summarises the main conclusions of the thesis. Together, these studies
demonstrate that Vo2 and EELV can be made measurable at the bedside with sufficient
accuracy to inform clinical care and potentially aid in decision-making.
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REE Resting Energy Expenditure
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Chapter 1. Introduction to oxygen

consumption in critical illness

Oxygen is fundamental for cellular respiration and metabolism — processes essential for
sustaining life. In small organisms, oxygen diffuses directly from the environment into
cells; however, in larger organisms, diffusion alone is insufficient due to the greater
distances between cells and the external environment. To overcome this limitation, a
specialised cardiopulmonary system evolved to ensure efficient oxygen delivery (Do)
throughout the body. This process, known as the oxygen cascade, involves the sequential
transfer of oxygen from the atmosphere to the alveoli, through the circulation, and finally

to the mitochondria, the ultimate site of oxygen consumption (Voz).

In critically ill patients, disruption at any stage of this cascade can lead to inadequate
oxygenation, resulting in hypoxia, shock, organ dysfunction, and eventually death if not
rapidly corrected. Maintaining sufficient oxygenation is, therefore, a paramount concern in
the management of this group. Historically, various strategies have been developed to

monitor and manipulate Doz and Voz. Early approaches focused on achieving supranormal
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delivery targets in an attempt to improve outcomes. Subsequently, more conservative
strategies were introduced, utilising surrogates such as central venous oxygen saturation
(ScvO2) to assess the adequacy of Doz in response to therapeutic interventions. However,
despite its physiological significance, a convenient and reliable method for the direct
measurement of Vo2 has remained elusive, even though it might provide crucial insights

into metabolic demand and oxygenation status.

This section introduces the fundamental principles of oxygen metabolism, defines and
classifies hypoxia, and reviews historical and contemporary approaches to monitoring and
managing shock, with a focus on how Doz, ScvO2, blood lactate, and Voo relate to patient

outcomes in the critical care setting.

1.1. The oxygen cascade

The oxygen cascade begins when dry atmospheric air is inspired and is subsequently
warmed and humidified in the upper airways. This process reduces the inspired oxygen
partial pressure at sea level from about 21.2 kPa to roughly 19.9 kPa, in accordance with
Dalton’s law of partial pressures. As the convective airflow reaches the alveoli, it mixes
with carbon dioxide produced by ongoing gas exchange, further diluting the alveolar
oxygen pressure to approximately 13.3 kPa. This alveolar oxygen tension reflects the
balance between ventilation, Vo2, and pulmonary blood flow; any disruption in these

factors can compromise gas exchange.

Atthe alveolar level, oxygen diffuses passively across the alveolar-capillary membrane into
the pulmonary capillaries, driven by the partial pressure gradient between the alveolar gas

and the blood. Although complete equilibrium would halt diffusion, physiological
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right-to-left shunts — such as those in the bronchial circulation and via Thebesian veins — as
well as regional ventilation-perfusion mismatches, prevent perfect equilibrium, resulting in
a residual gradient of about 2 kPa between alveolar and arterial oxygen pressures'.
Variations in ventilation-perfusion matching, whether due to changes in shunt fraction or
increases in alveolar dead space, can significantly alter this gradient and thereby affect

overall gas exchange efficiency?.

Once in the circulation, only approximately 1% of oxygen is physically dissolved in
plasma, while the remaining 99% is transported bound to haemoglobin. Haemoglobin’s
capacity to carry oxygen, its binding affinity, and its ability to release oxygen to tissues are
influenced by factors such as the arterial partial pressure of carbon dioxide (PaCO2), pH,
and levels of 2,3-diphosphoglycerate (2,3-DPG). In metabolically active tissues, elevated
PaCO: and reduced pH trigger the Bohr effect, shifting the oxygen-haemoglobin
dissociation curve to the right and promoting oxygen unloading. Oxygen then diffuses from
the capillaries into tissues and is ultimately utilised in the mitochondria for adenosine
triphosphate (ATP) production through the citric acid cycle and oxidative phosphorylation.
Within the mitochondria, where oxygen partial pressures range from 0.5 to 3 kPa, the
oxygen cascade culminates. Should oxygen levels fall below a critical threshold — known
as the Pasteur Point (approximately 0.15 to 0.3 kPa) — cells switch to anaerobic metabolism,

leading to a substantially lower energy yield and lactate accumulation.

The efficient flow of oxygen down the cascade is vital to meet metabolic demands
(Figure 1). In critically ill patients, simultaneous impairments at multiple stages of the

cascade may occur, potentially leading to organ dysfunction and, if uncorrected, death’.
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Figure 1. The oxygen cascade.

Transport of O is demonstrated from inspired atmospheric air to the mitochondria, where it is
consumed. The values are considered for a standard healthy individual, weighing 75 kg, breathing
air at 0.21 FiO; and sea level atmospheric pressure (Ps 101 kPa). Q = cardiac output; CaO,= oxygen
arterial content; Do, = oxygen delivery; Mit = mitochondria; CvO; = oxygen mixed venous content;
Sv0, = mixed venous oxygen saturation; Vo, = oxygen consumption; Vco, = carbon dioxide

production; V/Q = ventilation/perfusion; OE = oxygen extraction.

1.2. Hypoxia

Hypoxia occurs when tissue oxygen levels fall below normal®. It can be classified into two
main categories: impaired Doz, which includes hypoxaemic, stagnant, and anaemic

hypoxia, and impaired Vo, as seen in histotoxic hypoxia* >.
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1.2.1. Impaired Do2
Doz is the total amount of oxygen supplied to the body per minute, calculated as the product

of cardiac output (Q; in L.min™") and arterial oxygen content (CaOz; in mL of Oz per dL of

blood):

where Hb is haemoglobin concentration (g.dL!), SaO: arterial oxygen saturation, and PaO2

arterial oxygen tension (mmHg).

When oxygen demand increases, physiological compensations enhance cardiac output to
maintain adequate tissue oxygenation. However, any impairment in cardiac function
(e.g., myocardial infarction, heart failure, arrhythmia) or systemic circulation

(e.g., hypovolaemia, cardiac outflow obstruction) reduces Doz, leading to stagnant hypoxia.

The oxygen content of arterial blood is primarily determined by haemoglobin-bound
oxygen, as only a small fraction of oxygen is dissolved in plasma. The amount of oxygen
carried depends on haemoglobin concentration and arterial oxygen saturation — the
proportion of haemoglobin binding sites occupied by oxygen. For a given cardiac output, a

reduction in haemoglobin levels significantly decreases Doz, leading to anaemic hypoxia?.

The dissolved oxygen fraction, though small, is crucial in determining arterial oxygen
tension. PaO: is influenced by multiple steps of the oxygen cascade, including: (i) fraction
of inspired oxygen (FiO2) and barometric pressure (Ps), which together determine alveolar
partial pressure of oxygen (PAO2); (i1) oxygen diffusion efficiency across the alveolar-
capillary membrane, dependent on surface area and thickness; (iii) ventilation-perfusion

matching, which promotes optimal gas exchange between alveoli and blood. A failure in
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any of these processes impairs arterial oxygenation, lowering PaO2 and SaO2, with

progression to hypoxaemic hypoxia®.

1.2.2. Impaired Vo2

Voz refers to the amount of oxygen utilised by the body per minute, reflecting metabolic
demand. Even if oxygen is adequately delivered, cellular dysfunction can impair oxygen
use. This occurs when mitochondrial activity is disrupted, often due to toxins or
inflammatory mediators that inhibit the electron transport chain. Conditions such as cyanide
poisoning, hydrogen sulphide poisoning, and septic shock interfere with oxygen-dependent
ATP production, rendering cells incapable of utilising the available oxygen®. This state is

known as histotoxic hypoxia.

1.3. Shock

1.3.1. Definition

Shock is a state of acute circulatory failure in which tissue perfusion and oxygenation are
compromised, leading to impaired cellular oxygen utilisation” &, This definition makes
clear that the ultimate indicator of adequate tissue oxygenation is the cell’s ability to utilise
oxygen efficiently. Cellular oxygen utilisation can be impaired through two primary
mechanisms. The first involves a direct insult to the mitochondria, often triggered by toxins
and inflammatory mediators, which disrupts the electron transport chain and reduces
oxidative phosphorylation. The second mechanism results from an inadequate oxygen
supply, leading to decreased ATP production. As ATP levels fall, ATP-dependent ion
pumps such as the sodium-potassium ATPase and calcium ATPase become dysfunctional,

causing ionic imbalances that result in cellular oedema, structural damage, and further
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mitochondrial impairment. This vicious cycle of energy depletion and ionic dysregulation
culminates in cellular injury and death. For this reason, patients with shock are continuously

monitored within dedicated intensive care units (ICUs).

1.3.2. Doz-Vo2 relationship

In a healthy, resting individual, only approximately 25% of the oxygen available in
systemic arterial blood is extracted and consumed (i.e., normal global oxygen extraction
ratio ranging between 20% and 30% at rest), with the remainder returning to the lungs as
mixed venous blood?. Under normal conditions, when Doz decreases, the body compensates
by increasing the oxygen extraction ratio, maintaining Vo2 in a supply-independent manner.
However, once Doz falls below a critical threshold, the compensatory mechanisms fail, and
Vo2 begins to decline proportionally with Doz (Figure 2)*!!. The critical Doz point marks
the tipping point at which shock ensues!?. This transition signals the onset of supply-
dependent oxygenation, where Do2 fails to meet metabolic demands. Consequently, there
is a forced cellular shift to anaerobic metabolism with significantly reduced energy yield
and lactate accumulation, further exacerbating the metabolic crisis in critically ill patients,
and precipitating dysoxia’ — a state in which cellular oxygen utilisation is impaired despite

the presence of oxygen.

1.3.3. Types of shock

Shock can be classified into four types according to the main circulation component
affected'®. Hypovolaemic shock results from significant fluid or blood loss leading to
reduced circulatory volume. Cardiogenic shock is caused by cardiac dysfunction resulting
in inadequate cardiac output. Obstructive shock occurs due to obstruction of blood flow
from conditions such as pulmonary embolism or cardiac tamponade, directly affecting

afterload. Finally, distributive shock, a disturbance of vascular tone, is characterised by
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inappropriate vasodilation leading to altered blood flow distribution and impaired perfusion
— e.g. septic, anaphylactic, and neurogenic shock. In reality, several components of the
circulation may be simultaneously affected in a given critically ill patient, with overlapping

features across different shock types and commonly shared treatments.

Critical Dy,
Supply independent

Oxygen consumption

v

Oxygen delivery

Figure 2. The Do>-Vo; relationship*.

In a physiologic compensation to decreased Doz, oxygen extraction increases, maintaining
consumption at constant level — supply independent portion of the curve. Below a critical delivery
point, further reduction in supply cannot be fully compensated, resulting in proportional decline

in consumption — supply dependent portion of the curve. *Except for the kidneys.

1.3.4. Monitoring strategies in shock

The specific treatment of shock depends upon its underlying cause. For instance, septic
shock requires treatment of the underlying infection, whereas obstructive shock
necessitates relief of the obstruction. Broadly speaking, common treatment principles for

all shock types include restoring cardiac output — either by fluid resuscitation, enhancing
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cardiac contractility, or both — and optimising vascular tone. Although specific
recommendations regarding the type and amount of fluids and drugs have evolved over
time, the fundamental goal remains consistent: to reverse acute circulatory failure and

7.8,13 Effective monitoring strategies are

restore tissue perfusion by balancing Doz with Vo2
essential for clinicians to evaluate treatment effectiveness. The most valuable monitoring
methods are those capable of reflecting the adequacy of cellular Vo2. Recently, clinical
practice has trended away from highly invasive monitoring strategies and strict

physiological targets. Historical and contemporary examples of such monitoring

approaches are described in the following sections.

1.3.4.1. Oxygen delivery

Historically, Do2 was monitored invasively via pulmonary artery catheters in patients with
shock. Efforts to enhance Doz were, in reality, attempts to improve tissue Voz. Early studies
employed fluid resuscitation, blood transfusions, and vasoactive drugs to boost Doz, and
initial observations suggested that only patients with high lactate — presumed to be in the
supply-dependent range of the Do2-Voz relationship — experienced significant increases in

\'/0214-16

Shoemaker et al. reported improved outcomes in high-risk surgical patients when
supranormal Do targets were achieved, sparking interest in maximising Doz though the
adoption of such targets!”"!°. However, subsequent trials in heterogeneous critical care
populations failed to demonstrate a survival benefit to support this practice? 2!, Indeed,
Hayes et al. showed that, provided that patients were adequately fluid-resuscitated and
maintained good perfusion pressure, attaining supranormal Doz targets did not alter Vo2 and

was, in fact, associated with increased in-hospital mortality?!.
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These findings demonstrate that the assumption that Doz is a reasonable surrogate for Vo2
is flawed. In patients with already adequate Doz, further increases do not enhance Voz, as
the tissues are already extracting the maximum oxygen possible. In cases of histotoxic
hypoxia, where cellular oxygen utilisation is impaired due to mitochondrial dysfunction,
boosting Do> fails to completely rectify the underlying metabolic deficits??>. Additionally,
the invasive nature of Do measurements, relying on pulmonary artery catheters, is
associated with increased morbidity with no demonstrable survival benefit?*-2°. As a result,
Doz measurements have largely given way to the surrogate markers of Do2-Voz relationship

adequacy, such as ScvO:2 and blood lactate concentration.

1.3.4.2. Central venous oxygen saturation
ScvO2 represents the percentage oxygenation of haemoglobin in central venous blood —
sampled from the superior vena cava or right atrium — that remains saturated with oxygen

after tissue oxygen extraction, serving as an index of the balance between Doz and Voo.

Early studies in septic shock, notably the Early Goal Directed Therapy trial by Rivers et al.
— which enrolled patients with very low ScvO2 — suggested that raising ScvO2 above 70%
could substantially reduce mortality?. The therapeutic bundle employed to achieve this
target involved optimising preload (fluid resuscitation), afterload (maintaining mean
arterial pressure with vasopressors), and cardiac contractility (using inotropes) to ensure
adequate end-organ perfusion?s. However, subsequent multicentre trials, such as ProCESS,
ProMISe, and ARISE?"?— which enrolled patients with higher baseline ScvO: values —
failed to demonstrate the same benefits. These trials used more flexible treatment protocols
that avoided unnecessary fluid or drug administration and yet achieved similar outcomes to

those adopting a strict ScvO2 target3”.

10
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The use of ScvO:2 as a therapeutic target has important limitations. As a central venous
measure, it does not account for myocardial oxygen extraction and may overestimate
systemic oxygenation®'. It also fails to detect regional hypoperfusion, such as that which
occurs from microvascular shunting” or impaired cellular oxygen utilisation due to
mitochondrial dysfunction. A patient with normal or high ScvO2 may still have impaired
Doz or Voz at tissue level — a situation where solely relying on ScvO2 to assess oxygenation
adequacy could be misleading. Consequently, routine insertion of a central venous catheter
(CVC) solely for ScvO2 monitoring is no longer recommended’. In patients who already
have a CVC, ScvO2 monitoring is primarily useful when low values occur alongside

hyperlactatemia, indicating compromised Doz’.

1.3.4.3. Lactate

Lactate is primarily produced by cells during anaerobic respiration in response to
inadequate Do2. In shock, reduced tissue perfusion and oxygen supply stimulate increased
lactate production, resulting in hyperlactataemia. Even mild -elevations (above
1.5 mmol.L!) are associated with increased mortality, especially in septic shock?®?,

highlighting the importance of lactate as an early marker of impaired oxygen utilisation.

In clinical practice, lactate is valuable both for monitoring shock progression and guiding
resuscitation strategies. Its predictive value for patient outcomes often surpasses that of
traditional parameters, such as blood pressure3?. A rapid decrease in lactate following initial
resuscitation efforts signals improved tissue oxygenation and correlates with reduced

mortality>*,

However, lactate levels must be interpreted cautiously, as they can rise due to mechanisms

other than tissue hypoxia — such as impaired clearance in liver dysfunction or increased

11
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aerobic glycolysis during stress responses — limiting lactate’s specificity as an isolated tool.
Therefore, lactate measurements are most informative when integrated into a
comprehensive clinical assessment, alongside other physiological markers of oxygen

delivery and utilisation’.

1.3.4.4. Oxygen consumption

Vo2 serves as an index of metabolic rate and is influenced by the oxygen demands of
individual tissues and organs?. Early research has demonstrated that reduced Vo correlates
with increased mortality among critically ill patients>?. In septic shock specifically, Vo2 has

an inverse relationship with arterial blood lactate levels®.

Impaired cellular Voz is recognised as the fundamental pathophysiological consequence of
shock’ ® 13, The primary factor limiting Vo2 may differ according to the type of shock,
whether due to inadequate Doz, cellular dysfunction, or a combination of both. Regardless
of the underlying cause, the ultimate result is invariably inadequate cellular oxygen

utilisation.

Therefore, an ability accurately to measure Voz in critically ill patients in a straightforward
way would be highly desirable. Theoretically, once maximum Voq is achieved through
resuscitation, additional interventions aimed at further increasing Doz would not confer
further benefit. However, reliably measuring Vo2 in this patient population remains

extremely challenging.

1.4. Clinical value of Vo2 measurements

Measurement of Voz in critical care provides valuable insights into a patient's metabolic

state, potentially informing clinical decision-making and therapeutic interventions.

12
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The assessment of Vo2 and Vco: enables clinicians to determine Resting Energy
Expenditure (REE), reflecting a patient’s basal metabolic rate. Accurate REE estimation
supports personalised nutritional support, which may help optimising recovery and clinical
outcomes in the critically ill*’. Additionally, measuring these respiratory gases enables
calculation of the Respiratory Quotient (RQ) — the ratio of Vcoz to Vo2 — offering insight
into predominant metabolic substrates: carbohydrates (RQ ~ 1.0), proteins (~ 0.8), or lipids

(~0.7).

In critically ill patients, Vo2 can vary significantly, reflecting changes in metabolic demand
driven by clinical conditions (e.g., sepsis, trauma, surgery), physiological stress responses
(e.g., fever, shivering), or medical interventions (e.g., sedation, analgesia). Such variations
carry important prognostic and therapeutic implications. Monitoring Vo2 might help
clinicians detect inadequate tissue perfusion before conventional clinical signs become
apparent, assess the effectiveness of treatments aimed at enhancing Doz (e.g., fluid therapy,
inotropes, blood transfusion), and evaluate interventions intended to reduce metabolic

demands.

Moreover, direct measurement of Vo2 may offer greater specificity when compared with
surrogate markers such as blood lactate or ScvOz. It might allow clinicians to tailor
therapies to individual metabolic profiles, enhancing personalised care and potentially

improving outcomes.

The following sections review both historical and current techniques for measuring Vo2 in
mechanically ventilated patients in addition to discussing the technical and practical
limitations associated with these methods. Direct respiratory gas-exchange methods as well

as indirect approaches based on the reverse Fick principle are examined.

13
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1.5. Measurements of Vo: in mechanically ventilated

patients

1.5.1. Brief historical timeline of Vo, measurements

The earliest documented measurement of Vo2 in humans dates back to 1790 and is credited
to Antoine Lavoisier. His recognition of respiration as a slow combustion — where oxygen
facilitates the production of carbon dioxide, heat, and water — established foundational
concepts for contemporary gas exchange understanding and indirect calorimetry, a
technique that estimates energy expenditure from Vo2 and Vco2 measurements rather than

direct heat quantification3? 3.

Early measurements of human Voo relied primarily on closed-circuit respirometry, a
method in which individuals rebreathed air from a sealed container, resulting in gradual
oxygen depletion and limited experiment duration. Opening the circuit would lead to
variable inspired volumes and complicate the calculation of Vo2*. A critical breakthrough
occurred in 1912 with Haldane's introduction of a mathematical approach — the Haldane
transformation — which permitted accurate estimation of inspired gas volumes from
measured expired volumes, assuming nitrogen remained inert during respiration*’. This
innovation allowed closed respirometers to evolve into open-circuit systems, greatly

enhancing practicality and the length of measurement acquisition.

Simultaneously, Oxford physiologist Claude Douglas developed the Douglas bag (DB)
technique, a pioneering open-circuit method that involved collecting mixed expired gases
in a bag for subsequent chemical analysis*'. By employing the Haldane transformation,

researchers could estimate inspired volumes and thus determine Vo2. This approach became

14
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the gold standard in respiratory physiology, enabling validation of subsequent
technological developments — including more recent indirect calorimeters, which quantify

metabolism through indirect heat estimation based on Vo2 and Vo2,

During the twentieth century, measurement methods advanced significantly: pulmonary
artery catheters allowed Vo2 estimation using Fick’s principle and modern indirect

calorimeters*- 46

, equipped with rapid gas analysers and pneumotachographs, enabled faster
and clinically applicable Vo measurements. Despite these advancements, accurately

quantifying Voz in critically ill, mechanically ventilated patients remains methodologically

challenging.

1.5.2. Direct measurement of Vo2

Vo2 can be directly measured from respiratory gas exchange by subtracting expired from

inspired oxygen volumes:

Voo = (FiO; x MV™SP) — (FeO, x MV ¢*P)

where FiO2 and FeO: are inspired and expired fractions of oxygen; and MVi™P and MVe*P

are the inspired and expired minute-volumes, respectively, in mL.min!.

Accurate measurement of Vo> depends on dynamic assessment of respiratory gas
composition and flow rates. Direct respiratory Vo2 measurement methods include the DB,
mixing chamber, and breath-by-breath analysis (Figure 3). As these techniques measure

both Vo2 and Vcoz, they will collectively be referred to as indirect calorimeters.

15
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1.5.2.1. Gas composition assessment

Respired gases (oxygen, Oz; and carbon dioxide, COz2) are typically analysed using rapid-
response analysers as their response time — the time required for changes in gas composition
to be accounted for — is shorter. Commonly employed technologies for O2 measurement
include paramagnetic analysers (detecting O2 concentration via changes in a magnetic
field), fuel cell analysers (generating current proportional to O2 concentration via chemical
reactions), and mass spectrometry (ionising gases and distinguishing them by
mass-to-charge ratio). COz is usually measured via broadband infrared spectroscopy,

detecting infrared absorption proportional to gas concentration.

In mechanically ventilated patients, a small gas sample can be withdrawn from the
ventilator circuit for sidestream gas analysis. The sampling location depends on the

measurement method used (DB, mixing chamber, or breath-by-breath).

1.5.2.2. Flow assessment

Respiratory flow measurements can be obtained using flow meters (usually
pneumotachographs), volume meters, or calculated indirectly via the Haldane
transformation. Pneumotachographs measure flow by detecting pressure differences across
a fixed resistance and can be unidirectional (expiratory flow only) or bidirectional (both

inspiratory and expiratory flows).

When inspiratory flow is not directly measured, the Haldane transformation is employed.
This method relies on the assumption that nitrogen (N2) remains inert during respiration,
such that the amount of N2 entering the lungs equals the amount leaving them. Based on

this equivalence, inspired flow can be estimated from measured expired flow:

16
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FiNy X MV™SP = FeN, x MV —  MVnsP = 2222 5 My e

iN,

where FiN2 and FeN: are the inspired and expired fractions of nitrogen. Nitrogen fractions
are obtained indirectly by subtracting measured Oz and COz2 fractions from the total gas
mixture (disregarding other inert gases, such as argon). The Haldane transformation helps
minimise discrepancies and integration errors between inspired and expired flows, since

the former is estimated from the latter.

1.5.2.3. Douglas bag

The Douglas bag technique consists of collecting mixed expired gases over a defined period
into a flexible rubbery bag connected to the mechanical ventilator’s exhaust port*. Gas
composition is determined by running a sample of gas syringed out of the bag into a gas
analyser. Gas volume is subsequently analysed using a volume meter. Inspired flow is

determined via the Haldane transformation, as inspired gas fractions are known.

1.5.2.4. Mixing chamber

The mixing chamber method involves expired gas flowing through a chamber for
homogenisation prior to undertaking gas composition assessment and flow measurements.
Mixed expired samples are drawn from the chamber’s outlet for gas analysis. Expired flow
is also measured at the chamber's outlet by an interposed flow sensor, with inspired flow
estimated via using the Haldane transformation. Here, inspired gas is sampled from the
inspiratory limb of the ventilator circuit to determine FiO2. Some mixing chamber devices
(e.g., Deltatrac II) employed an additional air dilution step at a known constant flow,

allowing Vo2 determination without explicitly measuring minute-volumes>’.

17
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Figure 3. Schematic representation of direct oxygen consumption measurements in critically ill

mechanically ventilated patients.

(A) The breath-by-breath technique continuously measures inspired and expired gas composition
and flow, using a flow sensor placed at the airway and a gas analyser that samples gases from the
ventilator circuit. (B) The mixing chamber method collects expired gas into a chamber where it is
homogenised before analysis. Inspired gas composition is sampled separately from the inspiratory
limb of the ventilator, and expired flow is measured at the chamber outlet. The Haldane
transformation is applied to estimate inspired volume. (C) A variation of this method, known as
mixing chamber with air dilution, eliminates the need for direct flow measurement by further
diluting the homogenised expired gas with a known airflow before analysis. (D) The Douglas bag
technique involves collecting expired gas into a sealed bag over a fixed time period, after which
the volume and composition of the collected gas are analysed. Inspiratory volume is estimated
using the Haldane transformation, while inspired gas composition is typically known from the
administered gas mixture. Red dotted line and arrows point towards flow direction. Black
continuous line and arrows show gas sampling direction. Blue dashed lines and arrows reveal the
direction of airflow in dilutional methods. FS = flow sensor. 1, 2, 3, 4, 5 represent, respectively,
fraction of inspired O,, fraction of inspired CO,, fraction of expired O, fraction of expired CO,, and

respired flow. Created with BioRender.com.
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1.5.2.5. Breath-by-breath

The breath-by-breath method continuously samples inspired and expired gas from the
ventilator circuit for concentration analyses and simultaneously measures expired flow,
typically through a pneumotachograph positioned at the airway opening. Inspired flow is
either directly measured (bidirectional flow sensors, e.g., Medgraphics Ultima*}) or
indirectly estimated by applying the Haldane transformation*’. These data are synchronised

by computational software to calculate Vo2 and Vcoz breath-by-breath.

1.5.3. Indirect measurement of Vo
Vo2 can be indirectly calculated as the product of cardiac output by the arteriovenous
difference in O2 content, a rearrangement of the Fick equation, which considers only

systemic consumption:

Q= VOZ/(CaOZ - Cﬁoz) - Vo, =0Q X (Ca02 - Cﬁoz)

where, Q is cardiac output, in L.min"'; Vo2 is oxygen consumption in mL.min"'; CaOz is
the arterial oxygen content in mL of Oz per dL of blood; CvO: is the mixed venous oxygen

content in mL of Oz per dL of blood.

1.5.3.1. Reverse Fick

The Fick principle, established in the 1870s and later refined by Stuart and Hamilton, laid
the foundation for measuring cardiac output and indirectly assessing oxygen metabolism.
This understanding advanced with the mid-20th-century development of pulmonary artery
catheters, a Nobel-Prize worthy innovation which revolutionised hemodynamic
monitoring*> 46, Inserted via a central vein into the pulmonary artery, these catheters allow

direct sampling of mixed venous blood for CvO: calculation. CaO:z is obtained from
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systemic arterial blood, while cardiac output is typically measured via thermodilution.

Using these variables, Voz is indirectly estimated through the reverse Fick method.

1.5.4. Direct measurement challenges and limitations

Direct measurement methods for Vo2 rely on calculating the relatively small difference
between two large numerical values: the inspired and expired oxygen volumes.
Consequently, even minor inaccuracies in measuring these large volumes can result in
significant magnification of errors in the final Vo2 value, limiting the precision and

reliability of the method.

1.5.4.1. Gas composition and flow measurements

Respiratory gases are typically analysed using sidestream rather than mainstream
measurements, requiring gas samples to be withdrawn remotely from the ventilator circuit.
Sampling lines and flow sensors are susceptible to condensation, which impairs accurate
gas composition and flow assessments. Additionally, because gas composition and flow are
measured by separate devices at different locations, significant time-alignment errors can
occur. Although software corrections attempt to reduce such mismatches, residual
inaccuracies remain. Furthermore, several gas analysers — despite advances — have
relatively long response times (over a hundred milliseconds), limiting the accurate

representation of dynamic changes in gas exchange “%.

1.5.4.2. Haldane transformation

The Haldane transformation relies on the assumption of zero nitrogen exchange to estimate
inspired flow. At higher FiO2 values (particularly above 0.6), the reduced inspired nitrogen
fraction can substantially amplify measurement errors, as even small inaccuracies in gas

composition analyses significantly impact Vo> calculations®*. Leaks anywhere in the
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mechanical ventilator circuit will result in unreliable Vo2 measurements. Moreover,
critically ill patients often undergo dynamic changes in inspired oxygen concentration; this
violates the steady-state nitrogen assumption required by Haldane’s method, necessitating
prolonged equilibration periods (approximately 30 minutes) before reliable measurements

can resume, restricting clinical utility.

1.5.4.3. Accuracy and inter-device variability

Overall, reported accuracy of indirect calorimetry devices is limited (& 20% or greater)*3.
Even short-term consecutive measurements often exhibit low precision; for instance, a
coefficient of variation up to 14% over five consecutive single-minute Vo2 measurements*’.
Furthermore, the lack of standardised validation methods in mechanically ventilated
patients complicates reliability assessments. Historically, DBs were the validation standard,
though contemporary studies have relied heavily on the discontinued Deltatrac II device,
an outdated mixing chamber calorimeter> 47> 4% 39 Comparisons between devices
frequently reveal systematic and random errors, characterised by wide limits of agreement,

emphasising the unresolved issue of inter-device consistency*’.

1.5.4.4. Douglas-bag-specific drawbacks

The DB technique introduces additional practical limitations: gas diffusion through the
bag’s membrane alters gas composition over time, incomplete emptying into gas meters
compromises volume accuracy, and insufficient gas mixing within the bag affects
composition analyses®!. Perhaps most importantly, DBs do not support continuous
monitoring. These drawbacks, combined with a cumbersome design, relegate DB use

primarily to research contexts rather than routine critical care practice.
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1.5.5. Indirect measurement challenges and limitations

The reverse Fick method requires invasive placement of a pulmonary artery catheter, with
the risk of significant complications that limit its routine clinical use?*>. Being an indirect
measurement, the method introduces additional sources of random error due to reliance on
multiple derived physiological variables. Furthermore, this method quantifies only
systemic Vo2, omitting pulmonary oxygen utilisation, thereby systematically
underestimating total Vo2 by as much as 16% when compared with direct respiratory
measurement techniques®2. Lastly, when examining the relationship between Doz and Voo,
the use of the same cardiac output measurement for calculating both variables may lead to

mathematical coupling errors, artificially strengthening their correlation™.

1.6. Motivation & Objectives

Vo2 measurement in critically ill, mechanically ventilated patients provides a crucial insight
into metabolism. It serves both as a marker of basal nutritional requirements and as an index
of oxygen utilisation at the cellular level, helping clinicians assess metabolic stress,

recovery, and response to interventions.

Despite its clinical relevance, accurately measuring Vo2 in this cohort remains challenging.
Current techniques require complex assumptions and synchronisations that introduce
errors. As a result, clinicians often rely on surrogate markers such as lactate or ScvO2 which
may not fully capture real-time metabolic changes. A direct, continuous, and precise
method of measuring Vo2 could provide valuable insight into the adequacy of Doz and

cellular respiration.
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One potential approach uses the Molecular Flow Sensor (MFS), a gas analyser that
integrates laser gas spectroscopy with a bespoke bidirectional flow sensor to measure
respired gas concentrations and flows directly within the mainstream airway >*. As it will
be discussed in Chapter 3, its features address several of the limitations of conventional
indirect calorimeters. While this approach has been successfully deployed in an operating
theatre environment, where Vo2 was tracked in a single mechanically ventilated patient

4

undergoing abdominal aortic aneurysm repair>*, its application to a critically ill

mechanically ventilated patient cohort has not yet been systematically examined.

This thesis aims to explore the measurement of Voz, using the MFS, in a cohort of critically
ill mechanically ventilated patients. It seeks to: (i) examine the reproducibility of serial Vo2
measurements; (ii) compare Vo2 values obtained by the MFS against a reference method
(the DB); and (iii) determine whether Vo2 measurements obtained with the MFS are
sufficiently accurate to support this as an approach for continuous metabolic monitoring in

intensive care settings.
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2.1. Normal lung physiology

The respiratory system is the site of gas exchange between the body and environment. To
support this function, inspired air moves through the upper airways into a branching
network that progressively narrows and thins from the trachea to the alveoli, maximising

the surface area available for exchange at the alveolar-capillary interface.

The upper airways — comprising the nasal and oral cavities, pharynx, and larynx — warm,
humidify, and filter the incoming air. The air then passes into the conductive airways, a
non-gas-exchanging zone extending from the trachea to the terminal bronchioles. The
trachea divides into lobar and segmental bronchi and finally into multiple smaller
bronchioles. Structural support in these airways, which become progressively thinner

distally, is provided by cartilage and smooth muscle.
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The respiratory zone, where gas exchange occurs, begins with the respiratory bronchioles,
which derive from terminal bronchioles and lead into alveolar ducts and sacs. Each alveolus
is lined by a single layer of epithelial cells, including type II pneumocytes that secrete
surfactant to reduce surface tension and help keep the alveoli open. Surrounding the alveoli
is a dense network of pulmonary capillaries. The thin barrier between the alveolar

epithelium and the capillary endothelium forms the site of gas exchange.

The lungs are housed within the thoracic cage and rest on the diaphragm. They are enclosed
by pleural membranes, which line the inner surface of the chest wall and diaphragm, and

the outer surface of the lungs.

There is a natural tendency of the lungs to recoil inward due to their elastic properties,
which are primarily attributable to alveolar surface tension and the abundant presence of
elastic fibres in the lung parenchyma. Despite this inward recoil, the lungs do not collapse
at rest because they are held open by an opposing outward force — the transpulmonary
pressure, defined as the difference between alveolar pressure and pleural pressure. At FRC
— the volume of the lungs at the end of a normal passive expiration — alveolar pressure is
equal to atmospheric pressure, and pleural pressure is slightly sub-atmospheric, typically
around - 5 cmH20 at mid-lung level in upright individuals, becoming more negative toward
the apices. This results in a positive transpulmonary pressure that balances lung recoil and

keeps the alveoli open (Figure 4).
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Figure 4. Factors driving lung expansion and recoil.

At FRC, alveolar pressure equals atmospheric pressure and the inward recoil of the lungs is
balanced by the outward recoil of the chest wall. This balance is reflected in the transpulmonary
pressure (Py), which is the difference between alveolar pressure (P,y) and pleural pressure (Py).
At FRC, Py, is of equal magnitude and opposite direction to the elastic pressure (Pq), such that the
lungs are held open against their tendency to collapse. D = diaphragm; OP = parietal pleural;

IP = visceral pleura; L = lung; RC = ribcage. Created with BioRender.com.

Lung volume changes are entirely driven by forces external to the lungs. During
spontaneous inspiration, an active process, the increase in lung volume is initiated by
contraction of the inspiratory muscles. The diaphragm moves downward, and the external
intercostal muscles lift the ribcage upward and outward. This increases intrathoracic
volume and further lowers pleural pressure, thereby increasing transpulmonary pressure.
The rise in transpulmonary pressure causes alveolar expansion, which lowers alveolar
pressure below atmospheric, creating a pressure gradient that drives airflow into the lungs.

Air continues to flow until alveolar and atmospheric pressures reach equilibrium.
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Expiration, by contrast, is passive under resting conditions. As the inspiratory muscles
relax, the thoracic cavity returns to its original dimensions. Pleural pressure becomes less
negative, transpulmonary pressure decreases, and the elastic recoil of the lungs reduces
alveolar volume. As alveolar volume falls, alveolar pressure rises above atmospheric
pressure, creating a gradient that facilitates airflow out of the lungs. Expiration is completed

once alveolar and atmospheric pressures equalise once again at FRC.

To some extent, FRC represents a point of mechanical equilibrium in the respiratory
system. Lung volumes are conventionally described in relation to this baseline. Tidal
breathing produces small fluctuations around FRC, while the full range of possible lung
volumes extends from residual volume (RV) at the end of maximal expiration to total lung
capacity (TLC) at the end of maximal inspiration. These variations in lung volume relative

to FRC during the respiratory cycle are illustrated in Figure 5.

FRC can be broadly divided into two functional compartments: alveolar volume, which
consists of alveoli that receive both fresh gas and pulmonary blood flow and thus participate
in gas exchange, and dead space volume, which includes the conducting airways
(anatomical dead space) and any alveoli that are ventilated but not perfused (alveolar dead
space). In healthy individuals at rest, approximately 30% of each tidal breath is directed to

dead space while the remaining 70% contributes to effective alveolar ventilation?.
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Lung volume

Figure 5. Schematic representation of lung volume and capacities.

The diagram illustrates individual lung volumes and their combinations (capacities). Tidal volume
(V1) represents the volume of air inspired and expired during normal breathing. Inspiratory reserve
volume (IRV) is the additional volume that can be breathed in upon a maximal inspiration, while
expiratory reserve volume (ERV) is the extra volume that can be breathed out after a maximal
expiration. Residual volume (RV) is the amount of air remaining in the lungs after maximal
expiration and it cannot be voluntarily expelled. At the end of a tidal expiration, the volume
remaining in the lungs is named functional residual capacity (FRC), composed by the sum of RV
and ERV. When combined, lung volumes form larger capacities: inspiratory capacity (IC), the sum
of IRV and VT; vital capacity (VC), the sum of IRV, VT, and ERV; total lung capacity (TLC), the sum
of IRV, VT, ERV, and RV.

As discussed in more detail in Chapter 1, the primary function of the cardiopulmonary
system is to enable efficient gas exchange and delivery — supplying oxygen to the tissues
and removing carbon dioxide. Effective gas exchange depends on the appropriate matching

of ventilation and perfusion within the lungs. Although straightforward in principle, this
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matching is influenced by complex anatomical and physiological factors. In the upright
lung, both ventilation and perfusion are greater at the bases and decrease toward the apices,
largely due to the effects of gravity. In dependent regions, alveoli are smaller and more
compliant, allowing greater expansion and therefore increased ventilation. Perfusion also
displays a gravity-dependent component, but decreases more steeply than ventilation as it
moves from base to apex. As a result, the apex displays higher ventilation-to-perfusion
(V/Q) ratios, while the bases have lower V/Q ratios. At the extremes of mismatch — alveolar
dead space (ventilated but unperfused regions) and physiological shunt (perfused but
unventilated regions) — gas exchange does not occur. However, in healthy individuals, these
mismatched regions typically account for a very small proportion of the lungs and do not

significantly impair overall gas exchange.

In order to accommodate ventilation and promote gas exchange, the lung needs to be able
to expand. This expansion is determined by three key mechanical properties of the
respiratory system: compliance, elastance, and resistance. Compliance reflects how easily
the lungs and chest wall can stretch and is defined as the change in volume per unit change
in distending pressure (i.e., the pressure gradient). When evaluating lung compliance in
isolation, the relevant pressure gradient is the transpulmonary pressure. When assessing the
compliance of the entire respiratory system, including the chest wall, the gradient used is
that between alveolar and airway opening pressure (or simply airway pressure, when flow
is zero). Elastance is the inverse of compliance, reflecting the tendency of the lungs and
chest wall to recoil after being stretched. The higher the elastance, the stiffer the system is,
requiring more elevated pressures to achieve the same change in volume. Resistance, on
the other hand, refers to the opposition to airflow through the airways. It depends on factors
such as airway diameter, gas density, and the speed and pattern of flow. Resistance

influences the total pressure required to expand the lungs during dynamic breathing.
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Dynamic compliance is calculated on a breath-by-breath basis, using the change in volume
and the pressure measured during airflow — from the beginning of inspiration to the point
of peak inspiratory pressure — reflecting both elastic and resistive components of the
respiratory system. Static compliance, on the other hand, requires an inspiratory hold
manoeuvre to pause airflow and allow pressure equilibration and volume redistribution
across alveoli, which is impractical in healthy spontaneously breathing individuals. This
enables the isolation of elastic recoil properties from the influence of resistance components
and time-dependent effects. In healthy lungs, static and dynamic compliance are similar,
but as airway resistance increases in disease states, dynamic compliance tends to fall below

its static counterpart.

From observing the relationship between pressure and volume during tidal breathing it is
evident that inflation and deflation follow different paths. The asymmetry in the pressure-
volume curve is known as hysteresis, and it reflects the time-dependent mechanical
behaviour of the lungs. During inflation, a higher pressure is required to reach a given
volume when compared with deflation. This asymmetry arises from several interacting
mechanisms. First, as alveoli expand, surfactant becomes more thinly distributed within the
alveoli, transiently increasing surface tension and requiring greater pressure for inflation.
During deflation, surfactant concentrates, lowering surface tension and helping maintain
alveolar stability and, thus, volume. Second, alveolar recruitment is gradual and individual
units have specific time constants. While some alveoli open early, others require more time
or even higher pressures to open during inflation depending on the product of their own
compliance and resistance. However, once open, they remain open throughout deflation at
lower pressures, supported by greater alveolar stability generated both by surfactant
concentration and by mechanical tethering from adjacent alveoli. This contributes to the
higher volume observed during deflation at equivalent pressures. Third, the viscoelastic
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properties of the lung mean that tissue deformation depends on time. Volume changes lag

behind pressure changes during both inflation and deflation periods.

There is, however, a component of airflow resistance during tidal breathing that contributes
to the separation between inflation and deflation limbs. This effect can be minimised by
generating pressure-volumes curves at low-flow, quasi-static conditions. While this
smooths the curve by reducing resistive influences, a difference between inflation and
deflation still remains, reflecting not only the time-dependent elastic properties of the lung

but also small changes in alveolar gas volume due to ongoing Vo2 and Vcoo.

2.2. An overview of mechanical ventilation

Invasive positive-pressure mechanical ventilation (IPPV) constitutes an essential therapy
to support the patient with respiratory failure and provide airway protection in
neurologically compromised patients. The need for mechanical ventilation is more often
driven by respiratory failure than a need for neuroprotection. In excess of 85,000 adult

patients are mechanically ventilated in UK ICUs annually™.

The term “invasive” in IPPV refers to the insertion of a tube that bypasses the upper airways
and terminates with its tip in the trachea. The external end of the tube emerges through the
mouth (orotracheal), nose (nasotracheal), or neck (tracheostomy), depending on the route
of insertion. During the acute phase of mechanical ventilation, patients are typically sedated
and given analgesia for comfort, particularly when the tube passes through the upper
airway. The tube connects to a Y-piece, which joins a corrugated ventilator circuit with

separate inspiratory and expiratory limbs, forming a closed-loop system with the ventilator.
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In adult patients, the tube usually contains an inflatable cuff to minimise air leakage and

ensure effective ventilation.

The term “positive pressure” in IPPV refers to the fact that ventilation is delivered at
pressures above atmospheric. Airway pressure within the closed circuit is measured
proximally to the endotracheal tube, at the interface between the patient and the ventilator.
The sequence of events during inspiration differs from that of a healthy, spontaneously
breathing individual, mostly because there is no reliance on respiratory muscle activity to
generate the pressure gradient needed to drive airflow. During inspiration, the ventilator
responds to a trigger — which can be time, a change in airway pressure or flow, or
diaphragmatic activity — by actively increasing proximal airway pressure, creating a
gradient which drives airflow into the lungs. As air enters, alveolar pressure rises,
increasing transpulmonary pressure and thereby expanding lung volume. The extent of lung
volume gain depends not only on the compliance and resistance of the respiratory system,
but also on how the breath is delivered by the ventilator (i.e., at which pressure and flow).
Expiration remains a passive process, as in normal physiology, and begins when the
ventilator cycles off, allowing airway pressure to drop and the lung’s elastic recoil to drive

air out.

During invasive mechanical ventilation, diaphragmatic tone and chest wall activity are
often reduced or absent. Without muscle activity, the pleural pressure becomes less
negative, leading to a reduction in transpulmonary pressure and an increased tendency for
alveoli and small airways to collapse at the end of expiration. To counteract this, most
mechanically ventilated patients receive positive end-expiratory pressure (PEEP), which
maintains airway pressure above atmospheric levels at the end of expiration, helping to

keep alveoli open and prevent atelectasis (i.e., lung collapse).
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As aresult, in patients ventilated with PEEP, lung inflation does not begin from FRC, but
from a baseline end-expiratory lung volume (EELV) which includes the additional volume
contributed by the applied positive pressure. In normal spontaneously breathing
individuals, EELV and FRC are equivalent, as no external pressure is present at the end of
expiration. In contrast, during mechanical ventilation with PEEP, EELV differs from FRC
due to the inflation of the lung above its natural resting volume. For a given respiratory
system compliance, the increase in volume above FRC can be can be approximated as the
product of compliance and the applied PEEP. In this context, EELV is the preferred term

to describe the total lung volume at the end of expiration.

Understanding the concept of PEEP sets the stage for interpreting pressure delivery
throughout the respiratory cycle. This is best visualised by examining the pressure
waveform, which captures the pattern of airway pressure changes during inspiration and
expiration (Figure 6). Peak inspiratory pressure (PIP) is the maximum proximal airway
pressure measured during the respiratory cycle, and reflects both resistive and elastic forces.
The resistive pressure arises from airflow through the airways and is proportional to airway
resistance and flow. If an inspiratory pause is applied — momentarily halting flow — this
resistive pressure drops to zero, allowing isolation of the elastic pressure. The pressure
measured at the beginning of this pause is known as the plateau pressure (Pplat) and reflects
the pressure required to maintain lung inflation at a given point in the absence of flow. The
difference between PIP and Pplat corresponds to the pressure lost to airway resistance (Pres).
The difference between Ppiar and PEEP represents the elastic pressure driving tidal
ventilation, commonly referred to as the driving pressure, which is directly related to static

compliance.
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The relationships between these components is described by the equation of motion of the
respiratory system. In a passively ventilated patient, airway pressure (Paw) at any moment
can be viewed as the sum of three terms: PEEP, an elastic pressure proportional to the
volume above end-expiration (V), and a resistive pressure proportional to flow (V). In
essence, the equation states that for gas to enter the lungs, the pressure applied to the
respiratory system must be sufficient to overcome both resistive and elastic loads. In

shorthand:

Py, = PEEP + P, + P,os

with

Py = Eps XV, Pres:RrsXV

where Eis represents elastance and Rys represents resistance of the respiratory system.
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Figure 6. Typical ventilator waveforms during pressure-controlled ventilation with an end-

inspiratory pause.

The figure displays airway pressure (top), flow (middle), and volume (bottom) waveforms over
time for a single breath. During inspiration, airway pressure rises from baseline (PEEP) to a peak
value (PIP). When an inspiratory pause is applied, flow ceases, and pressure plateaus (Ppiat)
following a resistive drop in pressure (Prs). The difference between Py and PEEP defines the
driving pressure (AP). Aligned with changes in flow and pressure, lung volume increases during
inspiration, remaining constant during the inspiratory pause, before decreasing during passive
expiration. PIP = peak inspiratory pressure; PEEP = positive end-expiratory pressure; Pyt = plateau
pressure; Prs = resistive pressure; AP = driving pressure; PIF = peak inspiratory pressure; PEF =

peak expiratory pressure; Vr = tidal volume.

Invasive mechanical ventilation affects several physiological functions of the respiratory

system, including the natural warming and humidification of inspired air provided by the
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upper airways. When an endotracheal tube or tracheostomy bypasses these structures,
inspired gas no longer receives adequate heat and moisture. This results in increased
respiratory heat and water loss, and more importantly, leads to impaired humidification of
the airways. Inadequate humidification compromises the function of the airway epithelium,
particularly ciliated cells responsible for mucus clearance. This impairment reduces the
ability to clear secretions and defend against pathogens, increasing the risk of airway
plugging and respiratory infections. To prevent these complications, artificial
humidification is always provided — either passively, using heat and moisture exchangers

(HMES), or actively, through heated humidifiers integrated to the ventilator circuit!3.

Mechanical ventilation also alters the relationship between dead space and total ventilation.
While bypassing the upper airways with a tracheal tube can reduce anatomical dead space
by up to 50%, this benefit may be offset by the addition of external monitoring and sampling
devices (e.g., filters, capnography sensors), which contribute to apparatus dead space. As a
result, a larger proportion of each tidal breath may fail to reach the alveoli and participate
in gas exchange. To maintain adequate alveolar ventilation and prevent CO: retention,
higher tidal volumes or respiratory pressures may be required. This, in turn, increases the
risk of ventilator-induced lung injury (VILI; Figure 7), particularly barotrauma (i.e.,
pressure-related injury) and volutrauma (i.e., volume-related injury). Although traditionally
described separately, barotrauma and volutrauma are mechanically inseparable. The
pressure applied to the lung (stress) is proportional to the delivered tidal volume relative to
FRC (strain), scaled by the specific elastance of the lung. In other words, barotrauma and

volutrauma represent the same underlying process of excessive lung stress.
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Figure 7. Schematic representation of ventilator-induced lung injury.

The pressure-volume relationship illustrates how different mechanisms contribute to lung injury
during mechanical ventilation. Path A represents healthy alveolar inflation under optimal
ventilation. Path B depicts recruitment of an alveolus from collapsed to aerated. Path C shows
alveolar overstretching due to excessive volume and pressure (volutrauma / barotrauma). Path D
demonstrates atelectrauma, caused by the repetitive collapse and reopening of alveoli leading to
shear stress and injury. Additionally, mechanical ventilation can trigger biotrauma, an
inflammatory response characterised by the systemic release of inflammatory mediators that may

contribute to multiorgan dysfunction. Created with BioRender.com.

Another major alteration introduced by mechanical ventilation is the redistribution of
ventilation and perfusion. In spontaneously breathing individuals, both ventilation and
perfusion favour dependent lung regions (posterior and basal when supine). During positive
pressure ventilation, however, ventilation is preferentially directed toward non-dependent
regions. Perfusion, by contrast, retains its gravity-dependent characteristics and favours
dorsal regions at supine position, which results in increased V/Q mismatch. This mismatch,

along with reduced diaphragm activity, contributes to an impaired gas exchange in the
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dependent lung. Adequate application of PEEP can help reopen collapsed alveoli and
restore ventilation to these regions, improving oxygenation. A central determinant of these
effects is the EELV, which reflects the functional size of the ventilated lung. Maintaining
sufficient EELV is essential to prevent atelectasis, minimise shunt and alveolar dead space,

and support more physiological V/Q relationships during MV.

2.3. FRC and EELV in health and disease

An understanding of FRC and EELYV is relevant in critical care, where both insufficient and
excessive lung volumes can impair gas exchange, influence mechanical ventilation settings,
and increase the risk of VILI. As discussed, FRC is the volume of gas remaining in the
lungs at the end of a passive expiration. Both the magnitude and the partitioning of FRC
(i.e., between alveolar and dead space volumes) vary widely depending on individual

physiology and clinical condition.

FRC reflects a balance between the inward recoil of the lungs and the outward recoil of the
chest wall*¢. In healthy individuals, this balance is shaped by factors such as age, body size,
and posture. For instance, FRC increases by approximately 16 mL per year of age due to
reduced elastic recoil, increased chest wall stiffness, and air trapping in enlarged alveoli®’.
It decreases by 10% to 33% in obesity owing to an upward displacement of the diaphragm
and reduced chest wall compliance’®; and falls by around 25% when moving from an

upright to a supine position> ¢,

Pathological changes further affect this balance. Restrictive diseases (e.g., pulmonary
fibrosis) reduce FRC via increased lung stiffness, while obstructive diseases (e.g., COPD)

increase FRC through gas trapping and dynamic hyperinflation®!. An important related
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concept is closing capacity (CC), the volume at which small airways begin to close during
expiration — normally sitting between residual volume and FRC. When CC exceeds FRC,
airway closure occurs during tidal breathing, worsening gas exchange. This mismatch is
especially relevant in individuals with higher residual volume (e.g., the elderly) or reduced

FRC (e.g., mechanically ventilated patients).

Under mechanical ventilation, additional factors reduce FRC, including sedation, muscle
paralysis, and loss of diaphragmatic tone. These changes lead to lower pleural and
transpulmonary pressures, predisposing to alveolar collapse®?. Bikker et al. reported that,
in supine mechanically ventilated patients without primary lung disease, EELV was 34%
lower than predicted values, and this reduction exceeded 60% in patients with acute
respiratory distress syndrome (ARDS)®. The application of PEEP proportionally elevates
EELV above passive FRC, potentially restoring lung volume and improving gas

exchange®?.

2.4. Measurement of EELV in mechanically ventilated

patients

Accurately measuring EELV in mechanically ventilated patients remains a major clinical
challenge. Conventional pulmonary function tests are not feasible in this setting, and
available bedside methods are limited in accuracy and accessibility. The following sections
explore the main existing measurement techniques for the assessment of EELV in

mechanically ventilated patients and their limitations.
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2.4.1.1. Helium dilution method

The helium dilution technique for measuring lung volume was first introduced by Meneely
and Kaltreider in 194164, It is based on the principle of mass conservation in a closed circuit
using helium as an inert tracer gas. Helium is an ideal choice because it is non-toxic and
has low blood solubility, limiting its diffusion across the alveolar-capillary membrane and

ensuring it remains largely confined to the gas phase within the lungs and circuit.

In mechanically ventilated patients, the method typically involves disconnecting the patient
from the ventilator and connecting their endotracheal tube to a closed rebreathing system
filled with a helium-oxygen gas mixture of known concentration (Ci) and volume (Vi)®.
Manual ventilation is then performed for a set number of breaths, allowing the helium to
mix with the gas within the lungs®. Once equilibrium is reached, the final helium
concentration (Ce) is measured. Since helium does not leave the system, EELV can be

calculated by:

Ci _Ce

EELV = (-
e

) XV

As Vi is known, the main measurement instrument required is a helium analyser. However,
even the most modern analysers are sensitive to pressure and temperature changes, as well
as to CO2, H20 and Oz fluctuations, which may be problematic if the final equilibrium gas
is a product of rebreathing from a bag®’. Conversion to body temperature, ambient pressure,
and saturated water conditions (BTPS) is required, and, as measurements are made
independently by different instruments and at different sites, errors may be introduced to

the retrieved lung volume.
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There are several physiological limitations associated with this technique, particularly
when adapting it to mechanically ventilated patients. First, in diseased or heterogenous
lungs, helium may not mix uniformly. Dead space ventilation or regions of poor ventilation
can lead to underestimation of true EELV or prolong the time to equilibrium. Second,
manual ventilation may alter the usual tidal volume and pattern, affecting EELV. Finally,
disconnecting the patient from the ventilator can cause rapid lung derecruitment and lead
to atelectrauma — a type of VILI associated with cyclic opening and closing of alveolar

units — compromising both patient safety and measurement validity®®.

Though some systems have been developed to allow helium rebreathing without
disconnection, these setups are often complex and not suited for routine clinical use®-7!.

As a result, helium dilution is now largely restricted to research settings in critical care.

2.4.1.2. Electric impedance tomography

Electrical impedance tomography (EIT) is a non-invasive imaging technique first
introduced by Barber and Brown in 198472, It estimates the regional distribution of lung
ventilation by measuring changes in thoracic electrical impedance during breathing. As the
lungs fill with air during inspiration, impedance increases — air is a poor electrical conductor
— and decreases during expiration as air is replaced by more conductive tissue and blood.
These changes are detected using 16 to 32 surface electrodes placed circumferentially
around the thorax. A small alternating current is applied through one electrode pair, while
voltages are measured from the others. By cycling through multiple pairs, a real-time, cross-

sectional image of thoracic impedance distribution is reconstructed.

Unlike the other methods described in this section, EIT captures only relative changes in

lung volume over time. The point of lowest impedance is assumed to correspond to end-
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expiration and thus represents EELV. When interventions such as increased PEEP elevate
lung volume, a rise in end-expiratory impedance is observed. Comparing impedance before
and after such changes allows estimation of regional changes in EELV, reflecting local
recruitment or derecruitment. Studies such as that by Hinz et al. have demonstrated that
these relative changes correlate well with EELV variations measured by nitrogen washout

techniques’>.

However, commercially available EIT does not measure absolute lung volumes’.

Additionally, technical limitations such as motion artifact, anatomical variability (e.g.,
obesity or oedema), and electrode misplacement can compromise accuracy’®. Although
limited in its ability to quantify lung volumes, EIT is valuable for monitoring regional
ventilation inhomogeneity and is increasingly used to guide ventilator management’. Its
application in lung volume assessment, though, should be interpreted with caution, for the

reasons stated above.

2.4.1.3. Computerised tomography

Computerised tomography (CT) generates cross-sectional images based on the differences
in attenuation of ionising radiation upon crossing tissues of varying density’®. In the lungs,
this differential attenuation reflects the relative proportions of gas and soft tissue, allowing
for the classification of lung regions into compartments: non-aerated (gasless), poorly
aerated, normally aerated, and hyperinflated. By quantifying these compartments, CT can

characterise the extent and distribution of aeration in both healthy and diseased lungs.

EELV is assessed by performing an expiratory hold to eliminate airflow, acquiring the CT
scan at this static point. Regions of interest are then segmented, and gas volume is summed

across all lung slices®. Compared with other techniques described in this section, CT is the
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only one capable of identifying gas trapped behind closed small airways — an important
distinction — by comparing inspiratory and expiratory scans and identifying areas that fail

to deflate on expiration®!.

Some regard CT as the reference standard for EELV measurement in mechanically
ventilated patients, given its anatomical resolution and ability to distinguish aeration
compartments®>. However, the requirement to transfer critically ill patients to the radiology
suite, combined with the exposure to ionising radiation, time constraints, cost, and the need
for specialised software and expertise, limit its feasibility for routine use’’. Furthermore,
inconsistency in definitions and methodologies across studies — even despite efforts to
standardise terminology (e.g., the glossary proposed by Austin et al.’®) and technique” —
adds to the challenge. As Desai and Hansell suggest, CT should be reserved for resolving

specific clinical questions rather than routine bedside monitoring®’.

2.4.1.4. Multi-breath nitrogen washout

The use of open-circuit inert gas washout during tidal breathing to estimate EELV was first
described by Darling et al. in 19403!. Nitrogen is the most widely used tracer, given it is
already naturally present in atmospheric air and conventional inspired gas mixtures. The
technique exploits the changes in alveolar nitrogen concentration — a washin, washout, or
both — following a step change in FiO2 (Figure 8). Assuming that nitrogen behaves as an
inert gas and that both lung volume and gas exchange remain stable over the measurement
period, the cumulative difference in nitrogen content before and after the FiO2 change can

be used to estimate the absolute gas volume in the lungs at end-expiration.

This volume is calculated under the assumption that the changes in nitrogen fraction are

equal in magnitude but opposite in sign to the change in oxygen fraction (AFiO2), based on
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the fact that nitrogen, oxygen and carbon dioxide together account for nearly all of the

inspired and expired gases®. Therefore, EELV can be estimated from:

EELV = AN,/AFio,

Where AN: corresponds to the cumulative volume of nitrogen exchanged over the course

of the test until a new alveolar gas steady state is reached.

To compute this, simultaneous measurement of inspiratory and expiratory flows and gas
concentration is necessary. Given that direct measurement of nitrogen is technically
challenging and costly, most commercial systems calculate nitrogen concentration
indirectly by subtracting measured Oz and CO: fractions from 1.0 (i.e., FiN2 =1 - FiO2 -
FiCO2), assuming that no other gases are present and that both Vo2 and Vcoz2 remain

constant throughout the reading®?.

In mechanically ventilated patients, applying this technique introduces several
physiological and technical challenges. First, the ventilator circuit acts as a closed system,
which affects the dynamics of gas delivery and mixing. Second, changes in gas composition
due to a step change in FiO2 affect gas viscosity, which can alter accurate flow sensor
readings. Larger FiO: alterations lead to larger changes in viscosity and hence greater

measurement error, which are difficult to fully correct for®3-33,
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Figure 8. Conventional (full) multi-breath nitrogen washout.

A step increase in the FiO, from baseline (0.21 to 1.0) initiates the washout (top panel), displacing
nitrogen from the lungs. This results in a corresponding decline in nitrogen fraction (middle panel).
The last breath before the FiO; change is used as a reference. The cumulative volume of nitrogen
eliminated from the lungs (bottom panel) is integrated over time. EELV is estimated as the total
nitrogen volume washed out (AN;) divided by the change in oxygen fraction (AFiO;), assuming
complete gas mixing and stable ventilation during the procedure. FO,= fraction of oxygen; FN; =

fraction of nitrogen.

A further challenge in this context is that many patients are already ventilated with
significantly higher baseline FiO2 concentrations than found in ambient air. This limits the

magnitude of any additional FiO2 step that can be safely applied for washout or washin
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manoeuvres, traditionally conducted under a 0.79 AFiOz. Additionally, the clinical use of
large FiO2 steps has been associated with absorption atelectasis, which reduces EELV and
alters gas distribution®®. This not only complicates interpretation of nitrogen washout data

but also may compromise adequate gas exchange in critically ill patients.

Another critical assumption of the technique that is violated in mechanical ventilation is
that FiO2 remains constant throughout each inhalation. After a step change in FiO2, the
newly composed gas may not reach the airway opening immediately due to the circuit
length, humidification devices, and turbulent flow®4. This creates a “gas front” that may not
be fully mixed by the time it reaches the lungs, violating the assumption of homogeneous

FiO2 and introducing error into the nitrogen balance calculation®’.

Additionally, delays in the measurement of gas concentrations — especially in systems that
use sidestream gas analysers — result in misalignment between intra-breath gas flow and
composition. These delays are nontrivial in mechanically ventilated patients, where precise
timing is needed to ensure volume and composition measurements correspond to the same

breath phase®

. Robust synchronisation software is required to align flow and gas
concentration data, but this approach is still not perfect. For example, Fretschner et al.

found that with a 0.3 step change in FiO2, the method could not reliably detect EELV

changes smaller than 20%, which limits clinical sensitivity®*.

Subsequent efforts to improve synchronisation included the development of faster gas
sensors and improved correction algorithms. Weismann et al. designed a system (LUFU)
incorporating high-fidelity synchronisation for the measurement of oxygen concentration
changes throughout washin and washout manoeuvres, while correcting for volume

change®’. However, this system exhibited measurement errors nearing 10% under
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83, 88

conditions of low compliance, low tidal volume, and high pressures — common in

critically ill patients.

In contrast, Olegard et al. proposed a simplified method using only end-tidal gas
concentrations rather than continuous intra-breath analysis®. By focusing only on end-
expiratory and end-inspiratory plateaus, the method avoids some synchronisation problems,
assuming these plateaus represent alveolar gas®. However, this simplification risks under-
or over-estimating EELV by ignoring intra-breath volume changes, particularly in patients
with uneven ventilation or significant dead space. Comparisons with CT scan and He

dilution resulted in an EELV bias + SD of 15% + 18% and 40% + 26%, respectively®.

Lastly, conventional nitrogen washout methods estimate EELV based on the end-expiratory
volume of the last stable breath before the inspired oxygen concentration is increased. This
breath serves as the baseline from which nitrogen washout is calculated®. The method
assumes a consistent tidal volume and breathing pattern throughout the measurement. If
baseline breathing is unstable or if variability occurs during the washout, the accuracy of

the EELV estimate may be compromised.

2.5. Clinical value of EELV measurements

In 1993, Goran Hedenstierna highlighted the clinical value of measuring EELV in
mechanically ventilated patients®. His concise statement captures the principle behind this

section:

“...Any manoeuvre that recruits lung tissue and increases the amount of
aerated lung up to a normal value can be expected to improve gas

exchange.”°
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EELV measurement provides a practical estimate of the volume of lung available for gas
exchange. In critical care, this information is valuable not only for optimising ventilator
settings, but also for understanding the impact of common interventions and potentially

minimising VILIL

Studies have demonstrated the clinical utility of EELV in various contexts. During elective
surgery, Pelosi et al. found that repositioning patients from supine to prone increased EELV
and PaO2, with obese patients also showing improved respiratory system compliance®!. In
patients with ARDS, Maggiori et al. demonstrated that endotracheal suctioning —
particularly with ventilator disconnection — led to significant reductions in EELV,
oxygenation, and compliance, suggesting alveolar derecruitment®. These effects were less
pronounced with closed suctioning®?. Heinze et al. showed that switching to a lower level
of ventilatory support — from dual to single level pressure support — during weaning, despite
maintaining equivalent PEEP, led to reductions in both EELV and oxygenation — again

indicating some level of derecruitment®?.

Beyond procedural applications, EELV also plays a critical role in estimating lung stress
and strain — central determinants of VILI**. Stress refers to the internal force exerted by
transpulmonary pressure, while strain describes the deformation of lung tissue, calculated
as the ratio of tidal volume to EELV. Assuming a linear relationship between these
variables, stress can be estimated by multiplying strain by the lung’s specific elastance,
which Chiumello et al. proposed to be approximately 13 cmH20%. In patients with ARDS,
where aerated lung volume is significantly reduced, even low tidal volumes can result in
disproportionately high stress and strain, increasing the risk of overdistension and lung

injury®*.
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As Heinze and Eichler stated:

“FRC could be the basis for setting lung-protective ventilation.” %

Lung-protective strategies aim to limit end-inspiratory strain and avoid end-expiratory
collapse by controlling tidal volume, plateau and driving pressures, and applying
appropriate PEEP. While low tidal volume ventilation has improved ARDS outcomes®® %7,
it may also induce atelectasis or hypoventilation when used without individualisation®*.
EELYV offers a means to personalise ventilator settings based on the size of the aerated lung
compartment, enabling more precise control over both stress and strain, and, therefore,

reduce the risk of VILI®.

EELV monitoring can support PEEP titration by identifying patients who respond with
meaningful volume gains. In a study by Bikker et al., ICU patients with healthy lungs or
ARDS showed proportional increases in EELV when PEEP was raised from 5 to 15
cmH20, though those with ARDS had lower baseline volumes and greater potential for
recruitment®®. Similarly, Maisch et al. demonstrated EELV increases during incremental
and decreases during decremental PEEP trials, with higher volumes observed during the
decremental procedure following a recruitment manoeuvre®®. While EELV cannot by itself
distinguish between alveolar recruitment and inflation®®, combining it with complementary
parameters — such as compliance, PaO2/FiOz ratio, dead space fraction, and inhomogeneity
indexes — could guide clinicians toward a more balanced and personalised approach to

setting PEEP?% %

Finally, serial EELV measurements may provide useful information about the trajectory of
lung injury and recovery®’. Increases in EELV could reflect successful alveolar recruitment,

whereas declining values may signal ongoing derecruitment or lung deterioration. While
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this potential application warrants further investigation, it may provide additional value in

managing patients undergoing prolonged mechanical ventilation.

2.5.1. Recruitment manoeuvres

2.5.1.1. Physiological basis and definition

In patients with respiratory failure requiring mechanical ventilation, the lung is
characterised by an enhanced tendency to collapse. This collapse not only worsens
hypoxaemia but also amplifies stress and strain on the remaining aerated regions, leading
to VILI’. Alveolar recruitment — the re-aeration of previously collapsed alveoli — can

potentially mitigate these effects, improving oxygenation and preventing lung injury'%% 101,

Recruitment manoeuvres (RMs) are sometimes applied after intubation or during the course

of critical illness to counteract alveolar collapse. Hodgson et al. defined a RM as:

“..any technique that transiently increased alveolar pressure above
normal tidal ventilation (which may have included an increase in any
pressure, such as plateau, peak or end-expiratory pressure) and

sustained that pressure beyond the normal time.” %2

The most common form, sustained inflation, involves increasing airway pressure from
baseline PEEP to a peak (often exceeding 40 cmH20) and holding it for several seconds
before returning to baseline or, more typically, to a higher PEEP (Figure 9). This approach
aims to overcome the opening pressures of collapsed units by a transient increase in
transpulmonary pressure. Owing to lung hysteresis, lower pressures may suffice to keep
them open thereafter. Since most alveolar units reopen within the first few seconds of
inflation, pressure — rather than inflation duration — appears to be the key determinant of

effective lung recruitment'%3 104,
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Figure 9. lllustration of a sustained inflation recruitment manoeuvre.

The blue curve represents the inspiratory phase, with airway pressure increased from a baseline
PEEP (PEEPgrm) to a high inflation pressure. This pressure is then statically sustained for a set
duration (orange line) to allow time for alveolar recruitment. The difference between inspiratory
and expiratory volumes at sustained inflation (Viec) gives an estimate of the recruited lung volume
achieved during the manoeuvre. Following this, the expiratory phase takes place (red curve),
returning to a PEEP that may be equal to or higher than the initial setting (PEEParm), to help

maintain the recruited volume. Created with BioRender.com.

2.5.1.2. Clinical context
The main and most studied clinical application for RMs is in patients with ARDS. A recent

definition by Matthay et al. describes ARDS as:
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“..an acute, diffuse, inflammatory lung injury precipitated by a
predisposing risk factor, such as pneumonia, nonpulmonary infection,
trauma, transfusion, burn, aspiration, or shock. The resulting injury
leads to increased pulmonary vascular and epithelial permeability, lung
edema, and gravity-dependent atelectasis, all of which contribute to
loss of aerated lung tissue. The clinical hallmarks are arterial hypoxemia
and diffuse radiographic opacities associated with increased shunting,

increased alveolar dead space, and decreased lung compliance.”1%

CT imaging has shown that much of the lung in ARDS is collapsed or fluid-filled, with
only a small functional fraction — the “baby lung” — remaining aerated!°®. This limited
volume, though compliant, is vulnerable to overdistension, cyclical tidal collapse and
reopening, and overall VILI, prompting the need for lung-protective strategies'%®. The
ARDSNet trial demonstrated that low tidal volume ventilation with limited plateau

pressures reduces mortality and increases ventilator-free days in this cohort of patients®.

RMs in the context of moderate-to-severe ARDS aim to reopen collapsed alveoli, improve
gas exchange and ventilation-perfusion matching. Amato et al. reported a significant
mortality reduction using a strategy that included low tidal volumes, higher PEEP, and
frequent RMs®’. However, their findings have been questioned due to the small sample size,
unblinded design, and an unusually high mortality in the control group, who received lower
PEEP and much higher tidal volumes — practice now considered harmful. Later large trials
were less positive. The LOVS trial found improved oxygenation and fewer rescue
interventions in the high PEEP/RM group but no mortality benefit'?’. The ART trial, which
applied staircase RMs with decremental PEEP titration to best compliance, was terminated
early due to increased mortality and cardiovascular events'®®. Similarly, the PHARLAP
trial found no difference in ventilator-free days and reported more cardiovascular

complications'?””. A Cochrane review by Hodgson et al. and a meta-analysis by Pensier et
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al. concluded that while RMs may transiently improve oxygenation, evidence for survival
benefit is lacking and potential harms remain'%> 1%, These findings support a more cautious,
individualised use of RMs, especially targeting those with higher recruitability. The

difficulty, of course, is in determining who is likely to benefit before doing a RM.

Beyond ARDS, RMs have also been explored perioperatively, particularly in obese
patients, who experience larger reductions in lung volume and more atelectasis under
general anaesthesia. In a randomised trial, Futier et al. showed that morbidly obese patients
receiving both non-invasive positive pressure ventilation (NIPPV) before intubation and an
immediate RM afterward had greater improvements in PaO2, EELV, and compliance, and
required lower driving pressures than those with NIPPV alone'!!. Reinius et al. further
demonstrated that while PEEP alone increases lung volume, a RM plus PEEP was more

effective in reducing atelectasis and improving compliance!!?

. A large trial by the
PROVEnet group found that, although intraoperative oxygenation improved with RMs and
high PEEP in obese patients without pre-existing lung disease, this approach was associated
with increased intraoperative haemodynamic instability and only a small, non-significant

reduction in postoperative pulmonary complications compared with a low PEEP

strategy!!3.

RMs are also used as a rescue strategy following alveolar derecruitment, such as after
ventilator disconnection for endotracheal suctioning. Dyhr et al. observed that post-suction
RMs in ARDS patients restored EELV and oxygenation more effectively than simply
resuming prior ventilator settings''4. Heinze et al., in a larger cohort of post-cardiac surgery
patients, found that those with a drop in EELV greater than 6% after suctioning experienced

the greatest improvement in lung volume and oxygenation following RMs®3.
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These examples illustrate that the effects of RMs are highly context-dependent. While RMs
can be beneficial in settings of high lung recruitability, their success is not universal!!>.
This raises the importance of individualised assessment of lung recruitability, which will

be the focus of the following section.

2.5.1.3. Lung recruitability assessment

The volume of lung that can be reopened during mechanical ventilation — known as lung
recruitability — varies widely between patients'!>-!!7. It depends on factors such as the
underlying disease precipitating respiratory failure (pulmonary vs. extrapulmonary), the
distribution of lung injury (focal vs. diffuse), and the time elapsed since injury onset!!8-121,
Given the potential risks of RMs, including barotrauma and hemodynamic instability,

assessing recruitability is essential to guide their safe and effective use.

The gold standard for quantifying recruitability is a CT scan performed at two different
airway pressures'!” (Figure 10). Gattinoni et al. defines recruitment as the mass of lung
tissue that transitions from a non-aerated state to an aerated state between scans’ — though
other definitions exist!'?2. As previously discussed, this approach is impractical in the ICU

due to radiation exposure, cost, and the need to transport critically ill patients.
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High lung recruitability

Low lung recruitability

Figure 10. Lung recruitability assessment by CT scan.

CT scans obtained in two mechanically ventilated patients at airway pressures of 5 cmH-,0 (left)
and 45 cmH,0 (right). The upper row shows a patient with high lung recruitability, where
substantial re-aeration is visible at higher pressure, particularly in dependent regions. The bottom
row shows a low recruitability patient, with less pronounced radiological change following
pressure increase, indicating that this individual is less likely to benefit from a RM. Figure

reproduced from Chiumello et al.*?3, licensed under CC BY 4.0.

124" A common

At the bedside, recruitability is often assessed through respiratory mechanics
approach involves comparing quasi-static PV curves obtained at different PEEP
levels!?> 126 An increase in lung volume at a given airway pressure suggests recruitment
and reflects changes in respiratory system compliance'?’. With the integration of automated
PV loop tools into modern ventilators, this technique has become more accessible in routine

127

clinical practice'*’. However, it cannot reliably differentiate true re-aeration of collapsed
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alveoli from greater inflation of already open units. Consequently, it is relatively insensitive
to hyperinflation, and the volume changes inferred from PV curve analysis do not correlate

consistently with CT-derived measurements of lung recruitment!*,

Several hysteresis-based PV curve metrics have been proposed to predict recruitability,
including: (i) the area between the inspiratory and expiratory limbs (hysteresis); (ii) the
linear compliance between lower and upper inflection points; and (iii) the normalised
maximal distance between the limbs — a simpler proxy of lung hysteresis'?’-13% (Figure 11).
These provide qualitative assessments and are limited by their inability to differentiate

recruitment from overdistension!3!.
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Figure 11. Lung recruitability assessment using parameters derived from a quasi-static pressure-

volume curve.

(A) Linear compliance (Ciinear) is the slope of the mid-inspiratory limb, between lower and upper
inspiratory points, where alveolar recruitment is ideal. A high compliance in a pressure-volume
curve derived from zero PEEP indicates good potential for alveolar recruitment. (B) Hysteresis, the
area enclosed between the inspiratory and expiratory limbs, reflects recruitment and retention of
alveolar volume during the breathing cycle. A larger area suggests higher recruitability. (C) The
normalised maximum distance percentage represents the percentage ratio of the largest vertical
separation between inspiratory and expiratory curves (Dmax) and the volume at maximal pressure

(Ptop). High ratios indicate high recruitability. Created with BioRender.com.

56



Chapter 2. Introduction to lung volumes in critical care

The recruitment-to-inflation (R/I) ratio offers a simplified, single-breath estimate of
recruitability. It compares the compliance of the volume recruited between two PEEP levels
with baseline compliance at low PEEP. A higher ratio suggests a greater proportion of

132

recruitable lung'-=. However, like other mechanical measures, it lacks specificity for true

alveolar recruitment!3!,

Electrical Impedance Tomography, as previously discussed, has been explored as a tool for
visualizing regional volume changes and guiding PEEP titration'33. While promising for
tailoring mechanical ventilation settings, its use for pre-RM assessment of recruitability

remains limited.

Across recruitability assessment methods, definitions of “high” versus “low” recruitability
rely on arbitrary thresholds (e.g. the median values of a small cohort study) and lack
standardization. Even CT-based approaches vary in technique — such as voxel-by-voxel
analysis versus anatomical region-based methods — leading to inconsistent

analysesm’ 124,131, 134.

Assessing the immediate and, especially, the long term effectiveness of RMs is even more
challenging. Volume gains during a sustained inflation RM may reflect recruitment'?’, but
also include overdistension, which cannot be differentiated without further analysis.
Similarly, improvements in oxygenation (PaO:) are unreliable markers, as they may result

from haemodynamic or perfusion changes rather than true alveolar recruitment!!7- 139 135,

In summary, to date, most bedside tools for the assessment of lung recruitability and the
effectiveness of RM provide only qualitative or semi-quantitative assessments, and cannot

reliably distinguish beneficial recruitment from harmful overinflation.
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2.6. Motivation & Objectives

The accurate measurement of EELV has the potential to guide ventilatory strategies, assess
the impact of common interventions, and support more physiologically grounded decisions.
However, as discussed earlier, bedside tools currently available are either impractical, or
lack the accuracy, resolution, or interpretability required for meaningful clinical

application.

A pertinent example is the use of RMs, which are commonly applied based on individual
clinician judgement rather than a precise understanding of lung recruitability or the
physiological effects of the manoeuvre. The same increase in EELV following a RM may
reflect either a beneficial recruitment of collapsed alveoli, an increase in lung
inhomogeneity, or both. Without knowing the nature of the volume gained, clinicians
remain uncertain about whether the intervention was effective, necessary, or even

potentially harmful.

Despite the long-standing interest in lung recruitment, there is no international consensus
on how or when RMs should be applied. UK joint guidance has concluded that “the
evidence supporting the role of RMs was so poor and the concept so ill-defined that we

27136

were unable to make a recommendation Thoracic Society, European Society of

Intensive Care Medicine, and Society of Critical Care Medicine have issued only a

conditional recommendation, highlighting ongoing uncertainty!'*’.

Computed cardiopulmonography (CCP), which combines a laser-based gas analyser with
a detailed computational cardiopulmonary model, offers a non-invasive means to obtain
precise measurements of lung volumes, gas exchange, and ventilation heterogeneity at the

bedside> 138, This allows the estimation of EELV in addition to tracking how uniformly
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the lung inflates during a breathing cycle. These capabilities present a unique opportunity

to revisit fundamental questions around lung physiology during mechanical ventilation.

This research does not aim to validate CCP as a clinical device. Instead, its focus is
exploratory and physiological. Through a series of observational studies, we aim to: (i)
investigate how lung volume changes can be measured and interpreted using CCP; (i)
assess the repeatability (precision) of these measurements across time; (iii) assess how lung
volumes measured with CCP compare with a physiological standard; and (iv) explore the
lung volume changes measured via CCP before and after a lung RM and how they correlate

with established lung recruitability techniques.

In doing so, this work seeks to better understand whether CCP might provide new
physiological insights to support future research and more individualised approaches to

ventilatory management.
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Computed Cardiopulmonography is a technique developed to measure and model gas
exchange. The complex interplay between airways, lung, heart, circulation, metabolism,
and body gas stores is carefully considered by this technique in a closed-loop physiological
assessment of the cardiopulmonary system. The output of this assessment sheds light on

gas exchange behaviour in health and disease.

The technique can be broken down into two steps. First, gas exchange is measured within
the mainstream airway by the Molecular Flow Sensor. Here, the composition and flow of
respired gases is assessed, along with extrinsic gas properties that may affect their
behaviour (e.g., density, viscosity). The data acquired in this stage are then fed into an
integrated cardiopulmonary model. Based on patient characteristics, a series of modelled
physiological inferences are made pertaining to absolute lung volumes, distribution of

ventilation and perfusion, and overall metabolic exchange.
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In this chapter, both the measurement and the modelling components of CCP are detailed.
All studies designed and described in this thesis involve the application of either one or
both of such components, whereby the main intent is to explore Vo2 and EELV

measurements, enabled by CCP, in critically ill mechanically ventilated patients.

3.1. The Molecular Flow Sensor

The Molecular Flow Sensor combines laser gas spectroscopy and a precision flow sensor
to measure the molar concentrations and flows of respired gases within the mainstream

airway every 10 milliseconds®*.

The instrument comprises three main sections: the measurement head, the electronics
module, and a laptop controller (Figure 12). Subjects inhale from and exhale into the
measurement cell embedded into the measurement head. Data gathered at the measurement
head are transmitted through a pair of cables to the electronics module, and a USB
connection then streams the information to a laptop controller. Real time gas exchange
information is promptly displayed on the laptop controller screen. This information
includes, but is not limited to, respired gas concentrations, flows, temperature, pressure,

oxygen consumption, and carbon dioxide production.
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1. Measurement head
2. Pair of hybrid cables
3. Electronics module
4. USB cable

5. Laptop controller

Figure 12. Molecular Flow Sensor.

Subjects breathe in and out through the measurement cell in the measurement head (1).
Information is sent via hybrid cables (2) from the head to the electronics module (3) and vice versa,
then streamed through USB (4) to the laptop controller (5), where real-time gas exchange

information is displayed. Picture taken by Colin Beesley; Robbins’ group holds copyright.

The MFS directly measures concentrations and flows of O2, COz, and water (H20) vapour.
Considering that the sum of fractional contributions of all respired gases equates to 1, the
concentration of N2 can be obtained by subtraction. Other respired gases, such as Argon
and Helium, are quantified as N2 in the balance. Water vapour quantification is invaluable
to accurately determine flow, which, in turn, makes it highly relevant to the assessment of

02 and CO2 exchanges.

Here, it is established how these measurements are made, compared with other techniques,

and the qualities that make them desirable for the study of gas exchange are highlighted.
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3.1.1. Gas composition measurement

3.1.1.1. Laser gas spectroscopy

The concentration of respired gases is measured in the MFS by laser absorption
spectroscopy. In general terms, absorption spectroscopy is concerned with how matter
absorbs electromagnetic radiation. The technique takes advantage of the unique way in
which different atoms and molecules interact with radiation. As different gas species absorb
radiation at specific wavelength ranges, if radiation source is tuned to a specific species
spectrum, its interaction will be directed towards the targeted gas. The nature of such

interaction will depend on the frequency, i.e., energy, of the radiation source'3% 140,

Lasers are used in absorption spectroscopy as a source of monochromatic radiation,
emitting radiation in a very narrow range of wavelengths, which can be tuned for a specific
frequency. When a molecule is hit by incident radiation in the appropriate range and energy,
absorption occurs, leading the molecule to transition from ground to excited state. As a
consequence, there is a weakening of the radiation as it passes through the molecule. The
difference in radiation intensity before and after absorption takes place is referred to as

attenuation.

The degree of radiation attenuation (I) from a baseline incident intensity (I,) is related to
the concentration of the absorbing species (¢), the absorption cross-section (o), and the path

length (1) through the medium by the Beer-Lambert law!:

I = lpe o
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If the intrinsic properties of the molecule under investigation, the measured attenuation,
and the virtual distance between laser and detector (path length) are known, its

concentration can be derived.

Measurements of gas concentrations using laser gas spectroscopy are exceptionally fast,
with response times that are nearly instantaneous. The use of tuneable lasers enables very
high spectral resolution. Compared with other techniques — such as paramagnetic gas
analysers, galvanic fuel cell sensors, and broadband infrared analysers — laser absorption
spectroscopy offers far superior precision and accuracy. Moreover, there is less potential
for interference from external factors. These characteristics make laser gas spectroscopy an

excellent choice for real-time, precise measurements of gas exchange.

3.1.1.2. Carbon dioxide and water measurement

The lasers utilised to measure CO2 and H20 are housed within the electronics module of
the MFS. Their emitted radiation travels to the measurement head via optic fibre. Both of
these gases are relatively easily excited, with good absorbance, thus, the concentration

measurements require only a short path length.

As subjects breathe into the MFS head, respired gas flows through the measurement cell
with approximately 2.5 cm in length. Laser beams, tuned to the absorption wavelengths of
COz2 and H2O, traverse the gas and are reflected by a highly reflective mirror arranged in a
V-shaped configuration. This arrangement effectively extends the gas path length to 5.4 cm

prior to detection (Figure 13).

A single multiplexed optical cable transmits the information obtained from the

measurement head to the electronics module, and, subsequently, to the laptop controller.
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3.1.1.3. Oxygen measurement

Measuring Oz concentration using laser absorption spectroscopy is challenging because the
symmetric structure of O2 molecules produces minimal changes in charge distribution
during radiation interaction. Since such changes are necessary for effective radiation

absorption, O2 exhibits only weak absorption.

To address this limitation, the MFS incorporates two advanced strategies. First, a vertical-
cavity surface-emitting diode laser is employed to generate a focused, intensified radiation
beam tuned to oxygen, thereby enhancing the detection of subtle absorption changes'#!.
Second, the system increases the effective optical path length through off-axis cavity
enhanced absorption spectroscopy (CEAS)'*. In this technique, the laser radiation is
repeatedly reflected between two highly reflective mirrors. Within the MFS measurement
head, the O2 laser and the two highly-reflective mirrors are placed perpendicular to the
respired gas flow, with a mirror situated on each side of the optical cavity (Figure 13). Each
mirror reflects 99.75% of the radiation and transmits 0.25%, resulting in approximately 400
reflections before a single transmission to the detector occurs. This process extends the
effective path length from 2.5 cm to 10 m, significantly amplifying the absorption signal
and enabling more sensitive and accurate measurements of O2 concentration in respiratory

gases.

The O2 laser is housed directly in the MFS head, while its controllers are maintained in the
electronics module. Calibration with pure O2 (N5.0, 99.999% O2; BOC Limited, UK)

allows for accurate path length calculation.
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Figure 13. Schematic representation of gas composition and flow measurement pathways in the

MFS.

Composition analysis of CO; and H,0 follow a v-path, whereby radiation travels vertically through
the measurement cell, is reflected, and then detected. To enable O, analysis, radiation bounces
back and forth between two highly reflective mirrors positioned perpendicular to both gas flow
and v-path. A very small portion of this radiation is transmitted and captured by a second detector.
Respiratory gas flows inwards and outwards through two mesh screens that record the flow

through the pressure drop detected. Authorised reproduction of figure designed by John Couper.

3.1.1.4. Temperature and pressure sensors

According to the ideal gas law, temperature and pressure directly influence gas
concentration. Therefore, precise measurement of these parameters is crucial for
determining both the total concentration of respired gases and the fractional concentrations

of individual components. The MFS measures temperature and pressure within the
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measurement cell, ensuring that all relevant variables are spatially and temporally aligned
for accurate gas exchange quantification. Initially, these measurements provide the total
gas concentration. Subsequently, the fractional concentrations of O2, CO2, and H20 vapour

are determined using their respective spectroscopic signals.

A single commercial sensor (HCAO811ARHS, First Sensor AG) is used to measure
absolute pressures throughout the breathing cycle, including barometric and peak pressures.
When external pressure is applied, the sensor’s silicon diaphragm deforms. Piezoresistive
elements embedded in the diaphragm detect this deformation through changes in electrical

resistance, generating a voltage signal that is proportional to the applied pressure.

Four custom-made thermocouples are used to measure the absolute temperature. Two
sensors are positioned at each end of the MFS measurement cell, where the respired gas
flows. The readings from all four sensors are averaged to produce the final temperature
measurement. The thermocouples are deliberately manufactured with a thin diameter
(25 um) to facilitate rapid response times, which is essential for capturing the dynamic

nature of breathing.

The measurement cell is preheated to a minimum of 35°C prior to initiating MFS
measurements. This step prevents condensation on the surface of measurement elements

and aligns temperature of the instrument with the typical human body temperature.

Measurements of temperature, pressure, and humidity allow for calculation of density and

viscosity of the respired gas, which is crucial for accurate flow measurement.
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3.1.2. Respiratory flow measurement

Accurate flow measurement is critical for reliably estimating gas exchange, yet the dynamic
nature of respiration presents several challenges. Variations in pressure, temperature,
humidity, and gas composition lead to frequent changes in the viscosity and density of
respired gas, which in turn affect flow measurements. Therefore, to obtain accurate and
precise flow data, a device must: (1) provide rapid measurements, (2) accurately integrate
both inspiratory and expiratory flows without depending on the Haldane transformation,
(3) ensure temporal and spatial synchronization with gas composition, temperature, and
pressure data, and (4) account for changes in density and viscosity. Currently, no
commercial device fulfils all these requirements, which contributes to the unreliability of
gas exchange measurements, particularly Voz. The MFS incorporates all these features,

rendering it well-suited for precise and accurate flow measurement.

The MFS employs a Lilly-type pneumotachograph, centrally located within the
measurement cell. As respired gas crosses two parallel wire-mesh screens with known
resistance, the pressure differential is sensed by 8 piezoelectric sensors — 4 symmetrically
positioned on each screen. The mechanical deformation induced by the pressure drop in the
piezoelectric sensor induces an electrical charge, and the resulting voltage is proportional
to the pressure difference. By calibrating this voltage signal, the gas flow rate can be

accurately determined.

The calibration takes into consideration the relationship between pressure drop and flow.
In a predominantly laminar flow, this would be linear, following Poiseuille’s law.
Nevertheless, respired flow can also be transitional or turbulent, making the pressure loss,
and therefore the flow, less predictable. The model relationship between pressure drop and

flow employed by the MFS accounts for laminar, transitional, and turbulent flows by
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including major and minor pressure losses. Major pressure losses are proportional to
viscosity and flow rate, mostly caused by friction. Minor losses are mainly triggered by
geometric changes in the flow path, being proportional to the squared flow rate and to

density.

Flow conditioning screens are positioned external to each end of the meshes to help
amortize the flow into a less turbulent one. Light traps are interposed between the flow
conditioning screens and taper connectors on each end of the measurement cell. These
capture and absorb scattered light, preventing optical mismeasurements. Connectors allow
for airway integration in-line with mechanical ventilator circuits or with gas supply sources

in the spontaneously breathing patient (Figure 14).

The mainstream airway measurement of respired gas compositions and bidirectional flows
by the MFS enables highly time-resolved, precise, and accurate measurements of gas
exchange. In fact, the precision of the MFS is of an order of magnitude higher than the
standardised requirements for commercial gas analysers*. Similarly, it offers error margins

that are 50% smaller than the standard, indicating excellent accuracy>*.
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Figure 14. Schematic representation of the flow measurement components within the MFS.
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Connectors enable integration with multiple gas supply circuits. Gas flows through the connectors
bidirectionally, and are smoothened by flow conditioning screens before crossing the flow
measurement meshes. Light traps are positioned between conditioning screens and taper
connectors to capture scattered light and prevent measurement errors. Authorised reproduction

of figure designed by John Couper.

3.2. The Cardiopulmonary Model

The MFS continuously records the fractional concentrations and flow rates of respired
gases during both inspiration and expiration. This enables rapid evaluation of key gas
exchange and metabolic parameters, such as oxygen uptake and carbon dioxide elimination.
To provide a more comprehensive assessment of an individual’s cardiopulmonary function,
the data collected by the MFS are further analysed using a computational model that

incorporates patient-specific characteristics.
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This model functions as a closed-loop system that tracks the entire gas exchange process,
from initial inspiration, through alveolar-blood and blood-tissue exchanges, to the return of
mixed venous blood to the lungs. It consists of three interconnected sub-models

142 The lognormal

representing the lungs, the blood, and the circulation with body gas stores
lung model (LNL) evaluates the unevenness in the distribution of alveolar ventilation, dead
space, and pulmonary blood flow across 125 alveolar compartments. The blood sub-model
depicts the physicochemical behaviour of gases in the blood, including acid-base buffering,
Bohr and Haldane effects, and the dissociation curves of each gas species'*. The
circulation and body gas stores sub-model (CABGS) connects pulmonary venous outflow

with pulmonary arterial inflow by simulating the interactions between major blood vessels

and organs that influence gas exchange!#,

Simulated data generated by the model are designed to be the best possible match to the
MFS measured data whilst accounting for patient-specific characteristics. During
inspiration, the model directly incorporates MFS-measured gas fractions and flow rates.
For the exhalation phase, while flow rate is taken from measurements, the gas fractions are
simulated. A nonlinear least squares optimisation routine (NLLSOR) is employed to
minimise the squared differences between the simulated and measured expired gas flux
(i.e., the product of flow rate and gas fraction every 10 milliseconds). Progressively to
reduce the residual measured-modelled flux difference, the optimisation routine iteratively
adjusts physiological parameters initially fed into the model as an experimental file. The
final outcome is an optimised parameter set that best characterises the subject's

cardiopulmonary physiology 4% 144,
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3.2.1. Lognormal lung sub-model

The LNL is the computational framework in the core of CCP: the first point of gas exchange
from which the other models stem and to which they reconnect. The end goal of the model
is to estimate alveolar and pulmonary end-capillary blood partial pressures for respired
gases, initiating the gas exchange process. This goal is achieved by modelling the lung

through a series of inhomogeneous gas exchanges.

Lung inhomogeneity refers to the unevenness of ventilation and perfusion across the lung.
It occurs physiologically in healthy individuals — where regional distribution is mainly
influenced by gravity, posture, and exercise — and is exacerbated in disease. The LNL was
originally developed to quantify lung inhomogeneity using non-invasive gas exchange
data'3®. The model is predicated on the understanding that effective gas exchange in the
lung depends on the adequate matching of ventilation and perfusion. Deviations from this

match beyond a certain threshold are indicative of respiratory dysfunction.

In this model, the lung is represented as a series of 125 alveolar compartments that together
comprise the total gas-exchanging volume (Va). Each compartment encompasses 5 key
physiological elements (Figure 15): alveolar volume, alveolar compliance (a proxy of
ventilation), anatomical dead space, pulmonary vascular conductance (a proxy of

€9y
1

perfusion), and dead space compliance. The compartments (each represented as “i”) are
assumed to have equal alveolar volumes at functional residual capacity (Vai= Va/125),
while fractional shares of alveolar compliance (FcL.i), pulmonary perfusion (Fcad,i), and
anatomical dead space (Fvp,i) are distributed unevenly across compartments. When an

individual inspires, the expansion of an alveolar unit tractions out their adjunct conductive

airway, expanding it to some extent: this concept lays the foundation for the model’s dead
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space compliance (Cvp), defined as the fraction of dead space expansion in relation to

alveolar compliance.

The anatomical dead space at the end of expiration (Vp) is the sum of each of the 125 Fvp,i.
The apparatus dead space (Vp**?) comprises the non-exchanging volume of all equipment
interposed between a measurement plane of the MFS and the mouth when a participant is
undertaking a breathing test. This value is calculated and inputted to the model before it
runs. The model computes total dead space (VpT°D as the sum of Vp and VpAPP — it does
not account for true alveolar dead space. Another dead space model variable was developed
to describe the inspiratory dead space volume (Vbp™®), which is often higher than its
expiratory counterpart (Vp) due to the effects of Cvp. Once an individual’s Vb and Va are

determined, functional residual capacity (FRC) can be calculated as their sum.

Figure 15. Schematic representation of 3 model compartments.

awin
|

The LNL encompasses 125 distinct compartments. Each compartment (“i”) comprises 5 key
elements: alveolar volume (Va), alveolar compliance (C.), anatomical dead space (Vp), and vascular
conductance (Cq). All compartments receive an equal fraction (F) of alveolar volume (Va/125 = Fya,)
at FRC but variable fractions of anatomical dead space (Fvp,), alveolar compliance (Fc.), and
vascular conductance (Fcq;). Dead space compliance (Cyp) varies as a function of alveolar

compliance.
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The variations in fractional shares across LNL compartments are characterised using
statistical distributions, under the assumptions that: (1) alveolar compliance and pulmonary
conductance follow a bivariate lognormal distribution'®> 146 (FcL;i:Fva,i and Fcqi:Fva,,
respectively) and have a fixed correlation p ((FcLi:Fva,i)/(Fcai:Fvai) = 0.87)!3%;
(i1) anatomical dead space follows a normal distribution (Fvp,i:Fva.i). The model variables

that represent such distributions are the three key lung inhomogeneity parameters:

1.  oCL (clnFcLi:Fva,): the standard deviation (SD) of the distribution of the natural
logarithm of standardised alveolar compliance; or, simply, the alveolar compliance

(or ventilation) distribution.

il. oCd (olnFcai:Fvai): the SD of the distribution of the natural logarithm of
standardised vascular conductance; or, simply, the vascular conductance (or lung

perfusion) distribution.

iii. oVp (cFvpi:Fva,): the SD of the distribution of dead space; or, simply, the

anatomical dead space distribution.

Here, inhomogeneity is assessed as a function of the variances of alveolar compliance,
vascular conductance, and anatomical dead space. The approach of assessing distributions
rather than individual compartment values allows the model to capture the inherent

inhomogeneity of the lung using only a few critical parameters.

The variables describing inhomogeneity and absolute lung volumes — outlined above and
summarised in Table 1 — are derived from the LNL model and could theoretically be
obtained without relying on MFS data, the CABGS, or the blood model. However, this

would necessitate alternative measured data sources and considerably more assumptions
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about circulation, gas stores, and blood transport to act as inputs to the LNL. Most of the
work described in this thesis employs the CCP technique in its entirety: MFS and integrated
cardiopulmonary model. Technically, this means that the variables aforementioned are
reported as outputs of CCP rather than the LNL alone, being described in the final

parameter set file.

Individual compartment values

Fua,i Fractional share of alveolar volume
Feui Fractional share of alveolar compliance (ventilation)
Fup,i Fractional share of expiratory anatomical dead space
Fed,i Fractional share of vascular conductance (perfusion)
Cwo Anatomical dead space compliance

Lung inhomogeneity parameters

oC, Alveolar compliance distribution across model lung
aVp Expiratory anatomical dead space distribution across model lung
oCqy Perfusion distribution across model lung

p Fixed relationship between oC and oCy

Absolute lung volumes

Va Total alveolar volume
Vp'oT Total dead space
VpAPP Apparatus dead space
Vb Expiratory anatomical dead space
Vp'Ns Inspiratory anatomical dead space
FRC Functional residual capacity

Table 1. LNL individual compartment values and CCP-estimated parameters.

Each of the 125 LNL model compartments are composed of 5 main fractions: alveolar

volume, alveolar compliance, anatomic dead space, lung perfusion, and dead space
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compliance (in relation to alveolar compliance). MFS and cardiopulmonary modelling by
CCP result in a set of physiological parameters which include both lung inhomogeneity and

absolute lung volume estimates.

The LNL model operates under the assumption that the gas within each alveolar
compartment is perfectly mixed and remains in equilibrium with the blood and lung tissue;
diffusive effects are disregarded. Therefore, all governing equations applied to the model
can be directed by conservation of masses principles. To maintain equal partial pressures
of a gas species in the alveoli, blood, and lung tissue, an iterative time-sensitive process
takes place, ensuring that the inward and outward flows and fractions of gases in each of

the three areas are adequate.

Given that equilibrium is reached between alveoli and blood, it follows that the total gas
exchange at a given time equals the difference between mixed venous and pulmonary
end-capillary blood contents. Alveolar and end-capillary partial pressures are given by the
LNL model, the conversion from partial pressures to contents in end-capillary blood for
each gas species can be estimated utilising the blood model, and the mixed venous blood

content can be drawn from the circulation and body gas stores model (Figure 16).

A relevant limitation of the LNL model is that, as it does not incorporate true shunt or
alveolar dead space, its ability to accurately assess lung inhomogeneity may be constrained
in conditions where these extremes are prevalent, such as in severe lung diseases or in
mechanically ventilated patients, who are the main target participants in this work. As a
consequence, Chapter 6 and Chapter 7 of this thesis will prioritise the discussion of model

parameters related to the characterisation of absolute lung volumes. Modifications to the
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model can be implemented to enable the simulation of fractional shunt and alveolar dead

space, however, these are not within the scope of this thesis.

INPUT MODEL OUTPUT
I_p Inspired gas fractions and - Lognormal lung # Alvel;l:;'a&l ::eds.-::r[::lary

respired flows

f___________________l

Alveolar & end-capillary ‘ Blood ‘ Blood gas contents
partial pressures

=== - N ———

‘ Circulation and body gas » Mixed venous content

Arterial gas contents stores

CCP OUTPUT = SIMULATED EXPIRED GAS FRACTIONS — SIMULATED EXPIRED GAS FLUX

Figure 16. Simulation of flow through the cardiopulmonary model components.

The model takes as inputs MFS-measured inspired gas fractions and respired flows, in addition to
patient-specific characteristics and a file containing initial guesses of physiological parameters.
Following alveolar-blood exchange, the LNL model provides the relevant partial pressures to the
blood model, which will be converted to contents based on the gas behaviour, effects and
transport means. The CABGS utilises the arterial contents generated by the blood model to
facilitate blood-tissue gas exchange and provides the composition of mixed venous blood
returning to the lung. The final outputs of the cardiopulmonary model are the simulated expired

gas fractions, allowing for estimation of expired gas flux.

3.2.2. Blood Model
The blood model simulates how respiratory gases behave and are transported within the
blood. It is designed to predict the total CO2 and Oz content based on the alveolar PCO2

and POz values provided by the lognormal lung model. For inert gases like N2, converting
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partial pressure to content is straightforward — it only requires multiplication by its
solubility coefficient, as described by Henry’s law. In contrast, for Oz and CO: the
conversion process must account for their dynamic physicochemical properties and

interactions, rendering their modelling considerably more complex'43.

CO:2 is transported in blood in three forms: dissolved in plasma, converted to bicarbonate,
and bound to proteins as carbamino compounds — with bicarbonate accounting for over half
of the circulating COz. In both plasma and red blood cells, CO2 reacts with water to form
carbonic acid, which dissociates into bicarbonate and hydrogen ions — a reaction
accelerated by carbonic anhydrase within red blood cells. As red cell membranes are
relatively impermeable to cations, bicarbonate is exchanged with plasma chloride in a
process known as the chloride shift, which continues until Gibbs-Donnan equilibrium is
reached. The distribution of CO2 among these forms is primarily influenced by the
conformation of haemoglobin. In tissues, deoxygenated (tense) haemoglobin — being less
acidic and a more effective proton acceptor — binds CO2 to form carbamino compounds
while buffering excess hydrogen ions (the Haldane effect). Intracellularly, organic
compounds and phosphate also contribute to proton buffering, whereas albumin and
bicarbonate perform this role extracellularly. At the alveolar level, as blood becomes
oxygenated, haemoglobin transitions to its relaxed form, reducing its affinity for CO2 and
releasing both CO2 and hydrogen ions. The resulting decrease in free hydrogen ion
concentration, facilitated by the conversion of bicarbonate back to CO2 and water, helps

normalise blood pH and promotes efficient CO:2 elimination at the alveolus.

Due to its low solubility, oxygen is primarily transported in blood bound to haemoglobin,
with only a small fraction remaining dissolved in plasma. Haemoglobin’s affinity for

oxygen is dynamic and decreases under conditions of elevated hydrogen ion concentration,
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high CO: partial pressure, increased temperature, and elevated intracellular levels of
2,3-DPG. In tissues, where COz2 levels and hydrogen ion concentrations are high, oxygen
is released from haemoglobin for tissue uptake — a phenomenon known as the Bohr Effect.
Conversely, in the lungs, high inspired oxygen partial pressures facilitate the reloading of

haemoglobin, ensuring efficient oxygen transport to the tissues.

All these complexities of oxygen and carbon dioxide transport, including their
physicochemical interactions, are mathematically integrated into the model to determine
their total contents, as described by O’Neill and Robbins'*. For simplicity, the model
assumes that Oz and CO:z have equal partial pressures in plasma and within red blood cells.
It adheres to the principles of mass conservation, the law of mass action, electroneutrality,
and Gibbs-Donnan equilibrium. Key physiological parameters — such as haemoglobin
concentration, haematocrit, and the concentrations of major electrolytes, albumin, and
2,3-DPG - are defined using standard literature values. When available, participant

laboratory parameters can be inputted to personalise the modelling of gas transport.

For validation, the model has previously been tested against several physiological
scenarios, comprising both standard resting conditions and dynamic circumstances — such
as hyperoxia, metabolic acidosis, metabolic alkalosis, anaemia, and polycythaemia. Results

revealed good agreement with existing literature values'*3.

3.2.3. Circulation and Body Gas Stores Model

The circulation and body gas stores model simulate the dynamic storage and exchange of
respiratory gases between blood and body tissues, linking pulmonary venous outflow to
arterial inflow. This model closes the loop with the LNL framework and delivers mixed

venous gas content as an output. This parameter is crucial for determining total gas
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exchange, defined as the difference between the mixed venous and pulmonary end-capillary

gas contents.

The CABGS model comprises 11 anatomically based major organs and tissue
compartments. It includes separate compartments for major organs such as the heart, lungs,
liver, kidneys, gastrointestinal tract (stomach, small and large intestine, and, for venous
drainage reasons, spleen), and brain, as well as for distributed tissues such as muscle, skin,
fat, and bone, and an additional compartment that accounts for the remainder of the body
(thyroid, adrenals, pancreas). Each compartment is assigned a tissue volume — calculated
from organ mass and density — and corresponding flows, which are further subdivided into
arterial, capillary, and venous components. Additionally, each compartment holds a share
of the metabolism, represented by oxygen consumption, and its own solubility coefficient
for O2, CO2, and N2. The apportionment of volumes, flows, and metabolism across

147-149

compartments is based on existing literature sources and additional model

assumptions that are discussed in detail elsewhere by Magor-Elliott et al'**.

Circulation of blood takes place between the lungs and all the other compartments via
independent circulatory pathways running in parallel (Figure 17). Oxygen-rich blood leaves
the pulmonary veins, is delivered, exchanged, and stored by the model compartments,

before returning to the lung via the pulmonary artery as mixed venous blood.

The compartmentalised structure of the model enables it to simulate how different regions
of the body store and exchange respiratory gases, providing an anatomically informed

framework for understanding systemic gas transport.
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Figure 17. CABGS model cross-compartmental parallel circulation.

The model divides the body into 11 organ and tissue compartments. Blood flows from and drains
into the lungs, perfusing target compartments along the circulatory route. The gastrointestinal
(GI) tract drains into the liver, as a representation of the portal vein function. Red and blue lines
denote arterial and venous trees, respectively, with arrows indicating the direction of circulation.

ROB = rest of body (thyroid, adrenal, pancreas). Diagram created with BioRender.com.

To initialise the model, arterial contents of O2, CO2, and N2 are required. Blood from the
pulmonary outflow fills the arterial tree and is directed towards organs and tissues under
the influence of their apportioned metabolic rates and flows. The extent of gas exchange
between blood and tissues depends on the compartment-specific solubility coefficient of
the gas being exchanged, the differential partial pressure between blood and compartment,

and the potential chemical reactions of the gas species within the blood or tissues.
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For inert gases, such as N2, movement is determined simply by the partial pressure
differential: from areas of higher pressure to areas of lower pressure. For O2 and COz, the
exchange is more complicated as these gases interact with blood in specific ways. Oz binds
to haemoglobin and is influenced by factors that affect its release to tissues, while CO2 not
only dissolves in blood but also reacts with water to form bicarbonate and protons. These
interactions, Bohr and Haldane effects included, couple the behaviour of O2 and CO2 during
exchange. The CCP blood model carefully accounts for such interactions when modelling
exchange between blood and tissues. Ultimately, this means that the gas concentrations in
the blood and tissues are continuously changing based on both the physical movement of
gases and these chemical reactions. Following exchange, blood returns to the lung through
the venous tree at a set flow and a known composition. Once more, the entire model process

is predicated on conservation of mass principles.

The model can be tailored to represent the gas exchange properties of different subjects by
proportionally scaling the anatomical and physiological parameters to match their specific
body composition and size. This is achieved by inputting sex, age, height, and weight to

estimate an individual’s proportion between adipose tissue mass and lean body mass:

1.2(BMI) + 0.23(age) — 10.8(sex) — 5.4
fat = 100

Fleanzl_Ffat

where Frat is the fraction of adipose tissue and Fiean the faction of lean body mass; BMI is
the body mass index, calculated diving weight by the squared height, in kg.m; age is

measured in years; and sex is inputted as male (1) or female (0). With these numbers, values
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can be adjusted from the “standard man” utilised for model development (male, age 25

years, 180 cm height, and 70 kg weight).

3.2.4. MFS and multi-model integration: from measurements to
simulated results

In order to model the cardiorespiratory system, MFS-measured inspired gas fractions along
with inspired and expired flows become model inputs. Additional inputs are: (1) patient-
specific age, sex, height and weight; (2) apparatus dead space, added by the MFS
measurement head and by any other apparatus interposed between the gas source and the
patients mouth; (3) an experimental file containing instructions on acceptable initial
guesses for several physiological variables pertaining gas exchange and metabolism — the

parameter set of interest!.

Once initialised, the model continues to run driven by flows — gas and blood — and
metabolism. A respiratory controller dictates gas flows from MFS-acquired measurements.
A cardiac controller determines blood flows from cardiac output, a variable which, in this
work, is fixed as part of the experimental file. A metabolic controller instructs gas exchange
between blood and tissues based on oxygen consumption and carbon dioxide production.

The problem solved by the model is the simulation of an individual’s expired flow.
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Figure 18. From MFS-measurements to gas exchange simulation: a step-by-step representation

of CCP.

The cardiopulmonary model takes as inputs the MFS-measured data, including inspired gas
fractions (Fig) and respired flows (inspired, Vi; expired, Ve) to generate simulated expiratory gas
fractions, which allow for estimation of expiratory flux. Patient-specific characteristics help the
model to personalise its output. An experimental file containing initial guesses for the most
relevant physiological parameters is also provided to the model. The model circulates and
exchanges respired gases under the influence of 3 controllers: respiratory (Crespiratory), dictated by
gas flows; cardiac (Ccarniac), guided by experimental cardiac output; metabolic (Cverasouic), defined
by oxygen consumption and carbon dioxide production rates. A non-linear least squares
optimisation routine iteratively adjusts the experimental physiological parameters to minimise the
difference between measured and simulated fluxes. After several iterations, the model outputs a

final parameter set that best characterises the individual’s cardiopulmonary physiology.

Upon completion of expired gas fractions simulation by the model, the NLLSOR algorithm
initiates the process of model fitting — the procedure by which it determines the best match

between measured and simulated gas fluxes. This is achieved by iteratively adjusting the
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physiological variables of interest in the experimental file to minimise the squared
difference between the measured and modelled fluxes. The fitting process is repeated four
times using different initial parameter guesses to check that the same minimum is found
each time and therefore that the minimum is likely to be a global minimum. Once this
condition is satisfied, the model output is given as the optimised simulated parameter set
which is the most likely to be representative of an individual’s cardiopulmonary physiology
(Figure 18). The parameter set file includes those lung inhomogeneity variables and
absolute lung volumes described in Table 1. Of relevance to this work, it also includes
modelled ideal partial pressure of CO2 (PiCOz2), modelled oxygen consumption (Vo2™9),

and modelled respiratory quotient (RQ™°Y),

In addition to the NLLSOR, quality control measures are employed to ensure that the
physiological parameters simulated by CCP are a good fit for the MFS-measured data.

These will be discussed in sections 4.2.6 and 6.3 .4.

3.2.5. Multi-breath nitrogen washout in cardiopulmonary
modelling

In this thesis, the experimental protocol varied according to study objectives. In oxygen
consumption studies, cardiopulmonary modelling was unnecessary, as all required data
were obtained directly from MFS measurements. Detailed protocols for each metabolic
studies are discussed in Chapter 4 and Chapter 5. By contrast, studies of absolute lung
volumes — described in Chapter 6 and Chapter 7 — required cardiopulmonary modelling as
an integral component of the protocol. In these cases, steady tidal breathing through the

MFS was supplemented with a specific stimulus: the multi-breath nitrogen washout

(MBNW).
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A standard MBNW in healthy participants consists of breathing through the MFS for twelve
minutes. The first seven minutes — the baseline phase — involve inhaling a gas mixture with
a known FiO2 (typically 0.21 for spontaneously ventilated subjects). In the final five
minutes — the washout phase — FiOz is increased in a single step, washing oxygen into and
nitrogen out of the lungs. The magnitude of the FiO2 step determines whether the washout
is partial or full: throughout this work, partial washouts are defined as an absolute FiO2

increase of 0.2 from baseline, whereas full washouts involve raising the FiO2 from baseline

to 1.0.

Figure 19 displays a partial nitrogen washout dataset in a healthy participant, showing the
cumulative volume uptake of Oz, CO2, and N2. Cumulative volumes are obtained by
summing, over time, the product of each gas fraction and its flow rate. During baseline
breathing, the slopes of the O2 and CO: curves reflect the participant's metabolic rates — Oz
shows a positive slope (indicating uptake for respiration) and CO2 shows a negative slope
(reflecting its production and elimination). Nitrogen, which is not involved in metabolism,
should ideally show no slope; this is known as the nitrogen balance and serves as an

important quality control measure.

As discussed in section 2.4.1.4, the ratio of nitrogen washed out from the lungs to the
change in the inspired fraction of N2 is proportional to an individual’s lung volume. This

information enables the model to estimate absolute lung volumes more reliably.
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Figure 19. MFS recording of the breathing protocol used to model absolute lung volumes and

lung inhomogeneity.

The graph displays cumulative volumes of oxygen, nitrogen, and carbon dioxide over a 12-minute
tidal breathing protocol. During the first 7 minutes (baseline breathing phase), the participant
breathes their baseline FiO, gas mixture. In the final 5 minutes (washout phase), the inspired
oxygen fraction is increased — in this example by 0.2 — initiating a multi-breath nitrogen washout.
As oxygen is introduced to the lungs, nitrogen is simultaneously washed out. This change provides

the necessary model stimulus to estimate lung volume and assess inhomogeneity.

Finally, the shape of the washout phase gives additional insight into lung inhomogeneity.
Simulated Va and Vp are divided across the 125 LNL individual alveolar compartments —
Va equally and Vb unequally. Each group of 25 compartments is given a different dead
space path length. The model compartments empty at different time constants, at a speed
driven by their individual compliances. Therefore, the wider the compliance (cCL) and dead
space (6Vp) variances, the longer it will take for all gas to be washed out, and, therefore,

to reach a plateau.
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3.3. Clinical applications of CCP

CCP has been clinically applied to assess distinct lung physiology aspects in several
pathologies, such as chronic obstructive pulmonary disease (COPD), asthma, COVID-19,

and cystic fibrosis.

Use of the measurement component of CCP — the MFS — was first reported in a clinical
setting in 2016 by Ciaffoni et al’*. In this study, the MFS was employed longitudinally to
measure oxygen consumption in a single mechanically ventilated patient throughout an
elective abdominal aortic aneurism repair. Here, the feasibility of acquiring reliable real-
time gas exchange measurements noninvasively within the mainstream airway in a clinical
setting was confirmed. More than that, it was established that MFS measurements achieved
a precision that was an order of magnitude higher and an accuracy two times better than

other gas analysers>,

Building on that foundation, cardiopulmonary modelling was developed and coupled with
MFS measurements to construct the first complete CCP version. Its clinical debut took
place in 2018, reported by Mountain et al., who assessed lung inhomogeneity patterns
across three distinct groups: healthy young adults, healthy older adults, and patients
suffering from COPD'38. These groups showed significant differences (p < 0.001) across
all three modelled inhomogeneity parameters (6CL, 6 Vb, 6Cd), with the widest distributions
of alveolar compliance, anatomic dead space, and lung perfusion occurring in the group

with COPD!3,

In a subsequent study in 2022, Smith et al. corroborated these findings observing
significantly higher alveolar compliance inhomogeneity, represented by oCL, in patients

with early-stage COPD when compared with age-matched healthy individuals'>°. It was
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also shown that 6CL is more sensitive than the forced expired volume in one second
(FEV1%) in identifying early-stage COPD (GOLD 1 & 2), identifying this parameter as a
potential biomarker for early detection of small airways disease!’. In fact, the latest study
conducted by Smith et al. in 2024 has demonstrated that cCL may become significantly
altered even before symptoms or a COPD diagnosis are established, as early as 5 to 10
pack-years (where a pack-year is defined as smoking an average of twenty cigarettes per
day for one year) into tobacco exposure'!. In contrast, FEV1% remained similar across the
groups studied: (1) healthy volunteers, (2) smokers with a 0 to 5 pack-year history and (3)

those with between 5 and 10 pack-years'>!.

An asthma study completed in 2020 by Smith et al. compared cCL and FEV1% in an
investigation including a group of patients with asthma and a group of healthy controls.
Asthmatics showed increased oCL alongside a lower FEV 1% relative to controls!>2. These
variables were, however, only weakly correlated, likely because they reflect different
pathophysiological phenomena: FEV1% reflecting increased airways resistance and cCL
reflecting small airway ventilation inhomogeneity exacerbated by smooth muscle hyper-

reactivity'32,

Continuing CCP applications in asthma, in 2025 Alamoudi et al. studied type-2 high asthma

133 Three to four

patients before and after initiating anti-IL5 or anti-IL5R biologic therapy
months after commencing treatment, patients showed significant reductions in symptoms,
blood eosinophil count, FEV1%, and cCL — a marker of ventilation inhomogeneity. Based
on a bimodal distribution, patients were stratified as cCL responders or non-responders
according to the magnitude of their oCL change post-bronchodilator administration.

Responders showed greater symptom improvement, larger FEV1% increases, and were

more likely to achieve clinical remission at one year of treatment. These findings support
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oCL as a potential early predictor of disease activity in the lungs and of long-term response

to biologics!'*3.

In 2023, Sandhu et al. studied a small cohort of cystic fibrosis patients comparing them
with healthy controls'#2. Subjects with this genetic condition displayed rather large values
for oCL in addition to FRC volumes below those predicted from their physical
characteristics. These variables were significantly different between disease and control

cohorts!42.

CCP has also been employed to assess the long-term effects of COVID-19 on lung function.
In 2024, Magor-Elliott et al. assessed patients treated in the community, on hospital wards,
and within the ICU, after 6 months and at one year from the time of SARS-CoV-2 infection,
comparing them against healthy controls who had never been infected by the virus'#*. When
compared with controls, community and ward-treated subjects demonstrated significantly
higher values of oCi. Patients treated in the ICU, whether they received mechanical
ventilation or not, exhibited an increase in anatomical dead space compared with controls.
All hospitalised patients displayed a reduction in FRC values following recovery.
Interestingly, regardless of disease severity, the lasting changes in inhomogeneity
associated with COVID-19 were equivalent to ageing the patients’ lungs by approximately

15 years!#,

To date, most of the published work involving CCP has focused on the study of lung
inhomogeneity in awake self-ventilating participants. In this thesis, primarily mechanically
ventilated individuals are studied, with an emphasis on investigating absolute lung volumes

and oxygen consumption.
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3.4. Summary

CCP is a recently developed, non-invasive technique designed to comprehensively assess
cardiopulmonary function by integrating highly precise, time-resolved measurements of
respiratory gas exchange with a detailed physiological model. The technique relies on the
MFS, which employs laser absorption spectroscopy to continuously measure the
composition and flow of respired gases every 10 milliseconds. These high-fidelity data are
then input into a mechanistic cardiopulmonary model that simulates gas exchange
dynamics through the integration of three submodels: a model of lung inhomogeneity, a
model of the circulation and body gas stores, and a model of the physicochemical behaviour

and transport of respired gases in the blood.

Clinically, CCP offers a powerful tool for evaluating subtle changes in lung physiology that
may not be captured by conventional lung function tests. By quantifying parameters such
as alveolar compliance, anatomical dead space, and vascular conductance distributions,
CCP may aid in detection and/or monitoring of conditions such as COPD, asthma, cystic
fibrosis, and COVID-19. Its ability to provide multidimensional insights into respiratory
and cardiovascular function holds promise for enhancing disease diagnosis, treatment

planning, and longitudinal patient monitoring.
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Existing techniques for the measurement of Voo are often impractical, invasive, imprecise,
inaccurate, or a combination of these. The MFS measures Vo directly, non-invasively, and
within the mainstream airway. It offers high temporal resolution and overcomes many of
the limitations associated with traditional methods. While initial laboratory evaluations
have demonstrated superior precision and accuracy compared with commercially viable
methods for measuring oxygen consumption, these assessments have largely relied on
controlled experimental conditions involving passing gas mixtures of known composition
and flow rates through the instrument. The performance of the MFS in the measurement of
Vo2 under clinically relevant conditions has not yet been systematically evaluated.
Furthermore, no studies to date have compared MFS-derived Vo2 measurements with a

physiological gold standard.
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4.1. Research aims and objectives

The primary aim of the study described in this chapter is to assess the accuracy of MFS-
derived Vo2 measurements against those obtained via the DB method, a well-established
physiological reference. This comparison between methods was performed in
spontaneously breathing healthy participants as a pilot study with the aim to evaluate the

MES performance against a physiological standard for respiratory gas exchange.

4.2. Methods

4.2.1. Ethical approval

The study was approved by the Scotland A Research Ethics Committee, reference
17/SC/0172. Of relevance to the experiments conducted in this thesis, ethics approval
permitted the following: (i) recruitment of adult healthy volunteers identified via hospital
clinics, research registries, or public advertisements; (ii) up to four visits per participant,
each lasting no more than two hours; (iii) performance of repeated lung inhomogeneity tests
(i.e., MFS and CCP), involving controlled variations of inspired gas composition while
breathing through a mouthpiece with continuous monitoring; (iv) use of standard clinical
pulmonary tests (spirometry, lung volumes, diffusing capacity, oscillometry) performed
during the visit; (v) collection and analyses of expired gas samples. Study synopsis can be

found in Appendix A.

All practices were conducted in conformity with the general principles of the Declaration

of Helsinki, the guidelines for GCP, and the UK GDPR.
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4.2.2. Participant recruitment

Volunteers for this observational study were recruited through general advertisements,
including posts on social media platforms. Once potential participants expressed their
interest to the research team, either via email or message, they were provided with
additional details about the study, including the Participant Information Sheet. The

eligibility criteria for participation in the study are described below.

(1) Inclusion criteria:
a. Male and female, aged 18 or above;
b. Willing and able to provide informed consent.
(i1) Exclusion criteria:
a. Inability to tolerate mouthpiece and/or nose clip;
b. Established diagnosis of major cardiac or respiratory disease;
c. Current smoker;

d. Pregnancy.

If eligibility was confirmed, the prospective participant was offered an in-person meeting

with a member of the team to discuss their participation in the study.

4.2.3. Informed consent

Participants were given the opportunity to ask questions and ensure they fully understood
the study before providing consent. They were provided with clear, accessible information
regarding their right to withdraw at any time, as well as the implications of their
participation. This process took place in an in-person meeting with a GCP-trained member
of the research team, during which prospective participants had ample time to consider their

decision. If the volunteer demonstrated both capacity and willingness to consent, verbal
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and written consent were obtained. When consent was provided, the study visit typically

took place shortly afterwards, on the same day.

4.2.4. Instrumental setup

Participants were connected to the MFS measurement head through a mouthpiece. An HME
filter was interposed between the MFS and the mouthpiece to prevent cross-contamination
and to ensure heat and moisture provision to the airways in view of a dry gas supply source.
The participant had their nose occluded by a nose clip to ensure a good seal and prevent
leaks, and was positioned sitting upright, with their back supported by a chair and their legs
uncrossed (Figure 20). A circuit was connected to the back of the MFS providing the
participant with a known flow and concentration of gas. Pulse oximetry was employed to

monitor oxygen saturation and heart rate throughout the study.

Figure 20. Instrumental setup in spontaneously breathing participants.

Spontaneously ventilated participant breathing through the MFS head via mouthpiece, with an
HME filter interposed. A gas supply source is fed to the back of the MFS head. Nose is occluded by

nose clip to prevent leaks. Picture taken by Colin Beesley; Robbins’ group holds copyright.
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4.2.4.1. MFS warm-up and calibration

Prior to attaching a participant to the MFS, the device was turned on and allowed to warm-
up for thirty minutes. This time was essential to heat the measurement cell temperature with
the intent to: (1) prevent condensation within the measurement elements, such as mirrors,
(2) match, to a better degree, device and body temperatures, enhancing gas exchange
measurements. The measurement cell was heated to 35°C. Once the measurement cell had

been fully warmed-up, calibration of the MFS was initiated.

Calibration was performed in two steps, lasting for a total of two to three minutes. First,
low-flow pure N2 (N4.8, 99.998% N2; BOC Limited, UK) ran through the measurement
cell to determine the baseline reading points for O2, CO2, and H20. Later, pure Oz (N5.0,
99.999% O2; BOC Limited, UK) was flowed to assess the path length of the O2 optical

cavity.

Upon completion of warm-up and calibration, which occurred once a day, the device would

be ready for participant connection.

4.2.5. Experimental protocol
4.2.5.1. Data recording

This protocol was designed to simultaneously measure Vo2 in spontaneously breathing
participants using both the MFS and the DB method. To enable this, the MFS and the DB

were connected in series within the same breathing circuit, as illustrated in Figure 21.
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DOUGLAS
BAG

Figure 21. Schematic representation of the experimental setup for simultaneous measurements

by the MFS and Douglas bag.

Inspiratory and expiratory flow directions are shown in blue and pink, respectively. Panel A: The
three-way valve is closed to the DB during the acclimatisation period. Ambient air is inspired,
through the MFS, by the participant. Expired gas is exhaled through the MFS back to the
atmosphere. Panel B: Three-way valve is open to the DB and mixed expired gas is collected for
analysis of composition and volume. IV = inspiratory valve; EV = expiratory valve. Created with

Biorender.com.

Participants breathed ambient air through an open-ended circuit fitted with a unidirectional
inspiratory valve, which allowed airflow only in the direction from the atmosphere toward
the participant. Inspired air passed through the MFS measurement cell before reaching the
participant. On exhalation, expired air returned through the MFS, passed a unidirectional

expiratory valve, and entered the expiratory limb of the circuit.
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A three-way valve was positioned between the expiratory limb and the DB. This allowed
the operator to direct expired air either into the DB for collection or out into the atmosphere.
In panel A, the valve is set to vent exhaled gas to the atmosphere; in panel B, it is switched

to collect mixed expired gas in the DB.

Prior to data collection, each participant breathed through the system for five minutes. This
initial period served two purposes: (1) to allow the participant to acclimatise to the
equipment, including the mouthpiece, nose clip, and any additional resistance from the
HME filter; and (2) to allow the Voo trace to reach a steady state. During this time, the valve
to the DB was briefly opened, flushing the bag and expiratory limb with mixed expired gas.
The valve was then closed, and at the end of the period, the bag was disconnected, emptied,

and reconnected to the system in preparation for formal measurements.

Data collection began immediately after this initial phase. The participant continued
breathing through the system, with expired gas directed into the DB and Vo2 simultaneously
measured by the MFS. The collection phase ended once the participant had filled
approximately two-thirds of a 150 L PVC DB (Harvard Apparatus Ltd, UK). The bag was

then sealed and removed for analysis of gas volume and composition.

4.2.5.2. Preliminary checks
While the MFS provides Vo2 in real time and breath-by-breath, the DB technique requires
additional steps to determine the average rates of gas exchange. This involves measuring

the total volume of mixed expired gas collected in the bag and analysing its composition.

To minimise the impact of known sources of error associated with the DB method,
preliminary checks were conducted prior to data collection. These checks aimed to ensure
the accuracy and reliability of both the gas meter used for volume measurement and the gas
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analyser used for gas composition analysis. Additionally, the integrity of the breathing
circuit and the DB was assessed to exclude leaks. The volume of expired gas collected in
the DB was analysed utilising a Harvard dry gas meter (Hugo Sachs Elektronik, Germany).
Prior to commencing the study, the gas meter was calibrated using a 3 L calibration syringe
(Vitalograph, UK). The syringe was filled with fresh ambient air and emptied into the gas
meter ten times, delivering a total volume of 30 L per trial. This process was repeated three
times. In each trial, the gas meter recorded a volume of 29.9 L. These results were in
keeping with the manufacturer’s reported gas meter accuracy of + 1.5%. The composition
of mixed expired gas was analysed using the Scio Four Oxi gas analyser (Drager, Germany)
with readings displayed on a connected Vista 120S monitoring device (Drager, Germany).
The analyser was calibrated using: (1) a certified precision gas mixture containing 5% CO2,
55% Oz, and 40% N20; (2) zero grade N2 (N4.8, 99.998% N2; BOC Limited, UK); and (3)

high grade 02 (N5.0, 99.999% O2; BOC Limited, UK).

Upon introduction of the precision gas mixture, the analyser reported values of 4.9% CO,
55% 0Oz, and 38% N20. When flushed with zero grade N2 and high grade Oz, the analyser
reported values of 0% and 99% O2, respectively. These measurements were consistent with
the manufacturer’s stated accuracy specifications (Table 2), which are expressed as a
combination of absolute and relative error. For instance, for an oxygen concentration of
55%, the absolute error of £ 2.5 vol% corresponds to a range of 52.5% to 57.5%, while the
inclusion of the relative error of + 2.5% further expands the expected range to

approximately 51.1% to 58.9%.
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Gas species | Absolute error / vol% | Relative error / %

(0] +2.5% +2.5%
CO, +0.43% + 8%
N0 2% + 8%

Table 2. Reported measurement accuracies for the Scio Four Oxi gas analyser.

Accuracy is expressed as a combination of absolute and relative error: + (absolute vol% + % of

measured value).

To ensure the integrity of the breathing circuit and the DB, a custom-built unidirectional
fan with adjustable speed was used fully to evacuate the contents of the DB through the gas
meter. In the presence of a leak, the gas meter would continue to register volume after the

bag had emptied.

To test for potential leaks, the bag was filled with varying volumes of air and emptied into
the gas meter across three trials. In each case, the gas meter reading ceased promptly once
the bag was fully emptied, confirming that the system used in this study was free from

detectable leaks.

4.2.5.3. Determination of Vo2

As previously described, mixed expired gas was collected into a 150 L PVC DB until
approximately two-thirds of its capacity was reached. At the end of the experiment, three
50 mL syringes were used to extract samples from the bag for gas composition analysis.
The remaining volume in the bag was then emptied into the gas meter to determine the total
mixed expired volume. Vo2 was calculated using the following equation:

- (Fip, X VIsP) — (Fme,, X V™exP)

Time
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where FiO: is the dry fraction of inspired oxygen in ambient air; FmeOx is the dry fraction
of mixed expired oxygen from the DB; V™*P is the mixed expired volume (in L) converted
to standard temperature and pressure, dry conditions (STPD); time is the duration of gas
collection (in minutes); V"™ is the inspired volume, calculated using the Haldane
transformation (in L / STPD). The values assigned to each variable and the steps used to

derive them are summarised in Table 3.

4.2.5.4. Dealing with water vapour in the presence of an HME filter

The MFS requires the use of an HME filter, which reduces the water vapour pressure in the
expired air collected in the DB. As Vo2 is calculated under STPD conditions, and the
experimental gas fractions and volumes are measured under ambient temperature and
pressure, saturated (ATPS) conditions, it is necessary to convert all values from ATPS to
STPD prior to calculating Voz. This conversion depends on an accurate estimate of the
water vapour pressure (Pr20) in the expired gas. However, direct measurement of Pr2o in
the DB was not possible, as this would necessitate breaking the bag’s seal. To address this,
we utilised water vapour pressure measurements from the MFS to calculate a flow-

weighted mean Pm2o across the sampling period.
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Variable Description Measurement / Calculation / Assumption Units
Inspired O; fracti
FiO, nspired O; fraction - 0.2095 N/A
of dry gas
FiCO, Inspired CO; fraction - 0.0004 N/A
of dry gas
Mixed expired Py
F = X [—E2— N/A
me02 0, fraction of dry gas Fmeo, wet, measurea (PB - PHZO) /
Mixed expired Py
F = X (—E N/A
meco2 | o, fraction of dry gas Fmeco, (wet, measurea) (pB _ pr) /
Pg — Pp2o
— ymexp kel
Vmexp Mixed expired volume =V (ATP)(wet, measurea) X 760 ) L
(STPD) N ( 273 )
273+ T
. Inspired volume (Fém)
Vinse = pmexp x [ Az L
(STPD) FL-N2
Time Test duration Measured sec
Pg Barometric pressure Measured (mercury barometer) mmHg
Pu2o Wat(?r vapgur pressure Flow-weighted mean calculated from MFS data output | mmHg
in expired gas
T Ambient temperature Measured (temperature and humidity sensor) °C
FiN, Inspired N fraction =079 N/A
of dry gas
Expired N, fraction 1 _
FeN; of dry gas = 1= Fmeo, = Fneco, N/A

Table 3. Measurements, calculations, and assumptions employed to obtain Vo, through the

Douglas bag method.

N/A = not applicable.

4.2.6. Quality control

A key quality control criterion applied in this and all the subsequent studies described in

this thesis — whether based solely on MFS readings or incorporating cardiopulmonary

modelling — was the evaluation of N2 balances over time. As nitrogen is an inert gas (i.e.,

is neither consumed nor produced by the body), its balance over time should remain steady
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and, in the ideal scenario, be equal zero. Trends of N2 consumption or production may be
interpreted as systematic errors or leaks, which, if sufficiently large, will interfere with the
model estimation of absolute lung volumes and the MFS measurement of oxygen
consumption. Datasets exhibiting an absolute N2 balance greater than 60 mL.min"! were

not analysed further.

4.2.7. Statistical analyses
All statistical analyses were conducted using SPSS version 30.0 (IBM Corp., USA), with

statistical significance set at p < 0.05.

The relationship between Vo2 values obtained via the MFS and those derived from DB
measurements was assessed using Pearson’s correlation coefficient. To evaluate

differences in mean Vo2 between the two methods, paired t-tests were performed.

Bland-Altman analysis was used to assess agreement between the two measurement
techniques, with plots constructed to illustrate percentage bias and limits of agreement

(1.96 X SD; LoA).

Additionally, local deterministic (one-at-a-time) sensitivity analyses were performed to
quantify the effect of measurement inaccuracies in water pressure, mixed expired volume,
and gas fractions on the calculated Voz. These analyses examined the impact of varying

P20, VP, Frecoz, and Fmeo2 on Vo2 outputs derived using the Haldane transformation.
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4.3. Results

4.3.1. Baseline characteristics of participants

Sixteen healthy volunteers were included in the study. Relevant physical characteristics are

displayed in Table 4.

PID Age [ yr Sex Height / m Weight / kg LBM / kg

1 20 F 1.73 64.0 48.1

2 20 M 1.85 87.5 71.0

3 19 M 1.71 76.5 61.5

4 20 F 1.70 49.3 39.6

5 20 M 1.76 76.7 62.8

6 20 F 1.67 49.0 39.1

7 26 M 1.78 75.5 61.7

8 23 M 1.80 76.5 63.2

9 23 M 1.84 73.5 62.5

10 24 M 1.82 77.3 63.9

11 27 M 1.80 68.0 57.7

12 20 F 1.74 63.0 47.8

13 22 M 1.84 73.5 62.5

14 34 M 1.75 75.5 59.5

15 25 F 1.69 67.5 48.1

16 26 M 1.79 63.5 54.9
Mean + SD 2314 N/A 1.77 £ 0.06 69.8£10.3 56.5+9.3

Table 4. Baseline characteristics of spontaneously breathing participants.

PID = participant identification; LBM = lean body mass; F = female; M = male.
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4.3.2. Summary of Vo, measurements

A typical recording of oxygen consumption measurement over time from the MFS is shown

in Figure 22.

0, —N, ——CO,

. A \" ANV ANV AW NN A A ANV
VWV WWWVYWV WV
ANV WV
ANV WY
l;'-,,x.,ru\,e WW WY

(STPD)

' ~Amn

Cumulative volume / mL.min""

Time / min

Figure 22. Typical MFS gas exchange recording during experiment.

During the initial 5 minutes, the participant had time to acclimatise to the study conditions:
wearing a nose clip and breathing through a mouthpiece with mildly increased resistance due to
the presence of an HME filter. At this stage, both the breathing circuit and the Douglas bag (DB)
were rinsed with mixed expired gas. The DB was emptied and reconnected to the circuit just
before gas collection started. In the following minutes, the participant inspired ambient air and
breathed out into the DB. Collection continued until the bag was two thirds full, at which point
the breathing test was concluded and the gas analysis commenced. O, (green) is consumed over
time, CO; (red) is produced over time, and N; (black), as a balance gas, should be close to or equal
zero. In this participant, the average gas exchange was calculated from minutes 5 to 12

(Vo2 = 214 mL.min%; Veoz = - 189 mL.min'%; V2 = 2.15 mL.min‘Y).

Mean + SD Vo2 measured by the MFS was 291 £ 58 mL.min"!, while the DB method
yielded 299 + 58 mL.min"!. Within-participant differences in Vo2 between methods are

displayed in Figure 23.
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Figure 23. Individual absolute and percentage differences between Vo, measured by the MFS

and estimated by the Douglas bag.

Sixteen participants are numbered in the x-axis of both panels. The difference in Vo, between
methods is represented in mL.min! on panel A and as a percentage (MFS - Douglas bag) on

Panel B. DB = Douglas bag.

4.3.3. Paired comparison of Vo, values
There was no statistically significant difference between Vo2 values measured by the MFS

and those estimated by the DB method (t(15) = 1.204, p = 0.25; Figure 24).
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Figure 24. Box-plot showing the distribution of Vo, values measured by the MFS and estimated

by the Douglas bag method.

The box extends from the first to the third quartile, with the central horizontal line in each box
representing the median and the central red square representing the mean. Whiskers denote the
range of values within 1.5 times the interquartile range from the lower and upper quartiles. Each
Vo2 value is shown as black dot onto the box-plot. No outliers were observed. The two methods
showed similar central tendencies and spread, with no statistically significant difference between

their means (t(15) = 1.204, p = 0.25). DB = Douglas bag.

4.3.4. Agreement between methods: Bland-Altman analysis

The agreement between Vo2 measurements from the MFS and by the DB method is shown
in Figure 25. Although he two measurements were strongly correlated (r = 0.92,
p < 0.0001), Bland-Altman analysis revealed a mean percentage bias of - 2%, indicating
that the MFS slightly underestimated Vo2 relative to the DB. The 95% limits of agreement

ranged from - 19% to + 15%.
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Figure 25. Relationship and agreement between Vo, values measured by the MFS and estimated

by the Douglas bag method.

A: Correlation between methods. Vo, measurements acquired through both techniques were
strongly correlated, as demonstrated by a tight fit of the data points to the line of identity and a
high Pearson’s coefficient (r = 0.92, p < 0.0001). B: Agreement between methods. Using the
Douglas bag (DB) as the reference method (x-axis), the percentage difference between MFS and
DB was calculated (y-axis). The MFS underestimated Vo, by 2% (or - 8 mL.min"!) when compared
with the DB. Limits of agreement ranged from - 19 to + 15% (or - 62 to + 45 mL.min!). The shaded
grey and blue areas represent the 95% confidence interval for the bias and the limits of agreement,

respectively.

4.3.5. Sensitivity of Vo, to measurement uncertainties

4.3.5.1. Water pressure uncertainty

The accuracy of P20 readings obtained using the MFS was validated against the Optidew
dew-point sensor (Michell Instruments, UK), which detects the temperature at which
condensation forms on a mirror — directly indicating water vapour pressure. This validation

showed that the MFS measured P20 with an accuracy of + 1 mmHg.
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To assess the impact of this uncertainty in Vo2, a local deterministic (one-at-a-time)
sensitivity analysis was performed by varying each participant’s Pr2o by = 1 mmHg. The
resulting changes were propagated through both the ATPS-to-STPD volume conversion
and the correction of gas fractions using the Haldane transformation. This analysis
demonstrated a mean + 0.76% change in Vo2 across participants. These findings indicate
that P20 uncertainty, when estimated using MFS-derived flow-weighted averages, has a

minimal effect on calculated Voo.

4.3.5.2. Vmexp uncertainty

The gas meter used to measure the mixed expired volume of the DB has a manufacturer-
reported accuracy of = 1.5%. To quantify the potential impact of this uncertainty, a one-at-
a-time sensitivity analysis was performed by adjusting each participant’s V™¢*P by + 1.5%
accordingly. This resulted in a mean + 1.5% change in Vo2. The observed proportionality
reflects the coupled scaling of inspired volume according to expired volume through the

Haldane transformation.

4.3.5.3. Fmecoz uncertainty

The manufacturer reports an absolute error of & 0.43 vol% and a relative error of + 8% for
CO2 measurements. A sensitivity analysis was conducted by applying this combined
uncertainty to Fmeco2 values for each participant and recalculating Voz. The analysis

showed a mean = 1.9% change in Voa.

4.3.5.4. Fmeoz uncertainty
According to the manufacturer, the gas analyser used to determine the Fmeo2 has an absolute

error of £ 2.5 vol%, and an additional + 2.5% relative error based on the measured value.
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Fmeo2 for each participant was varied accordingly, and Vo2 was recalculated using the
Haldane transformation. This analysis resulted in a mean + 21% change in Vo2 (Figure 26,
panels A and B). These results highlight that measurement error in Fmeo2 is the most
significant source of Vo2 uncertainty among all variables tested. When individual within-
participant differences in Vo2 between methods are replotted with error bars reflecting the
uncertainty in Fmeo2 measurements, it becomes apparent that the observed differences fall
within the expected range of measurement error (Figure 26C). This suggests that any
discrepancies between methods can largely be attributed to uncertainty in Fmeo2 obtained

for the DB Vo2 estimates.

No specific tests were conducted to assess inaccuracies in the measurement of Pg and T. Ps
was measured using a standard mercury barometer, instrument widely recognised for its
accuracy and longstanding use as a reference standard against which modern devices are
calibrated. T was measured with a reference-grade thermometer, accurate to within a few

tenths of a degree Celsius.
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Each participant is represented individually on the x-axis. Panels A and B show Vo, (green dots)
with corresponding error bars due to Fmeo2 Uncertainty, expressed in absolute terms (mL.min!)
and as a percentage of each participant’s DB mean Vo, respectively. The grey dashed lines
represent the mean uncertainty range around the mean Vo, across participants. Panel C shows a
plot of Vo, values from the MFS and the DB, with error bars representing Fmeoz-related uncertainty.
The overlap of this uncertainty range with MFS-measured Vo, values could potentially account for

all differences between the methods.

4.4. Discussion

4.4.1. Summary of findings

In spontaneously breathing participants, the MFS demonstrated a small mean bias in Vo2
compared with the DB method, with a group-level mean difference of - 2%. The correlation
between methods was excellent (r = 0.92, p < 0.0001), and the paired comparison showed
no statistically significant difference in Vo2 values (t(15) = 1.204, p = 0.25). Despite this,
individual variability was notable. Eleven out of sixteen participants showed less than
+ 8% difference relative to their mean DB Vo2. The absolute bias was - 8 mL.min!
(SD =+ 27 mL.min"), and the 95% limits of agreement ranged from - 62 to + 45 mL.min"!,

corresponding to - 19% to + 15% in relative terms.

These findings provide a basis for evaluating how the MFS compares with existing
commercial systems validated against the DB, particularly under resting conditions where

relative variability can be more pronounced.

4.4.2. Comparison with prior studies at resting conditions
The DB method is regarded by the American Thoracic Society (ATS) as the gold standard

for Vo2 measurement*® and it has been widely employed to validate emerging techniques,
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both in spontaneously breathing and in mechanically ventilated individuals*? 43 134136,

While the ATS outlines minimum performance criteria for gas analysers and volume
measurement systems employed in the measurement of Voz for cardiopulmonary exercise
testing®® (CPET), there are no such standards set out for the measurement of Voz at rest.
Additionally, there are no universal benchmarks to define what constitutes acceptable Vo2
bias and LoA when comparing emerging techniques with the DB'>”. This has led to broad

variation in reported performance metrics in the literature'>’.

The low mean bias observed in this study (- 8 mL.min"! or - 2%) is consistent with that
reported for commercial devices validated against the DB method under resting
conditions!3*13%, While the LoA in the present experiment were relatively wide, such
variability is not unusual at low metabolic rates and has been observed across multiple

validation studies in resting individuals.

Several studies illustrate this trend. Nieman et al. assessed 60 spontaneously breathing
participants and reported a mean bias of + 2.83 mL.min"! (+ 1.2%) when comparing
the FitMate (Cosmed, Italy) system with the DB, with LoA ranging from
- 20.0 to + 25.7 mL.min"!" (- 8.3% to + 10.6%)'>*. Brehm et al. compared the VmaxST
breath-by-breath analyser (Sensormedics, Netherlands) with the DB in 10 individuals and
found a Vo2 bias of - 20 mL.min! (- 7.4%), with LoA from - 59 to + 19.2 mL.min"!
(- 21.9% to + 7.1%)'3°. Crouter et al. evaluated the COSMED K5 (Cosmed, Italy) in 15
participants and observed a bias of - 50 mL.min! (- 13.2%) using mixing chamber mode,
with LoA from - 150 to 0 mL.min"! (- 39.5% to 0%)!. In breath-by-breath mode, the bias
improved to - 30 mL.min"!' (- 7.9%), but LoA still ranged widely from - 120 to

+ 20 mL.min"! (- 34.2% to + 5.3%)'°.
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These findings indicate that the agreement between the MFS and DB observed in the
present study is within the expected range for Vo> measurements at rest, and that wide LoA

is a common feature of method comparisons conducted under low metabolism conditions.

4.4.3. Accuracy of the Douglas bag method

While the DB remains the reference standard for measuring Voo, it is not without
limitations*®. Understanding these limitations is essential when considering agreement
between the DB and the MFS. Measurement errors may originate not only from
inaccuracies in gas analyser and volume meter readings, but also from practical and
environmental factors such as incomplete bag emptying, gas diffusion, and inaccurate

correction from ambient to standard conditions>!.

To mitigate these issues and ensure the highest possible measurement fidelity, several

measures were taken in this study:

(i) Gas analyser accuracy: FErrors in gas composition measurements can
disproportionately affect calculated Voz. In this study, calibration of the gas
analyser was performed using three precision gases: pure nitrogen, pure oxygen,
and a calibration mixture containing 5% CO2, 55% O3, and 40% N20. For COz, the
largest observed deviation was 0.1%. For Oz, the analyser consistently reported 99%
when exposed to pure oxygen. Although this value falls within the manufacturer's
specified accuracy limits, it likely reflects the display's limited resolution, as the
device only reports oxygen concentrations to the nearest whole percent. As a result,
even a true concentration of 99.999% would be displayed as either 99% or 100%,
introducing an apparent absolute deviation of nearly 1% if rounded down rather

than up.
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(i) Gas meter accuracy: As Vo2 calculations using the DB depend on expired volume
and the Haldane transformation to infer inspired volume, any bias in volume
measurement proportionally affects Voz. The dry gas meter used in this study was
calibrated using a 3 L syringe over three 30 L injections and demonstrated a
consistent underreading of 0.33%. This is within the manufacturer’s specified
accuracy of + 1.5%, consistent with ATS recommendations*® (for CPET).

(ii1) Residual volume minimisation: Incomplete emptying of the DB can introduce
significant error’!. To prevent this, a unidirectional fan system was developed in-
house to facilitate full evacuation of the bag, eliminating the variability associated
with manual emptying.

(iv) Leakage and diffusion control: To limit the diffusion of gases from the bag over
time, a PVC bag — known for low permeability — was used. Bags were filled to no
more than two-thirds capacity to minimise internal pressure gradients, and gas
analysis was conducted immediately after collection. These precautions are
consistent with previous evidence suggesting that if analysed within fifteen minutes,
composition changes due to leakage are negligible'>.

(v) Environmental inputs (pressure and temperature): Barometric pressure and ambient
temperature were measured at the time of each experiment to ensure accurate STPD
corrections, rather than relying on assumed or average values.

(vi) Humidity correction: Neglecting the assessment of P20 significantly affects Vo2
estimates, introducing errors as high as 25%'°. The use of an HME filter meant
expired gas collected in the DB could not be assumed to be fully saturated. To
account for this, the Pu2o was estimated from simultaneous MFS data and

incorporated into the dry gas calculations.
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Despite these precautions, some degree of error — systematic or random — may persist.
Measurement of Vo2 using the DB system remains inherently sensitive to a range of small,
compounding inaccuracies*. Therefore, when interpreting limits of agreement between DB
and MFS, the potential limitations of the reference method itself must also be

acknowledged'®.

4.4.4. Limitations

A key limitation of this study lies in the reported accuracy of the gas analyser used to
determine the composition of mixed expired gas in the DB system. According to the
manufacturer, the analyser has an accuracy of + 2.5 vol% (absolute) plus an additional
+ 2.5% relative error for oxygen measurements. This level of inaccuracy is substantially
higher than the minimum performance criteria recommended by the ATS for gas exchange
analysers used in CPET, where + 1% error is expected*®. While the ATS standards were
developed for dynamic exercise measurements rather than resting conditions, the
discrepancy remains too large to ignore, particularly given the sensitivity of Vo2

calculations to small changes in oxygen concentration.

As proposed by Critchley and Critchley, the expected agreement between two measurement
methods should reflect the combined uncertainty of each system, calculated using the root-
sum-of-squares (RSS) of their respective accuracies!!. Using this approach, we estimated
that the DB, based on ATS tolerances (= 1% for Oz; £ 1% for CO2; + 3% for volume),
would contribute an overall Vo2 uncertainty of + 5.22% in this cohort’s dataset. For the
MFS, estimating Vo error is substantially more complex. A rigorous sensitivity analysis
would require evaluating the compounding contribution of each inspired and expired gas
species and flow, along with the effects of pressure, temperature, density, and viscosity on

Vo2 calculations. For simplicity, this analysis assumed that Vo2 error (errVo2) was
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proportional to the product of nitrogen balance (Vn2) and the ratio of the fractions of
inspired oxygen and nitrogen, as given by the following equation:
Vo, = Fi0, XV
errvoz = FiN, N2
Based on this approach, the estimated MFS Voz error was = 1.59%. When combined via
RSS, the predicted SD between DB and MFS should therefore fall within approximately
+ 5.46%. Therefore, the expected LoA range would be £+ 10.70% from the bias, with a total

width of 21.40%.

However, the observed LoA spread was wider (34% width), corresponding to a + 17%
dispersion around the bias. The poor performance of the gas analyser in O2 measurements
relative to ATS benchmarks*® is particularly concerning. Sensitivity analyses showed that
the reported inaccuracy of the analyser for Oz could translate into a standalone Vo2 error of
+ 21%, even when CO2 and volume errors are excluded. Regrettably, this single factor

could largely explain the width of the LoA observed in the present data.

Nevertheless, it should be noted that calibration results did not support such a poor level of
performance. Deviations from known precision gas mixtures were relatively small, and it
is possible that the manufacturer reported a worst-case specification to remain conservative.
If the true analyser performance was better than stated, the actual error contribution would
be smaller than the theoretical + 21%. Still, this uncertainty complicates the interpretation
of the findings. It does not invalidate the results, but it limits the extent to which the

observed LoA can be attributed to the performance of the MFS or DB.
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Assuming both the gas analyser and volume meter used in DB systems — as well as in any
commercial metabolic device being validated against the DB — perform according to ATS
standards*®, the maximum expected SD between methods would be approximately 7.38%
(LoA range of 28.94%), based on combined uncertainty. Interestingly, however, only one
of the validation studies we reviewed involving resting individuals reported LoA within
this range when comparing these systems with the DB!34. This suggests that even under
ideal performance assumptions, additional sources of variability likely influence the

agreement in real-world settings.

The observed discrepancy strongly suggests the influence of additional sources of random
error beyond those accounted for by volume and concentration inaccuracies. For the MFS
in comparison with the DB, the additional potential contributors to errors are summarised

in Table 5.
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Method Vor Description
affected impact P

Slight delays or inconsistencies in
switching between collection modes
can desynchronize measurement
periods, especially if breathing is

Source of error Type of error

Timing mismatch

(three-way valve Operational Both Moderate
opening and closing)

variable.
Minor environmental changes during
Barometric pressure . measurement can affect the
. Environmental DB Low
/ temperature drifts

accuracy of gas volume conversions
to standard conditions.
Natural fluctuations in breathing
Biological Both Moderate pat'tern or body movement can
transiently alter metabolic rate and
ventilation, influencing Vo, readings.
Incomplete emptying of the DB may
skew volume quantification.
Rebreathing from system dead space
may contaminate the gas sample and
skew composition data
Differences in how each method
derives Vo, — e.g., end-expiratory
volume regression fitting over time
versus Haldane transformation with
total volume-based averaging — can
lead to discrepancies even with
identical raw data.

The assumption of Py,0 in DB to be
equal of that measured by the MFS
reduces this source of error,
although it introduces mathematical

coupling. However, the extent to
which the gas analyser employed for
Moderate | DB readings dries the sample due to
the presence of an integrated
humidity filter is unknown.
Inaccurate water vapour correction
may lead to errors in converting gas
volumes to dry conditions,
particularly in DB calculations.

Breath variability
/ postural change

Residual gas effects Technical DB Low

Dead space effects Technical DB Moderate

Methodological

differences in Vo Technical Both Low
calculation

P20 inconsistency Technical DB

Table 5. Sources of random error in Vo, measurement.

Multiple sources of error can compromise the measurements of Vo, to varying extents.

Overall, the limitations discussed here highlight both the challenges in achieving accurate
Vo2 measurement and the vital importance of considering the accuracy of the reference

system itself. The large observed LoA are likely the result of a combination of factors —
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most notably, the high reported inaccuracy of the oxygen analyser used with the DB
approach. However, additional sources of error, both technical and biological, likely
contributed to the variability. These factors do not undermine the overall findings, but they
do place necessary boundaries on how confidently method agreement can be interpreted. A
more precise reference system and tighter environmental control may be required in future

studies to determine the performance of the MFS with greater certainty.

4.5. Conclusion

This study represents the first direct comparison between the MFS and the DB method for
measuring Vo2 in spontaneously breathing healthy individuals at rest. Despite the known
limitations of the reference method and the wide limits of agreement observed — which are
consistent with those reported in similar physiological conditions — the MFS demonstrated

low bias and overall good agreement with the DB.

These findings provide a basis for more challenging investigations. In particular, the use of
MEFS to achieve accurate data in mechanically ventilated patients, where measurement
complexity is markedly increased. Subsequent studies in this thesis — described in
Chapter 5 — will explore the utility of the device under those conditions, including its
potential to detect clinically meaningful trends in Vo2 over time in real-world critical care

settings.
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in critically ill patients

5.1. Introduction

Measurement of Vo2 could provide clinicians with an index of the global adequacy of tissue
oxygen utilisation. In the context of critical care, such assessments might facilitate
evaluation of metabolic demand, guide therapeutic decision-making, and enable
longitudinal monitoring of physiological trends. As previously discussed in Chapter 1,
despite their potential clinical utility, Vo2 measurements remain challenging to obtain in
mechanically ventilated patients, a population for whom such data might be particularly

valuable.

To date, the performance of the MFS for measuring Vo2 in mechanically ventilated patients
has not been comprehensively assessed. In addition, no studies to date have investigated

the longitudinal reliability of its Vo2 measurements in critically ill patients.
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5.2. Research aims and objectives

The primary aim of this chapter was to evaluate the performance of the MFS for the

measurement of Vo2 in mechanically ventilated, critically ill patients.

To achieve this, several studies were conducted, setting out to: (i) assess the accuracy of
MFS-derived Vo2 measurements in mechanically ventilated patients in terms of systematic
error (bias) and random error (imprecision); (ii) explore the feasibility and clinical

application of longitudinal Vo2 monitoring by the MFS in critical care.

5.3. Methods

5.3.1. Ethical approval

The study was approved by South Central — Oxford C Research Ethics Committee,
reference 22/SC/0127. Of relevance to the experiments conducted in this thesis, ethics
approval permitted the following: (i) recruitment of mechanically ventilated adult ICU
patients with respiratory failure using consultee agreement under the Mental Capacity Act;
(i1) insertion of the MFS into the ventilator circuit with data recording for up to twelve
hours, involving brief disconnection from mechanical ventilator and adjustment of
ventilation to compensate for instrumental dead space; (iii) brief and clinically safe changes
in Fi02 and end-tidal CO2 to enable physiological measurements; (iv) transient interruption
of active humidification and alternative utilisation of an HME filter for the duration of MFS
connection; (v) access to routine clinical blood tests and monitoring data, with no additional
sampling performed for research purposes; (vi) acquisition of data before and after

quasistatic pressure-volume curves, before and after recruitment manoeuvres, and
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throughout periods when no intervention is being conducted. Study synopsis can be found

in Appendix A.

All practices were conducted in conformity with the general principles of the Declaration
of Helsinki, the guidelines for Good Clinical Practice (GCP), and the UK General Data

Protection Regulation (GDPR).

5.3.2. Patient recruitment

Recruitment took place at the Intensive Care Unit of the Royal Berkshire Hospital. Suitable
patients were identified to the research team by the clinical team responsible for the patient.
This observational cross-sectional study enrolled critically ill adults receiving mechanical

ventilation via endotracheal tube according to the criteria below.

(1) Inclusion criteria:
a. Male and female, aged 18 years or above;
b. Receiving mechanical ventilation via an endotracheal tube on ICU.
(i1) Exclusion criteria:
a. Consultee indicates patient would be likely to decline enrolment;
b. Patient is receiving palliative care;
c. Language barriers prevent sufficiently good communication with patient or

consultee.

5.3.3. Informed consent
Potential patients were unable to give informed consent at the time of enrolment due to
alterations in consciousness caused by illness, therapeutic sedation — which is necessary to

facilitate mechanical ventilation — or both. Practice was therefore directed by the Mental
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Capacity Act 2005. Assent was sought from an appropriate consultee, either in person or
by telephone, to determine if the prospective patient would likely have agreed to participate.
If no personal consultee was available, a professional consultee, independent of the treating
and study teams, was approached. Patients were only enrolled if a consultee was available
and believed that they would have agreed to take part in research; otherwise, they were not

included.

Patients who survived and regained capacity during their hospital stay were approached on
the ward — following discharge from ICU. The study was explained, and retrospective
consent was sought to confirm their agreement for the use of data already collected. If a
patient declined, their data were deleted, and they were withdrawn from the study. In cases
where a patient died or did not regain capacity before hospital discharge, previously

collected data were retained for analyses, as per consultee’s original assent.

5.3.4. Instrumental setup

Patients were connected to the MFS measurement head via an endotracheal tube. An HME
filter was interposed between the MFS and the endotracheal tube to prevent
cross-contamination and to ensure heat and moisture provision to the airways in view of
upper airway bypass and dry gas supply. All patients were receiving active humidification
prior to enrolment in the study, and had it discontinued before in-line insertion of the HME
filter. Additional critical care devices such as the flow sensor, capnography, and closed
suctioning system were placed in between the MFS and the HME filter. A brief pause in
mechanical ventilation was necessary to enable connection and disconnection of the MFS.
During this time, lasting only a few seconds, the ventilator circuit was transiently opened.

The MFS-HME system utilised introduced approximately an additional 100 mL of
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apparatus dead space into the ventilator circuit. This was compensated for by adjusting

ventilator settings slightly to increase minute volume.

The initial position of the patient was dorsal decubitus with head up at 30 degrees. A
mechanical ventilator circuit was connected to the back of the MFS providing the patient
with a known flow and concentration of gas (Figure 27). Monitoring was conducted in
accordance with the patient’s needs and dictated by the responsible medical team. At a
minimum, patients were under continuous cardiovascular monitoring (electrocardiography

and invasive blood pressure assessment), capnography, and pulse oximetry.

Each patient had the MFS connected into their ventilator circuit for a maximum of 12 hours.
During this period, parameters of interest were measured utilising the MFS, the electronic

clinical record (ECR), and the case report form (CRF).

MDA

N

Figure 27. Instrumental setup in mechanically ventilated patients.

Mechanically ventilated patient connected to the MFS head by an endotracheal tube with an HME
filter interposed. Suction system, ventilator flow sensor, and capnography are placed in between

the filter and the tube. The mechanical ventilator circuit is connected to the back of the MFS head.
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5.3.4.1. MFS warm-up and calibration

These processes were described in detail in section 4.2.4.1. Two differences should be
noted when conducting warm-up and calibration in mechanically ventilated patients: (i) as
this cohort of subjects were receiving active humidification at 37°C (ventilator circuit y-
piece temperature) prior to MFS attachment, an increase by 2°C from this baseline was
deemed necessary to reduce the risk of residual condensation; (ii) the procedures were

repeated after each individual patient as opposed to once a day.

5.3.5. Experimental protocol

5.3.5.1. Data recording: Electronic Clinical Record

Variables likely to affect Vo2 in critically ill patients were prospectively identified by
reviewing the literature. These included, but were not restricted to: FiO2, body temperature,
bolus fluids, vasopressor and inotropic drugs, feeding, sedation, neuromuscular blockade,
renal replacement therapy, changes in haemoglobin concentration, physical activity (e.g.,
physiotherapy), surgical procedures, and mode of ventilation. These variables were
monitored throughout the period of MFS connection and recorded in the patients” ECR as
part of routine clinical care. Additional notes were entered in the CRF to ensure optimal
time alignment between the occurrence of interventions which could potentially change

Vo2 and their documentation.

5.3.5.2. Data recording: Molecular Flow Sensor
Gas exchange trends for Vo2, Vcoz, V2, and Vo were displayed on the MFS laptop
controller in real time and were also recorded for retrospective analysis. Table 6 shows the

parameters that were recorded by the MFS during the period of attachment.
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MFS-recorded parameters Units
Vo2 Oxygen consumption mL.min (STP)
Veo2 Carbon dioxide production mL.mint (STP)
Vizo Water vapour production mL.min (STP)
Va2 Nitrogen balance* mL.mint (STP)
Fo2 Fraction of oxygen, inspired and expired, dry N/A
Fcoz Fraction of carbon dioxide, inspired and expired, dry N/A
Fn2 Fraction of nitrogen, inspired and expired, inspired and expired, dry N/A
Pu2o Partial pressure of water vapour, inspired and expired kPa (STP)
Co2 Molar concentration of oxygen, inspired and expired mol.L?
Cco2 Molar concentration of carbon dioxide, inspired and expired mol.L?
Cu20 Molar concentration of water, inspired and expired mol.L?
Cn2 Molar concentration of nitrogen, inspired and expired mol.L!
Cvor(02) Cumulative uptake of oxygen over time L (STP)
CvoL(CO») Cumulative uptake of carbon dioxide over time L (STP)
Cvol(H20) Cumulative uptake of water vapour over time L (STP)
Cvor(N2) Cumulative uptake of nitrogen over time L (STP)
P Airway pressure — throughout the respiratory cycle kPa
T Gas temperature °C
v Total gas flow, inspired and expired L.min!

Table 6. Parameters recorded by the MFS.

The MFS measures the molar concentration of respired gases and their flows, taking into
consideration ambient pressure and temperature, in addition to gas density and viscosity. Gas
concentrations are then converted into fractions of the total respired gas. Variables listed on the
table above were continuously recorded by the MFS. STP = standard temperature (0°C) and

pressure (101.325 kPa); N/A = not applicable; *a positive sign indicates apparent nitrogen uptake.
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5.3.6. Accuracy studies
5.3.6.1. Vo, time series construction
Careful consideration was given to selectively including stable, sedated patients, whose

Vo2 and lung volumes were likely to remain relatively steady for the duration of the study.

As Vo naturally fluctuates over time, even in resting healthy individuals, a secondary time
series was retrospectively derived from the original MFS data to support reproducibility
assessments. This was achieved by fitting regression lines to the end-expiratory cumulative
volume of oxygen over a period of 3 minutes at approximately 30-minute intervals (Figure
28). These 3-minute averages of gas exchange rates — obtained for both for Vo2 and Vn2 —

were utilised for statistical analyses and plot construction.

To minimise the influence of external disturbances on these measurements, care was taken
to ensure that the 5 minutes preceding each intended averaging period were free from any
clinical interventions. If any procedure occurred during this time — such as repositioning,
medication administration, blood sampling, or flushing of lines or feeding tubes — the
measurement window was postponed. A new 5-minute period of clinical inactivity was

required before resuming the averaging period.

After the construction of the Vo» time series, ECR variables and CRF notes were
retrospectively reviewed for associations between changes in variables known to affect Vo2
and significant shifts in gas exchange trends. If a change in any of these variables appeared
to cause a sustained alteration in Vo2 across specific averaging periods — but not others —

those data were flagged for further review and potential exclusion from analysis.
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Figure 28. Calculation of Vo, by the MFS and Vo, timeline example.
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Vo was calculated as the slope of the regression line fitted to the end-expiratory cumulative
volume of oxygen over time. This method smoothes Vo, fluctuations and allows a more
representative value of Vo, to be obtained during the 3-minute averaging window. The same
method was used to obtain the average Vi,. Panel A: Untreated breath-by-breath Vo,
measurements recorded over 4 minutes. Panel B: Regression line fitted over 3-minute window to
obtain average Vo, and V.. Oxygen was being consumed (upward trend of cumulative volume;
positive sign), while nitrogen remained near zero (straight line of cumulative volume). Panel C:
Total cumulative volumes of oxygen and nitrogen passing through the MFS over the specified
period of time. The total amount of oxygen inhaled and exhaled was far greater than the volume
of oxygen consumed by the body. Panel D: Example of Vo, timeline as displayed on the MFS laptop
controller screen during the period of patient connection. Each green dot represents a 3-minute
rolling average of Vo,. The first Vo, measurement represents the average of the preceding 3
minutes, highlighted as the averaging window in panels B and C. Each Vo, average is accompanied
by a confidence interval, estimated from nitrogen balance with subcomponents of concentration

(in red) and flow (in blue) errors.

5.3.6.2. Estimating Vo2 accuracy from Vi;

There is no reference standard against which to determine the absolute accuracy of the Vo2
measurements. In this work, nitrogen balance, as calculated by the MFS, was used as an
internal reference to assess the accuracy of Vo2 measurements. As discussed in section
3.2.4, nitrogen is considered a physiologically inert gas and should neither be consumed
nor produced by the body under normal conditions. Therefore, in the absence of
measurement errors and in the absence of ongoing adjustments in lung stores, Vx2 should
equal zero. Any deviation from zero indicates a measurement bias, which may arise from
inaccuracies in flow measurement or in the determination of inspired and expired gas
concentrations. Based on this principle, deviations in VN2 can serve as an internal

consistency check, offering an estimate of Vo2 measurement accuracy.
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This section explores the relationship between errors in the measurement Vo2 and the
corresponding errors induced in the measurement of V2 (i.e., the amount by which V2
deviates from zero), with the intent of using these relationships to define the likely

maximum absolute error in the measurement of Voo.

The MFS calculates Vo2 by integrating the product of flow (V) — which alternates in sign

according to the direction of flow — and the molar concentration of oxygen (Coz) over time

L):
. 1 (k.
V02 = _f V. Cozdt
L,
V2 is calculated in the same way, but using molar concentration of nitrogen (Cx2):
. 1 (k.
VNZ = _j V. Cdet
Ly

Cn2 1s not measured directly. Instead, it is calculated by subtracting the measured Oz, CO2,
and H20 vapour concentrations from the total molar gas content at a given pressure (P) and

temperature (T):

P
Cnz = ﬁ — Coz2 — Ccoz — Chzo

where R is the ideal gas constant, Cco2 is the molar concentration of COz2, and Cu20 is the
molar concentration of H>O vapour. The measurements for P, T, V, Coz, Ccoz and Cro are

all made simultaneously by the MFS.
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From the equations above, two important relationships emerge between errors in Vo2 and

V2, depending on the source of error:

1) Ifthe error in Voo, errVo, arises from inaccuracies in Coz, then the corresponding

error in V2 will be equal in magnitude but opposite in sign:

VN2 =—errVo:

2) If'the error in Vo arises from inaccuracies in V measurement, then the error in V2

will be proportional to the error in Voo:

Vaz = y.errVo:

where vy is the ratio between the total unsigned flow of N2 and the total unsigned
flow of O2 through the sensor. y cannot be known precisely, as this ratio will vary

somewhat through the respiratory cycle, but it may be approximated by:

L L
yx | Wicwde/ | Vicode
0 0

Apart from measurement errors in Co2 and V, there may also be measurement errors in P,
T, Ccoz2 and Cmzo. These will induce further direct errors into the measurement of Ve, but
not Voz. Indirectly, however, they may contribute to further error in the measurement of
Coz and V. For Coy, there will be a small effect of error in T on the spectral measurement
of O2. For V, errors in P, T, Ccoz and Crz0 will to some degree affect the calculated values
for viscosity and density that are used in the calculation of flow from pressure drop across
the pneumotachograph. Thus, it is not possible to calculate the exact error in Vo2 from the
deviation of V2 from zero because the relationship between the two depends on how the

errors arise. Nevertheless, a small error in V2 indicate that the error in Vo2 will also be
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small, and that the true value for Vo2 can reasonably be expected to lie between the limits
(Vo2 — Vn2) and (Vo2 + Va2 / 7). These are limits that can be determined at the same time

as measurements of Vo2 are made, providing a range of uncertainty for the Vo2 result.

For simplicity, and as will be used throughout the remainder of this thesis, the error in Vo2
caused by inaccuracies in Coz is referred to as Cerror (Cerror = — VN2), While the error due to

V measurement is referred to as Verror (Verror = VN2/ 7).

5.3.7. Statistical analyses

To evaluate the accuracy of Vo2 measurements obtained using the MFS, we estimated
systematic errors associated with flow and concentration measurements separately for each
3-minute Vo> average. Each average was sampled during a steady state period,
approximately 30 minutes apart from each other, over several hours. The systematic errors
were then used to build a confidence interval around each patient’s mean Vo2, with the
upper and lower bounds defined by the average of all positive and negative errors,
respectively. This approach allowed for an internal assessment of measurement accuracy

in the absence of an external gold standard.

Statistical analyses were performed utilising SPSS version 30.0 (IBM Corp., USA), with

significance established at p < 0.05.

To assess the variability of Vo2 over time, descriptive statistics were calculated, including
the mean and SD for each subject. The precision of Vo2 measurements by the MFS over
time was assessed using the coefficient of variation (CV), computed by dividing the SD by
the mean Voo for each individual and expressed as a percentage. This provided a normalised

measure of intra-individual variability in Vo2 across repeated assessments.
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A one-way analysis of variance (ANOVA) was conducted to partition the total Vo2 variance
into between- and within-subject components. While multiple Vo> measurements were
collected per patient, the analysis was not intended to model the effect of time or to assess
within-subject correlations. Instead, patient identity was treated as a grouping factor to
obtain the proportion of variability attributable to inter-individual differences versus intra-
individual fluctuations across repeated measurements. From the resulting variance
components, an intraclass correlation coefficient (ICC) was calculated to quantify the

proportion of total variability in Vo that was explained by differences between patients:

2
Opetween
ICC = —; S
Opetween + Owithin

where 02 een 1S the variance in Vo2 between subjects (captured by the mean squared error
between subjects), and o2, reflects the variance within subjects across repeated

measurements.

5.4. Results

5.4.1. Baseline characteristics of patients in accuracy studies

Eighteen mechanically ventilated patients were studied. Three patients were excluded from
the analysis due to missing data (n=2) or not meeting quality control criteria (VN2 >
60 mL.min"!'; n=1). A CONSORT-like diagram outlining the flow of patients across all
studies in mechanically ventilated patients is available in Appendix B. Fifteen mechanically
ventilated patients were retained for analysis and will be discussed in the following

sections.
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All patients were receiving therapeutic sedation, though the drug choice, the rate of
infusion, and the depth of sedation varied significantly across the cohort. Two thirds of the
patients were male, and the average age on recruitment was 56 years. Over 50% of the
patients required at least one vasoactive drug to achieve a clinically targeted mean arterial
blood pressure of 65 mmHg. The fraction of inspired oxygen with which the patients were
ventilated varied from 0.21 to 0.40. Only 40% of the patients had been discharged home at
28 days following hospital admission. Relevant demographic and clinical characteristics

are outlined in Table 7.
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D Age Sex Height | Weight | LBM NMEB | VD RRT Fever FiO, Cllnfc'al 28-day
/yr /m / kg / kg condition outcome
17| 45 | M | 185 8.0 |606| N Y N N 0.30 Pneumonia DH
0.24
18 78 F 1.66 71.5 36.4 N Y N Y to Liver abscess Died
0.25
19| 72 | m | 18 80.0 |520| N N N N 0.25 Post ROSC IcU
Hepatic
20| 43 | F 1.62 720 | 429 | N N Y N 0.40 Icu
encephalopathy
0.21 Polypharmac
21| 52 | F 1.52 830 392 | N y N N to P ¥ DH
overdose
0.30
Status .
2|6 | M| 170 | 1277 |62 | N Y N v 0.21 >taty Died
epilepticus
23|58 | M| 170 83.0 | 534 | N N N N 0.21 Delirium Icu
tremens
0.21
24|67 | M| 170 89.0 | 526 | N Y N N to Post ROSC DH
0.30
5|66 | M| 178 670 |471| N N N N 0.25 | Infective COPD DH
exacerbation
0.21
26|36 | M | 175 | 1200 | 701 | ¥ N N D to Post ROSC Died
0.25
27|30 | m | 190 825 | 658 | N N N N 0.21 Delirium DH
tremens
28| 52 | F 158 518 [ 336 | N Y N N 0.21 Intracranial DW
haemorrhage
29| 52 | F 170 | 1140 | 484 | N y N N 0.21 | Symptomatic DW
hyponatraemia
30|52 | M | 163 | 1120 |560| N Y N N 0.30 Urosepsis Died
31| 79 | M | 177 | 1040 | 548 | N Y N N 0.21 Biliary sepsis DH

Table 7. Patient characteristics on enrolment.

ID = patient identification number; M = male; F = female; N = no; Y = yes; NMB = neuromuscular

blockade; VD = vasoactive drug; RRT = renal replacement therapy; CD = cooling device;

FiO, = fraction of inspired oxygen; ROSC = return of spontaneous circulation following in- or

out-of-hospital cardiac arrest; DH = discharged home; DW = discharged to hospital ward; ICU =

remained as an ICU inpatient.
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5.4.2. Accuracy

Each of the fifteen patients recruited completed between six and ten 3-minute Vo2 averages
during a minimum of three hours of continuous MFS monitoring. For every Vo2 averaging
window, potential sources of systematic measurement errors arising from inaccuracies in
flow (Veror) and gas concentration (Cerror) measurements were estimated using the

corresponding V2 values.

Individual Vo2 time series are displayed in Figure 29 to Figure 31. These figures present
Vo2 and associated errors as: (1) absolute values (mL.min™"), (2) values normalised by lean
body mass (mL.min!.kg"), and (3) percentages relative to each patient’s mean Voz. Each
time series is composed of 3-minute averages of Vo2 (black dots), taken approximately
every thirty minutes. Error bars indicate the estimated uncertainty in Vo due to
inaccuracies in concentration (in red) and flow measurement (in blue). The dashed grey
lines represent + 2 SD from the individual’s mean Voo, calculated across all timepoints.

Patients are numerically identified from 17 to 31.
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Figure 29. Individual time series of MFS-derived oxygen consumption measurements. Vo, and

errors are absolute values.
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Figure 31. Individual time series of MFS-derived oxygen consumption measurements. Vo, and

errors were normalised to mean Vo, and represented as a percentage of it.
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Patients were initially recruited under the assumption of relative clinical stability, with no
interventions affecting Vo> within five minutes preceding measurements and no
interventions altering lung volumes for the duration MFS attachment. This approach was
designed to facilitate the assessment of both bias and the instrument’s precision in

repeatedly measuring Vo2 over a minimum of three hours.

However, retrospective evaluation of Vo2 data, normalised by lean body mass, revealed
clear systematic trends in five patients (IDs 18, 21, 26, 28, and 30; Figure 30). Upon
reviewing CRF and electronic records, these Vo2 variations were seen to correlate with
distinct clinical events, indicating what could be genuine physiological changes rather than

measurement errors.

Patient 18 exhibited elevated body temperature (38.5°C) and fluctuating mean arterial
pressure, accompanied by a varying noradrenaline requirement during the first half of

measurements. Both temperature and noradrenaline infusion rate stabilised subsequently.

Patient 21 experienced a significant secretion burden, frequent coughing, and repeated
endotracheal tube suctioning during the first five Vo2 measurements, leading to increased

muscle activity and, consequently, to initially elevated Vo2 values.

Patient 26 demonstrated progressively rising Vo2 values over the course of the study. This
behaviour is likely associated with temperature fluctuations, as body temperature was

actively controlled by an external cooling device.

Patient 28 was hypertensive at the start of the data acquisition but experienced a substantial
drop in mean arterial pressure after the second measurement, requiring a noradrenaline
infusion to be commenced. This abrupt change suggests the onset of shock, which

corresponded to a sharp and sustained decline in Voo.
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Patient 30 had received sedation and neuromuscular blockade as a bolus — midazolam and
atracurium, respectively — for a percutaneous liver biopsy performed approximately one
hour before the initial Vo2 measurement. Given the patient’s underlying liver failure,

residual sedation effects likely contributed to initially reduced Voz values, which later rose.

Although for this aspect of the work patients were sought in whom it was expected that
oxygen consumption would remain reasonably stable, the dynamic and often unpredictable
nature of critical illness — shaped by clinical interventions and evolving clinical course —
resulted in the inclusion of individuals who experienced pathophysiological changes. This
variability demonstrates the MFS's ability to capture meaningful trends in Vo2 over time,

reflecting a change in the patient’s clinical condition.

5.4.2.1. Bias

The primary sources of uncertainty in Vo: measurement using the MFS arise from
inaccuracies in flow and concentration measurements. These can be estimated from the
nitrogen balance, by assuming that nitrogen behaves as an inert gas and is neither consumed
nor produced by the body. Accordingly, any deviation from zero nitrogen exchange reflects

systematic measurement error — i.€., bias — in either flow or concentration.

Flow and concentration errors are inherently signed in opposite directions and may vary in
magnitude and direction from one measurement to another. This results in an asymmetric
distribution of errors both within individual Vo2 measurements and across the time series
of each patient. To quantify this, an empirical confidence interval was calculated for each
patient to indicate the uncertainty range within which their true Vo2 values are likely to lie.

For each patient:
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(i) The upper bound of the Vo2 confidence interval was defined as the average of all
positive errors across the time series.

(i1) The lower bound was defined as the average of all negative errors.

This approach provides a patient-specific range that reflects the direction and magnitude of
systematic error in Vo2 measurement, while acknowledging its asymmetrical distribution.
Table 8 displays the mean Vo for each patient along with their correspondent confidence

interval.

143



Chapter 5. An exploration of Vo, measurements generated by the MFS in critically ill patients

Patient ID Voz/ mL.min- Voz / mL.min-t.kg?l Vo:/ %
17 224 (214, 228] 3.7 [3.5, 3.8] 100.0 [95.7, 101.9]
18 194 [190, 203] 5.3 (5.2, 5.6] 100.0 [97.7, 104.3]
19 203 [196, 211] 3.9(3.8,4.1] 100.0 [96.5, 103.9]
20 188 [178, 202] 4.414.2,4.7] 100.0 [94.7, 107.0]
21 223 [219, 235] 5.7 [5.6, 6.0] 100.0 [98.4, 105.6]
22 304 [300, 311] 5.4[5.3,5.5] 100.0 [98.9, 102.6]
23 238 [232, 247] 4.5[4.4,4.6) 100.0 [97.7, 104.0]
24 200 [189, 236] 3.8 (3.6, 4.5] 100.0 [94.5, 118.1]
25 164 [149, 208] 3.5[3.2,4.4] 100.0 [91.3, 127.1]
26 312 [308, 315] 4.5[4.4,4.5] 100.0 [98.7, 100.9]
27 259 [252, 277] 3.9[3.8,4.2] 100.0 [97.0, 106.7]
28 171 [166, 190] 5.1[4.9,5.7] 100.0 [97.0, 111.3]
29 184 [172, 196] 3.8 (3.6, 4.0] 100.0 [93.7, 106.7]
30 365 [361, 367] 6.5 [6.4, 6.5] 100.0 [99.0, 100.6]
31 288 [285, 300] 5.3 (5.2, 5.5] 100.0 [99.0, 104.2]

Mean Vo, 233 [228, 248] 4.6[4.5,4.9] 100.0 [96.7, 107.0]

Table 8. Mean Vo, and confidence interval per patient.

Column 1 displays the patients, identified by numbers. Columns 2, 3, and 4, show the individual
mean Vo, and their associated confidence intervals as, respectively: an absolute number
(mL.mint), a function of lean body mass (mL.min.kg), and a percentage of the mean Vo, (%).
Data are presented as mean [LB, UB], where UB is the upper bound of the confidence interval and

LB is the lower bound of the confidence interval.

To explore the composition of this Vo2 uncertainty, individual mean contributions from

flow and concentration measurement errors were calculated as follows:

: 1 :
Mean flow error per patient = (;) ’f:llVerroril
: . 1
Mean concentration error per patient = (;) Yi—q|Cerror;
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where n is the number of Vo2 measurements obtained for a given patient. These values are
summarised in Table 9 and Table 10, detailing the relative contributions of each error type
to total Vo2 uncertainty.

The total uncertainty width was defined as the difference between the upper and lower
bounds of the confidence interval. This provides a single measure of the extent of Vo2

uncertainty for each patient and is reported in Table 11.

Patient ID Voz FUW / mL.min! Voz FUW / mL.minl.kg? Voz FUW / %
17 4+3 0.1+0.1 1.8+1.5
18 31 0.1£0.0 1.4%0.6
19 33 0.1+0.1 1714
20 96 0.2£0.2 49+3.4
21 42 0.1£0.1 1.6+1.1
22 3+3 0.1£0.1 1.1x1.1
23 32 0.1£0.0 1.2+0.9
24 11£5 0.2+0.1 55+23
25 14=+1 0.3£0.0 8.7+0.6
26 22 0.0+0.0 0.5+0.5
27 55 0.1£0.1 19+18
28 52 0.1£0.1 2.8+1.3
29 5+3 0.1+0.1 2515
30 2x1 0.0£0.0 0.5+0.4
31 32 0.1+0.0 1.0£0.6

Mean £ SD 55 0.1£0.1 2.5+2.6

Table 9. Average flow uncertainty width per patient.

All values are represented as the mean flow uncertainty width * the SD of the mean. Column 1
displays the patients, identified by numbers. Columns 2, 3, and 4, show the flow uncertainty width
as, respectively: an absolute number (mL.min!), a function of lean body mass (mL.min"1.kg?), and

a percentage of the mean Vo, (%). FUW = flow uncertainty width.
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Patient ID Vo2 CUW / mL.mint Vo2 CUW / mL.minl.kg? Vo2 CUW / %
17 108 0.2+0.1 4.4+3.7
18 104 0.3+0.1 5.1+1.9
19 129 0.2%0.2 5.7+4.5
20 14+ 10 0.320.2 7.5+5.3
21 139 0.30.2 56%4.2
22 8+8 0.1%0.1 26%2.7
23 129 0.2+0.2 5.1+3.8
24 3616 0.7%0.3 18.1+7.9
25 44+3 0.9+0.1 27.1+19
26 5+5 0.1%0.1 1717
27 20+20 0.320.3 79+7.7
28 19+12 0.6+0.3 11.6+5.6
29 19+ 11 0.4%0.2 10.5+6.1
30 4+3 0.1+0.1 1.1+0.9
31 127 0.2+0.1 42+2.4

Mean + SD 16+ 14 0.30.3 7.8+7.8

Table 10. Average concentration uncertainty width per patient.

All values are represented as the mean concentration uncertainty width £ the SD of the mean.
Column 1 displays the patients, identified by numbers. Columns 2, 3, and 4, show the
concentration uncertainty width as, respectively: an absolute number (mL.min?), a function of
lean body mass (mL.mint.kg-1), and a percentage of the mean Vo, (%). CUW = concentration

uncertainty width.
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Patient ID Vo2 TUW / mL.min! Vo2 TUW / mL.min-1.kg! Vo TUW / %
17 14 +12 0.2+0.2 6.2+5.2
18 13+5 0.3+0.1 6.5+2.4
19 15+12 0.3+0.2 7.4+59
20 23116 0.5+0.4 12.3+8.7
21 16+ 12 0.4+0.3 7.2+5.2
22 11+12 0.2+0.2 3.7+3.8
23 15+ 11 0.3+0.2 6.3+4.7
24 47 +20 0.9+0.4 23.6+10.1
25 59+4 1.2+0.1 35.9%2.6
26 7+7 0.1+0.1 2222
27 25425 04+0.4 9.8+9.5
28 25+12 0.7+0.3 143+6.9
29 24+ 14 0.5+0.3 13.0+7.5
30 6+5 0.1+0.1 1.6+1.3
31 15+9 0.3+0.2 5.2+3.0

Mean + SD 21+18 04+0.4 10.3+10.2

Table 11. Average total uncertainty width per patient.

All values are represented as the mean total uncertainty width + the SD of the mean. Column 1
displays the patients, identified by numbers. Columns 2, 3, and 4, show the total uncertainty width
as, respectively: an absolute number (mL.min!), a function of lean body mass (mL.min.kg?), and

a percentage of the mean Vo, (%). TUW = total uncertainty width.

Across all patients, the mean + SD total uncertainty width was 10.3% = 10.2% of the their
mean Voz. Concentration error was the dominant source of uncertainty, contributing 7.8%

+ 7.8%, approximately three times greater than the average flow error (2.5% + 2.6%).

Two patients (24 and 25) exhibited higher-than-expected widths of uncertainty in Vo2
measurements (see Figure 29 to Figure 31 and Table 9 to Table 11). During data collection,

this 1ssue was identified in real time by elevated nitrogen balance values displayed on the
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MEFS laptop controller interface. Post hoc investigation revealed that dust accumulation on
the MFS’s internal mirrors had impaired optical gas readings, which became noisier than
usual. This was subsequently resolved by cleaning the device, and no similar issues were
observed in following patients. Due to this transient technical issue, the inclusion of these
patients discreetly changed the overall results. For completeness, Table 12 also presents
total, flow, and concentration uncertainty widths with patients 24 and 25 excluded from the

analysis.

Uncertainty Vo2 / mL.mint Vo2 / mL.min-tkg? Vo2 /%
Total 16 £ 13 0.3+0.3 7.4+6.5
Flow 4+3 0.1+0.1 1.8+1.8

Concentration 12+£10 0.3+0.2 5.6%5.0

Table 12. Average uncertainty width per patient after exclusion of patients 24 and 25.

Patients 24 and 25 are excluded from this analysis. All values are represented as the mean
uncertainty width + the SD of the mean for total width of uncertainty and the uncertainty
corresponding to flow and concentration inaccuracies. Columns 2, 3, and 4, show the total
uncertainty width as, respectively: an absolute number (mL.min!), a function of lean body mass

(mL.min"t.kg-1), and a percentage of the mean Vo, (%).

5.4.2.2. Precision
Given the identifiable clinical causes for the Vo2 trends in patients 18, 21, 26, 28, and 30,

these five patients were excluded from the precision analysis.

In the remaining 10 patients, the MFS demonstrated high precision in repeated Vo2
measurements. The maximum coefficient of variation from the mean Vo2 was 5%, with

60% of patients showing a SD < 5 mL.min"! from their mean Vo2 (Table 13).
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ANOVA was used to assess the variability in Vo2 between and within patients. As
anticipated, between-subject variability in Vo> was far greater than within-subject
variability (Table 13). From these values, the ICC was calculated as 0.999, indicating that
99.9% of the total variability in Vo2 was attributable to differences between patients. This
high ICC demonstrates excellent reproducibility of Vo2 measurements within individuals

over time, with minimal within-subject variation.

Collectively, these findings suggest that the MFS is precise when used as a tool for

monitoring Vo2 over time in mechanically ventilated critically ill patients.
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Patient ID Vo2 / mL.min! Vo2 / mL.min-tkg? Vo:/ % cV/%
17 224+ 4 3.7+0.1 100+ 2 2
19 2035 3.9+0.1 100+ 3 3
20 1889 4.4+0.2 100+5 5
22 3043 54+0.1 100+ 1 1
23 2389 45+0.2 100+ 4 4
24 2004 3.8+0.1 100+ 2 2
25 1645 3.5+0.1 1003 3
27 259+6 3.9+0.1 100+ 2 2
29 1847 3.8+0.1 100+ 4 4
31 288+2 5.3+0.0 100+ 1 1

MSE (WP) 32.901 0.013

MSE (BP) 17706.469 3.667

F (p-value) 538.182 (< 0.001) 281.484 (< 0.001)
ICC 0.999 0.999

Table 13. MFS precision assessment table.

Data are presented as mean * SD. Columns 2, 3 and 4 show the mean Vo, * SD for each patient
included expressed as absolute values (mL.min’), values normalised by lean body mass
(mL.mint.kg?), and percentages relative to the patient’s own mean Vo,, respectively. Column 5
presents the coefficient of variation (CV) from the mean Vo,. Summary metrics for the mean
squared error (MSE) of between-patient variability (BP), within-patient variability (WP), their

relationship (F = BP/WP), and intra-class correlation (ICC) are also provided.

5.5. Discussion

5.5.1. Summary of findings
The study as part of which these measurements were made was primarily intended to
explore cardiopulmonary physiology in mechanically ventilated critically ill patients, and

was not designed or regulated as a device trial. Nevertheless, the findings generated cannot
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help but prompt consideration about potential clinical applications for the technique

described, and these clearly merit brief discussion at this stage.

For such technique to be useful in clinical practice, it must demonstrate not only the ability
to detect true physiological trends in Voz (i.e., precision), but also the ability to report values
that closely match the actual parameter of interest (i.e., accuracy). Put another way, it must
be possible for any observed changes to be confidently attributed to the patient’s

pathophysiology, rather than to random or systematic measurement error.

In this study, the MFS showed strong performance on both fronts. Analyses demonstrated
high precision and minimal bias, suggesting that the device provides accurate and reliable

Vo2 measurements, even under the challenging conditions posed by mechanical ventilation.

It can be argued that the cohort of mechanically ventilated patients enrolled in this study
was one likely to benefit from continuous Vo2 monitoring in critical care. All patients were
severely ill at the time of enrolment, with over half requiring circulatory support. Several
developed fever and one was undergoing active temperature management with a cooling
device. Nearly two-thirds remained hospitalised 28 days after admission, underscoring the
disease severity and clinical complexity of the cohort. These characteristics provided a

rigorous test of Vo2 measurement under typical ICU conditions.

It is important to emphasize that the results presented here do not represent technical
specifications under controlled conditions, but rather the real-world performance of the
instrument in a cohort of critically ill patients. Measuring Voz in this setting is known to be
significantly more complex than in awake spontaneously ventilated individuals. Prior
studies have suggested that up to 90% of the total variability in metabolic readings stems
from biological changes in the patient, while only 10% is attributable to technical error!'>’.
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These biological fluctuations are particularly relevant in mechanically ventilated patients,
where factors such as sedation, muscle activity, temperature, and haemodynamic status can

all influence Voy 162-167,

Further complicating the assessment, this study captured Vo2 measurements over a
considerably longer time frame than previous studies have achieved. Whereas many
precision studies have opted to evaluate short-term repeatability to ensure the maintenance
of a steady metabolic state*>>#7- 168 here measurements were spaced every thirty minutes
across at least three hours. This design introduced greater opportunity for biological
variability but better reflects how Vo2 would be used for trend detection were the technique

described herein using the MFS eventually to be exploited for clinical purposes.

As discussed in section 1.5.4, one of the enduring limitations of existing commercial
devices designed for ICU use is the unreliability of Vo2 readings. There is high inter-device
variability and often poor precision and accuracy, in keeping with their reliance on the
Haldane transformation** 47> 16°, Critically, they do not incorporate an internal mechanism
to assess the quality or plausibility of each measurement. This leaves clinicians with no

indication as to whether a given Vo2 can be trusted.

The MFS addresses these limitations by: (i) providing high-precision, low-bias
measurements; (ii) operating independently of the Haldane transformation and related
assumptions; and (iii) offering built-in confidence intervals for each Vo2 estimate,

potentially delivering real-time quality control to the bedside.

The sections below explore some of these aspects in details, beginning with the provision

of real-time quality control.
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5.5.2. Real-time quality control in Vo, measurements

A major innovation of this study was the development of a real-time quality control strategy
to assess the degree of uncertainty associated with each Vo2 measurement on a breath-by-
breath basis, without relying on external validation. This was accomplished by quantifying
deviations from expected nitrogen balance (V2 = 0), which served as an internal check on
the accuracy of both concentration and flow data. The dynamic estimation of confidence
intervals around individual Vo2 measurements represents a novel contribution to the field
and marks a significant step forward in assessing the reliability of oxygen consumption

monitoring in critical care.

The results of Vo2 error estimation through V2 in this critically ill cohort were reassuring.
In the absence of technical issues, the mean confidence interval around Vo2 was narrow —
approximately 16 mL.min"!, or 7.4%. In contrast, when technical issues were identified, as
in patients 24 and 25, nitrogen balance deviated markedly from zero, and the system
correctly flagged a broader uncertainty range, indicating that those measurements should
be interpreted with caution. When these two patients are considered separately, the average

confidence interval width rises to 53 mL.min"!, or 29.8%.

To understand better what these confidence intervals represent, it is important to note that
the maximum possible Vo2 error is bounded by the magnitude of the nitrogen balance
deviation. This imbalance arises from either flow or concentration inaccuracy, but as it
represents a single value, the total error must be attributable either to one or divided
between the two. If only one of these components is at fault, the full nitrogen imbalance
can be attributed to it — meaning that the Vo2 error equals either the full flow or
concentration error. If both sources contribute simultaneously, their effects tend partially

to cancel, as flow and concentration errors act in opposite directions, resulting in a smaller
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apparent Vo2 error. As both errors are derived from the same nitrogen deviation, it is not
mathematically possible for both to occur at their full magnitude concurrently. In practice,
consistent with findings from the DB versus MFS comparison, concentration inaccuracies
were observed to be the dominant source of uncertainty, averaging three times greater than

flow-related errors.

However, nitrogen imbalance can also be caused by factors unrelated to instrument
performance. Small circuit leaks, even those below ventilator detection thresholds, can
significantly distort nitrogen balance!”® 7!, For example, a 0.5% expiratory leak in a patient
with minute ventilation of 6.3 L.min! and FiO2 of 0.21 would result in a false oxygen
imbalance of approximately 25 mL.min"!. As FiO2 or minute ventilation increases, this
effect is exacerbated. In reality, minor leaks are likely to occur, and not all deviations in

nitrogen balance should be interpreted as true measurement errors.

In the present dataset, only one patient was excluded due to a nitrogen balance exceeding
the predefined threshold (> 60 mL.min™"). This individual had a suspected cuff leak, which
was only communicated to the research team at the end of the study period. Notably, the
ventilator failed to detect the leak, yet the MFS identified a nitrogen imbalance exceeding
80 mL.min!. In a real clinical application, this deviation would have produced an
unacceptably wide confidence interval, potentially prompting clinicians to question the
reliability of the corresponding Vo2 values and alerting them to a possible patient safety
issue. In this case, the implied Vo2 error was up to four times greater than that average
observed in the rest of the cohort, highlighting the utility of nitrogen balance as a built-in

safeguard for identifying questionable measurements.
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Transient changes in EELV can also affect Vo2 measurement by altering the volume of gas
retained in the lungs in between breaths!’> 173 — even in the absence of true metabolic
changes. For example, following a sedation hold or a shift in patient position, an increase
in EELV means more gas (including nitrogen) is stored in the lungs, while a decrease in
EELYV releases stored gas into the measured expiratory flow. These changes can disrupt
nitrogen balance, potentially mimicking a change in Vo:. However, because these
fluctuations produce corresponding deviations in nitrogen balance, the MFS correctly
registers greater uncertainty around Voz estimates, reflected in wider confidence intervals.
Were the technique to be exploited clinically in the future, this feature could potentially

help prevent clinicians from misinterpreting such phenomena as real changes in Voo.

These findings underscore a critical limitation of traditional Vo2 measurement methods: the
assumption that nitrogen balance is always zero!’*. This simplification, central to the
Haldane transformation and widely used in clinical devices, overlooks physiological and
technical disturbances — including leaks, flow or concentration mismeasurements, and
changes in lung volume — that can substantially distort Vo2 values. The result is the

calculation of apparent, rather than true, Voz.

The MFS addresses this gap by calculating Vo2 directly from bidirectional flow and
absolute molar concentrations of respired gases. This enables true measurement of oxygen
consumption and calculation of nitrogen balance on a breath-by-breath basis — without

relying on assumptions such as those required by the Haldane transformation.

Given the high accuracy of laser absorption spectroscopy used by the MFS for gas
concentration analysis, most uncertainty in Vo is likely to derive from flow measurement.

Nevertheless, flow is measured directly in the main airway using a bidirectional sensor that
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adjusts its measurements for gas density and viscosity, arguably making it more robust than

conventional pneumotachographs or turbine-based systems.

In summary, by integrating nitrogen balance into each breath-by-breath measurement, the
MFS not only estimates Vo2 accurately, but also quantifies the uncertainty around each
value. This capability represents a meaningful advance in metabolic monitoring —
particularly in mechanically ventilated patients, where distinguishing true physiological
shifts from artefact could be critical for result interpretation, clinical decision-making, and

ultimately patient safety.

5.5.3. Precision of Vo, measurements by the MFS

The results of this study demonstrated that the MFS provides precise Vo2 measurements in
mechanically ventilated patients, as evidenced by a low coefficient of variation for the mean
and high intraclass correlation coefficient. This indicates that the technique consistently
produces similar Vo2 values for a given individual under presumably stable clinical

conditions.

There is currently no universal standard for what constitutes acceptable precision in
metabolic measurements. However, in clinical practice, a variation of less than 10% in
repeated Vo2 measurements over five minutes is often considered acceptable for resting
metabolic rate assessments'®. In sedated, mechanically ventilated individuals, tighter

variation — ideally within 5% — is typically recommended to define steady state!S%.

Previous studies in similar populations have reported variable levels of precision.
Historically, the now-retired Deltatrac I (GE healthcare, USA) was regarded as a

benchmark for both high precision and low bias in Vo2 measurement, with a study reporting
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CV below 5%, similar to those found in the present analysis*> *. By contrast, modern

169

indirect calorimeters often exhibit higher variability'®”, with CVs often exceeding 5%, and

even 10%%-47.

The design of the present study deliberately challenged the MFS’s precision by spacing out
Vo2 measurements at 30-minute intervals over several hours. This is in contrast to a number
of prior studies, which typically assessed precision using tightly spaced averages over short
periods of time — of the order of minutes rather than hours**#’. The present approach was
intended to replicate realistic clinical application conditions, where measurements are

likely to be made at intervals to detect meaningful changes over time.

Even whilst sedated, mechanically ventilated patients may experience subtle fluctuations
in sedation depth, temperature, ventilation, and haemodynamic status, all of which might
influence Voo. Figure 29 to Figure 31 illustrate this variability, with modest fluctuations in
Vo2 observed within each patient. In the absence of identifiable interventions or relevant
clinical changes, these fluctuations suggest that true physiological variation may have

occurred in the background.

Vo2 fluctuations of this kind are expected in both healthy and critically ill individuals,
although their magnitude remains difficult to quantify. In a 24-hour monitoring study by
van Lanschot et al., diurnal variation in Vo2 averaged around 3% in mechanically ventilated
patients!”>. However, this analysis was based on 3-hour averaging windows, which likely
smoothed out shorter-term fluctuations!”. In contrast, Jenkins et al. reported between-day
baseline Vo2 variability greater than 15% based on 2-minute averages in mechanically

ventilated patients who would then undergo physical rehabilitation!6>.
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In summary, these findings suggest that the MFS not only achieves a level of precision
comparable to or better than existing technologies, but it also maintains this performance
under real-world ICU conditions. This level of reliability is essential for interpreting trends
over time — especially in settings where even modest changes in Vo2 may carry important

clinical implications.

5.5.4. Identifying Vo2 trends in critical care

The findings discussed thus far in this chapter expand on the foundational work by
Ciaffoni et al**, where a single anaesthetised patient underwent longitudinal Vo2
monitoring intra-operatively. On that occasion, the MFS registered Vo> changes related to

variations in blood pressure, vasoactive drug infusion, and ventilator settings>*.

The factors likely responsible for meaningful Vo2 changes in patients 18, 21, 26, 28, and
30, are recognised in the literature to have an effect on Vop!03-165.167.176.177 However, an
ability to register these effects accurately and non-invasively in this patient population has,
until now, been lacking. One particularly illustrative case is patient 28, who transitioned
from a hypertensive to a hypotensive state during the experiment, ultimately requiring
escalating doses of noradrenaline to maintain a target mean arterial pressure. The MFS
recorded a corresponding fall in oxygen consumption aligned with the onset and
progression of shock. This observation is consistent with the final common pathway in all

forms of shock: inadequate cellular oxygen utilisation’ ',

As discussed in Chapter 1, many of the interventions used to treat shock — such as fluid
resuscitation, vasopressor infusion, blood transfusion, and increases in FiO2 — are intended
to augment oxygen delivery as a means to facilitate improved oxygen

consumption’> 1> 13- 26 These interventions are not without risk, and can be harmful even
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when cautiously delivered. Yet, their effects on tissue-level oxygen utilisation are either
unknown or largely inferred, as current assessments rely on surrogate markers such as blood
lactate concentration or ScvOa. These markers are often insensitive to rapid changes and
may be confounded by comorbidities or medications. Direct Vo2 measurement might allow
clinicians to guide interventions based on real-time physiological feedback. One possible
application is to identify the point at which further therapy is unlikely to yield benefit,
titrating treatments based on Vo response. For example, if Vo reaches a plateau despite a
rising Doz, this might indicate that oxygen delivery is appropriate and sufficient, and that
further interventions directed at increasing Doz could be withheld — thereby avoiding

unnecessary harms from excessive treatment.

Another interesting example is patient 26, whose Voz steadily increased during the period
of MFS connection while on a cooling device for temperature control. Targeted temperature
management is commonly used after return of spontaneous circulation following cardiac
arrest to support neurological recovery!’8. Cooling devices are widely employed to prevent
fever, which can worsen hypoxic-ischaemic brain injury by increasing the mismatch
between oxygen supply and demand!’®. One of the goals of temperature control in this
context is to reduce metabolic activity, especially of the brain!”®. A progressive rise in
oxygen consumption in these cases may reflect a failure of the cooling strategy to achieve
its intended effect. For example, if a patient is shivering in response to active cooling, this
must be adequately managed to prevent a counterproductive increase in metabolic
demand'”®- 3% Importantly, even in the absence of shivering — as absent in patient 26 — an
increase in oxygen consumption may go unnoticed despite continuous conventional clinical
monitoring, underscoring another potentially valuable application of real-time Vo2

measurement.
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Taken together, these observations help identify goals for future research. In particular, it
would be desirable to study patients earlier in the course of their critical illness — prior to
the onset of overt shock — to assess whether decline in Vo2 may serve as an early warning
sign of insipient shock. Additionally, tracking the Vo2 response to specific interventions
could support the development of Vo2-guided therapy, where the goal becomes restoration
of oxygen consumption itself rather than relying on surrogates. This approach may also
have value in settings where metabolic control is desirable, such as in post-cardiac-arrest
care. Used in this way, Vo2 monitoring has the potential to act not only as a diagnostic and
monitoring tool, but to provide a real-time therapeutic target — bringing the field one step

closer to personalised, physiology-driven critical care.

5.5.5. Limitations

Several limitations of this study should be considered when interpreting the results. First,
the study was conducted in a relatively small cohort. However, the primary aim was to
evaluate the feasibility and performance of the MFS in critically ill mechanically ventilated
patients. Similar small sample sizes have been employed in proof-of-concept studies for

other gas exchange technologies and are appropriate for this early-phase evaluation.

Second, the 3-minute Vo2 averaging period was selected arbitrarily. To balance this,
measurements were spaced thirty minutes apart, which introduced the potential for greater

biological variability between readings.

Third, although efforts were made to include clinically stable patients, unforeseen changes
in patient condition may have influenced Vo2 independently of device performance. To
address this, the analyses were stratified into two groups: patients who remained stable over

time (for precision assessment) and those with identifiable physiological changes (for
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trends analyses). Whilst unplanned, this division ultimately strengthened the study by

allowing the evaluation of the technique under both stable and dynamic conditions.

Fourth, although the MFS demonstrated promising accuracy in this cohort, its performance
may have been affected by factors unrelated to measurement error, particularly leaks or

changes in EELV, both of which can disrupt nitrogen balance!”%-172,

Fifth, the FiO2 levels in this study did not exceed 0.4. One of the main theoretical
advantages of the MFS is its ability to measure Vo2 accurately at high levels of FiO2 without
relying on the Haldane transformation. However, this strength could not be fully
demonstrated in the present cohort due to moderate FiO2 employed clinically — a potential

consequence of seeking to enrol stable patients.

Finally, as there are many factors that can simultaneously influence Voz in critical illness,
it is difficult to attribute observed Vo2 changes to specific interventions with absolute
certainty. While major clinical events likely responsible for Vo2 shifts were highlighted,
the contribution of other subtler processes acting concurrently cannot be definitively ruled

out.

5.6. Conclusion

This work represents the first evaluation of the performance of the MFS in critically ill,
mechanically ventilated patients, specifically examining the reproducibility and accuracy
of Vo2 measurements obtained using the technique. Building on the previous findings of
strong agreement with the established standard — the DB — the MFS demonstrated high
precision for the measurement of Vo2 in this population. Additionally, the development of

confidence intervals around each Vo2 measurement improves the reliability of the technique
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in discerning signal from noise, a significant achievement in the metabolic measurements

field.

These findings further the application of the MFS in the analyses of Vo2 trends over time
and open new avenues for future research focused on detecting Vo2 trends at earlier stages
of critical illness, including the progression from sepsis to septic shock — a major problem

in clinical practice.
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Chapter 6. An exploration of EELV
estimates obtained by CCP in critically

ill patients

6.1. Introduction

As discussed in Chapter 2, bedside assessments of absolute EELVs in mechanically
ventilated patients might allow the intensivist to tailor ventilatory support and other
interventions according to individual patient need, and to monitor their effectiveness in real
time. Currently, however, the techniques available to the critical care clinician to assess
such parameters non-invasively at the bedside are limited in both availability and

practicality.

For example, body plethysmography (BPleth) — considered the gold standard for lung
volume measurement — requires the patient to be placed in a sealed chamber, which is
clearly unfeasible in mechanically ventilated individuals. Likewise, conventional MBNWs

involving a step change in inspired oxygen from 0.21 to 1.0 are problematic. The use of
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100% oxygen can induce hyperoxic atelectasis, and many ICU patients require elevated

baseline FiO2, making such step increase impossible.

The following experiments address the question of whether small, clinically insignificant,
variations in FiO2 can be used to measure absolute EELV in mechanically ventilated
patients in the ICU with sufficient accuracy relative to the reference method that would be

necessary to make them useful tools for patient management.

6.2. Research aims and objectives

The primary aim of this chapter was to evaluate the performance of CCP in estimating

EELV in mechanically ventilated, critically ill patients.

To address this aim, three studies were conducted to: (i) compare EELV estimated by CCP
under a full nitrogen washout stimulus with FRC measured by BPleth in awake healthy
individuals; (i1) evaluate whether partial nitrogen washouts can substitute for full nitrogen
washouts when estimating EELV using CCP both in awake healthy individuals and in
mechanically ventilated patients; and (iii) assess the precision of EELV estimates obtained

using CCP in mechanically ventilated patients.

6.3. Methods

Participant recruitment, informed consent, ethical considerations, and instrumental setup
for healthy participants were discussed in Chapter 4, while Chapter 5 covered these aspects
for mechanically ventilated patients. The following sections focus on study-specific

experimental protocols and the corresponding statistical analyses.
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6.3.1. Preliminary study in awake healthy participants

6.3.1.1. Comparison between CCP and BPleth FRC

Participants were studied during a single visit to the Churchill Hospital (Oxford, UK),
during which they undertook serial assessments including spirometry, MBNW using the

MES, and BPleth.

Spirometry was performed in accordance with standard guidelines!®!. Each participant
completed three manoeuvres, achieving repeatabilities within 5% of each other for forced
expired volume in one second (FEV1), forced vital capacity (FVC)!#2, and vital capacity
(VC)'3!. Automated reports of lung function were printed for retrospective analysis,

containing the highest values obtained for each of these three parameters.

Nitrogen washouts were performed using the MFS, as described in section 3.2.5. Each
participant completed three 12-minute full MBNW trials. A minimum rest period of 15
minutes was observed between trials to allow for restoration of normal alveolar gas
composition. The resulting gas exchange profiles were then processed to complete the CCP
process, in which cardiopulmonary modelling and parameter estimation were used to derive

FRC, as described in section 3.2.4.

BPleth was conducted with participants seated inside an airtight plethysmograph chamber.
Trained respiratory technicians provided instruction on the breathing manoeuvres. These
included tidal breathing, full inspiratory and expiratory efforts to determine TLC and RV,

as well as forced expiratory manoeuvres for the assessment of airway resistance.

Plethysmography recordings were repeated until three technically acceptable

measurements were obtained, resulting in a coefficient of variation from the mean of less
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than 5% for FRC, in accordance with standard quality control criteria®’. Upon completion,
an output report was generated containing the arithmetic mean of the three FRC

measurements.

6.3.1.2. CCP-derived FRC: full versus partial nitrogen washout comparison

Participants were assessed across two study visits at the Department of Physiology,
Anatomy and Genetics (Sherrington Building, University of Oxford, UK). During each
visit, two MBNW tests were performed: one using a full washout protocol and the other
using a partial washout protocol, with a minimum rest period of 15 minutes between these
to allow for gas equilibration. The full washout involved a step change in FiO2 from 0.21
to 1.0, while the partial washout involved a step from 0.21 to 0.41. A mass flow controller
(Robbins-Ritchie group, University of Oxford, UK) was employed to facilitate the delivery
of predetermined fractions of inspired oxygen at a constant flow of 40 L.min"!, while

ensuring a smooth transition between baseline and washout phases.

In total, each participant completed four MBNWs — two partial and two full. Gas exchange
data recorded by the MFS throughout the duration of all MBNWs were subsequently fed

into the cardiopulmonary model for fitting upon completion of both study visits.

6.3.2. EELV estimates by CCP in mechanically ventilated patients
6.3.2.1. Data recording

Variables likely to influence EELV in mechanically ventilated patients were prospectively
identified through a review of the literature. These included, but were not limited to: patient
repositioning, mucus clearance, physiotherapy, adjustments to mechanical ventilation

parameters, and prone positioning!'$>186. These variables were monitored throughout the
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period of MFS connection and recorded in the patients’ CRF to ensure accurate time

alignment between any relevant interventions and their potential impact on EELV.

Respiratory mechanics were continuously recorded from the mechanical ventilator
(Hamilton-C6, Hamilton Medical AG, Switzerland) using the manufacturer’s Datalogger
software (version 5.0, Hamilton Medical AG, Switzerland). Data were streamed in real time
to the MFS laptop controller via an RS232 serial connection, and a complete ventilator data
file was generated at the conclusion of each study session for retrospective analysis. Gas

exchange data were recorded by the MFS, as described in Table 6.

The MBNW used in mechanically ventilated patients was based on that employed in awake
participants but adapted to suit the ICU context. Here, the baseline phase was shortened
from seven to five minutes to account for the more stable gas exchange conditions in
sedated, ventilated patients. FiO2 steps were also adjusted: while awake participants
underwent full and partial washouts at fixed targets (0.21 to 1.0 and 0.21 to 0.41,
respectively), ventilated patients underwent FiO: changes relative to their baseline
requirement. Full washouts were defined as any step increase between 0.70 and 0.79, and
partial washouts involved an absolute increase of 0.20 from the patient’s baseline FiOx.
These protocol adjustments ensured the feasibility of performing MBNWs in critically ill

patients for whom baseline FiO2 was often higher than 0.21.

6.3.2.2. Data processing
To estimate EELV, gas exchange data recorded by the MFS were segmented into separate
10-minute data files, each containing a single MBNW. A parameter set file was obtained

through CCP modelling for each individual washout file, as described in Chapter 3.
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6.3.2.3. Data analysis

Repeated MBNW were conducted approximately every thirty minutes, with each patient
undergoing at least six washouts. To ensure stable conditions for precision assessment, no
clinical interventions — including medication adjustments, nutritional changes, etc. — were
permitted during the 5-minute baseline phase. Likewise, in the fifteen minutes preceding
the washout phase, no interventions known to change EELV were tolerated. If any such
intervention occurred due to clinical need and was identified in real-time, the ongoing
washout was discontinued. If a confounding intervention was identified retrospectively
from review of the CRF and ECR, that particular washout was flagged for exclusion from

the precision analysis.

To compare EELV estimates derived from full and partial nitrogen washouts, patients were
required to have a baseline FiO2 between 0.21 and 0.30. Patients meeting this criterion

underwent two full nitrogen washouts in addition to a minimum of two partial washouts.

6.3.3. Model fitting

For all studies requiring cardiopulmonary modelling, a NLLSOR enabled fitting of the
model to the measured data, as detailed in section 3.2.4. The fitting process typically
required less than an hour and consisted of running the model along with its inputs through
a high-performance computer system with remote access made available by the University
of Oxford’s Advanced Research Computing facility. Most of the cardiopulmonary model
was written by contributors (see Appendix C) in MATLAB (R2022b, MathWorks Inc,

USA), with a minor C++ contribution.
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6.3.4. Quality control

In addition to monitoring nitrogen balance, as described in section 4.2.6, all modelling
studies included visual inspection of the model’s fit to the measured data as an additional
quality control step. Although the model fit selected by the NLLSOR algorithm represents
the best mathematical match to the measured data, it may not always reflect a
physiologically accurate fit. Therefore, model performance was assessed by examining the
cumulative residual difference between modelled and measured data, as well as by
comparing modelled and measured cumulative volumes of gas exchanged throughout the
experimental protocol (Figure 32). Datasets demonstrating poor agreement between

modelled and measured data were excluded from further analysis.
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Figure 32. Quality control measures post model run.

Low residual differences between measured and modelled data and near-zero nitrogen balances
indicate good quality of CCP generated datasets. A: Both measured and modelled cumulative
volumes of oxygen, carbon dioxide, and nitrogen over time are represented. Nitrogen balance
remains very close to zero (0.4 mL.min in this dataset) throughout baseline breathing phase. The
fitting of the simulated data over the measured data is represented as a shade of grey behind the
CO; and O; curves and a shade of orange behind the N curve. The agreement is so significant that
simulated data are almost completely overlapped by the measured data, visually indicating good
quality of the dataset acquired. B: The residual cumulative difference between measured and
modelled gas volumes over time is represented for oxygen (green), carbon dioxide (red) and
nitrogen (black). During the baseline breathing phase the maximum residual difference was below

15 mL for each gas.
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6.3.5. Statistical analyses
Statistical analyses were performed utilising SPSS version 30.0 (IBM Corp., USA), with

significance established at p < 0.05.

The relationship between FRC values obtained by CCP and those derived from BPleth
measurements was assessed using Pearson’s correlation coefficient. Paired t-tests were
used to evaluate differences in mean FRC between the two methods. Agreement between
methods was assessed using Bland-Altman analysis, with plots constructed to illustrate
percentage bias and LoA. The reproducibility of CCP FRC estimates over three repeated

readings was assessed using CV and ICC.

The difference between FRCs and EELVs estimated using full and partial MBNWs — in
awake and in mechanically ventilated patients, respectively — was assessed using univariate
ANOVA, with EELV as the dependent variable, washout type (full or partial) as a fixed
factor, and participant identity as a random factor. Pearson’s correlation coefficient and
Bland-Altman analysis were also performed to assess the relationship and agreement

between full and partial washouts.

In mechanically ventilated patients, the precision of EELV measurements by CCP over
time was assessed using CV and ICC. ANOVA was conducted to partition the total EELV
variance into between- and within- subject components in order to facilitate ICC

calculation.

For all paired t-tests, correlations, and Bland-Altman analyses reported in this chapter,

repeated values obtained with the same method were averaged per participant prior to
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analysis. This ensured one value per participant and preserved the assumption of

independence required for these statistical approaches.

6.4. Results

6.4.1. Preliminary study: comparison of FRC measured by BPleth
with that estimated by CCP

6.4.1.1. Baseline characteristics of participants

Fourteen healthy volunteers participated in the study. Relevant anthropometric and
respiratory characteristics are displayed in Table 14. Participants exhibited normal lung
function as assessed by spirometry, with all spirometry parameters (e.g., FEV1, FVC, and
FEV1/FVC) within the normal range (> 80% predicted) as defined by the Global Lung

Initiative (GLI) race-neutral predicted values'®’.

Characteristic Male (n=9) Female (n = 5) All (n = 14)
Age [ yr 30.6+8.0 26.0+7.0 289+7.7
Height / m 1.78 £ 0.05 1.66 + 0.06 1.74£0.08
Weight / kg 78.9+17.6 70.7+11.8 75.9+15.8
BMI / kg.m2 24.8+5.2 26.0+6.2 25.2+5.4
FEV1/L 42+05 3.2+04 3.8+£0.6
FEV1 / %pred 99.0+14.3 100.1+5.0 99.7+11.6
FVC/L 5.0+ 0.6 3.8+0.7 46+0.8
FVC / %pred 100.0+12.1 103.8+6.1 101.4+10.1
FEV1 /FVC 0.8+0.1 0.8+£0.0 0.8+0.0
FEV1 / %pred 97.8%+7.1 97.2+6.3 97.6£6.5

Table 14. Baseline characteristics of healthy volunteers enrolled for the comparison between

FRC estimated by CCP and measured by BPleth.

Values are mean * SD. n = number of participants; %pred = percentage of predicted.
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6.4.1.2. Summary of FRC measurements and estimates

A total of forty-two full MBNWSs were conducted, comprising three trials per individual.
CCP successfully estimated FRC in all but two measurements from one participant, where
a modelling failure of unknown origin prevented estimation. As a result, this participant’s
single available CCP estimate was excluded from the reproducibility analysis but retained

for the accuracy assessment.

For the BPleth method, each participant underwent a minimum of three FRC
measurements. However, individual BPleth FRC wvalues and the total number of
measurements performed were not available to the research team. As only the average FRC
measurements were available, the ability to conduct a direct comparison of within subject
variability between the two methods was limited. Notably, BPleth measurements undergo
strict quality control, with values exhibiting CV above 5% routinely excluded. In contrast,
to calculate the average CCP FRC, all estimates were included irrespective of variation,

which may inherently increase the observed variability.

CCP demonstrated high precision in repeated FRC estimations, evidenced by an average
within-subject CV of 4 &+ 2%, and individual values ranging from a minimum of 1% to a
maximum of 8%. Eleven out of the thirteen participants included in the precision analysis
exhibited CV values below 5%. CCP’s performance thus closely matched the stringent
quality control criteria of BPleth (CV < 5%). The calculated ICC was 0.98, indicating
excellent reproducibility of CCP-derived FRC estimates within an individual, with the

majority of the variance attributable to differences between individuals.

Mean FRC estimated by CCP was 3.3 £+ 0.8 L compared with 3.4 £ 0.9 L measured by

BPleth. Individual differences in FRC between methods are displayed in Figure 33, panel
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A. Statistical analysis revealed no significant difference between FRC values estimated by

CCP and those measured by BPleth (t(13) = 1.726, p = 0.108; Figure 33, panel B).

The correlation and agreement between CCP and BPleth FRC values is depicted in Figure
33, panels C and D. The two measurements were strongly correlated (r =0.96, p <0.0001).
Bland-Altman analysis indicated a small mean percentage bias of - 3%, showing a tendency
for CCP to underestimate FRC relative to BPleth. The 95% LoA ranged from - 20% to
+ 13%. This degree of agreement suggests that CCP provides an accurate estimate of FRC

when compared to BPleth, the current reference standard.
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Figure 33. Individual and group comparison between FRC values estimated by CCP and

measured by BPleth.
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A: Individual absolute and percentage differences between methods. Fourteen participants are
identified in the x-axis. The difference in FRC between methods is represented in litres in the y-
axis and as a percentage (CCP - BPleth) at the top of each set of bars. B: Paired comparison
between methods. The box extends from the first to the third quartile, with the central line in
each box representing the median and the central red square representing the mean. Whiskers
denote 1.5 times the interquartile range from the lower and upper quartiles. Each FRC value is
shown as black dot. No outliers were observed. The two methods showed similar central
tendencies and spread, with no statistically significant difference between their means
(t(13) = 1.726, p = 0.11). C: Correlation between methods. FRC values obtained through both
techniques were strongly correlated (r = 0.96, p < 0.0001). D: Agreement between methods. Using
the BPleth as the reference method (x-axis), the percentage difference between CCP and BPleth
was calculated (y-axis). CCP underestimated FRC by 3% (or 122 mL) when compared with BPleth,
though this difference was not significant. Limits of agreement ranged from - 20 to + 13%
(or - 641 to + 396 mL). The shaded grey and blue areas represent the 95% confidence interval for

the bias and the limits of agreement, respectively.

6.4.2. Preliminary study: comparison of full and partial washout
for the estimation of FRC

6.4.2.1. Baseline characteristics of participants

Twelve healthy participants were enrolled in the study, each completing both a full and a
partial MBNW using the MFS during two separate study visits. One participant was
excluded from all analyses due to CCP model outputs that did not meet quality control
criteria. In another participant, CCP failed to generate an output for one of the two full
washouts due to an unknown cause; all other data from this participant were retained for
analysis. Baseline characteristics of the remaining eleven participants are presented in
Table 15. A CONSORT-like diagram outlining the flow of patients across all studies in

spontaneously breathing participants is available in Appendix B.
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Characteristic Male (n = 4) Female (n=7) All (n =11)
Age [ yr 20.0+£0.0 22.0+4.9 21.3+3.9
Height / m 1.86 £ 0.07 1.71+0.04 1.76 £ 0.09
Weight / kg 67.8+9.1 63.0+£7.3 64.7+7.9
BMI / kg.m2 19.6+1.9 21.5+2.3 20.8+2.3

Table 15. Baseline characteristics of healthy volunteers enrolled for the comparison of full and

partial MBNWs for the estimation of FRC.

Values are mean % SD. n = number of participants.

6.4.2.2. Summary of FRC estimates
In total, forty-three washouts were analysed across the eleven participants included in the

study: twenty-one full and twenty-two partial washouts.

Individual FRC estimates are displayed in Figure 34, panel A. While variability in the
direction and magnitude of difference was observed across participants, over 70% of partial
washouts yielded FRC values approximately equal to or lower than those obtained under a
full washout stimulus. The within-participant percentage difference between washout types

ranged from - 11% to + 7%.

On group comparison (Figure 34, panel B), there was no statistically significant difference
observed in mean FRC between the two methods (full washout: 3.5 + 0.9 L; partial washout:
3.3+ 0.8 L; p=0.07). A strong positive correlation was observed (r = 0.98; p = 0.0001;

Figure 34, panel C), with most data points closely aligned with the line of equality.

Bland-Altman analysis (Figure 34, panel D) revealed a mean percentage bias of - 3%,
indicating that partial washouts slightly underestimated FRC compared with full washouts.

The 95% LoA ranged from - 13% to + 8%.
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A: Individual absolute and percentage differences between methods. Eleven participants are
identified in the x-axis. The difference in FRC between methods is represented in litres in the y-
axis and as a percentage (partial washout - full washout) at the top of each set of bars. B: Paired
comparison between methods. The box extends from the first to the third quartile, with the
central line in each box representing the median and the central red square representing the
mean. Whiskers denote 1.5 times the interquartile range from the lower and upper quartiles. Each
FRC value is shown as black dot. No outliers were observed. There was no statistically significant
difference between the FRC means of the two methods (F(1) = 4.08, p = 0.07). C: Correlation
between methods. FRC values obtained through both techniques were strongly correlated
(r=0.98, p < 0.0001). D: Agreement between methods. Using the full MBNW as the reference
method (x-axis), the percentage difference between partial and a full washouts was calculated
(y-axis). FRCs obtained under partial washout stimulus were, on average, 3% lower (or 106 mL)
than those obtained with full washout. Limits of agreement ranged from - 13 to + 8%
(or-491to + 279 mL). The shaded grey and blue areas represent the 95% confidence interval for

the bias and the limits of agreement, respectively.

6.4.3. Estimating EELV in critical care

6.4.3.1. Baseline characteristics of patients

Data from seventeen critically ill mechanically ventilated patients were analysed in this
study. Of these, nine patients underwent both full and partial nitrogen washouts for
comparison, and fifteen were included in the precision analysis. Seven individuals
contributed data to both analyses. A CONSORT-like diagram outlining the flow of patients
across all studies in mechanically ventilated patients is available in Appendix B. Baseline

characteristics of the full seventeen-patient cohort are presented in Table 16.

All patients were ventilated in a pressure-controlled mode throughout the duration of the

study. The level of ventilatory support was modest, with average Pcontrol 0f 16 £5 ¢cmH20,
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PEEP of 6 + 1 cmH20, and FiO2 of 26 + 5%. Arterial blood gases were near-normal

(PaCOa2: 5.5 £ 0.7 kPa; PaO2 10.0 + 3.0 kPa).

Although only five patients had a primary lung condition and none met ARDS criteria!%,
the mean P/F ratio of 37.7 £ 10.9 kPa (approximately 283 mmHg) indicates a mild
oxygenation impairment in this cohort. Given that PaCOz2 values were within normal limits,
hypoxaemia is unlikely to be due to global alveolar hypoventilation, and instead suggests a
degree of ventilation-perfusion mismatch, possibly related to atelectasis, small airway

closure, or subtle changes in pulmonary perfusion.

The average respiratory system dynamic compliance was 52 + 19 mL.cmH20"!, which is
below the expected range for healthy lungs, but typical for a heterogeneous mechanically
ventilated ICU population'8®. The 28-day mortality rate in this cohort was 23.5%, reflecting

a high overall disease severity.
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Characteristics Values (n = 17)
Age /[ yr 56 +17
Male sex / n (%) 11 (64.7)
Height / m 1.72+0.10
Weight / kg 87.9+20.8
BMI / kg.m 29.8+7.8
28-day mortality / n (%) 4 (23.5)
Pcontrol / cmH0 16+5
PEEP / cmH,0 6+1
RR / breaths.min! 19+4
PaCO; / kPa 55+0.7
Pa0; / kPa 10.0+3.0
FiO> / % 265
P/F 37.7+10.9
Tidal volume / mL.kg™* 73126
Minute volume / L.min-! 9.8+2.2
Cayn / mL.cmH,0 52+19

Table 16. Baseline characteristics of mechanically ventilated patients enrolled in the assessment
of: (i) the precision of CCP in estimating EELV; (ii) the comparison of CCP-EELV estimates

obtained using full versus partial washouts.

Data are expressed as mean * SD. PEEP = positive end-expiratory pressure; Pcontrol = the pressure
increment added to PEEP to deliver each breath in pressure-controlled mode of ventilation;
RR = respiratory rate; PaCO, = arterial partial pressure of CO,, obtained from an arterial blood gas;
PaO, = arterial partial pressure of O,, obtained from an arterial blood gas; P/F = ratio between

Pa0; and FiO,; Cayn= dynamic compliance of the respiratory system.

6.4.3.2. Comparison between full and partial washouts
Sixty-nine washouts were analysed across nine mechanically ventilated patients. Each
individual underwent at least two full washouts (eighteen total) and two partial washouts

(fifty-one total). The higher number of partial washouts reflects the inclusion of some of
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these patients in the precision analysis, where partial washouts were more frequently

repeated over time.

Individual EELV estimates are displayed in Figure 35, panel A. A near perfect correlation
was observed between methods (r = 0.99; p <0.0001; Figure 35, panel C), with data points
tightly clustered around the line of equality. The linear fit closely overlapped the line of
equality, indicating high consistency in CCP estimation of EELV between the different

washout types.

The difference between values estimated using full and partial washouts was not
statistically significant (p = 0.71; Figure 35, panel B). On average, the mean EELV was
1.9 £ 0.7 L for both washout types, differing only by a few tens of millilitres. Likewise,
Bland-Altman analysis (Figure 35, panel D) revealed minimal bias (+ 1%) across

techniques.
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Figure 35. Comparison between full and partial nitrogen MBNWs for the estimation of EELV in

mechanically ventilated patients.
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A: Individual absolute and percentage differences between methods. Nine patients are identified
in the x-axis. The difference in EELV between methods is represented in litres in the y-axis and as
a percentage (partial washout - full washout) at the top of each set of bars. B: Paired comparison
between methods. The box extends from the first to the third quartile, with the central line in
each box representing the median and the central red square representing the mean. Whiskers
denote 1.5 times the interquartile range from the lower and upper quartiles. Each EELV value is
shown as black dot. No outliers were observed. There was no statistically significant difference
between the EELV means using the two methods (F(0.151) = 0.27, p = 0.71). C: Correlation
between methods. EELV values obtained through both techniques were strongly correlated
(r=0.99, p < 0.0001). D: Agreement between methods. Using the full MBNW as the reference
method (x-axis), the percentage difference between partial and full washouts was calculated
(y-axis). EELVs obtained under partial washout stimulus were, on average, 1% higher (or 14 mL)
than those obtained with a full washout approach. Limits of agreement ranged from - 15to + 17%
(or- 203 to + 232 mL). The shaded grey and blue areas represent the 95% confidence interval for

the bias and the limits of agreement, respectively.

6.4.3.3. Precision

Each of the fifteen mechanically ventilated patients in this study underwent a minimum of
six partial washouts, resulting in a total of a hundred and three measurements. The average
CV for EELV readings in this cohort was 5.8% (SD + 4.4%), with values ranging from 1%
to 18%. Sixty-seven percent of patients exhibited a CV < 5%, and fourteen out of fifteen
(93%) showed a CV < 10%. The ICC was 0.996, indicating excellent reproducibility of

EELV estimated from partial washouts.

The patients included in this precision analysis were the same as those included in the Vo2
accuracy study using the MFS (section 5.4.2). Notably, the patients with the highest EELV
variability (CV > 9%) — patients 18, 21, 26, and 28 — were excluded from the Vo precision
analysis due to Voo instability that appeared to arise due to pathophysiological changes
during data acquisition.
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Of these, only patient 18 had a clear explanation for EELV variability, with a high secretion
burden, frequent suctioning, and coughing likely contributing to fluctuations in lung
volume. For the remaining patients with higher CVs, no specific clinical interventions or
events known to affect lung volume were documented during the measurement period or

identified on post-hoc CRF and ECR review. Therefore, they were retained in the analysis.

Patient ID Mean /L SD/L CV/%
17 134 0.02 2
18 1.83 0.16 9
19 2.07 0.09 5
20 1.90 0.12 6
21 0.95 0.09 10
22 1.08 0.05 5
23 2.80 0.05 2
24 2.59 0.12 5
25 2.82 0.15 5
26 0.82 0.09 10
27 2.55 0.07 3
28 1.36 0.25 18
29 1.70 0.06 4
30 1.68 0.04 2
31 1.89 0.02 1

MSE (WP) 0.012

MSE (BP) 2.828

F (p-value) 235.568 (< 0.001)
ICC 0.996

Table 17. EELV precision assessment.

Columns 2, 3 and 4 show, respectively, the mean, SD, and CV of EELV estimates by CCP for each
patient included. Summary metrics for the mean squared error (MSE) of between-patient
variability (BP), within-patient variability (WP), their relationship (F = BP/WP), and intra-class

correlation (ICC) are also provided. ID = dentification number.
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6.5. Discussion

6.5.1. Comparison of CCP with BPleth

CCP estimates of FRC were closely aligned with those obtained via BPleth, the current
gold standard. This agreement held for both bias and precision, supporting the use of CCP

in measuring absolute lung volumes in awake individuals.

According to the most recent ERS/ATS consensus, repeated MBNW-derived FRC should
demonstrate a CV below 10%%. In commercial practice, measurements outside this
threshold are typically discarded, which may lead to an apparent, but not actual, measure
of test precision in published data'®*-'°!. In contrast, all CCP trials were retained in this
study, yet every participant’s data met the most stringent “Grade A” quality criteria®’. The
average CV of FRC using CCP was 4 + 2%, closely matching the < 5% benchmark
recommended for BPleth®” — with the advantage of not requiring a sealed chamber or

participant cooperation.

While in vitro precision data for commercial MBNW devices are available!'®?, in vivo
validation studies remain scarce, as many publications exclude measurements that fall
outside ATS/ERS repeatability criteria. Moreover, substantial variation between devices
has been reported. For example, two widely used systems — the Exhalyzer D (Eco Medics
AG, Switzerland) and the EasyOne Pro (ndd Medizintechnik AG, Switzerland) — have
shown poor agreement with each other'®® '3, The Exhalyzer D, which has been used
clinically for over a decade, was only recently corrected for an oxygen-carbon dioxide
sensor crosstalk that had introduced systematic errors in FRC of approximately 10%!'%4.

Similarly, a signal correction for the EasyOne Pro was implemented in 2024, revealing that

prior uncorrected values may have been overestimated by more than 10%!%.
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As expected, CCP tended to report slightly lower FRC values than BPleth, although this
difference was neither statistically nor clinically significant. This is consistent with
physiological principles: MBNW methods measure only ventilated lung compartments,
while BPleth includes non-communicating volumes such as trapped gas. In healthy
individuals, where gas trapping is minimal, both methods are expected to converge. This
expectation was borne out in the present cohort. Similar findings have been reported in the

literature®®: 196 197

, although some studies describe a significant bias between the two
methods even in healthy subjects!% 193 198,199 " wjth the direction and magnitude of the

discrepancy varying.

One likely contributor to the strong agreement observed in this study is the longer washout
period used during CCP (5 minutes), compared with the typical 2 to 3 minutes in
commercial MBNW protocols (e.g., stopping at 1/40" of the baseline nitrogen
concentration)?®. This extended washout may have allowed for better ventilation of slow

compartments and improved completeness of nitrogen clearance.

Although direct comparisons with BPleth are not possible in mechanically ventilated
patients, the present findings suggest that CCP can deliver reproducible and physiologically
accurate FRC estimates. The combination of a highly time-resolved measurement system
(MFS) and extended washout duration likely contributed to the observed precision,
supporting CCP as a tool for bedside lung volume assessment in the study of mechanically

ventilated individuals.

6.5.2. Comparison of full and partial MBNWs to estimate EELV

Across both study cohorts — healthy volunteers and mechanically ventilated critically ill

patients — partial and full Fi02 washouts yielded comparable estimates of FRC or EELV
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when using CCP. While the direction of bias between cohorts differed, these differences
were neither clinically nor statistically significant, supporting the clinical equivalence of

the two approaches.

The motivation to minimise the FiOz step change stems from two key concerns: (i) the risk
of oxygen-induced absorption atelectasis; and (i1) the fact that many ICU patients are
ventilated on elevated baseline FiO2, making a full washout (0.79 FiO: rise) impossible.
The relationship between high inspired oxygen levels and atelectasis is well established:
alveolar collapse occurs more rapidly and at higher V/Q ratios when FiO2 approaches
1.0%°!, Prolonged intra-operative exposures to high oxygen tensions can cause EELV

reductions that persist for more than 24 hours?.

To the best of this author’s knowledge, to date, no studies have systematically explored
how various small FiO: steps affect FRC measurements during MBNW in healthy
spontaneously breathing individuals. Given that commercial devices are often unable to
maintain adequate signal alignment at full washouts, it seems unlikely that they would
perform well employing small FiO2 changes, which may compromise volume accuracy.
For example, Maisch et al. found that when comparing a pair of FRCs derived from a 0.29
FiO2 step to another pair obtained from a 0.79 step, the bias was small (- 2.6%) but the
limits of agreement were very wide (- 24.5 to + 17.1%)?%. At the 0.29 delta FiO2, FRCs
generated by MBNW were on average 11.7% lower than those obtained with BPleth
(- 42.8% to + 19.3% LoA)**. Heinze et al. reported similarly wide variability when

comparing FRCs obtained through a 0.6 FiO2 step with BPleth®s.

In mechanically ventilated patients, Olegard et al. compared EELV estimates in

mechanically ventilated patients using 0.1 and 0.3 FiO2 steps and reported a small mean
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bias (- 9 mL), but quite wide LoA (£ 356 mL), despite all measurements being completed
in less than an hour®®. In the current study, despite a larger FiO2 step (> 0.7) and a
significantly longer measurement window, CCP achieved LoA approximately 40%
narrower than those reported by Olegard et al.®, likely reflecting the higher precision of

the latter approach.

The findings reported here are consistent with findings by Wrigge et al., who used mass
spectrometry to compare MBNW-based EELVs from FiOz steps of 0.2, 0.3, 0.4, and 0.7 in
postoperative patients?®*. The device employed in their study is likely to have been more
technically robust than its commercial counterparts, as it directly measured nitrogen with
high precision while employing corrections for delays and viscosity changes?**. These
investigators found a small bias (1.2%) and relatively narrow LoA (£ 7.8%) when
comparing 0.2 vs 0.7 FiO2 steps?**. However, their study involved only patients with
healthy lungs and short measurement intervals (15 minutes), in contrast with the prolonged
protocol employed in the present thesis study, which allowed patients with lung disease to

be included — factors that will necessarily have introduced greater variability.

In summary, CCP-derived EELV estimates obtained via partial FiO2 washouts can be seen
to be comparable to those from full washouts, both in healthy spontaneously breathing
individuals and in critically ill mechanically ventilated patients. These findings are
reassuring and support the use of partial washouts as a more practical and safer alternative

in the intensive care setting.
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6.5.3. Precision of EELV estimates in mechanically ventilated
patients

The present study demonstrates that CCP provides acceptable precision for estimating
EELV in mechanically ventilated patients. Unlike previous studies involving MBNW-
based techniques®> 87204207 this study was conducted over an extended period — spanning
several hours — with at least six measurements per patient. It included patients with and
without lung disease and allowed transient oscillations between assisted and controlled
modes in patients with lighter sedation, reflecting real-world ICU variability. Despite these
more challenging conditions, CCP achieved a low average coefficient of variation of 5.8%
(SD + 4.4%), with 93% of patients exhibiting a CV < 10%, and an ICC of 0.996 — indicating
excellent reproducibility. Even under this broader variability, CCP’s performance matched
or exceeded that of previous studies using duplicate EELV measurements, which report

mean CVs below 7%83- 87, 204-207

Some of the observed variability is likely attributable to true physiological changes in lung
volume, rather than device imprecision. This is supported by the study’s extended
timeframe, during which patients may have experienced subclinical variations in factors
that can modify lung volumes. The ability to capture these variations is key to ensure CCP’s
suitability not only for accurate measurement, but also for meaningful longitudinal

monitoring.

Compared with traditional MBNW devices, CCP eliminates a critical limitation: the need
for breath-by-breath synchronisation and post hoc correction for gas timing and
concentration changes. Conventional systems require complex alignment between flow and
gas sensors, which are physically separated in the breathing circuit. These alignment

procedures are vulnerable to error, particularly in mechanically ventilated patients with
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irregular or dyssynchronous breathing. In fact, even systems that claim to bypass
synchronisation requirements®’ (e.g., by using end-tidal rather than the entire breath for
volume estimation) require correction for the early “gas front” after an FiO2 step, where
gas concentrations vary rapidly between breaths®. Failure to apply such corrections
appropriately has been shown to result in errors of 10-20% in both bench and clinical
settings?0+ 29, Recent “recall” corrections to commercial devices, as discussed, illustrate

how pervasive these issues can be!%* 193,

In contrast, CCP's unique advantage lies in its fully integrated, time-resolved data stream:
flow and gas signals are recorded at the same point in the circuit, eliminating the need for
any time alignment. Viscosity is also measured on the spot, and, consequently, gas flows
do not require further adjustment. This not only reduces technical error but also enables
prolonged measurement protocols with high precision and minimal drift — a key
requirement for identifying real changes in lung volume rather than artifacts introduced by

measurement technique.

Together, these findings support CCP as a robust, reproducible, and adaptable tool for
assessing EELV in mechanically ventilated patients, including under conditions that would

challenge the reliability of conventional methods.

6.5.4. Limitations

6.5.4.1. Technical

While the promise of CCP is considerable, it must be recognised that the MFS has been
developed as a scientific instrument for research purposes rather than as a medical device.
As such there are a number of challenges that would need to be overcome before it could

be suitable for widespread use in the clinical setting.
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First, the measurement head together with the bacterial filter that is required between the
ventilator circuit and the patient both add to dead space, which is undesirable, especially in
patients for whom lung protective ventilation is indicated. The measurement head is also

relatively bulky and requires its own mechanical arm to support it.

Second, the MFS is yet to be tested to ensure its accuracy remains satisfactory under the
conditions posed by active humidification. While the MFS has performed well in such
conditions for short periods of time in healthy volunteers and for twelve hours using a
bespoke lung simulator, it is yet to be tested for prolonged periods of time in mechanically

ventilated individuals. Currently, the interposition of an HME filter is essential.

Third, the patient cannot receive nebulised medications with the measurement head in situ.
The cavity mirrors become coated with the nebulised drug, which impairs gas composition

analysis.

Finally, estimation of the model parameters from the raw data sometimes requires an hour
or more of computing time, and so the code would require substantial optimisation in order

to make measurements available in a timely manner for patient management.

6.5.4.2. Experimental
Several experimental limitations should be acknowledged. First, the sample size was small,

although appropriate for a proof-of-concept investigation.

Second, while CCP-derived FRC values were compared with the gold standard of BPleth
in healthy individuals, no reference method was available for mechanically ventilated

patients. As such, the accuracy of CCP in the ICU setting could not be directly assessed.
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Third, some of the variability observed in repeated CCP measurements likely reflects
genuine changes in lung volume rather than technical noise. In mechanically ventilated
patients, this may have occurred due to the extended duration of the measurement period.
In healthy individuals, such changes may have arisen from minor variations in position

between repeated lung volume readings.

Finally, mechanically ventilated patients exhibited significant heterogeneity. While this
reflects true ICU complexity, it may also undermine the instrument’s performance

compared to studies conducted in more controlled conditions.

6.6. Conclusion

This chapter explored the application of CCP for estimating EELV in mechanically
ventilated patients, a context where accurate, repeatable lung volume assessment may be
clinically important yet remains technically challenging. Across a small but diverse cohort,
CCP demonstrated high measurement consistency under true ICU conditions, with routine
care maintained and observations conducted for a prolonged period of time. These findings
suggest that CCP may offer a practical and technically robust alternative to traditional
MBNW techniques, particularly given its ability to overcome the challenges of

synchronisation.

The study also examined whether smaller step changes in inspired oxygen — more suitable
for critically ill patients — could be used effectively for CCP-based EELV estimation. The
results indicate that partial washouts provide equivalent estimates to full washouts. In
healthy participants, CCP-derived FRC values showed close agreement with those

measured by BPleth, offering additional confidence in the validity of the present approach.
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Taken together, these investigations offer preliminary evidence supporting the feasibility
of CCP for bedside lung volume assessment in mechanically ventilated patients. The
accuracy and precision demonstrated here set the stage for future investigations into a
possible clinical role for CCP in critical care, including its potential for assessing lung
recruitability and the effects of commonly performed manoeuvres (e.g., RMs and prone

positioning).
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Chapter 7. Measurement of EELV in
critically ill patients undergoing a

Recruitment Manoeuvre

7.1. Introduction

Recruitment manoeuvres are generally considered in the context of a mechanically
ventilated patient who is suspected to have regions of the lung that are unventilated. These
manoeuvres may help to re-inflate collapsed regions such that they then contribute
effectively to gas exchange. However, the clinical benefit of RMs is highly variable, and

indiscriminate application may increase the risk of VILI without benefit.

To guide the use of RMs, a rational assessment of lung recruitability is key, enabling
identification of those patients who are more likely to benefit. Yet, existing indices of
recruitability often disagree, and their results are sensitive to the protocols and methods

used to generate them.
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Likewise, methods to assess the effectiveness of RMs — both in regards to lung volumes
and ventilation distribution — remain limited. While several studies have conducted CT
imaging both before and after a RM to evaluate recruitment!!”- 124,130 208,209 "thig approach
is impractical for routine clinical care and, furthermore, it does not allow for sequential

measurement to determine whether any benefit of the manoeuvre is sustained.

7.2. Research aims and objectives

The primary aim of the experiments presented in this chapter was to explore the potential
clinical utility of CCP to assess lung recruitment in mechanically ventilated patients

undergoing a RM.

The objectives of this study were to: (i) quantify the absolute changes in EELV following
a quasistatic PV curve and a sustained inflation RM using CCP-derived volume estimates;
(i1) examine the relationship between CCP volume-based indices and conventional lung
recruitability variables; (ii1) examine the relationship between CCP volume-based indices
and the volume recruited during sustained inflation (Vrec); (iv) evaluate ventilation

inhomogeneity through cCL before and after a RM.

7.3. Methods

Patient recruitment, informed consent, ethical considerations, and instrumental setup for
mechanically ventilated patients were discussed in Chapter 5. Data recording, data
processing, model fitting, and quality control checks were conducted as described on

sections 6.3.2.1, 6.3.2.2, 6.3.3, and 6.3.4 respectively. Study-specific aspects of the
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experimental protocol and appropriate statistical analyses will be discussed in the following

sections.

7.3.1. Quasistatic PV curve and RM

Throughout MFS monitoring, patients continued to receive routine clinical care. In some
cases, this included clinician-led assessment of lung recruitability using PV curves,
sometimes followed by the performance of a RM if felt to be clinically indicated. These
procedures were not conducted as part of the research protocol, but rather according to

clinician preference.

Pressure-volume curves were generated and RMs were delivered by the ventilator using the
built-in P/V Tool (Hamilton Medical AG, Switzerland). Clinicians were reminded of the
protocol?!! recommended by the manufacturer >'°, however, the approach taken — including
pressure settings, inflation rate, and duration — was ultimately left entirely to the discretion
of the treating clinician. In all cases, PV curves were generated using low-flow inflation-
deflation cycles, and RMs were delivered as sustained inflations. The suggested parameters
are summarised in Table 18 and described in greater detail in the manufacturer’s clinical

white paper and accompanying publication by Chiumello et al'3% 2!,
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Manoeuvre Variable Ref Definition
Pstart / cmH>0 5 | Airway pressure at the beginning of the manoeuvre
Piop / cmH>0 40 | Top airway pressure at the end of inflation
PV curve

Ramp speed / cmH,0.sec™? 2 | Speed with which airway pressure changes

End PEEP / cmH,0 5 | Airway pressure at the end of the manoeuvre
Pstart / cmH>0 CP | Airway pressure at the beginning of the manoeuvre
Ptop / cmH,0 40 | Top airway pressure at the end of inflation
RM Ramp speed / cmH;0.sec? 5 | Speed with which airway pressure changes
Tpause / S€C 10 | Time period of sustained inflation
End PEEP / cmH,0 15 | Airway pressure at the end of the manoeuvre

Table 18. Reference values for quasistatic pressure-volume curves and recruitment manoeuvres.

Reference values (Ref) suggested for the use of P/V Tool (Hamilton Medical AG, Switzerland)?'°,

CP = current PEEP; the PEEP to which the patient was exposed before a RM was performed.

Given that RMs were implemented solely at the discretion of the clinical team, the study
did not restrict enrolment to patients meeting the Berlin definition of ARDS. Inclusion

criteria for mechanically ventilated patients were outlined in section 5.3.1.

7.3.2. Lung recruitability
Several established indices derived from the quasistatic pressure-volume curve were used
to assess lung recruitability and were compared with absolute volumes and their

corresponding metrics estimated by CCP. These indices are illustrated in Figure 36, panels

A and B.

The normalised maximum distance percentage (NMD%) was calculated as the ratio

between the maximal vertical distance separating inflation and deflation limbs of the PV
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curve (Dmax) and the maximal lung volume achieved at the top airway pressure (Viop),

expressed as a percentage:

NMD% = (Dpaz/Viop) X 100

Patients with an NMD% of 41% or higher were considered to have a high potential for lung
recruitment, while those below this threshold were considered to have limited
recruitability'*°. In addition to the normalised index, Dmax alone was used directly as an

indicator of lung recruitability.

Hysteresis of the PV curve was explored using three different metrics. Raw hysteresis (in
cmH20.mL), was calculated as the polygonal area contained between the inspiratory and
expiratory limbs of the curve. Two hysteresis ratios were additionally computed through
raw hysteresis normalisation by: (i) the product of the pressure span of the curve (Pwp minus
Pstart) and Viop, in %; (ii) the product of the pressure span of the curve and the predicted

body weight of the patient, in mL.kg"!.

7.3.3. Volume recruited during sustained inflation

The volume recruited during the sustained inflation phase of the RM (Vrec) was utilised to
evaluate the efficacy of lung recruitment. This was calculated as the difference in lung
volume determined from the RM curve at the end versus the beginning of the sustained

inflation period. The method is illustrated in Figure 36, panel C.
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Figure 36. Assessment of lung recruitability with the P/V Tool and volume recruited by a

recruitment manoeuvre through existing indices.

Panel A: calculation of the normalised maximum distance percentage (NMD%), defined as the
maximum vertical distance (Dma) between inflation and deflation limbs of the PV curve,
normalised by the maximal lung volume at top airway pressure (Viop). Panel B: calculation of
hysteresis, measured as the polygonal area enclosed between the inspiratory and expiratory limbs
of the PV loop. Panel C: Volume recruited during the sustained inflation phase of the RM (Ve),
calculated as the difference between the start and end of the sustained inflation phase at

supranormal pressure.

7.3.4. Individual ranges of normal lung volumes

For each mechanically ventilated patient undergoing a RM, an individualised normal EELV
range was calculated based on the upper and lower predicted bounds for FRC defined by
the GLI?'!. Predicted FRC values were obtained by inputting patient-specific characteristics
(age, height, and sex) into the GLI reference equation calculator?!!. A reduction factor to
75% was applied to account for the known effect of supine positioning on the lung

volume>®- %9, The calculation of the modified EELV bounds was conducted as follows:

pFRCyp = (calculated upper bound value % 0.75)

pFRC, g = (calculated lower bound value X 0.75)
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where pFRCus and pFRCLis are, respectively, the upper and lower bound GLI-predicted

FRC values modified to account for supine position.

7.3.5. Predicted body weight
Predicted body weight (PBW) was calculated based on patient sex and height®. For male
patients: PBW (kg) = 50 + 0.91 X (height in cm — 152.4). For female patients:

PBW (kg) = 45.5 + 0.91 X (height in cm — 152.4).

7.3.6. CCP-derived absolute volume and inhomogeneity metrics

The absolute volume metrics estimated using CCP are summarised on Table 19.

Variable Definition
EELVgrm EELV before RM
EELV arm EELV after RM
Vpeep Volume added to EELV by the presence of PEEP
V apEEP Volume added to, or deducted from, EELV by a change in PEEP
EELVzeep EELV at zero PEEP
ZoC, Z-score for ventilation inhomogeneity, represented by oC,
AEELV Total change in EELV following RM
AEELV / PBW Total change in EELV normalised by PBW
AVa Total change in Va following RM
AV, / PBW Total change in Va normalised by PBW
ARM Change in EELV following RM discounted from Vapeep
ARM / PBW Change in EELV discounted from Vpeep normalised by PBW

Table 19. Definition of CCP-derived absolute volume and inhomogeneity metrics.
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7.3.6.1. EELV calculation
EELV was calculated as the sum of Va and Vb, both retrieved from the parameter set file

at the conclusion of CCP.

7.3.6.2. Volume added by changes in positive end-expiratory pressure

The CCP model does not automatically distinguish the proportion of alveolar volume
attributable to applied positive end-expiratory pressure (Veeep). During EELV
reproducibility assessments, the determination of Veeep was unnecessary since all MBNW

were conducted under constant PEEP conditions.

However, when PEEP changed — as often occurred following a recruitment manoeuvre — it
became necessary to separate the additional volume introduced by the new PEEP level
(Vareep) from total alveolar recruitment. This differentiation was essential to understand

the lung volume changes resulting specifically from a recruitment manoeuvre.

To calculate Vareep, linearity of the respiratory system compliance was assumed. First, the
difference in applied PEEP before (PEEPBrM) and after (PEEPArRM) a RM was determined.
Dynamic compliance was then calculated as the slope of a single-breath pressure-volume
loop recorded during the baseline phase of the post-RM MBNW (Carwm; Figure 38). Vapeep

was then computed'?* as:

Vapggp = (PEEPsgy — PEEPgRy) X Cagy

The single-breath curve from which Carm was derived was representative of the patient’s
lung mechanics, as shown in Figure 37. In this example, thirty consecutive breaths closely

overlapped, indicating minimal breath-to-breath variability.
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Figure 37. Defining a representative tidal breath to measure dynamic compliance

Thirty consecutive tidal breaths are plotted to illustrate the consistency of lung mechanics during
the measurement period. The tight overlap between individual pressure-volume loops reflects
minimal breath-to-breath variability, supporting the use of a single representative breath to

calculate dynamic compliance.

7.3.6.3. End-expiratory lung volume at zero PEEP

The end-expiratory volume at zero PEEP (EELVzeep) was estimated by subtracting Veeep
from CCP-derived EELV obtained before a RM (EELVBrMm). Vreep was calculated as the
product of the applied PEEP and the dynamic compliance before a RM (Csrm), using the

pressure difference between the PEEP during MBNW and zero:

EELVzgpp = EELVpry — (PEEPgRry X Cpru)

This method assumed linear pressure-volume behaviour over the range between PEEP and

ZCro pressure.
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7.3.6.4. Absolute volume recruitment induced by a RM
To quantify recruited lung volume, a partial MBNW was performed immediately before
and approximately thirty minutes after a RM was performed. This allowed the calculation

of EELVs for the corresponding periods. Two main measures of volume recruitment were

derived: AEELV and ARM.
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Figure 38. Calculating AEELV, Vapeep, and ARM

Each figure contains two single-breath PV loops from a patient of the study: one before (in blue)
and one after a RM (in red). The curves are offset on the y-axis by the absolute EELV derived from
CCP. Dashed lines represent the dynamic compliance before (Cgrm; in blue) and after (Carw; in red)
a RM. (A) The total change in end-expiratory lung volume (AEELV) corresponds to the vertical
difference in volume between two single-breath PV loops. (B) The volume attributable to the
change in PEEP (Vapeep) is obtained from multiplying the change in PEEP between the two PV loops
(APEEP), by the dynamic compliance after a RM. By subtracting Vapeer from AEELV, the absolute

volume recruited (ARM) can be determined.

The total change in end-expiratory lung volume was calculated as the simple difference
between post-recruitment EELV (EELVarwm) from pre-recruitment EELV (EELVprm)
values. This calculation did not differentiate between the volume recruited and a change

in volume resulting from altered PEEP levels.
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AEELV = EELV gy — EELVggy

To obtain ARM, the total change in absolute lung volume was corrected for any volume
shift attributable to alterations in PEEP. Specifically, the volume change caused by varying

PEEP (Vapeep) was subtracted from AEELV.

ARM = AEELV - VAPEEP

7.3.6.5. Absolute volume change induced by PV curve
The calculations described above were repeated to assess whether performing a PV curve
alone could induce measurable changes in EELV. In this analysis, PEEP remained constant;

therefore, correction for changes in PEEP was not necessary.

7.3.6.6. Z-scores for ventilation inhomogeneity

Z-scores for 6CL (ZoCL) were calculated to assess the degree of ventilation inhomogeneity
relative to age-predicted norms. The reference equation was derived from Alamoudi et
al??, where predicted 6CL (6CLypredicted) Was estimated using the following regression

model:

0Cy predictea = 2-062 —0.966 X In(age) + 0.146 X In(age)?

The Z-score was then calculated for each patient using:

ZUCL = (O-CL,observed - aCL,predicted)/O-0738

Where 0.0738 represents the SD of residuals (root mean square error) reported for the

model, and the observed 6CL (6CL observed) 18 that retrieved from the CCP output file.
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A ZoCL between + 1.65 was considered normal. Values greater than + 1.65 were considered
above the upper limit of normal, corresponding to the 95™ percentile, while those below
- 1.65 were below the lower limit of normal, corresponding to the 5™ percentile. Patients
were classified as having normal or high ventilation inhomogeneity based on these

thresholds.

7.3.7. Statistical analyses

Statistical analyses were performed utilising SPSS version 30.0 (IBM Corp., USA), with
significance established at p < 0.05. Data were analysed using descriptive statistics to
evaluate responses to RM and assess deviations from normal values. Results are given as
mean + SD unless stated otherwise. To assess the impact of RM, paired t-tests were used
to compare pre- and post-RM values for key parameters, including ZoCL and volume-based
indices. Pearson’s correlation coefficient and linear regression were computed to explore
associations between CCP-derived absolute volume changes and existing indices of lung

recruitability and volume recruitment.

7.4. Results

7.4.1. Baseline characteristics of patients

Seventeen critically ill mechanically ventilated patients were considered for inclusion in
this analysis. Five, however, did not proceed to the analysis phase. In one patient, nebulised
salbutamol administration compromised the quality of the MFS readings. In three cases,
data recording was stopped after acquiring the quasistatic pressure-volume curve because
the clinical team decided not to proceed with a recruitment manoeuvre. In the final case,

CCP modelling was unable to retrieve results for unknown reasons. The remaining twelve
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patients formed the final analysis cohort: the RM group. Their baseline characteristics are
summarised in Table 20. A CONSORT-like diagram outlining the flow of patients across

all studies in mechanically ventilated patients is available in Appendix B.

Similar to the group of patients described in section 6.4.3.3, all individuals in the RM
analysis were ventilated in pressure-controlled mode. However, the RM group showed
evidence of more severe respiratory impairment, with higher pressures required to prevent

lung collapse, along with worse oxygenation indices and lung mechanics.

The mean inspiratory pressure in the RM group was only modestly higher than in the EELV
precision patient cohort (section 6.4.3.3; 18 + 3 cmH20; + 12%), while PEEP was more
markedly elevated, averaging 10 + 3 cmH20 — an upward difference of almost 70%. These
higher ventilatory pressures were accompanied by greater oxygen requirement and worse
oxygenation indices, indicating more severely impaired gas exchange. The average baseline
FiO2 and P/F ratios were, respectively, 40 + 13% and 26.4 + 6.6 kPa. Dynamic compliance
of the respiratory system was also significantly reduced, averaging 29 + 6 mL.cmH20"! —

nearly half of the mean value observed in section 6.4.3.3.

Notably, despite a more complex respiratory management, the 28-day mortality was lower
in the RM group: only one in twelve patients died by day 28. Another eight patients
remained hospitalised, either in intensive care units or on the wards, suggesting prolonged

illness and delayed recovery.

All patients were receiving treatment for lower respiratory tract infection at the time of
enrolment, including cases of community-acquired pneumonia, hospital-acquired
pneumonia, and ventilator-associated pneumonia. None met formal diagnostic criteria for
ARDS.
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The mean tidal volume, normalised to predicted body weight, was 7.6 + 0.7 mL.kg!. Tt
should be remembered that tidal volumes were adjusted to maintain adequate minute-
volume ventilation in the context of increased apparatus dead space introduced by the MFS

and HME filter.

Characteristics Values (n = 12)
Age [ yr 53+10
Male sex / n (%) 8 (66.7)
Height / m 1.69 +6.32
Weight / kg 81.3+17.6
BMI / kg.m2 28.7+7.1
28-day mortality / n (%) 1(8.3)
Pcontrol / cmH,0 18+3
PEEP / cmH,0 10+3
RR / breaths.min! 22+3
PaCO, / kPa 6.2+1.2
Pa0, / kPa 10.6+2.1
FiO, / % 40+£13
P/F 26.4+6.6
Tidal volume / mL.kg™* 7.6+0.7
Minute volume / L.min-! 10.7+2.0
Cayn / mL.cmH,0 29+6

Table 20. Baseline characteristics of the RM group.

Data are expressed as mean * SD. PEEP = positive end-expiratory pressure; Pcontrol = the pressure
increment added to PEEP to deliver each breath in a pressure-controlled mode of ventilation;
RR = respiratory rate; PaCO; = arterial partial pressure of CO,, obtained from an arterial blood gas;
Pa0, = arterial partial pressure of O,, obtained from an arterial blood gas; P/F = ratio between

Pa0;and FiO,; Cayn = dynamic compliance of the respiratory system.
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7.4.2. Determination of EELV before a RM

EELVerMm was estimated using CCP. From this value, EELVzeep was calculated by
subtracting the volume attributable to applied PEEP, as described in section 7.3. Both
EELVerM and EELVzeep were compared against a normal-volumes reference range,
defined as the values contained within 75% of the minimum and the maximum GLI-

predicted FRCs.

Figure 39 presents the EELVerm and EELVzeep values for each of the twelve patients,
alongside the corresponding reference range. The average EELVerM and EELVzggp in this
cohort was 1.9 £ 0.8L and 1.6 £ 0.8L, respectively. At zero PEEP, seven patients had EELV
values below the lower limit of the normal range. When including the volume attributable
to PEEP, EELVgrwm fell within the normal range in eight out of the twelve patients.
Remarkably, a substantial proportion of patients already exhibited EELV values within the

normal range prior to the RM.
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Figure 39. End-expiratory lung volumes before recruitment manoeuvre.

Blue diamonds represent EELV measured prior to a RM (EELVgrm), and green diamonds represent
estimated EELV at zero PEEP (EELVzep). Shaded pink bars indicate the predicted normal-volumes
range, defined as the values contained within 75% of the upper and lower bounds of GLI-predicted

functional residual capacity. Data are shown for each individual patient —twelve in total in the RM

group.

7.4.3. EELV estimates before and after a quasistatic PV curve and
RM

End-expiratory lung volume was estimated using CCP before and after two interventions:
a low-flow quasistatic PV curve, and a sustained inflation RM. Figure 40 and Figure 41
present the single-breath PV loops for each patient. Unlike standard ventilator-generated
PV loops, which are typically referenced to a volume baseline of zero, the loops presented
here were offset using CCP-derived EELV estimates. This enabled anchoring of each loop
to an absolute lung volume, allowing direct visualisation of the volume shifts induced by
each procedure. Vertical displacement of the loops on the y-axis reflects changes in EELV.
The slope between the end-inspiratory and end-expiratory points of the pressure-volume

loop provides an estimate of dynamic compliance.
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Following recording of the quasistatic PV curve, most patients showed minimal change in
EELYV, including patients 54, 59, 60, 61, 62, and 63. Others demonstrated clear upward
shift, consistent with volume recruitment (patients 55, 56, and 58). Conversely, patients 57,
64, and 65 showed downward PV loop displacement, suggesting a net fall in EELV despite

unchanged PEEP.

Changes in EELV were more pronounced after the RM. Patients were stratified into high
and low recruiters based on median AEELV normalised to PBW. High recruiters (patients
55, 56,57, 58, 59, and 63) had a mean AEELV of 305 mL (4.7 mL.kg"! PBW), with a mean
ARM of 258 mL (4.0 mL.kg"' PBW). Among these, patient 58 exhibited a consistent
increase in lung volume following both interventions. Low recruiters (patients 54, 60, 61,
62, 64, and 65) showed minimal or negative volume changes, with patients 64 and 65 again

displaying EELV reductions after the RM.

Dynamic compliance (dashed lines) remained relatively stable across both procedures for
most patients. Exact values of EELV, measured PEEP, dynamic compliance, and calculated

recruitment volumes for each patient are summarised in Table 21.
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Figure 40. Pressure-volume loops before and after quasistatic inflation-deflation recording.

Pressure-volume loops obtained before (blue) and after (red) a quasistatic inflation-deflation PV

recording in twelve mechanically ventilated patients. Dashed lines indicate dynamic compliance

before (blue; Cgpy) and after (red; Capv) the intervention. Each curve has been offset on the volume

axis according to the absolute EELV estimated by CCP, enabling visualisation of volume shifts

resulting from the recording.
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Figure 41. Pressure-volume loops before and after a recruitment manoeuvre.

Pressure-volume loops obtained before (blue) and after (red) a sustained inflation recruitment
manoeuvre in twelve mechanically ventilated patients. Dashed lines indicate dynamic compliance
before (blue) and after (red) the procedure. The curves are referenced to absolute EELV, estimated
using CCP, allowing the effects of the RM on functional lung volume to be visualised as vertical

shifts in the loops for each patient.
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Patient ID

54 55 56 57 58 59 60 61 62 63 64 65

EELVgrm / mL 2603 | 1704 | 700 | 1192 | 2175 | 3694 | 1786 | 2323 | 1798 | 994 | 2669 | 1136

EELVagm/ ML 2651 | 2066 | 1026 | 1420 | 2670 | 4065 | 1780 | 2372 | 1781 | 1043 | 2496 | 980

Cgrm / mL.cmH20 28 25 29 23 37 41 24 35 31 20 26 24

Carm/ mL.cmH,0 30 25 34 22 39 39 25 41 33 20 26 22

PEEPgrm / cmH,0 6.1 9.3 9.1 6.2 8.2 104 | 14.2 7.5 15.0 | 12.0 | 121 | 101

PEEPam/ cmH,0 | 6.1 9.3 11.3 9.1 10.2 | 12.2 | 15.6 7.6 147 | 119 | 12.2 9.8

AEELV / mL 48 362 326 228 496 371 -7 49 -17 49 -172 | -156
Vapeep / mL 0 0 75 64 78 70 35 4 -10 -1 3 -6
ARM / mL 48 362 251 164 418 301 -42 45 -7 50 -175 | -150

Table 21. Recruitment metrics before and after a recruitment manoeuvre.

For each of the twelve patients, the table presents absolute EELV values before (EELVgrm) and after
(EELVarm) a sustained inflation RM, measured in millilitres (mL). Dynamic compliance before (Cgrm)
and after (Carm) the RM is shown in mL.cmH,0%, alongside corresponding PEEP (measured). The
net change in EELV (AEELV) and volume recruited specifically due to the RM after accounting for
PEEP-related effects (ARM) are also listed. Vapeep refers to the estimated change in lung volume

attributable to changes in PEEP between conditions.

7.4.4. Assessment of lung recruitability

Several established surrogate indices of lung recruitability were compared with the change
in EELV following RM discounted from Vapeer (ARM), as estimated using CCP. All
volumetric indices were normalised to PBW where appropriate to facilitate comparison

across patients.

Figure 42 displays the relationships between ARM / PBW and a selection of physiological
parameters previously proposed to reflect lung recruitability. These included the maximum

vertical distance between quasistatic PV curve limbs (Dmax), the normalised maximal
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distance (NMD), the respiratory system compliance before a RM (Csrm), PV curve
hysteresis (in cmH20.mL™"), and two hysteresis-derived ratios (one normalised to PV curve
geometry, and one to PBW). No statistically significant correlations were found between
ARM / PBW and any of these indices. The strongest trend was observed with Cprm (1 =

0.472; p=0.121), which showed a moderate, though non-significant, positive correlation.

Further exploratory analyses examined the relationship between Csrm and additional
CCP-derived recruitment metrics, including AEELV, ARM, and AVa, along with their
PBW-normalised counterparts. These results are summarised in Table 22. All variables
demonstrated moderate positive correlations with Csrym, indicating that individuals with
higher compliance before a RM tended to exhibit greater volume recruitment. The strongest
trend was observed with AVa (r = 0.545; p = 0.067), followed by AEELV (r = 0.529;

p=0.077) and ARM (r=0.511; p = 0.089).

Collectively, these findings suggest that traditional surrogate markers of lung recruitability
may not reliably reflect the absolute volume of lung recruited following a RM. Among all
tested variables, Csrm showed the most consistent, albeit non-significant, association with

absolute recruitment metrics.
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Figure 42. Correlation between ARM normalised to PBW and common surrogate markers of lung

recruitability.

Scatter plots showing the relationship between the change in absolute volume following RM
discounted from Vapeep, Nnormalised to PBW (ARM / mL.kg), and various indices: (A) maximum
vertical distance between PV curve limbs (Dmax); (B) normalised maximal distance (NMD); (C)
dynamic compliance before RM (Cgrm); (D) PV curve hysteresis (cmH,0.mL?); (E) hysteresis ratio
normalised to pressure span and the maximal volume of the curve; and (F) hysteresis ratio
normalised to pressure span and PBW. Red lines show the best-fit linear regression. None of the

correlations reached statistical significance.
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Variable Pearson’s coefficient to Cgrm p-value
AEELV 0.529 0.077
AEELV / PBW 0.492 0.104
ARM 0.511 0.089
ARM / PBW 0.472 0.121
AVp 0.545 0.067
AV, / PBW 0.506 0.094

Table 22. Correlation between Cgrm and CCP-derived estimates of absolute lung recruitment.

Pearson correlation coefficients and associated p-values are reported for the relationship
between Cgrm and six recruitment metrics: AEELV, ARM, AV,, and their PBW-normalised
counterparts. All correlations were positive and moderate in strength, though none were

statistically significant.

7.4.5. Assessment of lung volume response to a RM

Associations were explored between the lung volume recruited during the sustained
inflation phase of the RM (Vrec) and the change in absolute recruited volume as estimated
by CCP analysis (ARM). Unlike traditional indices of recruitability, Vrec is not a predictive
measure but rather reflects the volume gained transiently during the RM, at supranormal

airway pressurcs.

As shown in Figure 43, no statistically significant correlations were observed between Virec
(panel A) or Viee / PBW (panel B) and ARM / PBW. This finding may be due to
methodological differences between the two assessments. Vrec is captured during the RM
itself — under high inflation pressures — and reflects an immediate mechanical response. In
contrast, ARM values were derived from measurements taken approximately 30 minutes
after a RM, at a new baseline airway pressure, and thus represent a more stable post-

recruitment lung volume.
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These findings suggest that the volume gained during a RM may not reliably predict the
volume retained after a period of mechanical ventilation at typical pressures, further

underscoring the distinction between transient inflation and sustained recruitment.
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Figure 43. Correlation between V. and CCP-derived lung recruitment.

Scatter plots showing the relationship between the volume recruited during sustained inflation
(Vrec) and ARM / PBW. Panel A shows the Vi in mL; Panel B shows V,.c normalised to predicted

body weight. No statistically significant correlations were observed.

7.4.6. Effect of a RM on EELV after one hour

To evaluate the persistence of RM-induced changes in lung volume, an additional EELV
measurement was acquired with CCP one hour following the RM in five of the six patients
previously classified as high recruiters (patients 56, 57, 58, 59, and 63). Patient 55 was
excluded due to the absence of a follow-up measurement. Figure 44 and Figure 45 display
representative PV loops before RM (blue), thirty minutes after RM (red), and one hour post

RM (green) for each patient.
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Figure 44. Pressure-volume loops before, thirty minutes after, and one hour after a RM in

patients 56, 57, and 59.

PV loops are shown for three patients classified as high recruiters. Each panel displays PV data
obtained before (blue), thirty minutes post RM (red), and one hour post RM (green). Dashed lines
represent dynamic compliance during inflation at each time point. Curves are aligned to absolute
EELV estimates from CCP. In all three patients, lung volume decreased at the one-hour follow-up
compared with the thirty-minute post-RM measurement, consistent with partial derecruitment.

In patient 59, PEEP was returned to pre-RM levels at one hour post intervention.
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Figure 45. Pressure-volume loops before, thirty minutes after, and one hour after a RM in

patients 58 and 63.

PV loops are shown for two patients classified as high recruiters. Blue, red, and green lines
correspond to measurements taken before, thirty minutes after, and one hour after the RM,
respectively. Dashed lines indicate dynamic compliance during inflation. Loops are offset using
CCP-derived absolute EELV values. Both patients demonstrated a further increase in lung volume

one hour after RM, suggestive of delayed and/or sustained recruitment.

The effects observed one hour after RM varied between individuals. In patients 56, 57, and
59 (Figure 44), EELV decreased relative to values measured thirty minutes post RM,
indicating partial derecruitment. In contrast, patients 58 and 63 (Figure 45) exhibited further
increases in EELV beyond the levels observed at thirty minutes post RM, suggestive of
delayed or ongoing recruitment. In patients 57, 58, and 63, however, the change in EELV
at one hour relative to values from thirty minutes following the RM was less than + 5%
(maximum 89 mL), which may fall within the expected range of physiological or

measurement variability rather than reflecting a true change in lung volume.

Notably, patient 59 was the only individual in whom PEEP was returned to pre-RM levels

by the clinical team between thirty minutes and one hour following the procedure. In this

220



Chapter 7. Measurement of EELV in critically ill patients undergoing a Recruitment Manoeuvre

patient, the total volume loss observed one hour after the RM was 401 mL, of which 338 mL

could not be attributed to changes in PEEP (Vapeer=- 64 mL), suggesting substantial

derecruitment to baseline pre-RM EELV.

No consistent pattern could be identified to explain the heterogeneity in volume trajectories

observed one hour after RM.

7.4.7. Assessment of lung inhomogeneity before and after a RM

Ventilation inhomogeneity, represented by 6Cr, was elevated in most patients before the
RM. Specifically, nine out of twelve patients had Z-scores for cCL (ZoCL-BrMm) above the
upper limit of normality (Z > 1.65), based on age-predicted reference values. Only patients

57, 61, and 62 had Z-scores within the normal range.

The mean ZoCL-srM was 3.2 £+ 2.2. The most extreme value occurred in patient 54, who
had a ZoCL-rm of 8.8 — more than five times the upper limit of normal and over five SDs
above the group mean. This severe ventilation inhomogeneity is likely to have been related

to the patient’s known history of asthma, bronchiectasis, and previous smoking.

After a RM, there was a non-significant increase in 6CL Z-scores (ZoCL-arm), With a post-
RM group mean of 3.6 £ 2.3 (t(11) =-1.757; p = 0.107; Figure 46). Two patients (61 and
62) who initially had normal oCL values, shifted into the abnormal range post RM,
suggesting that the RM may have negatively impacted ventilation distribution in their cases.
Full individual results, including raw oCL values, Z-scores, and classification before and

after a RM, are presented in Table 23.
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Figure 46. Z-scores for oCL before and after a RM.

Individual Z-scores are shown before (ZoC,.grm) and after (ZoCi-arm) the RM. The dashed dark blue
lines represent the upper and lower limit of normal (Z = £ 1.65). The normal Z-score range is
represented in light blue. The grey lines represent the mean ZoC, for each group. The majority of
the patients exhibited abnormal oC, values prior to the RM, with a trend toward further increases
afterwards. Two patients (61 and 62) crossed from the normal to the abnormal range following

the RM. No statistically significant difference was observed overall (p = 0.107).
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Patient ID

54 55 56 57 58 59 60 61 62 63 64 65
6Ci.erm 122 | 0.74 | 0.82 | 0.60 | 0.63 | 0.79 | 0.65 | 0.63 | 0.55 | 0.85 0.91 0.73
Z0Cygrm 8.7 3.1 3.9 1.2 1.8 2.5 1.8 14 0.4 4.2 5.9 3.1

Classification BRM H H H N H H H N N H H H
6CiarRm 1.25 | 0.78 | 093 | 0.51 | 0.67 | 0.80 | 0.67 | 0.75 | 0.69 | 0.90 | 0.92 | 0.67
Z20C-arm 9.0 3.6 5.4 0.0 2.3 2.6 2.1 3.0 2.3 4.8 6.1 2.3

Classification ARM H H H N H H H H H H H H

Table 23. Individual oC, values before and after a RM.

Individual oC, values, Z-scores, and classifications before and after the recruitment manoeuvre.
Raw oC, values and corresponding Z-scores are shown for each patient before (BRM) and after
(ARM) the RM. Z-scores were computed using age-adjusted prediction equations, with a threshold
of Z > 1.65 defining elevated ventilation inhomogeneity?!?. Patient 54 demonstrated an
exceptionally high ZoC.grm of 8.7. Classifications are denoted as high (H) and normal (N) based on

Z-score thresholds.

7.5. Discussion

7.5.1. Summary of findings

There is an ongoing debate as to whether RMs are safe and the manner in which they impact
patient outcomes!%: 109 137, 213216 = AJthough RMs have shown potential benefit in re-
aerating previously collapsed areas of the lung susceptible to atelectrauma, they may also
over-distend the lung leading to volutrauma, furthering VILI?'7. To a large degree,
uncertainties surrounding the pathophysiological effects of RMs arise as a consequence of

the lack of accurate bedside techniques to monitor their short and long-term consequences.

The experiments discussed in Chapter 6 have confirmed that it is possible to impose small,
clinically insignificant, variations in FiO2 in mechanically ventilated patients, and from

these extract highly precise measurements of lung volumes using CCP. Here, twelve
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mechanically ventilated ICU patients (the RM group) undergoing treatment for acute
infectious lung conditions received RMs at the discretion of the clinical team. Most patients
were ventilated with moderate inspiratory and end-expiratory pressures and exhibited

impaired oxygenation and low respiratory compliance.

In this cohort, most patients had baseline EELV within the expected range even before a
RM was performed. Volume recruitment following a RM varied considerably between
patients, and, in many cases, the observed apparent gains in EELV diminished within one
hour. Across the cohort, commonly used surrogate indices of lung recruitability showed no
significant correlation with CCP-derived absolute lung volume recruitment metrics.
Among the measured parameters, Csrm showed a moderate, though statistically non-
significant, association with the total change in absolute volume. The correlation persisted
when assessing Csrm against ARM, showing that this limited correlation was not explained
by any change in PEEP post RM. Baseline ventilation inhomogeneity was well above
normal in the majority of the patients studied and did not change significantly following
the RM, though a modest trend towards an increase in inhomogeneity was observed after

the procedure.

The interpretation of these findings is discussed in more detail in the following sections.

7.5.2. Baseline EELV and the rational to performing a RM

All patients in the RM cohort were undergoing treatment for pneumonia — either
community-acquired, hospital-acquired, or ventilator-associated — which likely contributed
to their reduced lung volumes. In such cases, regional alveolar consolidation, atelectasis,
increased intrapulmonary shunt, and reduced compliance may all have reduced the volume

218-220

available for gas exchange These effects can be especially pronounced in

224



Chapter 7. Measurement of EELV in critically ill patients undergoing a Recruitment Manoeuvre

mechanically ventilated individuals, where volumes are already compromised by sedation,
a reduction in diaphragmatic tone, and the adverse effects of supine body positioning®?.

Therefore, low EELV at ZEEP in this cohort is expected.

Notably, in three of these seven patients, the application of moderate PEEP alone was
sufficient to restore EELV to within the normal predicted range. This observation reinforces
the well-established role of PEEP in counteracting lung volume loss®. Bikker et al. reported
that EELV was on average 42% of the expected (in the sitting position) in a cohort of
mechanically ventilated individuals with primary lung disease ventilated at a PEEP of 5
cmH209. In the present RM group, EELV at ZEEP was 52% of that predicted for healthy
individuals in the supine position. The volume rose by almost 10% when accounting for

VPEEP.

One of the most striking findings in this cohort was that, at levels of PEEP set by the clinical
team, most patients had EELV within the predicted normal range even before the RM was
performed. It is important to reinforce here that this reference was based on GLI-derived
FRC values for spontaneously breathing individuals — for whom the lung volumes are
naturally higher — and adjusted by 25% to reflect supine positioning. RMs, by definition,
are aimed at re-aerating collapsed areas of the lung so that the restored volume can
effectively contribute towards gas exchange, though, as already discussed, they are not risk
free. This finding raises an important question: if clinicians had known that lung volumes
were already within normal range at baseline, would the recruitment manoeuvre still have

been indicated?

While this study was not designed to address this question directly, the ability to assess

EELV non-invasively at the bedside may provide new opportunities to guide recruitment
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strategies more selectively. In particular, distinguishing between patients whose lung
volumes remain low despite PEEP versus those who have already achieved near-normal

lung volumes could help avoid unnecessary or potentially harmful interventions.

7.5.3. Effects of PV curve recording and RM on EELV

Computed cardiopulmonography has proven capable of assessing both the immediate and
delayed effects of a RM on EELV. While some patients showed substantial and sustained
gains in lung volume, others experienced only transient recruitment or even early
derecruitment despite no significant change in ventilator settings. This heterogeneity likely
reflects individual underlying differences in lung pathology, regional compliance, and

susceptibility to atelectasis and overdistension.

Interestingly, brief exposures to supranormal airway pressures — such as those delivered
during recording of a quasistatic PV curve, without a sustained inflation phase — elicited
measurable lung recruitment in some patients. This suggests that even transient increases
in inspiratory pressure may be sufficient to reopen certain lung units'% 1% However, the
larger and more consistent responses seen after a formal RM indicate that the duration of

the exposure also contributes meaningfully to the extent of recruitment 193 104,

The fact that several “high recruiters” experienced partial derecruitment within one hour
raises important questions about these volume gains. If the benefits of RM wear off within
sixty minutes, is the manoeuvre truly justified? Should RMs be repeated periodically to
maintain lung volume, or should they be reserved only for specific indications, such as after
disconnection from the ventilator? Without tools to track lung volume over time, such

decisions can only be made empirically.
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One must be careful not to overinterpret the findings of this observational study. The
longitudinal assessment of EELV displayed here is cross-sectional by nature. As a snapshot
of the dynamic lung function, one reading may selectively capture a momentaneous drift
or increase in volume and misrepresent the longer-term EELV trend. For instance, while
the observed changes in EELV suggest recruitment or derecruitment after a quasistatic PV
curve or RM, causality cannot be definitively established. Moreover, post-RM PEEP
settings were not standardised. While some patients underwent formal decremental PEEP
titration, others had arbitrarily chosen or unchanged PEEP levels. These variations may

have influenced the extent to which recruitment was sustained or lost.

Despite these limitations, the study demonstrates that CCP, by enabling repeated EELV
assessments, provides a practical means to objectively evaluate the effects of relevant
clinical interventions — such as a RM — on lung volume. This technique may eventually

support clinicians in the development of more individualised treatment strategies at the

bedside.

7.5.4. Limitations of lung recruitability and lung recruitment
indices

A key finding in this cohort was the lack of correlation between CCP-derived absolute
recruitment and several indices commonly used to estimate lung recruitability and lung
recruitment. Parameters obtained before or during recording of the quasistatic PV curve —
such as hysteresis (and their normalised variants), Dmax, NMD%, and Csrm — and during

the RM curve (i.e., Vrec) showed no significant association with AEELV, ARM, or AVa.

Among all indices tested, only Csrm demonstrated a moderate, albeit statistically non-

significant, correlation with CCP-derived lung recruitment. This is plausible and such an
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effect has been described in the literature!?’-12°, as patients with higher baseline compliance
may be better able to accommodate additional volume when exposed to higher pressures.
However, the relationship is unlikely to be linear or universal; focal inhomogeneities in

poorly compliant lungs may still permit recruitment in specific regions.

Overall, these findings underscore a fundamental limitation of indirect markers: they are
dependent on measurement timing, technique, and the mathematical definitions employed.
Take hysteresis as an example. Although it has been proposed as a marker of recruitable
volume, its calculation varies widely across published studies — reported either as an
absolute pressure-volume area or normalised by pressure span, maximum inflation volume,
or predicted body weight!?”- 130221 Chiumello et al. found that a hysteresis ratio (but not
the raw area) correlated with CT-estimated alveolar recruitment!*. In contrast, Henzler et

al. reported correlations for both hysteresis area and another hysteresis ratio??!

. However,
the methods used not only different lung recruitability indices deriving from hysteresis, but
also different definitions of recruitment (i.e., non-aerated to aerated versus poorly aerated
and non-aerated to aerated), and different methods to assess it (i.e., voxel-by-voxel versus

anatomical delineation)'3% 22!, This lack of standardisation across studies compromises

comparability and weakens the evidence base for these indices.

Some studies have compared PV-curve-derived estimates of recruitment with absolute
PEEP-induced changes in lung volume measured by MBNW or helium dilution!?* 222,
When PV curves are offset by absolute volume baselines (e.g., EELV), correlations tend to
emerge — but the values remain significantly different!'?* 222, It remains unclear whether
these correlations are physiologically meaningful or merely reflect mathematical coupling
arising from the use of a shared EELV reference. In the present study, quasistatic PV curves

were not recorded in duplicate and were not offset by CCP-estimated EELV, preventing
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the performance of such analysis. However, given the findings in the present cohort, it is

likely that unreferenced curves would not correlate with absolute volume recruitment.

The lack of correlation between CCP-derived recruitment and these conventional indices
may also reflect differences in when and how each measurement was taken. They may
simply be measuring different physiological phenomena. PV-derived indices are obtained
before the RM, during passive, low-flow inflation, and are designed to predict recruitability
rather than confirm it. Notably, studies that report correlations with CT often ensured the
scan was performed at the same pressure level as the start of the PV curve!?*223, Aligning

measurement conditions in this way may have improved the observed correlations.

Viee presents a distinct case, as it is the only measure acquired during the RM itself,
capturing the volume gained during sustained inflation at supranormal pressures, and the
only index supposed to indicate the effectiveness of lung recruitment rather than
recruitability. However, it does not account for whether that volume remains recruited
under normal ventilator conditions. The lack of correlation between Vrec and CCP-derived
ARM reflects this limitation — a transient volume gain does not necessarily indicate durable
improvement in lung volume or gas exchange. Thus, Vrec may capture mechanical inflation,

but not meaningful, sustained alveolar recruitment.

In contrast, in the present cohort, CCP was used to quantify lung volume at a new post-RM
steady state, about thirty minutes after the intervention. It did not estimate potential
recruitment, nor capture transient volume shifts, but measured the actual volume retained
under clinically relevant ventilator settings. The temporal dissociation between a RM and
its clinical effect highlights the importance of longitudinal assessment. The ability of CCP

to measure lung volume in a steady state after a RM offers an opportunity to evaluate
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whether recruitment was successful and durable. From a clinical perspective, this may be a
more meaningful indicator of RM effectiveness, while it does not resolve the problem of

lung recruitability prediction to support the rational use of RMs.

From a practical perspective, it would not be feasible to perform multiple nitrogen washouts
during or immediately after a RM, due to rapid changes in EELV and the time required for
gas stores re-equilibration. For example, Maggiore et al. reported a 6% underestimation of
EELV when measurements were taken immediately after a recording of a PV curve
compared with those obtained fifteen minutes later'?%. A thirty-minute follow-up window
aligns well with clinical workflows and could be sufficient to detect whether the RM effect
has persisted. If no lasting recruitment is evident at that point, one must ask whether the

intervention provided any tangible benefit at all.

7.5.5. CCP for the assessment of ventilation inhomogeneity

Ventilation inhomogeneity — as quantified by cCL — was elevated in the majority of sedated,
mechanically ventilated patients in this cohort prior to the RM. This is not unexpected as
the reference Z-scores for oCL are derived from healthy, upright spontaneously breathing
individuals, in whom natural diaphragmatic movement and posture favour more uniform
ventilation distribution?!?. In contrast, mechanical ventilation imposes positive pressure in
a supine, often immobile patient, which tends to redistribute ventilation towards non-
dependent lung regions, leaving dependent zones underinflated. Even in the absence of lung
pathology, these factors could increase cCr??4. In critically ill patients with underlying lung
disease, as it is the case of the present cohort, this heterogeneity is likely to be further

amplified.
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The highest pre-RM oCL value was observed in a patient with a known history of asthma,
bronchiectasis, and previous smoking — conditions that are well-recognised to cause
ventilation heterogeneity?>>-??’. These features would be expected to contribute to marked
regional disparities in compliance, leading to an elevated 6CL even before the effects of

mechanical ventilation are considered!30-153. 228,

The performance of a RM did not significantly change oCL at the group level, though a
very modest, non-significant increase in mean inhomogeneity was observed. Interestingly,
two patients transitioned from within-normal to above-normal cCL Z-scores post RM.
While RMs and appropriate PEEP settings can potentially reduce stress and strain on

aerated regions by opening collapsed alveoli’?’

, excessive pressures may instead cause
counterproductive regional overdistension. This may explain the apparent deterioration in

oCL in these two patients, suggesting that RMs may have worsened ventilation

heterogeneity.

In a recent perspective on the future of mechanical ventilation, Gattinoni et al. argued that
quantifying ventilation inhomogeneity is an essential step for adequately tailoring care and
preventing lung injury?**. CCP modelling provides a potential solution: by estimating 6CL,
clinicians could gain insight into whether the aerated fraction of the lung is expanding
relatively evenly during ventilation, or whether some parts are being relatively over- or
under-distended. Consequently, reliable information pertaining to volutrauma and
atelectrauma, both of which are key drivers of ventilator-induced lung injury?!7- 231 232,
could be made available to the treating clinician. With further clinical investigations, cCL

could serve as an index of ventilation quality and response to interventions in mechanically

ventilated patients.
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7.5.6. Limitations

In addition to the technical considerations already discussed in section 6.5.4.1, the present

study has several experimental limitations.

First, the sample size was relatively small and did not include any patient with a confirmed
diagnosis of ARDS, which is a major population for whom lung recruitability and
recruitment manoeuvres are relevant. As a result, patients had low average stress and strain
and several established indices of lung recruitability — for instance, hysteresis ratio and
NMDY% — were considered normal when compared with previous studies in individuals
with ARDS. Both the small sample size and the lack of ARDS cases mean that the findings
may not capture the full spectrum of lung recruitability and RM effects typically seen in

that setting.

Second, the lack of a consistent, validated reference standard for lung recruitability
complicates efforts to benchmark CCP-derived recruitment estimates and underscores the
challenge of drawing conclusions about any potential predictive power. Although several
indices were evaluated, none demonstrated a statistically significant correlation with CCP

measurcs.

Third, CCP evaluates recruitment at different timepoints and ventilator settings than lung
recruitability indices, Vree, and CT scans. As briefly discussed in section 7.5.4, this may
limit the ability of the present study to establish meaningful correlations given the truly

different physiological aspects of such measurements.

Finally, the observational nature of the study preserved clinician autonomy but introduced

important variability in how recruitment manoeuvres were performed and quasistatic PV
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curves recorded. Inflation pressures and pressure spans were not standardised across
patients, which could have introduced confounding effects on the measured outcomes,
especially if no normalisation had been conducted. While this reflects real-world practice
and may enhance external validity, it also limits the ability to control for procedural factors

when interpreting the data.

7.6. Conclusion

This study demonstrated that CCP provides a viable non-invasive bedside approach for
quantifying absolute lung volumes and lung inhomogeneity in the assessment of the effects
of RMs in mechanically ventilated patients. CCP successfully demonstrated changes in
EELYV before and after RMs, capturing not only immediate but also short-term effects. The
findings revealed substantial inter-individual variability in the response to RMs, with some
patients exhibiting significant recruitment and others showing transient or even negative

changes in lung volume.

Importantly, the study showed that several indices commonly used to estimate lung
recruitability and lung recruitment did not correlate with CCP-derived recruitment metrics,
which reveals the limitations of such tools in detecting true absolute lung volume changes.
In this cohort, a CCP-derived ventilation inhomogeneity index was elevated in most
patients and remained largely unchanged following RMs, providing additional information

on the mechanical stress posed by mechanical ventilation.

These results support the potential of CCP as a bedside tool to inform and personalise

mechanical ventilation strategies. By enabling precise assessment of lung volume and lung
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inhomogeneity, CCP may eventually help clinicians tailor interventions more effectively

and avoid unnecessary or potentially harmful manoeuvres.
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An aphorism historically attributed to Galileo Galilei states: “measure what can be
measured, and make measurable what cannot be.” Yet in critical care practice, a
measurement is only meaningful if it is accurate and yields information that can be acted
upon at the bedside. This thesis has sought to explore whether two such challenging
variables — absolute EELV and Vo2 — can be reliably quantified in mechanically ventilated
patients. Both are dynamic and physiologically central to understanding health and disease,
but have long resisted simple, trustworthy measurement in critical care settings. This
limitation has constrained the clinicians’ ability to appreciate their importance in managing
the critically ill patient. By employing new approaches — the MFS alone and CCP — and by
examining their strengths and limitations, this work asked not only whether these variables
could be made measurable, but also whether doing so might provide meaningful insight

into patient pathophysiology and care.

In the case of Vo2, the MFS demonstrated good agreement with DB measurements in
healthy volunteers and was able to provide precise and reproducible values in mechanically

ventilated patients. To address the longstanding limitation of unreliable single
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measurements, this thesis introduced an internal quality control approach, constructing
confidence intervals based on nitrogen balance. This increased confidence in the values
obtained and provided a framework for determining whether these were narrow enough to
be clinically actionable. Additionally, the MFS was able to detect changes in Vo associated
with fluctuations in body temperature, muscle activity, and haemodynamic status,
demonstrating that meaningful physiological trends can indeed be captured in real time.
Perhaps the most exciting potential clinical application of Vo2 monitoring might be in the
early recognition and management of shock, where Vo offers a direct marker of
supply-demand balance. Future studies should focus on patients at risk of developing shock,
followed longitudinally, to determine whether Vo2 monitoring can anticipate its onset,

guide therapy, and improve outcomes.

For lung volumes, CCP provided precise estimates of EELV under actual ICU conditions,
offering a practical alternative to traditional washout techniques. Partial washouts, more
suitable for critically ill patients, achieved results equivalent to full washouts, and
CCP-derived values in healthy volunteers agreed closely with BPleth. When applied before
and after a RM, CCP revealed highly variable recruitment volumes and demonstrated that
many existing indices of lung recruitability did not correlate with the actual change in
absolute lung volume. The balance between recruitment and overdistension was further
assessed by measuring ventilation inhomogeneity, which remained largely unchanged
following the manoeuvre. These findings reveal both the feasibility of bedside EELV
measurements and the limitations of current lung recruitability indices, placing the role and
effects of recruitment manoeuvres into perspective. Overall, they underscore the need for
more individualised and rational ventilatory strategies, particularly when applying

interventions that may carry harmful consequences.
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Some technical barriers remain before studies employing the MFS and CCP can be more
widely applied in mechanically ventilated patients. These include reducing the dead space
introduced by the MFS, ensuring compatibility with active humidification, and shortening
the computational time required for CCP modelling. Addressing these issues will make the
techniques safer, more practical, and better suited for continuous monitoring of critically

ill patients.

Taken together, this thesis demonstrates that two physiological variables long considered
impractical to measure in critical care — Vo2 and EELV — can in fact be quantified at the
bedside with accuracy and reliability sufficient to provide clinically meaningful insight.
While further refinements are needed, the ability to track these variables opens the door to
more individualised, physiology-based management of the critically ill. The contribution
of this work is not the development of instruments, but the demonstration that elusive
aspects of cardiopulmonary physiology can be rendered visible; and in doing so, might
guide more precise and safer care. To return to Galileo’s aphorism, measurement is only
worthwhile if it advances understanding; this thesis offers a step toward making that

possible in the most demanding of clinical settings.
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Appendix A: Ethics detailing

Below are the synopses of the two ethical approvals under which all studies presented in

this thesis were conducted.
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Studies in mechanically ventilated patients (22/SC/0127)

Study Title

An observational study of the relationship between pressure-volume
curves and recruitability of the lung in mechanically ventilated critically ill
patients with respiratory failure

Internal ref. no. / short
title

Recruitment manoeuvres in critically ill patients

Study registration

NCT05508724 (ClinicalTrials.gov)

Sponsor University of Oxford | Research Governance, Ethics & Assurance Team
Boundary Brook House, Churchill Drive, Headington, Oxford
OX3 7GB
Funder University of Oxford | Internal Funds
Sherrington Building, Sherrington Road, Oxford
OX1 3PT
Study Design Observational study

Study Participants

Critically ill adult patients with respiratory failure receiving invasive
mechanical ventilation on an Intensive Care Unit

manoeuvre in a given patient

Sample Size 60
Planned Study Period 3 years and 3 months
Planned Recruitment 01/05/2022 to 01/08/2025
period
Objectives Outcome Measures Timepoint(s)
Primary To determine Functional residual capacity Before and after
whether recruitment
parameters derived manoeuvre
from the airway
pressure-volume
curve predict
changes in static
measures of lung
volume in response
to recruitment
manoeuvres
Secondary To determine if and Anatomic dead space Before and after
how anatomic dead Standard deviation for recruitment
space and ventilation inhomogeneity manoeuvre.
ventilatory across the lungs
inhomogeneity
changes in response
to recruitment
manoeuvres
Intervention(s) No interventions additional to routine clinical care
Comparator Within patient changes in lung parameters before and after a recruitment

Table A 1. Synopsis of ethics 22/SC/0127.
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Studies in healthy volunteers (17/5C/0172)

Participants

Study Title An assessment of novel non-invasive indices of lung function in patients with
respiratory disease.
Study Design Observational study in patients and healthy volunteers.
Study Patients with established or suspected respiratory diagnoses (e.g. asthma, COPD,

interstitial lung disease, pleural disease, cystic fibrosis and bronchiectasis) and
healthy volunteers.

Planned sample Up to 700.
size
Planned study Six years and six months (February 2017 — Jan 2027)

period

Primary To determine the range and reproducibility of novel non-invasive indices of lung
Objective function across a range of respiratory diseases, and to compare these indices with

those measured in normal volunteers.

Secondary To assess the impact of routine clinical interventions and of mild-moderate exercise
Objective on our novel indices of lung function.

Interventions

Measurements of lung function will be made via a Lung Heterogeneity Test, which
involves breathing on a mouthpiece with the nose occluded for up to 30 min. During
this period the inspired gas may be enriched with oxygen (up to 100%), carbon
dioxide (up to 8%), nitrogen (to facilitate exposure to hypoxia) and/or trace
amounts of acetylene, methane or carbon monoxide (<1%). On each day of study, a
venous blood sample would also be taken, and conventional pulmonary function
testing performed.

Volunteers will undertake a maximum of 16 Lung Heterogeneity Tests during their
involvement with the study, with no more than four tests on one day. Tests may be
performed before and after clinical interventions/procedures, but these would be
undertaken only as part of routine clinical care, rather than being undertaken for
the study per se.

For some participants, one or more Lung Heterogeneity Tests may be performed
during mild-moderate exercise on a cycle ergometer.

Some participants may be asked to undertake a computed tomography scan of the
lungs as an optional procedure.

Table A 2. Synopsis of ethics 17/5SC/0172
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Appendix B: CONSORT-like diagram

The following CONSORT-like flow diagrams summarise the progression of patients

through the study, from enrolment to inclusion in the final analysis. Within this thesis,

patient identifiers are assigned only to those included in the analytical datasets. Numbering

is sequential and corresponds to the order in which patients are presented in the results

chapters: Patient 1 appears in Chapter 4 and Patient 65 in Chapter 7. Some identifiers occur

in multiple studies, reflecting patients who contributed data to more than one cohort.

Studies in mechanically ventilated patients (22/5C/0127)

Enrolled (n=40)

Excluded (n=3)

- Excluded by clinician decision (n=1)

Completed study (n=37)

- Technical difficulties (i.e., failure in equipment, in model output generation,
or in meeting quality control criteria) (n=1)
- Change in clinical condition — no longer met inclusion criteria (n=1)

— RM group (n=17)

EELV & Vo, group (n=18)

Excluded (n=5)
- Missing data (n=3)
- Technical difficulties (n=2)

Excluded (n=3)

]

EELV Fyo VS. Py (N=2)  |+=—

EELV precision (n=15)

- Missing data (n=2)
- Technical difficulties (n=1)

Vo, bias (n=15)

— Analysed (n=12)

Analysed (n=15) —

Vg, precision (n=15)

Excluded (n=5)

- Physiological Vg, fluctuation (n=5)

Analysed (n=10)

EELV Fyyq Vs. Pyo (n=7)

Figure C 1. CONSORT-like diagram reporting patient flow through all studies conducted in

mechanically ventilated patients.

Fwo = full nitrogen washout; Pwo = partial nitrogen washout; n = number of patients.
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Screening logs were not systematically recorded for this study; therefore, the precise
number of patients screened cannot be reported. Clinical estimates suggest that at least 200
patients were assessed for eligibility, although most were excluded at the screening stage
due to failure to meet inclusion criteria or the presence of exclusion criteria. A small
proportion of otherwise eligible patients were not enrolled due to lack of consultee consent.

No patients withdrew consent after regaining capacity.

Studies in healthy volunteers (17/5C/0172)

Enrolled (n=36)

Completed study (n=36)

| ]
\'.'02 MFS vs. DB group (n=16) FRC CCP vs. BPleth group (n=14) | FRC FyoVs. Pyo(n=12)

Excluded (n=1)

- Technical difficulties (n=1)

Analysed (n=16) FRC accuracy analysis (n=14)

FRC precision analysis (n=14) Analysed (n=11)

Excluded (n=1)

- Technical difficulties (n=1)

Overlap: 5 patients contributed
data to both FRC analyses

Analysed (n=13)

Figure C 2. CONSORT-like diagram reporting patient flow through all studies conducted in

spontaneously breathing participants.

Fwo = full nitrogen washout; Pwo = partial nitrogen washout; n = number of patients. Technical
difficulties encompass failure in model output generation and failure in meeting quality control

criteria.
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Appendix C: Contributions

The studies in healthy volunteers and mechanically ventilated patients reported in this thesis
involved the clinical application of an instrument developed by the Robbins-Ritchie group
(University of Oxford, UK). This marked the first systematic use of the instrument in
mechanically ventilated individuals. Both the MFS and CCP modelling required ongoing
maintenance and updates to ensure safe data acquisition and accurate processing. A team
of physicists, chemists, and engineers supported optimisation of the instrument,

development of analytical tools, and troubleshooting.

Two Final Honours School (FHS) undergraduate students, supervised by this author,
contributed to participant recruitment and data collection in healthy volunteers. Interim
results from these studies were submitted as essays for their University of Oxford

examinations.

All data analysis and interpretation in this thesis were carried out by this author under the
supervision of Prof. Peter A. Robbins and Prof. Matthew C. Frise. A list of contributors and

their specific roles is provided below.

Studies in mechanically ventilated patients

Prof Matthew C Frise — Principal Investigator at the Royal Berkshire Hospital; conception
and design of study; assistance in securing ethical approval.
Prof Peter A Robbins — conception and design of study; assistance in securing ethical

approval.
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Dr Christoph Schranz (Hamilton Medical AG) — contribution to study design; loan of
memory box to record mechanical ventilation parameters.

Dr Dominik Novotni (Hamilton Medical AG) — contribution to study design; loan of
memory box to record mechanical ventilation parameters.

Prof Liza Keating (Royal Berkshire Hospital) — assistance in site implementation and
promoting the study amongst Critical Care consultants.

Research nurses (Royal Berkshire Hospital) — assistance in recruiting and consenting
patients; master file maintenance on site.

Dr Dominic Sandhu — CCP programming and optimisation tailored to mechanically
ventilated individuals; CCP modelling troubleshooting.

Dr Graham Richmond — MFS maintenance; software development and optimisation for
oxygen consumption analysis both in real time and post data acquisition.

John Couper — MFS maintenance.

Study comparing BPleth and CCP

Prof Peter A Robbins and Prof Nick Talbot — conception and design of study.

Ella McLoughlin (FHS) — recruitment of volunteers; assistance running MFS data
acquisition.

Respiratory technicians (Churchill Hospital) — body plethysmography data acquisition and
output file generation.

Dr Dominic Sandhu — CCP modelling troubleshooting.

Dr Graham Richmond — MFS maintenance.
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Study comparing full and partial MBNW in healthy

volunteers

Prof Peter A Robbins and Prof Nick Talbot — conception and design of study.

Ella McLoughlin (FHS) — recruitment of volunteers; assistance running MFS data
acquisition.

Dr Dominic Sandhu — CCP modelling troubleshooting.

Dr Graham Richmond — MFS maintenance.

Study comparing DB and MFS

Prof Peter A Robbins and Prof Nick Talbot — conception and design of study.

Benjamin Fuller (FHS) — recruitment of volunteers; assistance running MFS data
acquisition.

Dr Graham Richmond — MFS maintenance.

John Couper — development of an automated fan to enable slow emptying of Douglas bag

into a volume gas analyser.
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