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Abstract  

Introduction  

Chronic obstructive pulmonary disease (COPD) is a common condition, with a 

worldwide prevalence of 10.1% and is the third leading cause of death worldwide. 

Approximately half of patients experience at least one exacerbation per year, with 

15% of patients with an exacerbation requiring hospitalisation. Besides the 

pharmacological management, patients with an acute exacerbation of COPD 

commonly require respiratory support, most commonly in the form of non-invasive 

ventilation (NIV). Although NIV provides significant survival benefit, 20-30% of 

patients tolerate NIV poorly, or do not respond to NIV and require invasive 

mechanical ventilation, which is associated with a significant increase in mortality. 

One potential approach to improve patient outcome and to avert invasive ventilation 

is the use of extracorporeal carbon dioxide removal (ECCO2R), where carbon dioxide 

is removed directly from the venous blood. Reports of the use of ECCO2R are from 

animal and retrospective or observational clinical studies. However, there are 

significant gaps in the knowledge about ECCO2R.  

Carbon dioxide clearance across an artificial membrane lung is relatively well 

understood however there is limited data available relating to the CE marked device 

used in this study. There are no data available confirming the CO2 clearance from the 

device, nor is there data relating to the relationship between sweep gas flow and CO2 

clearance. Consequently, the first element of the study is a series of bench tests 

exploring the in vitro clearance across the membrane. The next phase of the 

underpinning work is the in vivo exploration of CO2 clearance and its relationship with 

sweep gas flow rate which is analogous to the minute ventilation of the natural lung. 

The second element of the study was to compare NIV and ECCO2R in patients with an 

acute exacerbation of COPD (AECOPD) at risk of failing NIV. NIV failure is complex and 

relates to severity of illness, patient factors including agitation, delirium, tendency to 

claustrophobia and distress as well as NIV device factors, especially relating to device 

settings and mask fit/comfort. If patients fail NIV, they commonly require tracheal 

intubation and mechanical ventilation. In AECOPD, this can result in prolonged 
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periods of mechanical ventilation leading to a tracheostomy and is often punctuated 

by recurrent episodes of hospital acquired infection. Patients receiving mechanical 

ventilation are at significant risk of muscular deconditioning and ICU acquired 

weakness as well as delirium. All these potential sequelae have significant impacts on 

long term outcomes. At present studies using ECCO2R in AECOPD have been limited 

to observational studies without a contemporaneous control group. Hence there is a 

need for a randomised, controlled trial comparing outcomes for patients with 

AECOPD receiving NIV or ECCO2R. 

There has been minimal work on the impact of ECCO2R on respiratory physiology, 

especially in patients with AECOPD.  

The key aims of this thesis are:  

1. to assess the CO2 removal by the device; 

2. to assess whether ECCO2R is of benefit to patients compared with NIV;  

3. and to assess the impact of ECCO2R on work of breathing. 

Methods 

In vitro and in vivo studies of CO2 clearance across the membrane 

The in vitro component tested the device in accordance with regulatory requirements 

for extracorporeal devices. This required the development of a circuit with several 

membranes in series and one in parallel. The circuit was arranged to grossly mimic 

human physiology with blood flow (provided by an extracorporeal membrane 

oxygenation pump and providing the surrogate for cardiac output), CO2 production 

(provided by CO2 instillation via a dedicated membrane) and ventilation (CO2 

clearance provided by the study device). The study was based on the physiology seen 

in AECOPD and created the conditions of a hypercapnic respiratory acidosis using 

expired human packed red cells. CO2 clearance was calculated using the trans-

membrane CO2 content difference and the CO2 content in the gases from the 

exhalation port at each change in sweep gas flow rates. This data was then compared 

with the CO2 removal reported by the device. 

The second phase of the basic investigation of the device and the kinetics of CO2 

clearance was an in vivo study. In this study, subjects commenced on ECCO2R had 
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serial trans-membrane samples measured as sweep gas flow was increased and 

transmembrane CO2 clearance was calculated at each step. The CO2 reported by the 

device was also recorded. The two methods were directly compared to ascertain the 

accuracy of the device. The relationship between sweep gas flow rate and CO2 

clearance in vivo was also explored. 

Clinical study 

The second component of the thesis was the performance of a prospective, 

randomised controlled trial of NIV alone compared with NIV and ECCO2R. Patients 

were included if they were over 18 years of age, had a history of COPD presenting 

with an acute exacerbation and with a persisting pH <7.30 due to hypercapnia after 

initial medical therapy and at least one hour of NIV. Patients were excluded if they 

had acute multiple organ failure, intolerance, allergy or contraindication to heparin, 

a contraindication to NIV or were receiving chronic domiciliary NIV. 

The study was designed for a primary endpoint of time to cessation of NIV with a 

power calculation performed based on reduction in NIV use of at least 12 hours. 

Secondary outcomes included physiological measurements, intensive care and 

hospital length of stay and outcomes at 90-days including quality of life. Adverse 

outcomes included incidence of major haemorrhage, thrombosis, haemolysis, 

mechanical complications, need for invasive mechanical ventilation and mortality. 

Subjective discomfort and dyspnoea were measured using a visual analogue scale. 

ECCO2R was delivered using the Hemolung device. All care not directly relating to 

ECCO2R was in accordance with standard clinical protocols. 

Physiological study 

Three different methods were explored simultaneously in the physiological study 

which included a subset of patients who consented for these elements. The first was 

oesophageal pressure measurement using an oesophageal balloon. This was used to 

both measure oesophageal pressure and calculate muscular pressure and 

transpulmonary pressure. Work of breathing and the pressure time product of each 

breath was calculated. The second method was electrical impedance tomography 

where a small current is injected across the thorax using a dedicated device and a 
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belt placed at the 4th intercostal space anteriorly which measures the changes in 

impedance with each breath and over time. The impedance change is used to 

generate changes in tidal impedance change, surface volume, inspiratory time, 

homogeneity and end expiratory lung impedance. These measurements allow insight 

into the distribution and timing of aeration both globally and regionally within the 

lungs. The final method was parasternal electromyography which measures the 

electrical signal in the intercostal muscles in the upper thorax and is a surrogate for 

work of breathing. This is achieved through electrodes placed in the second 

intercostal space anteriorly. 

Results 

In vitro and in vivo studies of CO2 clearance across the membrane 

The in vitro study demonstrated that firstly the membrane was capable of clearing 

CO2 and secondly that the CO2 clearance reported by the device accurately reflected 

the CO2 clearance using the other methods. Finally, there is a clear and consistent 

relationship between sweep flow rate and CO2 clearance. CO2 clearance increases 

rapidly as sweep flow increases from 0 to 2 L/min.  Thereafter the rate of rise of 

clearance decreases with a plateau between 4 and 6L/minute giving a maximum 

ventilation/perfusion ratio of approximately 10-15:1 as the limit of efficiency for this 

artificial membrane lung. These results were replicated by the in vivo study. 

Clinical study 

The randomised controlled trial demonstrated a significant reduction the duration of 

NIV with the addition of ECCO2R (7 hours compared with 30 hours in the NIV group). 

Additionally, there was a more rapid reduction in respiratory rate and faster 

resolution of respiratory acidosis with ECCO2R than with NIV alone, but there was a 

small increase in respiratory work after commencement of ECCO2R and removal of 

NIV. Intensive care and hospital lengths of stay were both approximately 117 hours 

longer in the ECCO2R group than with NIV. Symptomatic dyspnoea resolved rapidly 

with commencement of ECCO2R. The ECCO2R group had a higher incidence of 

haemolysis however overall, NIV-related complications were more common than 

ECCO2R -related complications.  
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Physiological study 

It was demonstrated that oesophageal pressure pressure indices, work of breathing 

and pressure time product were lower in the NIV group initially and paradoxically 

increased as the clinical condition improved. Work of breathing and pressure time 

product were discordant with NIV, especially on day 2 of the study indicating an 

elevated isometric work. Electrical impedance tomography demonstrated 

progressive improvements in aeration in the NIV group. The parasternal 

electromyogram showed an elevated neural respiratory drive in the NIV group which 

decreased over time. In the ECCO2R group the oesophageal pressure measurements 

indicated that work of breathing and pressure time product remained elevated 

throughout the study but were concordant without evidence of isometric work. The 

neural respiratory drive remained elevated than ECCO2R group throughout the study. 

Electrical impedance tomography demonstrated a more dorsal distribution of 

ventilation with ECCO2R, and that aeration was more inhomogeneous than with NIV. 

The lowest work of breathing and most homogeneous ventilation was found with the 

combination of NIV and ECCO2R. 

Conclusion 

In vitro and in vivo studies of CO2 clearance across the membrane 

The important clinical implication of the in vitro and in vivo testing is that the 

relationship between CO2 clearance and sweep gas flow rate is non-linear. At the 

onset of therapy with only 1L/minute of sweep gas, a substantial amount of CO2 

amounting to approximately a third of CO2 production is cleared (assuming that 

3mL/kg/min CO2 is produced). A plateau is reached at around 4L of sweep gas flow 

giving a ventilation/perfusion ratio of approximately 10:1 as the limit of efficiency for 

this artificial membrane lung. It is reasonable to assume that the relationship 

between sweep flow rate and clearance shows no hysteresis, and consequently 

during device weaning there remains a significant CO2 clearance at low sweep low 

rates. Given this, it is important that a period of slow weaning of the last elements of 

sweep flow gas occurs and that a period of observation following cessation of sweep 

flow gas should be undertaken to prevent rebound respiratory failure. The study also 
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showed that the CO2 clearance reported by the device is accurate and can be used 

instead of recurrent sampling from the circuit. 

Clinical study 

The randomised, controlled trial demonstrated that there was earlier cessation of 

NIV by approximately 30 hours. The trial also demonstrated a physiological benefit 

associated with ECCO2R with a more rapid improvement in respiratory acidosis and 

tachypnoea with minimal complications. Additionally, there was a patient 

symptomatic benefit with rapid improvement in discomfort and dyspnoea after the 

addition of ECCO2R. However, this data also indicates that there was a longer ICU and 

hospital length of stay for patients commenced on ECCO2R. The study was not 

powered to demonstrate a mortality benefit or a difference in the need for intubation 

and these need to be explored in future larger trials. Although many patients did 

cease NIV shortly after commencing ECCO2R, given that there was a deterioration in 

gas exchange after removal of NIV, this suggests that there may be a benefit in the 

combination of ECCO2R and NIV.  

Physiological study 

The data from oesophageal pressure measurements, electrical impedance 

tomography and parasternal electromyography demonstrate differential effects of 

NIV and ECCO2R on work of breathing and the distribution of ventilation. NIV provides 

mechanical support for breathing with improvements in work of breathing, increases 

in tidal volume and more homogeneous ventilation but in the first 24-48 hours of 

severe exacerbations there is a persisting dynamic hyperinflation which results in 

neuromechanical dissociation and increased isometric work despite the use of NIV. 

ECCO2R provides clearance of carbon dioxide from the blood which results in a lower 

minute ventilation, reducing dynamic hyperinflation which in turn reduces 

neuromuscular dissociation and isometric work but results in an increase in overall 

work of breathing. The combination of ECCO2R and NIV allowed elimination of a 

proportion of the metabolic CO2 and a reduction in the requirements of alveolar 

ventilation and was also associated with a lower work of breathing, better 

neuromechanical coupling and more homogenously distributed ventilation.  
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Overall conclusion 

This thesis has demonstrated the nature of gas exchange across a specific ECCO2R 

device and explored its efficiency of gas exchange.  

The clinical and physiological data supports different but complementary impacts of 

NIV and ECCO2R in patients with AECOPD. NIV provided direct respiratory support 

but during the early phase of the exacerbation patients remained at end expiratory 

lung volumes close to total lung capacity and were unable to generate significant 

pleural pressures or provide adequate aeration of the lungs resulting in isometric 

contraction and neuromechanical dissociation along with respiratory acidosis. Over 

time as the exacerbation started to resolve, the ongoing physical support with NIV 

resulted in improved aeration which was homogenously distributed across the lung. 

As hyperinflation reduced, and higher muscular pressures were able to be generated, 

acidosis was corrected and sensations of dyspnoea reduced. ECCO2R removed CO2 

from the venous blood and allowed early reduction in dyspnoea with reduced 

respiratory rate, lower dynamic hyperinflation and improvement in neuromechanical 

dissociation and isometric work.  

The combination of ECCO2R and NIV provided particular benefit early in the course 

of an exacerbation with elimination of a significant proportion of the metabolic CO2 

and a reduction in the requirements of alveolar ventilation and was also associated 

with a lower work of breathing, lower neural drive and more homogenously 

distributed ventilation than ECCO2R alone. 
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Chapter 1: Introduction 

Chronic obstructive pulmonary disease (COPD) is a common condition, with a 

worldwide prevalence of 10.1% and is the third leading cause of death worldwide 

accounting for 3.2 million deaths in 2017 (Celli & Wedzicha, 2019). Globally, COPD is 

a major cause of morbidity, mortality and health care expenditure (Nguyen et al., 

2021). In the USA, there are approximately 500,000 inpatient stays with AECOPD 

annually with an average hospital length of stay of 4.7 days at an estimated cost of 

US$3.8 billion (Wier et al., 2011). The cost is even greater in patients with co-

morbidities including heart failure and hyperlipidaemia (Shah et al., 2021). The 

annual cost of hospital admissions relating to AECOPD in the UK is approximately 

£320 million (NICE, 2011). Patients requiring invasive ventilation for the management 

of respiratory acidosis are responsible for a disproportionate amount of that cost. 

In the UK, approximately 1.9% of the population has been diagnosed with COPD (PHE, 

2023), although the true incidence is thought to be significantly higher (Gruffydd-

Jones, 2008). Approximately half of patients experience at least one exacerbation per 

year, with 15% of patients requiring hospitalisation (Raluy-Callado et al., 2015; 

Whittaker et al., 2022). Patients with a moderate or severe exacerbation are more 

likely to have a further exacerbation and have a significantly increased risk of death 

compared with patients with COPD but without exacerbations (Raluy-Callado et al., 

2015; Whittaker et al., 2022). Patients with more severe underlying disease, with 

higher Global Initiative for Chronic Obstructive Lung Disease (GOLD) stage, higher 

modified Medical Research Council dyspnoea scale and lower body mass index (BMI) 

are more likely to have more severe exacerbation (Whittaker et al., 2022). Patients 

with severe exacerbations are 2-5 times more likely to die from their exacerbation 

(Raluy-Callado et al., 2015; Whittaker et al., 2022). 

Besides the pharmacological management (Vasques et al., 2020), patients with an 

acute exacerbation of COPD (AECOPD) require respiratory support, usually non-

invasive ventilation (NIV) (Brochard et al., 1995). NIV provides significant survival 

benefit with a mortality reduction from approximately 30% to 10% (Brochard et al., 

1995; Lightowler et al., 2003). However, 20-30% of patients tolerate NIV poorly, or 
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do not respond to NIV and require invasive mechanical ventilation, which is 

associated with a significant increase in mortality (Brochard et al., 1995; Duan et al., 

2019; Echevarria et al., 2020; Lightowler et al., 2003). 

The acute and severe airflow obstruction increases the respiratory work but is 

associated with inefficient gas exchange which leads to hypercapnia, which in turn 

increases respiratory drive. One potential novel approach to interrupt this vicious 

cycle is the use of extracorporeal carbon dioxide removal (ECCO2R), where carbon 

dioxide is removed directly from the venous blood in a manner analogous to removal 

of creatinine in dialysis for renal failure. This method directly reduces arterial carbon 

dioxide tension and content and improves acidaemia. Although this technique has 

shown promising results from uncontrolled case series, there is no prospective, 

randomised data supporting its use in association with or instead of NIV (Burki et al., 

2013). Furthermore, there is limited physiological data explaining how ECCO2R 

changes respiratory mechanics.  

The key aims of this thesis are to assess:  

1 The ability of a commonly used ECCO2R device to remove carbon dioxide; 

2 Benefits of ECCO2R is compared with NIV alone in AECOPD;  

3 The impact of ECCO2R on work of breathing and regional distribution of 

ventilation. 

1.1 Chronic Obstructive Pulmonary Disease 

COPD is a syndrome characterised by progressive and not fully reversible expiratory 

airway flow limitation (Halpin et al., 2021; Vestbo et al., 2013). COPD is commonly 

caused by cigarette smoking and the number of pack-years directly correlates with 

the severity of illness (Halpin et al., 2021). COPD may also be caused by other 

conditions including alpha-1 anti-trypsin deficiency, atmospheric pollutants and 

occupational exposure to a variety of noxious substances (Halpin et al., 2021; Vestbo 

et al., 2013). The underlying pathophysiology of COPD is the progressive destruction 

of the elastic and alveolar tissue within the lung (Halpin et al., 2021). This results in 

reduced expiratory flow rates, maldistributed ventilation, gas trapping and 
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hyperinflation, which in turn leads to diaphragmatic flattening and inefficient 

respiration. 

The clinical sequelae of COPD are chronic dyspnoea, cough and sputum production, 

punctuated by recurrent exacerbations, on average 2 to 3 times annually. GOLD 

defines an exacerbation of COPD as an acute event characterised by a worsening of 

the patient’s dyspnoea, cough and/or sputum production beyond day-to-day 

variations (Halpin et al., 2021). Exacerbations are triggered by any stimulus that 

increases the inflammatory burden in the airways, including bacterial or viral 

infections and environmental pollution (Halpin et al., 2021; Sapey & Stockley, 2006). 

Acute exacerbations are an important cause of hospital admission and impact on 

patients’ quality of life (Anzueto, 2009; Garcia-Aymerich et al., 2003; Kessler et al., 

2006; Spencer et al., 2004). Exacerbations also accelerate disease progression leading 

to a progressive stepwise functional decline (Ankjaergaard et al., 2017; Anzueto et 

al., 2009; Donaldson et al., 2002; Kanner et al., 2001; Kesten et al., 2011; Seemungal 

& Sykes, 2008; Seemungal et al., 2000). It is not known whether this is solely because 

of the exacerbation itself or whether the therapy, including higher inspired oxygen 

and mechanical ventilation or other consequences of hospital admission, including 

antibiotic exposure and colonisation by resistant organisms, also contribute. As the 

underlying disease and functional status declines, a vicious cycle develops where 

exacerbations become increasingly common and more severe, leading inexorably to 

death (Pauwels et al., 2001). It has recently been demonstrated that this cycle can be 

interrupted through the addition of domiciliary non-invasive ventilation for patients 

with persistent hypercapnic respiratory failure following an acute exacerbation 

(Ankjaergaard, Maibom, et al., 2016; Ankjaergaard, Tonnesen, et al., 2016; Murphy 

et al., 2017). 

1.2 Regulation of arterial carbon dioxide  

The development of respiratory acidosis is a key element in the need for hospital 

admission and the clinical sequelae of COPD exacerbations. To understand its 

development, the carriage and control of CO2 in health and disease as well as the 

physiological impact of exacerbations needs to be considered. 
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1.2.1 Carbon dioxide carriage in the blood 

Carbon dioxide (CO2) is carried in the blood in three forms – in solution as a gas, as 

bicarbonate and bound to proteins, particularly haemoglobin, as carbamino 

compounds (Cherniack & Longobardo, 1970; O'Neill & Robbins, 2017). The 

concentration of CO2 dissolved is determined by Henry’s law of solubility (PCO2 x 

solubility coefficient = concentration of CO2 in solution), where the solubility 

coefficient at 37 degrees Celsius is 0.231 mmol L-1 kPa-1 (Arthurs & Sudhakar, 2005). 

The major proportion of CO2 in the blood is carried as bicarbonate ion, which is 

formed from carbonic acid in a reaction catalysed by carbonic anhydrase (H2CO3⇌H+ 

+ HCO3
-) (O'Neill & Robbins, 2017; West, 2011). This reaction occurs within the red 

cell due to the presence of carbonic anhydrase. CO2 can also be carried as carbamic 

acid which is a direct reaction between a-amino groups and CO2. The major protein 

carrying CO2 is haemoglobin, with CO2 binding at a-amino groups of both a and b 

chains. Carriage of CO2 on haemoglobin is modified by both 2,3-diphosphoglycerate 

which competes with CO2 for the a-amino groups of the b chains and the Haldane 

effect. The Haldane effect is the increase in CO2 carriage in de-oxygenated compared 

with oxygenated blood (O'Neill & Robbins, 2017; West, 2011). This difference is due 

to deoxyhaemoglobin having a higher affinity for hydrogen ions and hence drives a 

shift in the bicarbonate from carbonic acid increasing total CO2 content. The Bohr 

effect also occurs. The Bohr effect describes a decreased affinity of haemoglobin for 

oxygen with increasing CO2 and H+ concentrations due to conformational changes in 

the haemoglobin molecule (O'Neill & Robbins, 2017; West, 2011). 

As the red cell traverses from the arterial to the venous side of the capillary, oxygen 

is rapidly offloaded into the tissues. Simultaneously CO2 is taken up and moves into 

the red cell. The conformational changes in haemoglobin result in increased 

carbamino carriage and at the same time, increased bicarbonate is formed through 

the hydration and subsequent dissociation of CO2, catalysed by carbonic anhydrase. 

The increased concentration of hydrogen ions is buffered by binding to de-

oxygenated haemoglobin. The increased concentration of bicarbonate ions is 

managed by a chloride exchange transport protein from the red cell into the plasma, 

known as the Hamburger shift (O'Neill & Robbins, 2017; West, 2011). The Hamburger 
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shift is facilitated by a membrane bound protein – band 3 – which sequentially 

exchanges bicarbonate for chloride ions. In the pulmonary capillary, CO2 passes down 

its concentration gradient into the alveolus and oxygen is taken up and the processes 

reverse.  

The Henderson-Hasselbalch equation, derived from the equilibrium equation for the 

dissociation of carbonic acid, is shown in Eq 1.1. 

 𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔!"
[HC$!]
&PC$"

 [Eq 1.1] 

Equation 1.1: Henderson-Hasselbalch equation. pKa is the equilibrium 

constant (~6.1 at 37°C and pH 7.4), [HCO3] is the total concentration of 

bicarbonate and 𝛼PCO2 is the solubility coefficient of CO2 multiplied by its 

partial pressure in plasma. 

Rearranging this gives: 

 [HC𝑂'] = 	𝛼PC𝑂(. 110(*+,*-)4 [Eq 1.2] 

Equation 1.2: Rearranged Henderson-Hasselbalch equation. 

Since total plasma CO2 content is the sum of that carried as bicarbonate and that in 

solution, we have: 

 𝐶𝑡CO2, (plasma) = [HC𝑂'] + 𝛼PC𝑂( = 	𝛼PC𝑂(. 110(*+,*-)4 + 𝛼PC𝑂( [Eq 1.3] 

Equation 1.3: Total plasma CO2 content 

Which rearranges to: 

 𝐶𝑡CO2, (plasma) = 	𝛼PC𝑂(. 11 + 10(*+,*-)4 [Eq 1.4] 

Equation 1.4: Rearranged total plasma CO2 content 

It was shown by Visser (1960) (Visser, 1960), and modified by McHardy (1967) 

(McHardy, 1967) that the whole blood CO2 content can be calculated by multiplying 
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the plasma CO2 content by a ‘factor’.   Not surprisingly, given the previous discussion 

on the capacity of haemoglobin to buffer protons, this factor is itself a function of 

both the total haemoglobin concentration, and its oxygen saturation.   It can be seen 

below that both McHardy’s 1967 version of this factor (transcribed from Van Slyke’s 

1932 nomogram (Van Slyke et al., 1932)), and that derived empirically by Douglas in 

1988 are structurally similar, but with minor differences in the input constants 

(Douglas et al., 1988; McHardy, 1967). 

 𝐶𝑡CO2, (blood) = 𝐶𝑡CO2, (plasma). 𝐹 [Eq 1.5] 

Where, 

𝐹(𝑀𝑐𝐻𝑎𝑟𝑑𝑦) = 1	 −  
0.02924[𝐻𝑏]

(2.244 − 0.422. 𝑆𝑂2) − (8.74 − 𝑝𝐻)	

𝐹(𝐷𝑜𝑢𝑔𝑙𝑎𝑠) = 	1	 −  
0.0289[𝐻𝑏]

(3.352 − 0.456. 𝑆𝑂2) − (8.142 − 𝑝𝐻) 

Equation 1.5: Total CO2 in blood with variation using the methods of 

McHardy (McHardy, 1967) and Douglas (Douglas et al., 1988).  

I adopt the Douglas calculation for work in this thesis. 

1.2.2 Control of respiration 

Respiration is under the control of the dorsal and ventral respiratory groups in the 

medulla oblongata responsible for inspiratory and expiratory initiation respectively 

(Adler & Janssens, 2019; Ikeda et al., 2017; Krohn et al., 2023; Smith, 2022). A 

respiratory group in the pons then modulates the frequency and intensity of the 

neuronal signals from the medulla (Adler & Janssens, 2019; Ikeda et al., 2017; Smith, 

2022). Input into the respiratory control centre is received from mechanoreceptors 

in the airways, lung and pulmonary vasculature which provide signals relating to lung 

volume, pulmonary irritants and interstitial oedema respectively (Adler & Janssens, 

2019; Mortola, 2019). Peripheral (carotid body and aortic) and central (medullary) 

chemoreceptors exert significant influence over respiratory drive. Carbon dioxide is 
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a potent determinant for respiratory drive. CO2 is a highly soluble molecule and 

readily crosses the blood brain barrier. Rising CO2 leads to a fall in the pH within the 

cerebrospinal fluid stimulating respiration (Adler & Janssens, 2019). Hypoxaemia is 

also an important stimulant for respiration however it is significantly less potent than 

hypercapnia (Javaheri & Kazemi, 1987). Distress, changes in temperature, pain and 

panic provide further input into respiratory drive (Krohn et al., 2023; Tipton et al., 

2017). 

A model that describes the control of breathing and which describes the relationship 

between PaCO2 and alveolar minute ventilation has been proposed (Collins et al., 

2023; Spinelli et al., 2020; Vaporidi et al., 2020). This model links neural factors, 

ventilatory changes achieved by the change in respiratory centre outflow and the 

metabolic changes in CO2 production to relate alveolar minute ventilation to PaCO2. 

The PaCO2 that results from the respiratory centre set point is the eupneic PaCO2. In 

health the eupneic PaCO2 and the actual PaCO2 are identical, however this is not the 

case in respiratory disease when the respiratory centre set-point is not able to be 

achieved contributing to the development of neuromechanical dissociation  (Collins 

et al., 2023; Spinelli et al., 2020; Vaporidi et al., 2020).  

1.2.3 Determinants of alveolar minute ventilation 

The three-compartment model of Riley and Cournand (1949) (Riley & Cournand, 

1949, 1951) indicates that the arterial blood gas is impacted by the presence of shunt, 

dead space and ideal alveolar units, where ventilation and perfusion are optimally 

matched. In health, there is a scatter of ventilation/perfusion ratios within the lung, 

for example those due to the impact of gravity (West, 2011; West et al., 1964). Dead 

space is the proportion of the total tidal volume that does not participate in gas 

exchange and in health is approximately 30% of tidal volume (Lumb, 2017; West, 

2011). Alveolar ventilation is minute ventilation minus deadspace ventilation (Lumb, 

2017; West, 2011).  

The total physiological dead space is made up of 1) anatomical dead space – the 

volume of the naso-oropharynx, trachea and conducting airways and 2) alveolar dead 

space – the proportion of inspired gas that passed through the anatomical dead space 
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and ventilates non perfused alveoli and therefore does not contribute to gas 

exchange. The alveolar gas composition of these alveoli is the same as inspired air 

(Lumb, 2017; West, 2011).  

Physiological dead space was first described by Bohr using the alveolar partial 

pressure of CO2 (PACO2) and mixed expired partial pressure of CO2 (PeCO2) (Bohr, 

1891; Lumb, 2017). Since PACO2 cannot be measured, arterial PaCO2 is substituted 

into Bohr’s equation as a reasonable approximation of it (Enghoff, 1938; Lumb, 2017). 

physiological dead space = VT*(PaCO2 - PeCO2)/PaCO2 – apparatus dead space 

Equation 1.6: Enghoff’s modification of the Bohr equation (Lumb, 2017). 

VT is tidal volume, PaCO2 is arterial partial pressure of CO2, PeCO2 is the 

mixed expiratory partial pressure of CO2.  

It is also important to consider the impact of perfused but not ventilated alveolar 

units (shunt) when considering calculation of dead space (Tusman et al., 2012; 

Tusman et al., 2011) as the arterial PCO2 cannot be considered equivalent to the 

alveolar PCO2 in the presence of shunt.  

Although Enghoff’s modification is a good approximation for dead space calculated 

by the Bohr calculation in health, in conditions where there is significant venous 

admixture or shunt, Enghoff’s modification provides a higher estimate of 

physiological dead space than the true value (Bourgoin et al., 2017; Riley & Cournand, 

1949, 1951; Suarez-Sipmann et al., 2013; Wagner, 2008).  

1.2.4 Impact of COPD  

In COPD, there is a chronic increase in alveolar dead space fraction that results from 

destruction of alveolar walls with enlargement of the alveolar spaces and loss of 

surface area in combination with obliteration of the pulmonary capillaries and 

unequal ventilation of alveolar units (Brusasco & Martinez, 2014). The under-

ventilated alveolar units results in ventilation/perfusion (V/Q) inequality and leads to 

the development of venous admixture and arterial hypoxaemia (Marthan et al., 1985; 

Wagner et al., 1977). The hypoxic alveolar units are also accompanied by hypoxic 
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pulmonary vasoconstriction (Cooper & Celli, 2008; Dunham-Snary et al., 2017; 

Nagaraj et al., 2017). Hypercapnia is thought to develop as a response to the 

decreased ventilatory efficiency leading to a progressive increase in respiratory work 

(Adler & Janssens, 2019; Gorini et al., 1996; Mathews et al., 2020; Roussos & 

Koutsoukou, 2003; Similowski et al., 1991). The high inspiratory muscle load to 

overcome increased airway resistance, degree of obstruction and the mechanical 

disadvantage caused by the shortening of the muscles of respiration, especially 

diaphragmatic flattening, all contribute to high respiratory work and an increase in 

CO2 production (Mathews et al., 2020; Saure et al., 2012). Consequently, there is a 

downregulation of respiratory drive that results in relative hypoventilation to reduce 

overall respiratory work which leads to chronic hypercapnia (Adler & Janssens, 2019; 

Gorini et al., 1996; Mathews et al., 2020; Roussos & Koutsoukou, 2003; Similowski et 

al., 1991).  

1.3 Exacerbations of COPD 

1.3.1 Clinical presentation 

An exacerbation of COPD is defined as an increase in symptoms above the normal 

variation for that patient that results in a treatment change (Halpin et al., 2021; 

Vestbo et al., 2013). An exacerbation of COPD starts with a trigger, for example a 

bacterial or viral respiratory infection or changes in air pollutants (Wedzicha & 

Seemungal, 2007). Symptoms include increased dyspnoea, sputum load or cough. 

Exacerbations may be mild and require only a change in outpatient management or 

moderate to severe and require hospitalisation, parenteral medication or respiratory 

support (Halpin et al., 2021; Vestbo et al., 2013).  

The standard initial management of COPD exacerbations consists of inhaled 

bronchodilator therapy (short-acting b2 agonists in combination with short-acting 

anticholinergics) (Celli & MacNee, 2004; Halpin et al., 2021; Vasques et al., 2020; 

Vestbo et al., 2013), oral and/or inhaled corticosteroids (Davies et al., 1999; Maltais 

et al., 2002; Niewoehner, 2008; Niewoehner et al., 1999; Thompson et al., 1996) and 

antibiotics (Quon et al., 2008). Respiratory support is initially provided using 



ECCO2R in AECOPD 37 

supplemental oxygen aiming for peripheral haemoglobin saturation (SpO2) of 88-92% 

(Austin et al., 2010).  

1.3.2 Pathophysiology of a COPD exacerbation 

Exacerbations result in increasing airway and systemic inflammation (Bhowmik et al., 

2000; Hurst et al., 2006). Airway inflammation causes worsening oedema, 

bronchospasm and sputum production (D. E. O'Donnell & C. M. Parker, 2006a), 

resulting in progressive airway narrowing. In accordance with Poiseuille’s law, airway 

narrowing leads a significant increase in airway resistance and increased expiratory 

time constants (figure 1.1).  

 

Figure 1.1: The pathophysiology of COPD exacerbations. 

The expiratory time constant (τE) is the time taken for the lungs to deflate by 63% and 

is the product of compliance and resistance. Increasing airway resistance lengthens 

τE for the entire lungs, however, given the heterogenous nature of COPD there is 

significant regional variability in expiratory time constants (Al-Rawas et al., 2013; 

Banner & Lampotang, 1988; Engel, 1986). As τE increases, the underlying V/Q 

heterogeneity also progressively worsens with an increase in the proportion of low 

V/Q alveolar units (Al-Rawas et al., 2013; Banner & Lampotang, 1988; Engel, 1986). 

As discussed above, low V/Q alveolar units lead to systemic hypoxaemia, although 

this can be relatively easily overcome through supplemental oxygen (Barbera et al., 
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1997; Calverley, 2003; Riley & Cournand, 1949, 1951). Increasing τE results a need for 

expiration to lengthen to allow expiration to complete, without this, dynamic 

hyperinflation will occur (Calverley, 2003; Pellegrino et al., 1993). Dynamic 

hyperinflation also reduces alveolar perfusion leading to an increase in dead space 

(Laghi & Goyal, 2012; West & Wagner, 1998). This leads to wasted respiratory effort 

as alveolar ventilation becomes a progressively lower proportion of minute 

ventilation (West & Wagner, 1998). By reducing venous return, dynamic 

hyperinflation also reduces cardiac output which decreases oxygen delivery to 

tissues, worsening respiratory muscle fatigue (Cardoso et al., 2020; Lukacsovits et al., 

2023). Prolonged near maximal loading of the muscles of respiration combined with 

hypoxia, hypercapnia, acidosis, and reduced cardiac output worsens fatigue and 

contributes to progressive hypercapnia (Ranieri et al., 1997).  

Expiratory flow varies with lung volume and when expiratory flow approaches the 

maximum that can be generated for any given lung volume, expiratory flow limitation 

will occur (Calverley, 2003; D. E. O'Donnell & C. M. Parker, 2006b). Dynamic 

hyperinflation occurs when expiratory time is insufficient to allow end-expiratory 

lung volume (EELV) to fall to baseline (Calverley, 2003; Pellegrino et al., 1993). As 

EELV increases, it approaches total lung capacity and there is a rightward shift of the 

pressure/volume relationship of the lung, reducing pulmonary dynamic compliance 

(Macklem et al., 1965; Wagers & Jaffe, 2003). As EELV increases, the diaphragm 

shortens leading to functional diaphragmatic weakness and increased work for the 

muscles of respiration (Laghi & Tobin, 2003; Orozco-Levi et al., 1999; M. Orozco-Levi 

et al., 2001; M. I. Polkey et al., 1996; Similowski et al., 1991). The increasing work 

performed by respiratory muscles results in increasing oxygen demand and carbon 

dioxide production by approximately a quarter (Ranieri et al., 1997). The increase in 

EELV is strongly correlated with subjective dyspnoea, increasing distress and 

sympathetic stimulation (Lougheed et al., 1995; Lougheed et al., 1993). 

Expiratory flow limitation due to increasing airway resistance leads to the 

development of intrinsic positive end-expiratory pressure (PEEP) (Laghi & Goyal, 

2012). The inspiratory muscles must overcome the airway resistance and the inward 

recoil of the lung and chest wall prior to initiating inspiratory flow, effectively 
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providing an inspiratory threshold load (Haluszka et al., 1990; Pare et al., 1982). 

Inspiratory threshold load accounts for up to 60% of static inspiratory work of 

breathing during an exacerbation (Broseghini et al., 1988; Guérin et al., 1993; 

Tantucci et al., 1991; Terry et al., 1978). The overall effect of loading already weak 

muscles is that the effort for inspiration is a significant proportion of maximal effort 

and this is perceived as dyspnoea and distress (Chen et al., 1992). Tachypnoea 

reduces inspiratory time, exacerbates dynamic inspiratory work and adds to the 

patient’s perception of distress. Increasing inspiratory and expiratory muscle effort 

along with tachypnoea increases CO2 production, which is estimated to be 25% 

higher than normal value of 200 to 250 mL/min (Ranieri et al., 1997).  

The neural drive to breathe is preserved and can increase during exacerbations of 

COPD (A. De Troyer et al., 1997; Sinderby et al., 2001). Hypercapnic acidosis, 

hypoxaemia, fever from infection, sympathetic load and distress all increase neural 

drive. As the expiratory flow does not increase in proportion to the neural drive, 

neuromechanical dissociation occurs (James et al., 2022; Jolley et al., 2009; Moxham 

& Jolley, 2009; O'Donnell et al., 2020; Reilly et al., 2011). Neuromechanical 

dissociation worsens patient perceptions of dyspnoea further increasing distress and 

sympathetic load (Chen et al., 1992; A De Troyer et al., 1997; O’Donnell et al., 1997; 

O’Donnell et al., 2001; Sinderby et al., 2001). 

Arterial hypoxaemia also develops during a COPD exacerbation (Barbera et al., 1997). 

Arterial hypoxaemia is contributed to by high oxygen consumption by respiratory 

muscles. Increasing oxygen consumption leads to lower mixed venous oxygen 

saturation which, in the presence of V/Q mismatch and venous admixture further 

exacerbates systemic hypoxaemia (Barbera et al., 1997). The addition of 

supplemental oxygen reduces hypoxic pulmonary vasoconstriction and increases the 

perfusion of underventilated alveoli which increases venous admixture and therefore 

CO2 transfer from right to left contributing to the development of hypercapnia 

(Aubier et al., 1980; O'Donnell et al., 2002; Robinson et al., 2000). Another important 

factor in the worsening hypercapnia associated with oxygen therapy is the Haldane 

effect which describes the upward shift of the CO2 dissociation curve as blood is 

deoxygenated (Abdo & Heunks, 2012; Aubier et al., 1980; Hanson et al., 1996).  
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The pathophysiological effects of AECOPD can be potentially reversed by the use of 

NIV or ECCO2R which can potentially reduce arterial CO2 through differing 

physiological mechanisms (figure 1.2). NIV provides support through the application 

of positive pressure which should reduce inspiratory effort and improve alveolar 

ventilation. ECCO2R provides support by reducing arterial CO2 directly. It is possible 

that these different approaches result in reductions in inspiratory drive and dyspnoea 

which in turn reduce tachypnoea and the deleterious impacts of expiratory flow 

limitation on respiratory mechanics. 

 
Figure 1.2: The pathophysiology of COPD with the potential impacts of 

NIV and ECCO2R 

1.4 Non-invasive ventilation  

Non-invasive ventilation is a form of mechanical ventilation which provides positive 

pressure during inspiration and expiration most commonly via a tight-fitting 

facemask. Enhanced FiO2 can also be provided and titrated to patient requirements.  

1.4.1 Pathophysiological rational of non-invasive ventilation 

NIV impacts the pathophysiology of exacerbations of COPD at several different points 

(figure 1.2). The application of extrinsic PEEP balances the effects of intrinsic PEEP 

and splints open unstable or collapsing airways (Appendini et al., 1994; Girault et al., 

AECOPD
Trigger

Airway
Narrowing

Airway
Resistance

Time 
Constants

Expiratory Flow 
Limitation 

Dynamic 
Hyperinflation

Flattening of 
Diaphragm

Expiratory
Muscle Effort

Alveolar Perfusion
(Dead space)

Inspiratory
Effort VCO2

VO2

PaCO2

PaO2

Increased
Respiratory DriveRR

Alveolar Hypoventilation
(Venous admixture)

Tidal 
Volumes

Dyspnoea

NIV

ECCO2R



ECCO2R in AECOPD 41 

1997; Ranieri et al., 1997). This increases expiratory flow, decreases expiratory 

muscle activation and reduces end-expiratory lung volume and dynamic 

hyperinflation which reduces the inspiratory threshold load and improves the 

pressure/volume relationship of the lung to improve compliance (Appendini et al., 

1994; Girault et al., 1997; Osadnik et al., 2017; Ranieri et al., 1997).  

The application of inspiratory pressure provides significant physiological benefits. 

Positive pressure offloads the inspiratory work for the respiratory muscles and 

enhances tidal volume (Appendini et al., 1994; Girault et al., 1997; Ranieri et al., 

1997). The enhanced tidal volume improves alveolar ventilation to improve both 

PaO2 and PaCO2/pH (Brochard et al., 1990; Brochard et al., 1995; Díaz et al., 2002; 

Diaz et al., 1997). Higher inspiratory pressures have been shown to provide greater 

benefit with reduced diaphragmatic fatigue, reduced diaphragmatic oxygen 

consumption, larger tidal volumes and lower respiratory rates, although at the 

expense of greater discomfort and a higher likelihood of mask leaks (Díaz et al., 2002; 

Dreher et al., 2011; Dreher et al., 2010; Elliott et al., 1994; Field et al., 1984; Jubran 

et al., 1995; Köhnlein et al., 2014; Prinianakis et al., 2004; Windisch et al., 2015). 

Although supplemental oxygen can result in a worsening hypercapnoea due to the 

release of hypoxic pulmonary vasoconstriction combined with low alveolar 

ventilation, these impacts are limited at a peripheral saturation of around 90% (Abdo 

& Heunks, 2012). Supplemental oxygen, combined with enhanced alveolar 

ventilation, overcomes the arterial hypoxaemia induced by low V/Q units and 

provides improved oxygen delivery for tissues which is important given the marked 

increase in oxygen consumption of the respiratory muscles (Brochard et al., 1990; 

Diaz et al., 1997).  

1.4.2 Evidence for non-invasive ventilation 

Patients with hypercapnic respiratory failure with respiratory acidosis (PaCO2 > 6kPa 

and pH < 7.35) have a severe and potentially life-threatening respiratory failure and 

NIV is considered standard of care (Burge & Wedzicha, 2003; Halpin et al., 2021; 

Osadnik et al., 2017; Ram et al., 2004; Rochwerg et al., 2017; Vestbo et al., 2013). 

Randomised controlled trials have demonstrated that NIV provides significant clinical 
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benefit averting intubation in 70-80% of patients (Brochard et al., 1995; Lightowler 

et al., 2003; Osadnik et al., 2017; Ram et al., 2004). NIV decreases mortality, ICU and 

hospital length of stay, the need for tracheostomy and complications associated with 

invasive mechanical ventilation (Brochard et al., 1995; Carrera et al., 2009; Conti et 

al., 2002; Kramer et al., 1995; Plant et al., 2000; Ram et al., 2004). However, despite 

the strong evidence that therapy with NIV is beneficial for patients with AECOPD, 15-

30% of patients commencing NIV fail to improve and require intubation and 

mechanical ventilation (Abroug et al., 2017; Demoule et al., 2006; Ozsancak Ugurlu 

& Habesoglu, 2017). There are several contributors to NIV failure. NIV may cause 

discomfort (30-50%), claustrophobia (5-20%) and noise (up to 100%) that impacts 

patient tolerance (Carron et al., 2013; Osadnik et al., 2017). Other acute 

complications include pneumothorax, caused by a combination of the direct effects 

of positive inspiratory pressure and the increased in lung volume and pressure due 

to airflow limitation and gas trapping; hypotension due to a positive pressure 

reducing venous return and worse right heart failure; nasal/facial pressure areas 

caused by the tight interface; and dyssynchrony due to leaks or improper NIV settings 

(Carron et al., 2013). Complications relating to air flow are significant and include 

nasal/oral/airway dryness, aerophagia with gastric insufflation and emesis and air 

leaks due to a combination of mask fit and air pressure (Carron et al., 2013). The 

frequency of some of these complications can be reduced, but not eliminated, by 

staff with expertise and equipment selection. Ventilator dyssynchrony can be 

particularly problematic and is a major cause of NIV failure. It is contributed to by 

both patient (respiratory drive, degree of dynamic hyperinflation, muscle strength) 

and mechanical factors (mask fit, air leaks, inspiratory/expiratory pressure settings, 

inspiratory flow rate and trigger and autotriggering from either cardiac oscillations or 

excessive water in the circuit) (Carron et al., 2013).  

NIV failure has several specifically identified risk factors include obtundation, higher 

APACHE II score (>28), and lack of improvement in the first 1-2 hours of therapy with 

persisting respiratory acidosis (pH <7.30), tachypnoea (>29) (Carratu et al., 2005; 

Confalonieri et al., 2005; Contou et al., 2013; Kumar et al., 2013; Ozsancak Ugurlu & 

Habesoglu, 2017). Factors that also contribute to NIV failure include significant co-
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morbidities, mask intolerance, significant hypoxia, high secretion load and absent 

dentition (Schettino et al., 2008; Soo Hoo, 2010; Soo Hoo et al., 1994; M. Stefan et 

al., 2015).  

Over the last decade, the proportion of patients with AECOPD requiring any form of 

respiratory support has remained relatively constant at 7-8% and the in-hospital 

mortality of patients with AECOPD requiring NIV as the sole supportive therapy has 

fallen to 5-7% (Chandra et al., 2012). However, patients requiring invasive mechanical 

ventilation have a significantly higher mortality (Chandra et al., 2012; Demoule et al., 

2006; Schnell et al., 2014; Tabak et al., 2009; Toft-Petersen et al., 2017). The mortality 

is highest for patients who commence on NIV, fail to improve, and are transitioned 

to mechanical ventilation (Chandra et al., 2012). The absolute number of patients 

transitioning from NIV to mechanical ventilation has increased over the last decade 

and the mortality in this group has progressively risen, from approximately 20% to 

30% (Chandra et al., 2012). Mechanical ventilation is known to have a wide range of 

complications including ventilator induced lung injury, ventilator associated 

pneumonia, muscular deconditioning, delirium, laryngeal dysfunction, and the need 

for tracheostomy to facilitate weaning from mechanical ventilation. This is 

particularly common in patients with AECOPD and leads to longer ICU and hospital 

lengths-of-stay, increased morbidity and increased mortality (Makris et al., 2011; 

Mamary et al., 2011; Nava et al., 1998; Penuelas et al., 2011; Schnell et al., 2014; Toft-

Petersen et al., 2017).  

1.5 Extracorporeal CO2 removal  

Extracorporeal CO2 removal (ECCO2R) is the use of an extracorporeal circuit with a 

gas exchange membrane to clear CO2 directly from venous blood. ECCO2R uses the 

same technology as extracorporeal membrane oxygenation (ECMO), which was first 

successfully used in 1972 (Hill et al., 1972). ECMO requires large cannulae (25-33 

French gauge) with a pump to provide a high blood flow (3-7L/minute) to provide 

adequate systemic oxygen delivery and CO2 removal (Terragni et al., 2010). ECCO2R 

uses the same basic approach as ECMO, however because of the properties of CO2 

carriage in the blood, CO2 can be removed at much lower blood flows (0.3-1L/minute) 
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(Kolobow et al., 1977). 

1.5.1 Pathophysiological rationale of ECCO2R 

CO2 is present in the blood in dissolved form, as bicarbonate, and carbamino 

compounds (Arthurs & Sudhakar, 2005). It is important to recognise that dissolved 

CO2 is only a small portion of the total CO2 content in whole blood and consequently 

small changes in the partial pressure of CO2 can be associated with large changes in 

total CO2 content (Douglas et al., 1988; O'Neill & Robbins, 2017; Siggaard-Andersen, 

1971; West, 2011). The most consistent effect of ECCO2R in both clinical and pre-

clinical studies is to improve arterial pH through the direct removal of CO2 from the 

blood (figure 1.2) (Abrams & Brodie, 2013; Burki et al., 2013; Kluge et al., 2012; Moss 

et al., 2016; Sklar et al., 2015; Wearden et al., 2012). By removing CO2 from the blood, 

ECCO2R reduces hypercapnic acidosis and reduces the neural drive to breathe (Diehl, 

Piquilloud, et al., 2020; Karagiannidis, Strassmann, et al., 2019), which results in 

reduced respiratory rate and minute ventilation (Braune et al., 2016; Del Sorbo et al., 

2015; Karagiannidis, Hesselmann, et al., 2019; Karagiannidis et al., 2014; Moss et al., 

2016; Sklar et al., 2015).  

ECCO2R has consistently been shown to reduce PaO2 requiring the administration of 

supplemental oxygen (Fitzgerald et al., 2014; Gattinoni, Kolobow, Tomlinson, 

Iapichino, et al., 1978; Moss et al., 2016; Sklar et al., 2015). The mechanism for this is 

increased venous admixture secondary to reduced hypercapnic pulmonary 

vasoconstriction (Domino et al., 1983; Fanelli et al., 2016; Gattinoni, 2016).  

Right ventricular impairment due to acute pulmonary hypertension is common in 

COPD exacerbations due to the impact of hypercapnia, acidosis and hypoxaemia on 

the pulmonary circulation (Bouferrache & Vieillard-Baron, 2011; Mekontso Dessap et 

al., 2009). Improving pulmonary arterial PO2, PCO2 and pH lead to reductions in 

pulmonary arterial pressure and improvement in right ventricular function and 

cardiac output, thereby improving tissue oxygen delivery (Cherpanath et al., 2016; 

Reis Miranda et al., 2015).  
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There is limited data available about the impact of ECCO2R on other aspects of 

pulmonary physiology. A small pilot study reported on the changes associated with 

ECCO2R in patients with COPD weaning from a ventilator and found that intrinsic PEEP, 

inspiratory pulmonary resistance and work of breathing were all reduced (Pisani et 

al., 2015). It is possible that reductions in respiratory rate improve the time available 

for expiration and better match this to the lengthening of expiratory time constants. 

In turn this could reduce dynamic hyperinflation resulting in improved ventilatory 

efficiency, improved muscle fatigue and reduced dyspnoea (Lund & Federspiel, 2013; 

Morelli et al., 2017; Sklar et al., 2015).  

1.5.2 Evidence for ECCO2R 

The development of ECCO2R equipment has followed several stages. One early 

approach to ECCO2R was a pumpless arteriovenous (AV) device (Ohtake et al., 1983). 

This required the placement of a femoral arterial and venous cannulae with the 

patient’s cardiac output providing the pressure to drive blood through the 

membrane. A number of case reports and case series have been published using 

pumpless AV ECCO2R at a blood flow of >500mL/minute in the management of 

hypercapnic respiratory failure either to facilitate lung protective ventilation or 

manage primary hypercapnic respiratory failure (Bein et al., 2006; Bein et al., 2009; 

Elliot et al., 2007; Fischer et al., 2008; Mallick et al., 2007; Zimmermann et al., 2009; 

Zimmermann et al., 2006; Zwischenberger & Alpard, 2002; Zwischenberger et al., 

2001; Zwischenberger et al., 2002). In the reported series, there was a statistically 

significant decrease of arterial CO2, with an increase in arterial pH and an associated 

hospital survival of 36-70%. No randomised trials of AV ECCO2R have been reported. 

Complications of AV ECCO2R are significant, particularly bleeding (18-47% of 

patients), limb ischaemia (4.5-22%) circuit thrombosis (0-20%) and cardiac arrest or 

arrhythmia (5-14%) (Bein et al., 2006; Brunet et al., 1993; Gattinoni et al., 1986; 

Morris et al., 1994).  

The development of pumped systems allowed the use of veno-venous (VV) ECCO2R 

(Terragni et al., 2012). These systems avoid the complications associated with arterial 

cannulation (Garcia et al., 2011; Terragni et al., 2009). Pumped systems use either 
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two single lumen cannulae or one double lumen cannulae with a centrifugal pump to 

achieve blood flows of 300-1000mL/minute. A variable gas flow is then run through 

the membrane to clear CO2. Animal studies have consistently demonstrated that this 

approach is efficacious in controlling arterial CO2 with blood flow under 

500mL/minute and over 500mL/minute (Batchinsky et al., 2011; Cardenas et al., 

2009; Dorrington et al., 1989; Livigni et al., 2006; Ruberto et al., 2009). Uncontrolled 

case series in humans have also demonstrated efficacy of VV ECCO2R for CO2 control, 

including in patients with AECOPD (Cardenas et al., 2009; Garcia et al., 2011; 

Gattinoni et al., 1986; Kluge et al., 2012; Wearden et al., 2012) (Engel et al., 2016; 

Hilty et al., 2017; Ontario, 2010). However, a retrospective propensity matched case-

control study using VV ECCO2R in COPD found no significant difference in outcome 

was associated with the use of ECCO2R (Braune et al., 2016). Recently VV ECCO2R has 

been shown to be safe when combined with renal replacement therapy platforms for 

patients with acute respiratory distress syndrome (Husain-Syed et al., 2020; Schmidt 

et al., 2018) and AECOPD (Consales et al., 2021). However, prospective randomised 

outcome data are lacking. 

1.5.3 Study device 

The Hemolung ECCO2R device is CE marked for VV ECCO2R and has blood flow of 

under 500mL/minute. In work by Batchinsky (2011) using a healthy swine model, 

ECCO2R using the Hemolung device enabled a 50% reduction in native lung CO2 

clearance that reduced native lung minute ventilation and maintained arterial 

normocapnoea (Batchinsky et al., 2011). In a case series using the Hemolung device 

in 20 patients with hypercapnic respiratory failure due to AECOPD, including 7 

receiving NIV, the device restored arterial CO2 and pH to the patient’s baseline within 

24 hours and maintained the arterial CO2/pH until the conclusion of the study 

protocol (Burki et al., 2013). Patients remained on Hemolung for a mean of 104 hours 

(0.2-192 hours) and had a mortality of 7/20. Furthermore, in the patients with COPD 

at risk of failing NIV there were no patients who required intubation (Burki et al., 

2013). Other series of patients with AECOPD managed with VV ECCO2R have 

demonstrated reduced respiratory rate with increasing CO2 removal in a series of 6 

patients with COPD, although work of breathing was not directly measured (Spinelli 
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et al., 2013). Use of the device has also been explored as an addition to invasive 

mechanical ventilation with resulting improvement in respiratory acidosis (Diehl, 

Piquilloud, et al., 2020). There have been no trials exploring the physiological impact 

of VV ECCO2R in AECOPD. There have been no randomised controlled trials of the 

impact of VV ECCO2R on patient outcomes in AECOPD. 

1.6 Rationale for the thesis 

Exacerbations of COPD remain a significant clinical problem with NIV providing 

significant benefits but with up to 30% of patients failing to improve with NIV.  

ECCO2R shows promise as a technique to remove CO2 but currently robust evidence 

from prospective randomised trial data is lacking. In addition, there is scanty data on 

the physiological consequences on gas exchange, respiratory effort and dyspnoea of 

ECCO2R in comparison with NIV. 

Using the physiological model illustrated in figure 1.2, the main aims of this thesis are 

to describe: the efficiency of a ECCO2R device in CO2 removal (chapter 2), the effects 

of ECCO2R compared with NIV in patients with AECOPD (chapter 3) and the impact of 

ECCO2R compared to NIV on work of breathing and the regional distribution of 

ventilation (chapter 4).  
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Chapter 2: Carbon dioxide transfer across artificial membranes 

2.1 Introduction 

Carbon dioxide carriage in the blood has been considered in section 1.2.1. Transfer 

across membranes, membrane efficiency and both in vitro and in vivo performance 

will be considered in this chapter. 

2.1.1 Membranes 

ECCO2R membranes enable gas exchange (mainly CO2 removal) in a manner 

analogous to the native lung with a capillary network within the membrane allowing 

a flow of gas and blood through separate channels (Kolobow & Bowman, 1963). The 

blood flow through the artificial lung can be considered analogous to the perfusion 

of the native lung, while the sweep gas flow rate can be considered analogous to 

minute ventilation – in practice increasing sweep gas flow rate increases CO2 

clearance (Federspiel & Hattler, 1996). Hollow-fibre membranes are constructed of 

polymethylpentene or siloxane which have been demonstrated to be more durable 

and have a lower impact on the blood than silicon membranes (Horton et al., 2004).  

The Hemolung is the membrane used in the current study. The Hemolung membrane 

is composed of a cylindrical bundle of siloxane and heparin-coated hollow-fibre 

membrane positioned around a spinning core which centrifugally pushes blood 

through the cartridge resulting in mixing of the blood. CO2 removal is achieved by 

passing sweep gas (air or 100% O2) through the gas channel. The total surface area of 

the membrane is 0.59 m2. The priming volume of the circuit is 280mL.  

2.1.2 Carbon dioxide clearance through membrane oxygenators 

Carbon dioxide clearance by the native lung is affected by numerous factors including 

CO2 production, mixed venous carbon dioxide content, minute ventilation, acid-base 

equilibrium, dead space and shunt within the lungs, cardiac output and tissue stores 

of carbon dioxide (Cherniack & Longobardo, 1970; Ramos et al., 2013). Carbon 

dioxide transfer across the membrane lung is affected by the same factors but is also 

dependent upon the diffusion gradient, transit time across the membrane, the 
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membrane material, blood flow rate and sweep flow rate (Park et al., 2013; Sun et al., 

2018). The diffusion gradient is maintained by clearance of CO2 using the sweep gas 

(air, oxygen or CO2/O2 mix - carbogen) flowing across the semi-permeable membrane 

with a higher sweep gas rate maintaining a higher diffusion gradient which in turn 

leads to a greater degree of CO2 clearance from any given volume of blood (Cove & 

Federspiel, 2015; Park et al., 2013). This means that at a fixed blood flow, sweep gas 

blood flow rate can be considered analogous to minute ventilation in the native lung. 

Blood flow through the membrane is analogous to cardiac output with a higher blood 

flow delivering a greater volume of CO2 per minute to the membrane and 

consequently resulting in higher clearance (Karagiannidis et al., 2017).  

Membrane lungs are affected by inequalities in the distribution of sweep gas and 

blood flows leading to regional ventilation-perfusion mismatch (Bartlett, 2017). This 

may be considered, superficially, as being analogous to dead space and shunt within 

the native lung. “Shunt” in the membrane lung is commonly caused by a blockage of 

the gas capillaries (eg through water saturation due to water transfer from the blood 

to the gas capillary), whilst “dead space” is commonly caused by a blockage within 

the blood path (eg through thrombus formation). Although rare, gas exchange 

membrane layers can fail, caused, for example, by lipid saturation of the interface. 

Gas transfer across the membrane is dependent upon blood flow and can be 

measured in mL/minute of O2 or CO2.  

Oxygen transfer across the membrane can be calculated from the transmembrane 

differences in oxygen content (equations 2.1 and 2.2). 

VO2 ML (mL/min) = (CtO2 (post) – CtO2 (pre) (mL/dL))*10*blood flow (L/min) [Eq 2.1] 

Equation 2.1: Oxygen transfer across the membrane. CtO2 (post) is the O2 

content in blood after the membrane, CtO2 (pre) is the O2 content in blood 

before the membrane. 

 CtO2 = (Hb*1.39*SO2*0.01) + (PO2*0.0231) [Eq 2.2] 

Equation 2.2: Oxygen content of blood (mL/dL). Hb (g/dL) and PO2 (kPa). 
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Carbon dioxide transfer across the membrane can be calculated either from the 

trans-membrane CO2 content difference (equation 2.3) or from the CO2 partial 

pressure in the effluent gas (equation 2.4). 

 VCO2 ML = (CtCO2 (pre) – CtCO2 (post))*blood flow*22.414 [Eq 2.3] 

Equation 2.3: Carbon dioxide transfer across the membrane calculated 

from the trans-membrane CO2 content difference. CtCO2 (post) is the CO2 

content in blood after the membrane, CtCO2 (post) is the CO2 content in 

blood before the membrane (equation 1.2). VCO2 ML is measured in 

mL/min, blood flow is measured in L/min, CtCO2 is measured in mmol/L 

and the correction factor is in mL/mmol. The correction factor is for gases 

at standard temperature, pressure and without water vapour (STPD) 

rather than at body temperature, pressure and saturated (BTPS).  

 VCO2 ML = (PCO2 ML (exp))*(7.5/760)*(sweep gas flow rate*1000) [Eq 2.4] 

Equation 2.4: Carbon dioxide transfer across the membrane calculated 

from the partial pressure of CO2 in the effluent gas. PCO2 ML (exp) is the 

partial pressure of CO2 in the effluent gas (kPa). VCO2 ML is measured in 

mL/min, the correction factors are 7.5mmHg/kPa and 760mmHg, sweep 

gas in L/min. 

The total CO2 content of venous blood, including dissolved CO2, bicarbonate and 

carboxyhaemoglobin, is approximately 500mL/litre, compared with 400-450mL/litre 

in arterial blood (Arthurs & Sudhakar, 2005). CO2 exhibits biphasic clearance kinetics, 

with an initial rapid decline in PaCO2 followed by a slower decline over time (Sun et 

al., 2018). This is caused by the rapid removal of dissolved CO2, enzymatic catalytic 

conversion of bicarbonate to CO2 via carbonic anhydrase and a slower equilibration 

of blood and tissues stores of CO2 (Muller et al., 2009). Although the conversion of 

bicarbonate to CO2 is relatively rapid, CO2 removal has been shown to be enhanced 

by the acidification of blood immediately prior to the membrane lung using infusions 

of lactic acid, coating the membrane in carbonic anhydrase or using an acidified 

sweep gas (Arazawa et al., 2015; Zanella et al., 2013; Zanella et al., 2009). In a 
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perfectly efficient system where all dissolved CO2 is removed, the total VCO2 of 

approximately 250mL/minute could be achieved from a blood flow of 0.5L/minute. In 

practice this is not achievable during the membrane transit time of 15-30 seconds 

(Gattinoni, Kolobow, Agostoni, et al., 1979; Gattinoni, Kolobow, Damia, et al., 1979; 

Gattinoni, Kolobow, Tomlinson, Iapichino, et al., 1978; Gattinoni, Kolobow, Tomlinson, 

White, et al., 1978; Karagiannidis et al., 2017). This is due to diffusion limitation within 

the membrane lung and consequently a reduced mass transfer of CO2 with higher V/Q 

(Turri & Yanagihara, 2011). 

Although V/Q inequalities as described above can occur within the membrane lung, 

in practice the ventilation substantially exceeds the blood flow by up to 10-20 times 

depending on the device, leading to wasted ventilation. CO2 transfer at low sweep 

gas flows relative to blood flow (V/Q <1) equilibrates with inlet PCO2 before the end 

of the capillary indicating that CO2 transfer is gas flow limited (Turri & Yanagihara, 

2011). At high sweep gas flow rates relative to blood flow (V/Q>2), equilibration does 

not occur, rather CO2 transfer occurs along the full length of the capillary and hence 

there is diffusion limitation (Turri & Yanagihara, 2011). Diffusion limitation can be 

described in terms of the effectiveness of mass transfer – the fraction of the 

maximum transfer of CO2 that could be transferred should it have fully equilibrated 

(Turri & Yanagihara, 2011). 

To calculate the proportion of wasted ventilation or mass transfer effectiveness of 

the membrane lung, measurement of the partial pressure of CO2 in the effluent gases 

is required.  

 EfCO2 = PECO2 / PCO2 ML (pre) [Eq 2.5] 

Equation 2.5: Mass transfer effectiveness (EfCO2) in the membrane lung 

(%). PECO2 is the partial pressure of CO2 in the effluent gas, PCO2 ML(pre) is 

the partial pressure of CO2 in the pre-membrane blood. 

The relationship between CO2 clearance and blood flow in extracorporeal circuits due 

to the change in mass transfer effectiveness is non-linear with a plateau reached with 

a ventilation/perfusion ratio of 10:1 (Cove & Federspiel, 2015; Gattinoni et al., 1983; 
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MacLaren, 2012; Pesenti et al., 2010; Sun et al., 2018; Terragni et al., 2012; Terragni 

et al., 2010). In practice this means that for any given blood flow rate, the 

proportional change in CO2 clearance is greater when changes are made at lower 

sweep flow rates than when they are made at higher sweep flow rates (Federspiel & 

Hattler, 1996; Lehle et al., 2014).  

There is limited published data on the CO2 removal which can be achieved using the 

Hemolung membrane (Wearden et al., 2012). Furthermore, the available data reports 

measurements from the device without independent confirmation of the accuracy of 

these measurements. The method of assessment and validation of the device VCO2 

measurement is not in the public domain. It is unknown whether the device measures 

VCO2 at standard temperature (0°C), pressure and dry (STPD), body standard 

temperature (37°C) and saturated with water vapour (BTPS) or ambient temperature 

and pressure (ATP). The differing measurement conditions have been shown to make 

a significant difference to the calculations of VCO2 (D'Albo et al.). 

To explore this, two separate studies were undertaken – an in-vitro study using human 

blood and exogenous CO2 (Barrett et al., 2020b) and in-vivo in patients with AECOPD 

(Barrett et al., 2020a).  
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2.2 In vitro CO2 clearance across the membrane 

2.2.1 Introduction 

A blood and crystalloid primed circuit using packed red cells was used to understand 

the impact of ECCO2R clearing CO2 from blood. The guidelines suggest that tests are 

undertaken using an approximation of clinical conditions. To achieve this, it is 

suggested that the following blood inlet conditions occur: blood oxygen saturation of 

65 ± 5 %; haemoglobin, 8 ± 2 g/dL; base excess, 0 ± 5 mmol/L; partial pressure of 

carbon dioxide in blood, PCO2, 6.0 ± 0.7 kPa. The circuit temperature should be 

maintained at 37°C. The device should be run at the manufacturer’s specified blood 

flow rate attached to an appropriate test circuit and last 6 hours (ISO, 2016). Given 

the requirement to use the device in patients with hypercapnic respiratory failure, a 

model providing an elevated PCO2 with a respiratory acidosis was developed.  

2.2.2 Method 

2.2.2.1 Ethical approval 

The study was approved by the Guy’s and St Thomas’ NHS Foundation Trust 

transfusion review committee. Anonymous donor packed red blood cells which had 

expired, were scheduled for destruction and were unable to be used for human 

transfusion were used. Other blood components (plasma, platelets and white blood 

cells) were not available. Need for informed consent was waived.  

2.2.2.2 Circuit 

The experimental set-up was designed to form a steady state between CO2 addition 

and removal. To achieve this, three separate membranes were used. The adult ECMO 

circuit provided a pump and membrane to drive total flow through the circuit and 

clear CO2/add O2 in a constant manner. A paediatric membrane was used to add CO2, 

representing the metabolic CO2 load. The test ECCO2R circuit then provided variable 

sweep gas with a constant blood flow to assess membrane VCO2. The set-up was 

formed using a Quadrox HLS oxygenator on a Cardiohelp circuit (Gettinge, Stockholm, 

Sweden), paediatric Quadrox oxygenator (Gettinge, Stockholm, Sweden), priming bag 
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(Gettinge, Stockholm, Sweden) and a Hemolung circuit (ALung, Pittsburgh, USA). The 

priming bag was added as a reservoir to allow removal of fluid from the circuit for 

analysis. The total surface area of the test membrane is 0.59 m2. Only one 

experimental circuit was set-up. The circuit schematic is described in figure 2.1.  

 

Figure 2.1: Circuit schematic 

Bridge connections were formed using 3/8”/1/4” y-connectors (figure 2.1 and 2.2). 

Bridge connections were used to allow most of the blood to bypass the paediatric and 

ECCO2R membranes. The paediatric membrane is rated to 500mL/minute, the ECCO2R 

circuit operates at 350-450mL/minute and the ECMO circuit is rated at 3-7L/minute. 

The circuit was primed with 1L balanced crystalloid solution (plasmalyte1 (Baxter, 

Illinois, USA)), 1052mL packed red blood cells (4 units, compatible, O negative, 

human, expired) and 120mL 8.4% sodium bicarbonate (figure 2.9). The pH of the 

circuit without CO2 running was 6.98 and the pH of the circuit with CO2 added was 

7.02, the HCO3 was 25mmol/L, base excess -5mEq/L, the haemoglobin was 7g/dL. 

Although the packed cells contained citrate, given that plasmalyte contains calcium 

ions, additional anticoagulation was provided with 10000 units of heparin.  

Blood flows through the different circuit components were measured. Total circuit 

flow was measured using the Cardiohelp integrated monitoring (4000mL/min), the 

 
1 1L Plasmalyte contains: 140 mmol sodium, 5 mmol potassium, 3 mmol magnesium, 98 mmol 
chloride, 27 mmol acetate, and 23 mmol gluconate EMC. (2018). Summary of product characteristics: 
Plasmalyte solution for infusion. Retrieved 14/7/2023 from 
https://www.medicines.org.uk/emc/product/1795/smpc#gref 
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paediatric membrane flow was measured using an ultrasonic flowmeter (Spectrum 

Medical, South Carolina, USA) (430mL/min) and the flow through the Hemolung was 

measured using integrated monitoring controller (400mL/min). Blood flows remained 

constant for the duration of the experiment.  

Carbogen was not available, consequently CO2 addition and O2 addition had to be 

managed separately. The sweep gas used by the paediatric oxygenator was 100% 

medical CO2 at a constant 0.5L/min via a ball flow meter. The sweep gas used by the 

Cardiohelp was 100% medical O2 at a constant 2L/min via a ball flowmeter. The sweep 

gas used by the Hemolung was room air with a variable rate controlled by the device 

(0-10L/min). Medical nitrogen was not available and consequently pre-membrane 

saturations of 65±5% were not able to be achieved.  

One quarter inch (¼”) connectors with high flow pigtails and 3-way taps were cut into 

the Hemolung circuit before and after the membrane to allow measurement of pre-

ECCO2R and post-ECCO2R circuit gases. Another ¼” connector was cut into the 

effluent line on the Hemolung (figure 2.3) and connected to a PC-900B capnograph 

(Creative Industries, Shenzen, China) via a 3-way tap. The capnograph measured the 

concentration of CO2 averaged over 10 seconds in kPa and drew 100mL/min from the 

effluent gas line. The 3-way tap was opened intermittently to the circuit to prevent 

saturation of the capnometer. In the ECMO circuit, high flow pigtails with 3-way taps 

were added to the existing pre-membrane and post-membrane access points to 

facilitate ECMO circuit gases. Constant circuit temperature of 37°C was maintained 

using a Paratherm heater-cooler (Chalice Medical, Nottinghamshire, UK)..  
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Figure 2.2: The paediatric membrane connected via a bridge. 

 

Figure 2.3: The ¼” connector cut into the gas effluent line on the 

Hemolung to allow connection to the capnograph. 
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Figure 2.4: The blood primed circuit 

The total duration of the study was 6 hours. For the first hour, the ECCO2R sweep gas 

flow rate was 0 L/minute. Following this the ECCO2R sweep gas was increased by 

1L/minute every 30 minutes until the ECCO2R device maximum of 10L/minute was 

reached. The fraction of inspired oxygen of the ECCO2R sweep gas was 0.21. The 

following measurements were recorded every 15 minutes after a change in sweep 

gas flow rate: 

1. Pre-ECMO circuit blood gas 

2. Post-ECMO circuit blood gas 

3. Pre-ECCO2R circuit blood gas 

4. Post-ECCO2R circuit blood gas 

5. Concentration of CO2 in the ECCO2R effluent gas 

6. The CO2 removal reported by the ECCO2R device 

7. The ECCO2R sweep flow rate. 

All blood gases were measured using a Cobas B 221 blood gas analyser (Roche, Basel, 

Switzerland). Blood gases were performed in the following manner: 10mL of fluid was 

withdrawn and discarded to ensure clearance of the dead space within the 3-way 

connector and high-flow pigtail (dead space volume of 2.6 mL); 2mL of fluid was 

withdrawn into a heparinised blood gas syringe. 
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2.2.2.3 Data measurement 

For each gas, the following data was recorded: pH, PCO2, PO2, HCO3, base excess, Hb, 

SO2. 

CO2 content was described in mmol/L using equation 1.5 

VCO2 was described in mL/min using three separate methods: 

1. VCO2 was recorded directly from the ECCO2R device.  

2. Calculated from the trans-membrane CO2 difference (equation 2.3) 

3. Calculated from the partial pressure of CO2 in the effluent gas (equation 2.4) 

Mass transfer effectiveness (%) was calculated using equation 2.5. 

2.2.2.4 Statistical analysis 

Data was recorded in Microsoft Excel database. Statistical analysis was performed in 

Prism 9.1 for Mac (Graphpad, California, USA). Gas flow was plotted against VCO2 

(calculated from trans-membrane difference). Comparison of VCO2 measured by the 

trans-membrane CO2 difference and calculated from the effluent gas was compared 

with that reported by the device using a Bland-Altman analysis (Bland & Altman, 

1986). A linear regression of mass transfer effectiveness for CO2 transfer compared 

with gas flow was undertaken. One-way Analysis of Variance (Kruskal-Wallis) was used 

to compare the different methods to obtain VCO2: 

1. VCO2 calculated as a trans-membrane CO2 content difference from 

calculations using the Douglas equation vs VCO2 (E) measured by the 

ECCO2R device. 

2. VCO2 (E) measured by the ECCO2R device vs VCO2 (P) calculated from the 

partial pressure of CO2 in the effluent gas. 

  



ECCO2R in AECOPD 59 

2.2.3 Results 

Results of the ECCO2R circuit gases demonstrate a constant inlet PCO2 (table 2.1). The 

impact of sweep gas flow on CO2 content is also demonstrated (table 2.2). Results of 

the ECMO circuit gases demonstrate that a steady state has been achieved (tables 

2.3). The different VCO2 calculations are compared using a Bland-Altman analysis in 

figures 2.5-2.6. The relationship between VCO2 and gas flow is demonstrated in figure 

2.7. The relationship between mass transfer effectiveness with gas flow is 

demonstrated in figures 2.8. 

The comparison VCO2 measured by the ECCO2R device is compared with the VCO2 

calculated as a trans-membrane CO2 content there is a strong, linear correlation with 

minimal bias (figure 2.5). VCO2 measured by the ECCO2R device and the VCO2 

calculated from the partial pressure of CO2 in the effluent gas (figure 2.6) also shows 

a strong, linear correlation with minimal bias (R2 = 0.99, bias -6.1, SD 4.3). The 

relationship between gas flow and VCO2 measured by the ECCO2R device is described 

in figure 2.7. There is a rapid increase in CO2 removal from crystalloid which plateaus 

after 4L/min sweep gas flow. Mass transfer effectiveness for CO2 is demonstrated in 

figure 2.8.  
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BF(E) GF(E) BF(P) GF(P) BF(EC) GF(EC) pH 

(pre) 
pH 

(post) PCO2 (pre) PCO2 
(post) 

CtCO2 
(pre) 

CtCO2 
(post) 

4 2 0.43 0.5 0.41 0 7.019 7.057 16.58 14.52 32.9 31 

4 2 0.43 0.5 0.41 1 7.011 7.325 15.15 6.24 29.5 23.3 

4 2 0.43 0.5 0.41 2 7.025 7.269 15.09 7.24 30.3 24 

4 2 0.43 0.5 0.41 3 7.018 7.35 15.08 5.78 31.2 22.8 

4 2 0.43 0.5 0.41 4 7.01 7.357 16.33 5.62 31.8 22.4 

4 2 0.43 0.5 0.41 5 7.008 7.365 16.05 5.42 31.1 22.7 

4 2 0.43 0.5 0.41 6 7.006 7.373 16.07 5.21 31 22 

4 2 0.43 0.5 0.41 7 7 7.376 16.36 5.25 31.3 21.7 

4 2 0.43 0.5 0.41 8 6.995 7.38 16.77 5.09 30 21.3 

4 2 0.43 0.5 0.41 9 7.003 7.386 16.19 4.96 31.1 21.1 

4 2 0.43 0.5 0.41 10 7.003 7.378 16.38 5.14 31.4 21.4 

Table 2.1: ECCO2R transmembrane gas measurements. BF(E) is blood flow 

via ECMO membrane (L/min), GF(E) is gas flow via ECMO membrane 

(L/min), BF(P) is blood flow via paediatric membrane (L/min), GF(P) is gas 

flow via paediatric membrane (L/min), BF(EC) is blood flow via ECCO2R 

membrane (L/min), GF(EC) is gas flow via ECCO2R membrane (L/min). 

PCO2 is partial pressure of CO2 (kPa) and CtCO2 is CO2 content (mmol/L), 

all of which are measured directly/calculated by the gas analyser. The 

nomenclature pre/post refers to the inlet and outlet of the Hemolung 

membrane respectively. 
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BF(EC) GF(EC) CtCO2 

(pre) 

CtCO2 

(post) 

VCO2 

dCtCO2 
PECO2 VCO2 

(P) 

VCO2 

(E) 

0.41 0 33.6 33.2 4.3 0 0.0 0.0 

0.41 1 31.5 25.2 57.9 4.9 48.4 50.0 

0.41 2 32.3 25.9 58.5 3.4 67.1 66.0 

0.41 3 33.1 24.7 77.1 2.3 68.1 72.0 

0.41 4 33.9 24.4 87.4 1.9 75.0 84.0 

0.41 5 33.1 23.9 84.5 1.5 74.0 86.0 

0.41 6 33.0 23.4 88.6 1.4 82.9 92.0 

0.41 7 33.3 23.7 88.2 1.2 82.9 91.0 

0.41 8 33.8 23.2 96.7 1.1 86.8 95.0 

0.41 9 33.1 22.9 94.0 1 88.8 96.0 

0.41 10 33.5 23.3 94.0 0.9 88.8 98.0 

Table 2.2: ECCO2R circuit transmembrane CO2 content: CtCO2 (pre) is the 

plasma content of CO2 in the pre-membrane sample (mmol/L). CtCO2 

(post) is the plasma content of CO2 in the post-membrane sample 

(mmol/L). dCtCO2 is the content difference of the samples (mmol/L). VCO2 

(dCtCO2) is calculated from the CO2 content difference between the pre-

membrane and post-membrane samples (mL/min). PECO2 is the partial 

pressure of CO2 measured in the effluent gas (kPa). VCO2(P) is the CO2 

transfer derived from equation 2.8 (mL/min). VCO2(E) is the CO2 transfer 

measured by the ECCO2R circuit (mL/min). 
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BF(E) GF(E) BF(P) GF(P) BF(EC) GF(EC) pH 
(pre) 

pH 
(post) 

PCO2 
(pre) 

PCO2 
(post) 

CtCO2 
(pre) 

CtCO2 
(post) 

4 2 0.43 0.5 0.41 0 7 7.116 16.57 12.08 31.7 29.1 

4 2 0.43 0.5 0.41 1 7.033 7.159 14.77 10.46 30.1 27.5 

4 2 0.43 0.5 0.41 2 7.038 7.143 14.7 10.85 30.3 27.7 

4 2 0.43 0.5 0.41 3 7.014 7.117 15.15 11.11 29.7 26.8 

4 2 0.43 0.5 0.41 4 7.049 7.132 14.21 11.03 29.8 27.4 

4 2 0.43 0.5 0.41 5 7.04 7.131 14.76 10.84 30.5 26.9 

4 2 0.43 0.5 0.41 6 7.035 7.135 14.77 11.02 30.2 27.6 

4 2 0.43 0.5 0.41 7 7.029 7.124 14.95 11.24 30.3 27.5 

4 2 0.43 0.5 0.41 8 7.024 7.116 15.04 11.4 30 27.4 

4 2 0.43 0.5 0.41 9 7.037 7.127 14.75 11.16 30.2 27.5 

4 2 0.43 0.5 0.41 10 7.033 7.122 14.93 11.27 30.4 27.5 

Table 2.3: ECMO transmembrane gas CO2 measurements: BF(E) is blood 

flow via ECMO membrane (L/min), GF(E) is gas flow via ECMO membrane 

(L/min), BF(P) is blood flow via paediatric membrane (L/min), GF(P) is gas 

flow via paediatric membrane (L/min), BF(EC) is blood flow via ECCO2R 

membrane (L/min), GF(EC) is gas flow via ECCO2R membrane (L/min). 

PCO2 is partial pressure of CO2 (kPa) and CtCO2 is CO2 content (mmol/L). 

CtCO2 (pre) is the plasma content of CO2 in the pre-membrane sample 

(mmol/L). CtCO2 (post) is the plasma content of CO2 in the post-

membrane sample (mmol/L).  
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(a)     (b) 

Figure 2.5: (a) Bland-Altman analysis of the VCO2 (mL/min) measured by 

the ECCO2R device (VCO2(E)) vs VCO2 (mL/min) calculated from trans-

membrane CO2 content difference (VCO2(D)) in blood in vitro and (b) 

linear regression comparing the VCO2 (mL/min) measured by the ECCO2R 

device (VCO2(E)) vs VCO2 (mL/min) calculated from trans-membrane CO2 

content difference (VCO2(D)) in blood in vitro. 
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 (a)     (b) 

Figure 2.6: (a) Bland-Altman analysis of the VCO2 (mL/min) measured by 

the ECCO2R device (VCO2(E)) vs VCO2 (mL/min) calculated from the partial 

pressure of CO2 in the effluent gas (VCO2(P)) in blood in vitro and (b) linear 

regression comparing the VCO2 (mL/min) measured by the ECCO2R device 

(VCO2(E)) vs VCO2 (mL/min) calculated from the partial pressure of CO2 in 

the effluent gas (VCO2(P)) in blood in vitro. 

 

 

Figure 2.7: VCO2 (E) (mL/min) measured by the ECCO2R device vs gas 

flow (L/min) in blood in vitro. 

 

20 40 60 80 100

-10

-5

0

5

-1.96 SD       

Bias          

+1.96 SD           

Average

D
iff

er
en

ce

Bias
SD of bias
95% Limits of Agreement

From
To

-6.1
4.3

-15
2.3

0 20 40 60 80 100 120
0

50

100

VCO2 (P) (mL/min)

VC
O

2 (
E)

 (m
L/

m
in

)

R2 =0.99
p < 0.001

0 1 2 3 4 5 6 7 8 9 10
0

50

100

GasFlow (L min-1)

VC
O

2 
(E

) (
m

L/
m

in
)



ECCO2R in AECOPD 65 

  

Figure 2.8: Mass transfer effectiveness of CO2 across the Hemolung 

membrane. EfCO2 is mass transfer effectiveness of CO2. 

2.2.4 Discussion 

The in vitro testing undertaken in the current study provides an independent 

demonstration of a dedicated low flow ECCO2R device characteristics using a blood 

prime. The results indicate that there is a strong correlation between the different 

methods of VCO2 calculation and, importantly, demonstrate a strong linear 

relationship with minimal bias between the measurement of VCO2 through the device 

with methods using trans-membrane blood gases and partial pressure CO2 in the 

effluent gas. The experimental set-up provided steady state conditions at the ECCO2R 

inlet and across the ECMO membrane with the only variable being the ECCO2R sweep 

gas flow rate. The results of in vitro testing have been published (Barrett et al., 2020b). 

Gas exchange membranes are expected to conform with the International Standards 

Organisation standard 7199:2016 (ISO, 2016). For clinical testing, this standard 

requires a haemoglobin concentration of 8±2g/dL, inlet PCO2 of 6±0.7kPa and base 

excess of 0±5 mEq/L. Regulators need to be informed of results, however there is no 

requirement for this data to be available to end-users. Corporate data measuring 

VCO2 using this device from expiratory port gases (Jeffries et al., 2014; Wearden et 

al., 2012) is available, however neither independent in vitro measurements nor 
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comparisons with transmembrane gases are available in the literature. The baseline 

conditions were generally in accordance with the European testing regime but had 

some important differences to demonstrate CO2 clearance in a model closer to that 

of patients with severe respiratory failure (Di Lascio et al., 2017; Jiang et al., 2017). 

The pH was lower, and CO2 content higher than in guidelines and the haemoglobin 

chosen (7g/dL), is in keeping with current British Society of Haematology guidelines 

for transfusion in critical illness (Retter et al., 2013).  

Although the relationship between CO2 clearance and both blood and sweep gas flow 

in this extracorporeal circuit is highly sensitive to changes in gas flow rate at low gas 

flow rates, it becomes less sensitive at high sweep flow rates, similar to other reports 

in the literature (Federspiel & Hattler, 1996; Gattinoni, Kolobow, Agostoni, et al., 

1979; Gattinoni, Kolobow, Damia, et al., 1979; Gattinoni, Kolobow, Tomlinson, 

Iapichino, et al., 1978; Gattinoni, Kolobow, Tomlinson, White, et al., 1978; Lehle et 

al., 2014; Sun et al., 2018). This differs to the relationship described in healthy humans 

where relationship between CO2 clearance is linear over physiological ranges. 

However, the situation in humans is more complex with changes in minute 

ventilation, pulmonary blood flow, venous blood CO2 content and respiratory drive. 

The relationship between sweep gas flow rate and VCO2 at a constant blood flow has 

been demonstrated to plateau at approximately 4L/minute sweep flow for 

0.4L/minute blood flow (figure 2.7). The ventilation/perfusion ratio of approximately 

10:1 is reported as representing the limit of efficiency for an artificial membrane lung, 

unless alternative means of increasing CO2 removal from the blood are used (e.g. 

exogenous acidification) (Federspiel & Hattler, 1996; Gattinoni, Kolobow, Agostoni, et 

al., 1979; Gattinoni, Kolobow, Damia, et al., 1979; Gattinoni, Kolobow, Tomlinson, 

Iapichino, et al., 1978; Gattinoni, Kolobow, Tomlinson, White, et al., 1978; Lehle et al., 

2014; Scaravilli et al., 2016; Scaravilli et al., 2015; Sun et al., 2018). To gain further 

increases in CO2 clearance an increase in blood flow is required (de Villiers Hugo et 

al., 2017; Joyce et al., 2018; Karagiannidis et al., 2017; Muller et al., 2009).  

The mass transfer effectiveness of this membrane lung is 0.15 at 1L sweep gas flow 

rate indicating that equilibration does not occur at the lowest possible sweep gas flow 

rate (Turri & Yanagihara, 2011). Membrane lungs can be affected by inequalities in 
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the distribution of sweep gas and blood flows leading to regional ventilation-

perfusion mismatch thereby reducing their efficiency (Bartlett, 2017). However the 

mass transfer efficiency of CO2 in the current membrane likely relates to the V/Q 

relationship, which at even the lowest gas flow available on the device is over 2:1. 

Consequently due to the blood flow achieved by the device, there is a diffusion 

limitation which results in a low mass transfer effectiveness of CO2 and incomplete 

equilibration of CO2 at all gas flow rates in keeping with other membranes with 

similar V/Q relationships (Turri & Yanagihara, 2011).  

This study has several limitations. The experiment was performed in only one low-

flow system (0.59m2 membrane surface area, blood flow 0.35-0.45L/min) and results 

cannot be extrapolated to different devices, however results are in keeping other 

studies using different devices (de Villiers Hugo et al., 2017; Joyce et al., 2018; 

Karagiannidis et al., 2017; Muller et al., 2009; Sun et al., 2018). The conditions used, 

particularly haemoglobin, pH and PCO2 were not those recommended for the bench 

testing (ISO, 2016), however they are within the spectrum seen in clinical practice (Di 

Lascio et al., 2017; Jiang et al., 2017; Retter et al., 2013). Another limitation is that it 

is not known whether the device measures VCO2 at standard temperature (0°C), 

pressure and dry (STPD), body standard temperature (37°C) and saturated with water 

vapour (BTPS) or ambient temperature and pressure (ATP). This introduces a source 

of potential error (D'Albo et al.). Only one circuit was able to be set up and only one 

set of blood gases at sweep gas flow rate was used in the analysis. Expired human 

packed red cell concentrates were used and it is possible that the lack of other 

components of whole blood (plasma and cellular) or the performance of expired red 

blood cells is not the same as blood in vitro. It is acknowledged that the CO2 

compartments in this model include dissolved CO2, bicarbonate and carbamino 

compounds, there is no renal compensatory mechanisms, nor are there any tissue 

stores of CO2, however given the relatively slow turnover, it is unlikely to have 

significantly contributed over the time scale of the present study (Muller et al., 2009). 

The present study also used a constant CO2 load, whereas in vivo there is a variable 

load depending on metabolic demands (Cabello & Mancebo, 2006; Moxham & Jolley, 

2009). Many of these limitations can be addressed by measuring VCO2 in vitro. 
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2.3 In-vivo CO2 Gas exchange across the membrane 

2.3.1 Introduction 

In-vitro testing of the Hemolung device using a blood prime has demonstrated that 

the VCO2 reported by the device is accurate within the limitations of testing. It also 

demonstrated that a V:Q relationship of 10:1 (i.e., 4L/minute sweep gas flow) 

represents the limit of CO2 clearance using the device, in keeping with the literature 

(de Villiers Hugo et al., 2017; Hout et al., 2000; Karagiannidis, Hesselmann, et al., 

2019). Other factors relevant in clinical practice include the PCO2 gradient between 

the venous blood and the sweep gas; the transit time across the membrane; the 

membrane surface area and the membrane material (Cove & Federspiel, 2015; Park 

et al., 2013). There is no clinical data available in devices with a blood flow of under 

one litre per minute, although there is for devices of blood flow of more than 

1L/minute (Muller et al., 2009).  

2.3.2 Methods 

2.3.2.1 Ethical approval 

The trial received prospective ethical approval from the UK Human Research 

Authority (14/E/0109). Informed written consent was obtained from patients or their 

designated legal representative.  

2.3.2.2 Inclusion criteria 

Patients were included if they had confirmed AECOPD, the arterial pH remained less 

than 7.30 due to hypercapnia after medical therapy, a minimum of 1-hour NIV, were 

over 18 years of age and were randomised to and commenced on ECCO2R as part of 

the randomised controlled trial of ECCO2R in AECOPD (ClinicalTrials.gov: 

NCT02086084). A subset of 8 patients were included. 
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2.3.2.3 Study procedures 

Patients allocated to the ECCO2R limb in the study were commenced on ECCO2R in 

accordance with the method described in chapter 3. Patients were breathing 

spontaneously, and systemic arterial blood gases were recorded prior to commencing 

ECCO2R. Sweep gas was 100% oxygen and titrated up from 0 to 10L/min in 1L/min 

increments every 15-20 minutes. Blood flows remained constant throughout the 

study period. Blood gases were taken prior to a change in sweep gas flow rate before 

and after the membrane via high-flow pigtails and 3-way taps. 10mL of blood was 

discarded before sampling at each port.  

The following measurements were recorded prior to every change in sweep gas flow 

rate: 

1. Pre-ECCO2R circuit blood gas 

2. Post-ECCO2R circuit blood gas 

3. The CO2 removal reported by the ECCO2R device  

4. The ECCO2R sweep flow rate. 

Blood gases were measured using a Cobas B 221 blood gas analyser (Roche, Basel, 

Switzerland). Blood gases were performed in the following manner: 10mL of fluid was 

withdrawn and discarded to ensure clearance of the dead space within the 3-way 

connector and high-flow pigtail (dead space volume of 2.6 mL); 2mL of fluid was 

withdrawn into a heparinised blood gas syringe. 

2.3.2.4 Data measurement 

For each gas, the following data was recorded: pH, PCO2, PO2, HCO3, base excess, Hb, 

SO2.  

CO2 content was described in mmol/L using equation 1.5 

VCO2 was described in mL/min using three separate methods: 

1. Recorded directly from the ECCO2R device.  

2. Calculated from the trans-membrane CO2 difference (equation 2.3) 
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3. Corrected to a constant inlet blood PCO2 using data from the trans-membrane 

CO2 difference calculated using the Douglas equation (VCO2 (D) (corr)) (equation 

2.9) 

 VCO2 (D) (corr) = VCO2 (D)*6kPa/PCO2 ML (pre) [Eq 2.6] 

Equation 2.6: Carbon dioxide transfer across the membrane calculated 

from the trans-membrane CO2 content difference using the Douglas 

equation corrected for an inlet PCO2 of 6kPa (VCO2 (D) (corr)). VCO2 (D) (corr) is 

measured in mL/minute. PCO2 ML (pre) is the partial pressure of CO2 content 

in blood before the membrane (kPa).  

2.3.2.5 Statistical analysis 

Data was recorded in a Microsoft Excel database. Statistical analysis was performed 

in Prism 9.1 for Mac (Graphpad, California, USA). Results are described as mean (SD). 

Gas flow was plotted against the mean (SD) VCO2 calculated from trans-membrane 

CO2 difference. VCO2 was also corrected to a normalised inlet PCO2 of 6kPa (equation 

2.10) and plotted against sweep gas flow. A Bland-Altman plot and linear regression 

of the trans-membrane VCO2 compared with the VCO2 in the expiratory gas measured 

by the device were performed (Bland & Altman, 1986).   

2.3.3 Results 

2.3.3.1 Patient Demographics 

There were 8 participants in this study, 4 of whom were female, with a median age of 

67.5 years (71-73). Initial median arterial pH was 7.27 (range 7.24-7.29) and median 

PaCO2 was 8.1kPa (range 7.4 – 11.3kPa).  

2.3.3.2 Trans-membrane gas exchange 

The extracorporeal blood flow was constant for the duration of this study with a 

median blood flow (range) of 0.39 (0.38-0.4) L/minute. The transmembrane PCO2, 

CO2 content and VCO2 calculated using equation 1.5 (VCO2 (D)) or measured directly 

from the device (VCO2 (E)) are displayed in table 2.4.  
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The relationship between sweep gas flow and VCO2 across the membrane lung 

calculated from the difference in CO2 content in whole blood is described in table 2.4 

and figure 2.9, with the VCO2 corrected for an inlet PCO2 of 6kPa in Figure 2.10. The 

figures show that there was an increase in CO2 removed with each step increase in 

VCO2 (p<0.0001, repeated measures ANOVA), however 85% of membrane VCO2 max 

was removed at a gas flow of 4 L/min. The relationship between calculated VCO2 

across the membrane lung and that reported by the device is described in figure 2.11. 

The Bland-Altman plot demonstrates a bias [95% limits of agreement] of 6.5 [-11 to 

24] ml/min.  

 

Gas 
Flow  

(L/min) 

Pre pH 
(SD) 

Pre PCO2 

(kPa) 
(SD) 

Pre 
CtCO2  

(mmol/L)  
(SD) 

Post 
PCO2 

(kPa)  
(SD) 

Post 
pH 

(SD) 

Post 
CtCO2 

(mmol/L)  
(SD) 

VCO2 (D) 
(mL/min) 

(SD) 

VCO2 (E) 
(mL/min) 

(SD) 

1 7.27 
(0.03) 

9.19 
(1.38) 

26.63 
(3.5) 

5.29 
(0.43) 

7.43 
(0.02) 

22.33 
(2.2) 

39.7  
(17) 

48.20 
(17.0) 

2 7.23 
(0.04) 

8.94 
(1.45) 

26.60 
(3.1) 

4.75 
(0.59) 

7.48 
(0.04) 

21.83 
(2.1) 

45.8  
(19)  

61.25 
(18.9) 

3 7.31 
(0.46) 

8.35 
(1.72) 

25.35 
(3.7) 

3.77 
(0.61) 

7.53 
(0.04) 

19.11 
(2.9) 

62.9 
(13.3) 

70.50 
(14.1) 

4 7.31 
(0.43) 

9  
(1.79) 

27.00 
(3.1) 

3.93 
(0.59) 

7.55 
(0.03) 

20.50 
(2.3) 

63.1  
(7.4) 

78.50 
(14.3) 

5 7.32 
(0.06) 

8.28  
(1.9) 

25.34 
(3.6) 

3.44 
(0.51) 

7.55 
(0.04) 

18.08 
(2.3) 

72.9 
(14.1) 

84.50 
(18.3) 

6 7.31 
(0.04) 

9.15  
(1.7) 

27.87 
(3.6) 

3.63 
(0.45) 

7.57 
(0.02) 

19.66 
(2.1) 

79.6 
(16.2) 

86.00 
(11.2) 

7 7.32 
(0.06) 

8.54 
(2.13) 

26.39 
(3.6) 

3.39 
(0.62) 

7.58 
(0.03) 

18.54 
(2.5) 

82.2  
(5.6) 

87.00 
(11.8) 

8 7.31 
(0.05) 

8.96 
(1.61) 

27.28 
(3.1) 

3.48 
(0.46) 

7.58 
(0.03) 

19.14 
(1.8) 

78.5 
(10.3) 

90.60 
(6.9) 

9 7.32 
(0.05) 

8.51 
(1.71) 

26.25 
(3.3) 

3.4  
(0.48) 

7.58 
(0.03) 

18.88 
(1.7) 

78.3 
(16.2) 

96.33 
(21.2) 

10 7.31 
(0.04) 

9.11 
(1.68) 

27.51 
(3.6) 

3.45 
(0.47) 

7.58 
(0.03) 

19.07 
(2.2) 

82.2 
(13.7) 

94.80 
(9.6) 

Table 2.4: Trans-membrane mean (SD) changes in pH, PCO2 (kPa), CO2 

content (CtCO2) (mmol/L), and CO2 clearance using the Douglas equation 

(VCO2 (D)) or measured by the device (VCO2 (E)) (mL/min) measured at each 

sweep gas flow rate (L/min).  
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Figure 2.9: The relationship between gas flow and VCO2 calculated from 

the trans-membrane CO2 difference using the Douglas equation (VCO2(D)). 

 

 

Figure 2.10: The relationship between gas flow and VCO2 calculated from 

the trans-membrane CO2 difference using the Douglas equation corrected 

to a normalised inlet PCO2 of 6kPa using equation 2.6 (VCO2(D)(corr)).  

 

 

 

0 1 2 3 4 5 6 7 8 9 10
0

20

40

60

80

100

Gas Flow (L/minute)

VC
O

2 
(D

) (
m

L/
m

in
)

0 1 2 3 4 5 6 7 8 9 10
0

20

40

60

80

100

Gas Flow (L/minute)

VC
O

2 (D
) (

co
rr

) (
m

L/
m

in
ut

e)



ECCO2R in AECOPD 73 

 

Figure 2.11: Bland-Altman plot of the relationship between VCO2 

calculated from the transmembrane CO2 content difference (VCO2(D)) 

compared with VCO2 reported by the ECCO2R device (VCO2(E)) and the 

linear regression analysis between VCO2 calculated from the 

transmembrane CO2 content difference (Douglas equation) (VCO2(D)) 

compared with VCO2 reported by the ECCO2R device (VCO2(E)). 

2.3.4 Discussion 

This study describes the kinetics of CO2 removal in vivo in a device with a blood flow 

of 0.4L/minute in patients with an acute exacerbation of COPD. The data 

demonstrates that there is a non-linear relationship between sweep gas flow and 

VCO2 with a rapid increase in VCO2 between 0 and 2 L/minute of gas flow which then 

reaches a plateau at a sweep gas flow rate of 4-6 L/minute. Nearly two thirds of CO2 

clearance occurred below a sweep gas flow rate of 2 L/minute. This correlates with 

the pre-clinical literature which explored VCO2 in-vitro and in animal models 

(Federspiel & Hattler, 1996; Gattinoni, Kolobow, Agostoni, et al., 1979; Gattinoni, 

Kolobow, Damia, et al., 1979; Gattinoni, Kolobow, Tomlinson, Iapichino, et al., 1978; 

Gattinoni, Kolobow, Tomlinson, White, et al., 1978; Lehle et al., 2014). In these models 

there was a limit to CO2 clearance at a ventilation to perfusion ratio of 10:1. 

Membrane VCO2 reached a plateau at a ventilation/perfusion ratio of around 10:1 to 

15:1 (figure 2.16). However, this was closer to 10:1 with inlet PCO2 corrected to 6kPa, 

thereby reducing the interindividual variation in venous PCO2 (figure 2.10). The 

absolute amount of CO2 removed is higher for a blood flow of approximately 0.4 

L/minute and a membrane surface area of 0.59 m2 than has been reported in previous 
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studies (Jeffries et al., 2017; May et al., 2018; Strassmann et al., 2019). It is likely that 

this is due to the far higher PCO2 in patients’ venous blood than in the in vitro models 

as it is known that the PCO2 and total CO2 content in venous blood are important 

determinants of the CO2 which can be removed (Jeffries et al., 2017). An additional 

important factor in CO2 clearance is the blood flow, as for any given sweep flow, a 

higher blood flow results in a greater CO2 clearance (Strassmann et al., 2019), 

however with the Hemolung device the blood flow is fixed to 0.35-0.45L/min making 

variable blood flow less impactful. A progressive increase in sweep gas flow does not 

achieve clearance of additional CO2, rather with increasing sweep flow there is 

decreased lower incremental change in VCO2 in keeping with diffusion limitation due 

to reduced mass transfer effectiveness (Bartlett, 2017; Turri & Yanagihara, 2011). 

Carbon dioxide clearance was calculated using both the transmembrane CO2 content 

difference and the CO2 clearance reported by the device. The two methods 

demonstrated a linear relationship and agreement with low bias and high precision 

(figure 2.19). This supports the use of the CO2 clearance reported by the device in 

routine clinical care which has the advantage of not requiring blood sampling. 

The study has the advantage that it was undertaken in a population of patients with 

AECOPD providing a relatively homogenous population with systemic arterial and 

membrane blood gases performed in a structured protocolised manner. One of the 

key limitations is that all patients were spontaneously breathing, hence it is likely that 

the venous/pre-membrane CO2 load will have varied during the measurements. This 

has been accounted for by normalizing the inlet CO2 6kPa.  

2.4 Conclusions 

The series of experiments has demonstrated some key factors that are consistent 

across both the in-vivo and in-vitro study results. Firstly, there is a linear relationship 

with minimal bias between the VCO2 measured by the device and VCO2 measured by 

calculating transmembrane gas exchange in all experiments. Consequently, the VCO2 

measured by the device can be used as a measure of CO2 clearance in clinical studies. 

Secondly, there is a clear and consistent relationship between sweep flow rate and 

VCO2, with a rapid increase in clearance at sweep flow rates below 2L/minute and a 
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plateauing between 4 and 6L/minute giving a ventilation/perfusion ratio of 

approximately 10:1 as the limit of efficiency for an artificial membrane lung. This is 

consistent with the linear rise in dead space fraction indicating rising inefficiency and 

wasted gas flow. These factors have significant implications for the clinical 

management of the device. At the onset of therapy, a substantial amount of CO2 

amounting to approximately a third of CO2 production is cleared by the device 

(assuming that 3mL/kg/min CO2 is produced). Although untested, it is reasonable to 

assume that the relationship between sweep flow rate and clearance shows no 

hysteresis, and consequently during device weaning there is significant CO2 clearance 

at low sweep low rates. Given this it is important that a period of slow weaning of the 

last elements of sweep flow gas occurs and further that a period of observation 

following cessation of sweep flow gas should be undertaken to prevent rebound 

respiratory failure.  

It is important to note that in the spontaneously breathing patient with AECOPD, that 

there will be a variation in respiratory rate, oxygen consumption/carbon dioxide 

production and potentially changes in work of breathing and respiratory drive. 

Demonstration of the relationship between sweep gas flow rate and VCO2 does not 

equate to clinical benefit.  

 

  



ECCO2R in AECOPD 76 

Chapter 3: A randomised, controlled trial of the addition of ECCO2R to 

NIV in acute exacerbations of COPD 

The trial was conducted in accordance with the standards set by the International 

Committee for Harmonisation of Good Clinical Practice and overseen by King’s 

College London, carried out in the Department of Critical Care at Guy’s and St 

Thomas’ NHS Foundation Trust and was approved by the Cambridge Research Ethics 

Committee (reference: 14/EE/0109). The full trial protocol has been published 

(Barrett, Kostakou, et al., 2019). The data has been presented in abstract format at 

the ELSO congress (virtual), 30th September – 1st October 2021 and published in a 

peer-reviewed journal (Barrett et al., 2022). Previous chapters have described the 

underlying pathophysiology of COPD and demonstrated the impact of ECCO2R on CO2 

clearance in vitro and in vivo. The focus for this chapter is to explore the impact of 

ECCO2R on patient outcomes ascertained in a randomised controlled trial. This 

chapter therefore describes the conduct, methods, results and conclusions of the 

randomised controlled trial of the addition of ECCO2R to NIV in patients with AECOPD 

with a persisting pH of less than 7.30 after at least 1 hour of NIV. 

3.1 Introduction 

Patients with AECOPD have hypercapnic respiratory failure (arterial partial pressure 

of carbon dioxide (PaCO2) > 6.5 kPa with an arterial pH <7.35) (Davidson et al., 2016). 

In these patients, non-invasive ventilation (NIV) has been consistently shown to 

provide a significant survival benefit (Osadnik et al., 2017). However, 15-30% of 

patients on NIV experience treatment failure and require tracheal intubation and 

invasive mechanical ventilation (Ozsancak Ugurlu & Habesoglu, 2017). The risk 

factors for NIV treatment failure include device or mask intolerance and discomfort, 

or persisting respiratory acidosis or tachypnoea after at least 1 hour of NIV (Plant et 

al., 2001) (Ozyilmaz et al., 2014; Steriade et al., 2019). When NIV failure occurs and 

patients require invasive mechanical ventilation, they are at a significantly higher risk 

of death (Martin-Gonzalez et al., 2016). 
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ECCO2R with a blood flow of around 400mL/minute can remove around a third of CO2 

from venous blood (Barrett & Camporota, 2017; Camporota & Barrett, 2016). ECCO2R 

has been shown to have physiological benefits in pre-clinical trials (Batchinsky et al., 

2011) and uncontrolled case series in AECOPD (Burki et al., 2013; Kluge et al., 2012; 

Moss et al., 2016). To date, there have been no randomised controlled trials on the 

role of ECCO2R in AECOPD.  

The hypothesis for this trial is that ECCO2R results in faster correction of hypercapnia 

and earlier cessation of NIV. Time to cessation of NIV is an important outcome as a 

longer duration of NIV is associated with increased complications, including NIV 

failure (Ozyilmaz et al., 2014; Steriade et al., 2019). Consequently, if NIV duration was 

reduced by at least 12 hours, this would be clinically meaningful. 

3.2 Methods 

3.2.1 Population 

This study was a randomised, open-label, parallel-arm trial comparing standard 

therapy using NIV (NIV arm) with ECCO2R added to NIV (ECCO2R arm) in adults with 

AECOPD. Patients were included if they were over 18 years of age, had a history of 

COPD presenting with an acute exacerbation and had a persisting pH <7.30 due to 

hypercapnia after initial medical therapy and at least one hour of NIV. Patients were 

excluded if they had acute multiple organ failure, intolerance, allergy or 

contraindication to heparin or a contraindication to NIV. Patients were also excluded 

if they required domiciliary NIV as the primary endpoint (cessation of NIV) would not 

be able to be achieved. 

3.2.2 Randomisation 

Patients were randomised following written informed consent by the patient or 

nominated legal representative. Randomisation was computer-generated and 

allocation was concealed in opaque, sealed envelopes.  
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3.2.3 Outcomes 

The primary outcome was time to discontinuation of NIV. Time to cessation of NIV 

was either patient preference or based on an improvement in respiratory rate to less 

than 25 with an arterial pH of more than 7.35. Short breaks for meals or patient 

comfort did not count as discontinuing NIV.  

Secondary outcomes included physiological measurements, ICU and hospital length 

of stay (LOS) and outcomes (90-day mortality). Adverse outcomes included incidence 

of major haemorrhage (according to the International Society for Thrombosis and 

Haemostasis bleeding score) (Schulman & Kearon, 2005)), thrombosis, haemolysis, 

mechanical complications and need for IMV. Subjective discomfort and dyspnoea 

were measured using a visual analogue scale (VAS) (0-100mm). A higher score 

indicated greater subjective discomfort or dyspnoea. Quality-of-life measurements, 

including the COPD assessment test (CAT) (Jones et al., 2009), the St George’s 

respiratory questionnaire (SGRQ) (Jones et al., 1991) and the EuroQuol-5D-5L (Devlin 

et al., 2018) were administered at the 90-day follow-up visit.  

3.2.4 Sample size calculation 

Sample size was calculated to achieve a mean population difference of 12 hours with 

a standard deviation of 10 hours (SEL, 2012). The estimated sample size with a 1:1 

enrolment ratio was 12 patients in each arm. This would achieve 80% power to reject 

the null hypothesis of equal means with an alpha error of 5% and a loss to follow-up 

of 10%.  

3.2.5 Trial conduct 

Patients were randomised to continuation of NIV alone or to the addition of ECCO2R 

to NIV. NIV was delivered using an ICU ventilator in NIV mode (Draeger V500, 

Germany) with a mask specifically designed for dual limb ventilators (Freemotion, 

Fisher and Paykel, New Zealand). NIV was ceased when the respiratory rate was 25 

or less and an arterial pH 7.35-7.45 or at patient request. When patients in the NIV 
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arm had ceased NIV, they were transferred to the medical ward the same day, as per 

ICU policy. 

ECCO2R was delivered using the Hemolung Respiratory Assist System (ALung 

Technologies, USA) described in chapter 2. Cannulation was with a dual lumen 

cannula inserted in the femoral vein using previously published methods (Moss et al., 

2016). Membrane VCO2 reported by the device was recorded. ECCO2R and heparin 

were managed in accordance with institutional protocols. ECCO2R was weaned in 

increments of 1L/minute provided the respiratory rate was maintained at 25 

breaths/minute or less and arterial remained pH 7.35-7.45. Once the sweep gas flow 

rate was reduced to 1L/minute for at least 4 hours, the sweep gas was discontinued 

for 4-12 hours whilst blood flow continued to prevent the membrane thrombosing. 

If the respiratory rate remained 25 or less with an arterial pH 7.35-7.45, then the 

ECCO2R device was stopped and the cannula removed. ECCO2R patients remained for 

observation overnight to exclude bleeding complications from the cannulation site. 

The study workflow for the two limbs is displayed in figure 3.1. 
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Figure 3.1: Study workflow. 

3.2.6 Ethical approval 

The trial protocol was approved by the Cambridge NHS Human Research Authority 

Research Ethics Committee (14/EE/0109).  

3.2.7 Statistics 

Statistical analysis was performed using Prism 9.5.1 for Mac (GraphPad, San Diego, 

USA). All data is presented as median (inter-quartile range). Categorical data were 

compared using a Chi-squared analysis. Survival was analysed using a log-rank test. 
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Statistical significance was defined as p<0.05. Given the relative size of the data sets, 

inferential statistics were not applied to the majority of the data.  

3.3 Results 

3.3.1 Recruitment  

December 2017 and March 2020, 261 potentially eligible patients were screened, 32 

patients met inclusion criteria, 18 consented and were randomised (figure 3.2). Nine 

were randomised to each group (figure 3.2, table 3.1). Two patients were lost to 

follow-up, one from each group, and were considered alive for the analysis (in 

accordance with mortality data from the UK NHS database). The trial was ceased 

early with the onset of the SARS-2 Coronavirus pandemic resulting in cessation of all 

non-COVID related research in the NHS. 

3.3.2 Baseline characteristics 

Patient characteristics at baseline are described in table 3.1. All patients had severe 

COPD (median GOLD stage 3 in each group). No patients were receiving domiciliary 

ventilation. Patients in both groups were broadly comparable, however baseline 

respiratory rate was higher in the ECCO2R group (29 (IQR 26-32) vs 24 (IQR 20-28) 

breaths/min), haemoglobin was higher in the ECCO2R group (151 (IQR 143-157) vs 

130 (IQR 120-136) g/L), as was c-reactive protein (32 (IQR 30-51) vs 13 (IQR 3.5-16) 

vs mg/L). 
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Figure 3.2: CONSORT flow diagram 

  

 

 

CONSORT Flow Diagram 

Excluded (n=243) 
• pH > 7.30 (n=129) 
• NIV not required (n=45) 
• Required intubation (n=29) 
• Declined to participate (n=14) 
• On domiciliary NIV (n=14) 
• Palliative care (n=10) 
• Metabolic acidosis (2) 

 

Analysed (n=9) 

Lost to follow-up (uncontactable) (n=1) 

Discontinued NIV (intolerance) (n=4) 

Allocated to NIV alone (n=9) 
• Received NIV (n=9) 
• Work of breathing measurements (EIT, n=8; 

Oesophageal pressure, n=4; EMG, n=5) 

Lost to follow-up (uncontactable) (n=1) 

Discontinued ECCO2R (n=0) 

Allocated to NIV & ECCO2R (n=9) 
• Received NIV & ECCO2R (n=9) 
• Work of breathing measurements (EIT, 

n=7; Oesophageal pressure, n=5; EMG, 
n=7) 

 

Analysed (n=9) 

 

Assessed for eligibility (n=261) 

Allocation 

Analysis 

Follow-Up 

Randomised (n=18) 

Enrolment 



ECCO2R in AECOPD 83 

  NIV ECCO2R 

Demographic data 

Age (years) 69 (61-71) 65 (63-71) 

BMI (kg/m2) 22.19 (21.72-30.9) 24.67 (23.78-26.99) 

Sex (F) 3 5 

FEV1 (L) 0.84 (0.59-1.1) 0.97 (0.7-1.32) 

FEV1 (% predicted) (%) 38 (21-45) 39.8 (39-46) 

FVC (L) 2.3 (1.34-2.6) 2.6 (1.7-3.3) 

FVC (% predicted) (%) 63 (33-105) 82 (63-92) 

FEV1/FVC 48 (32-49) 44 (37-48) 

GOLD stage 3 (3-4) 3 (3-3) 

Pack years smoked 40 (20-60) 40 (39-45) 

Baseline observations 
Systolic Blood pressure 

(mmHg) 120 (105-144) 130 (112-139) 

Respiratory rate 
(breaths/min) 24 (20-28) 29 (26-32) 

SpO2 (%) 91 (90-92) 91 (87-93) 

Heart rate (beats/min) 100 (86-113) 109 (100-116) 

Presenting arterial blood gas 

PaO2 (kPa) 8.67 (8.63-10.57) 7.33 (7.1-8.55) 

PaCO2 (kPa) 9.18 (8.94-10.31) 9.75 (8.14-9.78) 

pH 7.23 (7.23-7.27) 7.26 (7.25-7.28) 

HCO3 (mmol/L) 31 (28.2-31.4) 29.5 (28.88-30.64) 

Initial NIV settings 

EPAP (cmH2O) 5 (5-5) 6 (5-6) 

IPAP (cmH2O) 18 (15-22) 18 (16-20) 

FiO2 (%) 32 (26-40) 35 (28-40) 

Arterial blood gas after 1 hour NIV 

PaO2 (kPa) 8.37 (8.05-8.83) 8.89 (7.9-9.41) 

PaCO2 (kPa) 9.16 (8.23-10.02) 9.34 (8.49-9.65) 

pH 7.27 (7.24-7.27) 7.27 (7.25-7.27) 

HCO3 (mmol/L) 29.1 (26.7-30.8) 27.9 (27.7-30.52) 

Baseline laboratory investigations 

Leukocytes (x109/L) 8.9 (6.8-10.4) 9.1 (8.3-11.8) 

Haemoglobin (g/L) 130 (120-136) 151 (143-157) 

Platelets (x109/L) 251 (172-288) 204 (163-308) 

Creatinine (umol/L) 99 (57-136) 77 (69-80) 

Bilirubin (umol/L) 6 (4-6) 7 (5.5-12) 

C-reactive protein (mg/L) 13 (3.5-16) 32 (30-51) 

Table 3.1: Baseline data. All data is presented as median (IQR).  
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3.3.3 ECCO2R 

All patients were cannulated via the femoral vein. Blood and sweep flow rates were 

all within the operating range of the device (table 3.2). ECCO2R was ceased after a 

median (IQR) of 96 (60-138) hours following successful weaning for all patients. CO2 

clearance through the membrane lung (VCO2ML) was a median of 88 (83-104) 

mL/minute in the first hour and was maintained during the first 48 hours.  

Hours 4 8 12 24 48 

Pump RPM 1400  
(1400-1400) 

1400  
(1400-1400) 

1400  
(1400-1400) 

1400  
(1400-1400) 

1400  
(1400-1400) 

Blood flow  
(mL/min) 

370  
(357.5-380) 

380  
(380-395) 

385  
(377.5-400) 

400  
(365-410) 

410  
(395-420) 

Sweep gas 
flow  
(L/min) 

5  
(3.5-8.5) 

10  
(6.5-10) 

10  
(7.5-10) 

10  
(10-10) 

10  
(7-10) 

VCO2  
(mL/min) 

78.5  
(71.25-96.25) 

88  
(82.25-110.25) 

90  
(76.75-109.5) 

95  
(81.5-97) 

86  
(72.25-101.25) 

Table 3.2: ECCO2R settings for the first 48 hours. All are median (IQR). 

VCO2 is the reported membrane CO2 clearance by the device. 

3.3.4 NIV settings 

The amount of pressure required (both expiratory and inspiratory) through the NIV 

circuit was not different between the two groups at baseline (table 3.1) or over the 

first 48 hours (table 3.3). However, in the ECCO2R group, NIV was ceased earlier and 

therefore comparative data was not available. 
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  NIV 

  Baseline 4 hours 8 hours 12 hours 24 hours 48 hours 

NIV Observations 

EPAP (cmH2O) 
5  

(5-5) 
5  

(5-5.25) 
5  

(5-6.5) 
5.5  

(5-6.5) 
7  

(5-8) 
7.5  

(6.5-8) 

IPAP (cmH2O) 
18  

(15-22) 
17  

(11.5-22.75) 
18.5  

(12-22) 
20.5  

(12-22) 
19  

(12-22) 
20.5  

(17.25-22.5) 

FiO2 (%) 
32  

(26-40) 
28  

(26-40) 
30  

(28-32) 
30  

(28-32) 
28  

(24-28) 
28  

(27-28.5) 

  ECCO2R 

  Baseline 4 hours 8 hours 12 hours 24 hours 48 hours 

ECCO2R Observations 

EPAP (cmH2O) 
6  

(5-6) 
5  

(5-6) 
5  

(4.5-5) 
5  

(5-5)     

IPAP (cmH2O) 
18  

(16-20) 
18  

(16-20) 
18  

(14.5-20.5) 
20  

(20-20)     

FiO2 (%) 
35  

(28-40) 
35  

(30-40) 
35  

(28-40) 
30  

(28-40) 
30  

(25-40) 
35  

(35-40) 

Table 3.3: NIV data over the first 48 hours in both groups.  

3.3.5 Physiological changes post-randomisation 

The respiratory rate appeared higher with ECCO2R compared with NIV at baseline 

and 12 hours post randomisation (22(20-24) vs 17 (15-19) breaths/min) (table 3.4, 

figure 3.3). The respiratory rate reduced in both groups initially and then plateaued 

(table 3.4, figure 3.3). 
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  NIV 
  Baseline 4 hours 8 hours 12 hours 24 hours 48 hours 
RR 
(breaths/min) 

24  
(20-28) 

20  
(19-24) 

19  
(17-22) 

17  
(15-19) 

17  
(15-22) 

20.5  
(20-22.75) 

SpO2 (%) 
90  

(89-92) 
90  

(89-92) 
91  

(90-92) 
92  

(90-94) 
93  

(91-94) 
94.5  

(93.75-96) 

HR 
(beats/min) 

100  
(90-105) 

99  
(99-105) 

98  
(91-104) 

93  
(87-101) 

96  
(91-99) 

88  
(82.5-
93.75) 

SBP (mmHg) 
120  

(105-144) 
123  

(119-137) 
132  

(117-138) 
137  

(114-138) 
128  

(115-145) 
118  

(109-130) 
  ECCO2R 
  Baseline 4 hours 8 hours 12 hours 24 hours 48 hours 
RR 
(breaths/min) 

29  
(26-32) 

22  
(20-25) 

20  
(20-22)§ 

22  
(20-24) 

21  
(20-23) 

17  
(16-23) 

SpO2 (%) 
91  

(87-93) 
92  

(88-96) 
92  

(91-94) 
90  

(86-91) 
92  

(90-93) 
92  

(91-95) 
HR 
(beats/min) 

101  
(100-105) 

101  
(97-108) 

93  
(90-99) 

87  
(83-106) 

88  
(88-102) 

92  
(84-101) 

SBP (mmHg) 
130  

(112-139) 
142  

(127-158) 
141  

(130-158) 
123  

(115-158) 
123  

(115-149) 
119  

(115-147) 

Table 3.4: Physiological parameters over the first 48 hours in both groups.  

3.3.6 Arterial blood gases 

Arterial pH was similar between the two groups (figure 3.3, table 3.5). Arterial pH and 

CO2 improved in both groups compared with baseline over time, although both pH 

and arterial CO2 may improve a little faster in the ECCO2R group.   

  NIV 
  Baseline 4 hours 8 hours 12 hours 24 hours 48 hours 
PaO2  
(kPa) 

8.37  
(8.05-9.35) 

8.77  
(7.74-8.95) 

8.84  
(7.93-10.15) 

8.2  
(8.01-8.6) 

7.81  
(7.55-8.14) 

8.12  
(7.54-8.68) 

pH 7.27  
(7.21-7.27) 

7.3  
(7.26-7.33) 

7.32  
(7.28-7.33) 

7.34  
(7.31-7.35) 

7.36  
(7.33-7.38) 

7.38  
(7.36-7.40) 

PaCO2  
(kPa) 

9.16  
(8.23-10.02) 

8.3 
(7.74-9.3) 

8.18  
(7.63-8.7) 

8.35  
(7.6-9.45) 

7.51  
(7.16-8.92) 

7.40  
(7.16-8.08) 

HCO3 
(mmol/L) 

29.1  
(26.7-33.6) 

25.5  
(22.2-30.4) 

26.5  
(24.2-29.2) 

26.4  
(25.5-31) 

27.3  
(26.1-30) 

29.4  
(29-30.175) 

  ECCO2R 
  Baseline 4 hours 8 hours 12 hours 24 hours 48 hours 
PaO2  
(kPa) 

8.89  
(7.9-9.49) 

7.77  
(7-8.9) 

8.45  
(7.6-8.78) 

7.67  
(7.21-8.9) 

9.02  
(8.19-9.52) 

8.8  
(8.48-8.9) 

pH 7.27  
(7.25-7.29) 

7.35  
(7.31-7.37) 

7.32  
(7.32-7.38) 

7.37  
(7.35-7.41) 

7.37  
(7.33-7.39) 

7.39  
(7.37-7.42) 

PaCO2  
(kPa) 

9.34  
(8.49-10.2) 

6.8  
(6.2-7.15) 

8.13  
(7.02-8.2) 

7.99  
(7.05-8.38) 

7.51  
(6.88-8.09) 

8.02  
(6.57-8.3) 

HCO3 
(mmol/L) 

27.9  
(26.9-35.5) 

24.7  
(23.2-27.8) 

25.7  
(25-29) 

26.5  
(25.1-28.4) 

26.6  
(25.1-30.8) 

29.7  
(27.8-31.4) 

Table 3.5: Arterial blood gases over the first 48 hours in each group.  
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Figure 3.3: Respiratory rate, arterial pH and arterial PCO2 between the 

two groups. 
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3.3.7 Time to event analysis 

Median time from randomisation to cannulation and commencing ECCO2R was 2:30 

(2:00-2:50) hours (table 3.6). Time from randomisation to pH >7.35 was lower with 

ECCO2R (5:32 (3:39-11:48) vs 23:58 (22:48-26:55) hours, p=0.024). Time to NIV 

discontinuation was shorter with ECCO2R (7:00 (6:18-8:30) vs 24:30 (18:15-49:45) 

hours, p=0.004) (table 3.6, figure 3.4). Four patients in the NIV arm ceased NIV against 

the treating clinician’s advice. The ICU and hospital LOS were longer with ECCO2R 

than NIV (161:45 (132:27-174:50) vs 45:49 (40:22-53:00) hours, p=0.001 and 240:00 

(219:52-337:31) vs 124:00 (103:38-213:15) hours, p=0.014). 

 

 NIV ECCO2R p 

Cannulation  2:30 (2:00-2:50)  

Commencement ECCO2R  2:30 (2:20-2:50)  

First time pH>7.35 23:58 (22:48-26:55) 5:32 (3:39-11:48)  0.0024 

NIV ceased 24:30 (18:15-49:45) 7:00 (6:18-8:30) 0.004 

ECCO2R ceased  97:30 (67:11-142:00)  

First sat out of bed 9:18 (7:05-30:22) 24:13 (21:08-105:50) 0.0721 

First stand with assistance 21:00 (9:12-34:44) 24:13 (21:08-94:08) 0.3176 

First walk with assistance 21:00 (7:52-43:29) 69:08 (21:56-147:43) 0.2222 

First oral intake (not NG) 19:00 (12:03-26:58) 16:04 (13:42-33:40) >0.9999 

ICU discharge 45:49 (40:22-53:00) 161:45 (132:27-174:50) 0.0012 

Hospital discharge 124:00 (103:38-213:15) 240:00 (219:52-337:31) 0.0142 

 

Table 3.6: Time to event following randomisation. Median (IQR) time is 

presented in the format hours:minutes (*p<0.05) 
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Figure 3.4: Probability of remaining on NIV over time.  

3.3.8 Subjective discomfort and dyspnoea 

The results for visual analogue scores for both discomfort and dyspnoea are displayed 

in table 3.7 and figure 3.5. The onset of ECCO2R resulted in a reduction in VAS for 

discomfort (84 (78-87) vs 13 (4-65) and dyspnoea (85 (80-87) vs 20 (7-52).  

 

  Pre-ECCO2R Day 1 Day 2 
NIV    

Discomfort  56 (37-87) 50 (33-89)  
Dyspnoea  41 (28-68) 24 (18-46)  

ECCO2R    

Discomfort 84 (78-87) 13 (4-65)  8 (1-67)  
Dyspnoea 85 (80-87) 20 (7-52)  7 (2-28)  

Table 3.7: Visual analogue scores for the two groups (median (IQR)).  
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Figure 3.5: Subjective dyspnoea and discomfort over time in the NIV and 

ECCO2R groups using VAS.  

3.3.9 Biochemistry and haematology data 

Haematological, biochemical and coagulation parameters over the first 48 hours are 

described in table 3.8. Serum bilirubin levels appeared higher with ECCO2R compared 

with NIV at day two (14 (10-22) vs 5 (5-8) umol/L). The platelet count appeared lower 

with ECCO2R compared with NIV at day two (96 (73-124) vs 225 (169-244) x109/L). 

Fibrinogen appeared higher with ECCO2R compared with NIV at throughout the study 

period. 
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  NIV ECCO2R 
Day Baseline Day 1 Day 2 Baseline Day 1 Day 2 
Renal Biochemistry  
Sodium 
(mmol/L) 

138  
(132-141) 

139  
(135-141) 

140  
(139-141) 

139  
(138-142) 

141  
(140-143) 

142  
(142-143) 

Potassium 
(mmol/L) 

4.8  
(4.6-5) 

4.5  
(4.2-4.6) 

3.8  
(3.7-4.4) 

4.2  
(3.8-4.5) 

4.5  
(4.3-4.5) 

4.4  
(4-5) 

Creatinine 
(umol/L) 

99  
(57-136) 

68.5  
(52-92) 

67  
(55-93) 

77  
(69-80) 

58  
(49-76) 

58  
(51-74) 

Hepatic function 
Alanine 
transaminase 
(IU/L) 

20  
(17-24) 

22  
(17-25) 

21  
(15-23) 

19  
(15-33) 

24  
(15-29) 

22  
(18-36) 

Bilirubin 
(umol/L) 

6  
(4-6) 

7  
(4-9) 

5  
(5-8) 

7  
(6-12) 

14  
(8-26) 

14  
(10-22) 

Inflammatory markers 
C-reactive 
protein (mg/L) 

13  
(4-21) 

12  
(5-64) 

7  
(3-66) 

32  
(30-51) 

47  
(20-56) 

28  
(23-41) 

Haematology  
Leukocytes 
(x109/L) 

8.9  
(6.8-10.4) 

9.2  
(8.7-10.3) 

9.6  
(8.4-10.4) 

9.1  
(8.3-11.8) 

9.1  
(6.9-11.7) 

8.5  
(6.3-13.8) 

Haemoglobin 
(g/L) 

130  
(120-136) 

116  
(107-126) 

108  
(100-117) 

151 
(143-157) 

126  
(113-127) 

115  
(105-125) 

Platelets 
(x109/L) 

251  
(172-288) 

224  
(196-230) 

225  
(169-244) 

204  
(163-308) 

138  
(113-176)§ 

96  
(73-124) 

Plasma free-
Hb (g/dL)    0.1 

(0.1-0.1) 
0.4  

(0.2-0.5) 
0.3  

(0.3-0.6) 
Coagulation  

APTTr 1  
(1-1.1) 

1  
(0.9-1.1) 

1.1  
(1-1.1) 

1  
(1-1.1) 

1  
(1-1.5) 

1.6  
(1.4-2.7) 

INR 1  
(0.9-1.1) 

1  
(0.9-1.1) 

1  
(1-1.1) 

1  
(1-1.1) 

1  
(1-1.1) 

1  
(1-1) 

Fibrinogen 
(g/L) 

2.2  
(1.5-2.3) 

1.85  
(1.5-2.4) 

2  
(1.8-2.6) 

4.3  
(4.1-5) 

3.8  
(3.4-4.4) 

3.7  
(3.2-4.7) 

Table 3.8: Haematological, biochemical and coagulation parameters 

(median (IQR)).  

3.3.10 Complications 

There were no severe or life-threatening complications in either group. 

Complications are reported by device rather than by allocation group. The most 

frequent NIV-related complications were patient reported discomfort. Four patients 

stopped NIV due to discomfort. No patients stopped ECCO2R. There were no patient 

complications related to cannulation for ECCO2R, however one ECCO2R cannula 

thrombosed prior to commencement of ECCO2R and was changed. There was no 

significant bleeding in either group. No patients required red blood cell transfusion. 
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One patient with ECCO2R received a pool of platelets. No patient in either group 

underwent tracheal intubation and invasive mechanical ventilation whilst they were 

on therapy. One patient who had received ECCO2R required tracheal intubation and 

invasive mechanical ventilation later in the hospital stay due to development of 

pneumonia. 

NIV (n=18) n ECCO2R (n=9) n 

NIV failure 0 Device failure 1 

Aspiration pneumonia 0 Circuit change 0 

Barotrauma 0 Cannula site bleeding 3 

Hypotension (SBP <80mmHg) 0 Cannula site infection - clinical 0 

Arm oedema 0 Cannula site infection – microbiological 0 

CO2 rebreathing 0 Air embolus 0 

Claustrophobia 1 Haemolysis 3 

Discomfort (patient reported) 13 Discomfort (patient reported) 1 

Mechanical 1 Line position change 0 

Nasal skin lesions 1 Circuit thrombus 0 

Air leaks 8 Circuit fracture 0 

Airway dryness 2 Intracranial haemorrhage 0 

Gastric insufflation 0 Haemorrhage requiring 2 or more units 0 

Vomiting 1 Venous insufficiency 0 

Tracheal intubation required 0 Tracheal intubation required 1 

Withdrew from therapy 4 Withdrew from therapy 0 

Deep vein thrombosis 0 Deep vein thrombosis 0 

Table 3.9: Adverse events relating to NIV and ECCO2R, by device.  
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3.3.11 90-day survival and symptoms at follow-up 

Survival with ECCO2R was 6/9 (ICU), 6/9 (hospital) and 5/9 at 90-day follow-up 

(table 3.10 and figure 3.6). Survival with NIV was 9/9 (ICU), 8/9 (hospital) and 7/9 at 

90-day follow-up.  

Results from the COPD assessment test (NIV: 22.5 (19.3-27.3), ECCO2R 26 (20-28)), 

St George’s Respiratory Questionnaire (NIV: 71 (49.7-77.5), ECCO2R: 55.3 (54.3-

64.9)) and EuroQoL 5D-5L VAS (NIV: 37.5 (21.25-50), ECCO2R: 45 (36.25-55)) were 

similar in the two groups. 

  NIV ECCO2R 

ICU survival 9/9 (100%) 6/9 (66%) 

Hospital survival 8/9 (89%) 6/9 (66%) 

90-day survival 7/9 (78%) 5/9 (56%) 

CAT 22.5 (19.3-27.3) 26 (20-28) 

EQ-5D 37.5 (21.25-50) 45 (36.25-55) 

SGRQ 71 (49.7-77.5) 55.3 (54.3-64.9) 

Table 3.10: Outcomes at ICU discharge, hospital discharge and 90 days. 

 

 

Figure 3.6: Probability of survival to 90 days.  
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3.4 Discussion 

The present study is the first randomised controlled trial exploring the outcome of 

using ECCO2R in AECOPD. The data demonstrates that there was a resolution of 

hypercapnic respiratory failure over a similar timeframe in both groups. Similarly 

there was a reduction over time in subjective discomfort, subjective dyspnoea and 

tachypnoea. ECCO2R was associated with a reduction in time to ceasing NIV, however 

it was also associated with longer ICU and hospital stays. 

The primary endpoint of the study was a reduction in the time taken to ceasing NIV 

of at least 12 hours. To achieve this primary endpoint with an alpha error of 5% and 

beta error of 20% with 5% loss to follow-up, it was estimated that 12 patients would 

be required to be randomised to each group. Although the study did not achieve its 

recruitment targets due to the COVID pandemic, the impact on NIV duration was 

greater than anticipated leading to 30 hours less NIV in the ECCO2R group (37 hours 

in the NIV group and 7 hours in the ECCO2R group). In clinical practice, time to NIV 

cessation, although meaningful for patients on the basis of comfort and for the ICU 

on the basis of resource utilisation, is a difficult composite endpoint. NIV is ceased 

for a number of reasons – stopped in accordance with hospital protocols by the 

nursing team due to improvement in pH, PCO2 or respiratory rate, or stopped by the 

patient – this may be because they find NIV intolerable or because they felt their 

respiratory distress was improved. Four out of the nine patients in the NIV group 

withdrew from NIV before it was medically recommended, hence it is possible that 

the difference in time to removal of NIV between the two groups could have been 

greater. 

Results demonstrate that the arterial pH and arterial CO2 improved over time in both 

groups. The improvement in respiratory acidosis is consistent with results from 

observational studies exploring ECCO2R (Braune et al., 2016; Burki et al., 2013; Kluge 

et al., 2012; Moss et al., 2016). The early improvement in respiratory acidosis at 4 

hours was followed by a reduction in pH again at 8 hours before restoration of normal 

pH at 10 hours in the ECCO2R group. The biphasic response to pH which occurred at 
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the same time as NIV was removed in the ECCO2R group suggests that the impact of 

NIV and ECCO2R are additive. 

In keeping with improvement in pH and arterial CO2, the respiratory rate reduced 

initially in both groups and then remained relatively stable over the remaining 48 

hours. This is in keeping with other studies which have demonstrated a reduction in 

respiratory rate associated with ECCO2R between 1 and 24 hours after 

commencement (Braune et al., 2016; Moss et al., 2016).  

The VAS data is interesting – due to the enrolment of patients after commencement 

of NIV, there was no pre-NIV change in VAS which was able to be measured. The NIV 

and ECCO2R groups on day 1 and 2 had similar subjective dyspnoea and discomfort 

scores. What was also shown was that in the data which compared the immediately 

before and after ECCO2R data was that there was an improvement in subjective 

dyspnoea and discomfort (figure 3.5, table 3.7) as measured by the visual analogue 

scale (ATS, 1999). Dyspnoea is a complex symptom which is incompletely understood 

but likely relates to neural respiratory drive and is worsened by neuromechanical 

dissociation which is discussed further in chapter 4 (Jolley et al., 2009; Moxham & 

Jolley, 2009; Murphy et al., 2011; O'Donnell et al., 2009).  

The optimal blood flow rate for provision of ECCO2R is currently a subject of 

significant debate. There is a limit for CO2 clearance from whole blood with 

membrane efficiency plateauing at a ventilation/perfusion ratio of 10:1 and a linear 

increase in membrane dead space above a sweep gas flow rate of 2L/minute with the 

Hemolung (Barrett et al., 2020a, 2020b). This efficiency limitation has been noted in 

the literature with other devices (Gross-Hardt et al., 2019; Karagiannidis et al., 2014; 

Karagiannidis et al., 2017; Strassmann et al., 2019). These limitations have been 

particularly important in trying to understand the role of ECCO2R in acute respiratory 

distress syndrome (ARDS) (Combes et al., 2019; McNamee et al., 2017; McNamee et 

al., 2021). The key question following the publication of these studies, which did not 

support a role for ECCO2R in ARDS, was whether the blood flow of ECCO2R is adequate 

for the clinical purpose. The argument around optimal blood flow is important as 

higher blood flow devices require larger cannulae and may lead to greater shear 
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stress on blood with consequent injury to cellular components, although this 

depends on pump and membrane characteristics (Chandler, 2021; Sun et al., 2020). 

Higher blood flow devices require higher membrane surface areas to maintain 

efficiency leading to greater contact between blood and extracorporeal surface 

which leads to an increase in circuit induced inflammation and coagulation (Gross-

Hardt et al., 2019; Karagiannidis et al., 2014; Karagiannidis et al., 2017; Strassmann 

et al., 2019; Sun et al., 2020). In the present study, the blood flow was a median of 

400mL/min and the improvements in respiratory rate, PaCO2 and respiratory acidosis 

suggests that in AECOPD in spontaneously breathing patients, the removal of CO2 at 

an average rate of ~90 mL/minute (roughly equivalent 30-40% of the theoretical total 

CO2 production of ~3mL/kg/minute) was clinically meaningful. This amount of CO2 

removal was associated with an earlier cessation of NIV, suggesting that the blood 

flow and CO2 removal is adequate to achieve this endpoint.  

No serious complications occurred in either group (table 3.9). The most common 

complications for NIV related to comfort – patient reported discomfort, 

claustrophobia, air leaks around the mask, airway dryness and nasal skin lesions. In 

total 72.2% of patients described a comfort-related complication of NIV. This type 

and frequency of complications is consistent with the literature (Consales et al., 2021; 

Demoule et al., 2006; Ko et al., 2015; Ozyilmaz et al., 2014; Pisani et al., 2016; Schnell 

et al., 2014). Discomfort relates to several different factors associated with NIV 

including the anchor system, the ventilatory settings, humidification (either too much 

leading to excessive facial moisture or too little leading to airway dryness), noise, 

psychological distress, anxiety, fear, pain and nasal/facial skin pressure lesions 

(Cammarota et al., 2022; Esquinas Rodriguez et al., 2013; Léotard et al., 2021; Patel 

et al., 2016; Sferrazza Papa et al., 2012). The discomfort associated with NIV may also 

be contributory to the significant improvement in comfort with the onset of ECCO2R 

(figure 3.5 and table 3.7) and may therefore have contributed to the marked 

improvement seen in the primary endpoint of time to NIV cessation in the ECCO2R 

group (table 3.6, figure 3.4). Discomfort is also commonly cited as a one of the root 

causes of NIV failure leading to tracheal intubation and mechanical ventilation (M. S. 

Stefan et al., 2015; Steriade et al., 2019; van Gemert et al., 2015). Only one patient in 
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the study required invasive mechanical ventilation and this patient was in the ECCO2R 

group, albeit after ECCO2R was weaned and ceased and was caused by a subsequent 

hospital acquired pneumonia. However, four patients in the NIV arm did elect to 

cease NIV prior to the normalisation of their respiratory rate and pH. In the ECCO2R 

group, most complications directly related to the device, including device failure, 

cannula site bleeding and haemolysis. Central line associated bacteraemia is a 

significant issue with complex underlying factors including duration of line insertion, 

site (femoral vein more problematic than internal jugular or subclavian), line care 

bundles and the infection control measures put in place at the time of insertion 

(Arvaniti et al., 2017; Couk et al., 2019; Hina & McDowell, 2017; Inhofer et al., 2022; 

Lai, Chaiyakunapruk, et al., 2016; Lai, Lai, et al., 2016; Velasquez Reyes et al., 2017). 

Despite the femoral vein cannulation site, no evidence of either microbiologically 

confirmed or clinically suspected line infection occurred. 

Haemolysis was demonstrated to occur in the ECCO2R group with a rise in plasma 

free-Hb from 0.1 (0.1-0.1) to 0.4 (0.3-0.6) g/dL over the first 48 hours (table 3.8). 

Haemolysis is recognised to be a marker of blood trauma due to red cell injury as cells 

pass through the pump and membrane (Chandler, 2021). Blood trauma is a well-

recognised complication of extracorporeal circuits and risk factors include blood flow 

at the higher or lower end of the pump operating range, pump revolutions of over 

3000 per minute and negative access pressures (Schöps et al., 2021; Toomasian & 

Bartlett, 2011). The rise in plasma free-Hb leads to an increase in bilirubin and this 

was demonstrated in the ECCO2R group but not the NIV group over the first 48 hours 

and is in keeping with observational studies of ECCO2R (Burki et al., 2013; Combes et 

al., 2019; Kluge et al., 2012; Moss et al., 2016). Thrombocytopaenia is also associated 

with pumped extracorporeal circuits (Burki et al., 2013; Combes et al., 2019; Kluge et 

al., 2012; Moss et al., 2016) and was evident in this study (table 3.8). The underlying 

mechanisms are incompletely understood but may relate to platelet damage as blood 

transits the pump or platelet and fibrin films on the circuit or membrane (Chandler, 

2021). Fibrinogen levels were elevated in the ECCO2R group compared with NIV. This 

is in keeping with the literature where high fibrinogen levels occur with excess 

inflammation, and low levels occur with excessive consumption (Burki et al., 2013; 
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Combes et al., 2019; Kluge et al., 2012; Moss et al., 2016). The mechanisms for the 

changes in fibrinogen are incompletely understood (Combes et al., 2019; Doyle et al., 

2021). Despite the changes seen in platelets and fibrinogen, evidence of haemolysis 

and systemic anticoagulation with heparin there were no episodes of significant 

bleeding or thrombosis with ECCO2R and no need for transfusion of packed red blood 

cells. This is outwith the literature, where ECCO2R is associated with significant 

bleeding risk, including intracranial haemorrhage (Braune et al., 2016; Burki et al., 

2013; Combes et al., 2019; Diehl, Augy, et al., 2020; Kluge et al., 2012; McNamee et 

al., 2017; Moss et al., 2016; Taccone et al., 2017).  

Although the time to event data (table 3.6) demonstrated a shorter duration of NIV, 

ICU and hospital lengths of stay were both significantly longer in the ECCO2R than the 

NIV group. The longer stay was due to the longer stay in the ICU as time from ICU to 

home discharge was approximately 100 hours in both groups. This compares with 

other retrospective work which has found that the ICU LOS was shorter with ECCO2R 

(Braune et al., 2015). However, this was an observational study comparing ECCO2R 

with a retrospectively matched group of patients who required invasive mechanical 

ventilation. The longer ICU stay may be due to the baseline differences between the 

two groups with a higher respiratory rate, higher haemoglobin and c-reactive protein 

in the ECCO2R group suggesting that they may have been more unwell at baseline 

with a greater degree of infection and dehydration. The length of stay difference may 

also be contributed to by the differences in the hospital protocols of care between 

the techniques. NIV is a well-established therapy in my ICU and as such has clear, 

nurse-led weaning protocols allowing for weaning and cessation of NIV 24/7. Patients 

were discharged to the ward in the morning if they had been off NIV overnight. The 

clinical protocol for patients receiving ECCO2R did not allow nurse-led weaning or 

ECCO2R to be ceased overnight. Clinical ECCO2R protocols also mandated a period of 

observation – this led to a median of 8 hours (7-24) where the sweep gas flow was 

off but prior to decannulation. Clinical protocols also required a further overnight 

stay for observation. Finally, patients who had a persisting respiratory acidosis or 

tachypnoea but were assessed by the responsible clinician as having mental capacity 

and who declined ongoing NIV support were discharged to the ward for ongoing care. 
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These differences in clinical protocols and baseline physiology may have contributed 

to the increased length of stay but it is also possible that other factors, including the 

impact of ECCO2R on work of breathing also contributed.  

The time to event data demonstrated that there was a delay to rehabilitation, time 

to sitting out of bed, first stand and first walk in the ECCO2R group (table 3.6). The 

median time to these events were lower than the median duration of ECCO2R 

indicating that rehabilitation was able to be undertaken despite the presence of a 

femoral cannula. This is important as there is ongoing controversy about mobilisation 

with femoral cannulae, especially larger diameter cannulae (Conceição et al., 2017; 

Leditschke et al., 2012; Perme et al., 2013). The time to rehabilitation is important as 

there is a clearly described benefit for early rehabilitation in critical illness (Hashem 

et al., 2016). One of benefits of NIV over mechanical ventilation with an oral 

endotracheal tube is that patients require less sedation are able to participate in 

active rehabilitation including standing, sitting in a chair and walking (Davidson et al., 

2016). The importance of rehabilitation and the impact of ECCO2R on this outcome is 

a key consideration for future trials. The time to commence oral diet was similar in 

both groups. Nutrition is important in critical illness, especially in COPD where 

malnutrition is common, to prevent the consequences of the malnutrition associated 

with acute illness including muscle loss, inability to achieve rehabilitation goals and 

increased mortality (Kaegi-Braun et al., 2021; Kreymann et al., 2006; Singer, 2019). 

Early enteral nutrition, especially oral nutrition is preferred for both its nutritional 

and psychological benefits in critical illness (Fadeur et al., 2020; Singer et al., 2019). 

The study was small and was not powered to detect a mortality difference. ICU, 

hospital and 90-day mortality were similar between the two groups (table 3.10 and 

figure 3.6). All in-hospital deaths were due to the underlying disease and no deaths 

were related to the provision of ECCO2R. COPD is a chronic illness with a significant 

and progressive impact on quality of life. Patients in the study had severe symptoms 

(median GOLD stage 3), including dyspnoea on minimal exertion, with a consequent 

impact on quality of life. Exacerbations are known to contribute to a more rapid 

deterioration in quality of life (Camac et al., 2022; Camac et al., 2021; Gosker et al., 

2021; Machado et al., 2022). There are several quality-of-life tools which have been 
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validated in patients with COPD, including the COPD assessment test (CAT) (Jones et 

al., 2009; Jones et al., 2012) and St George’s Respiratory Questionnaire (SGRQ) 

(Nonato et al., 2015; Weatherall et al., 2009). The CAT results were similar between 

the two groups and indicate there was a high impact on symptoms due to the severity 

of the COPD. The CAT results are in keeping with the GOLD stage and the literature 

(Ghobadi et al., 2012). SGRQ measures the impact of disease on quality of life in COPD 

and a higher score represents a greater impact (Nonato et al., 2015; Weatherall et 

al., 2009). The minimally important difference in SGRQ in severe COPD is 8 (Welling 

et al., 2015), however although the scores were numerically different between the 

two groups. Similarly, the EuroQoL 5D-5L, a validated quality of life score (Devlin et 

al., 2018) shows that in both groups their quality of life was significantly impaired, 

however there was no difference between the groups. The impaired quality of life is 

also found in other patients with severe COPD (Guo et al., 2020; Morishita-Katsu et 

al., 2016).  

This study is limited by the small sample size of only nine in each group, 3 patients 

short of the planned enrolment in each group. Despite this the primary end point of 

a reduction in time to cessation of NIV of at least 12 hours was met. The small 

numbers do reduce the strength of the interpretation of the study. Clearly there 

could have been unmeasured baseline differences that could have contributed to the 

study results. The small size limits the interpretation of the adverse consequences of 

ECCO2R as uncommon/infrequent complications may not be identified.  

3.5 Conclusion 

Overall, this data suggests physiological benefit associated with ECCO2R as an 

addition to NIV with the subsequent withdrawal of NIV as being equivalent to NIV 

alone. There is a potential patient-centred benefit relating to dyspnoea relief that 

needs further exploration. Overall the data suggests that ECCO2R may have a role in 

patients who do not tolerate NIV or who are deteriorating on NIV. However, the data 

also indicates that there was a longer ICU and hospital length of stay for patients 

when ECCO2R was added to NIV. The study was not powered to demonstrate a 

mortality benefit or a difference in the need for intubation and these need to be 
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explored in future larger trials. Although many patients did cease NIV shortly after 

commencing ECCO2R, it is possible that there are benefits in adding ECCO2R to NIV 

but retaining NIV.  
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Chapter 4: Assessment of the impact of ECCO2R on distribution of 

ventilation and work of breathing in patients with an acute 

exacerbations of COPD 

4.1 Introduction 

The previous chapters have considered the efficacy of an extracorporeal membrane 

in clearing of CO2 from the blood and the impact of ECCO2R added to NIV on patients’ 

outcome. This chapter will describe the relative effects of ECCO2R on work of 

breathing and pulmonary gas distribution using three different methods – 

oesophageal pressure measurement, electrical impedance tomography (EIT) and 

parasternal electromyography (pEMG). An exacerbation of COPD is complex and each 

of the measurement devices explore different aspects of the exacerbation (figure 

4.1). EIT describes the change in inspiratory time constants, distribution of aeration, 

dynamic hyperinflation and tidal volumes. Parasternal EMG describes changes in 

inspiratory effort and neural drive, whilst oesophageal pressure allows the estimation 

of the work of breathing. These methods are consequently complementary and will 

assist in developing a fuller picture of the relative impact of NIV and ECCO2R in 

AECOPD. 

Acquiring physiological measurements in conscious critically ill patients is difficult and 

the more invasive the measurement the more difficult it is to acquire. Measuring 

oesophageal pressure using an oesophageal balloon requires tolerance of the 

insertion of the nasal tube and of the procedures involved, including the no-flow 

calibration and application of the pneumotachograph which requires active 

participation including breath holding. Although electrical impedance tomography is 

a non-invasive imaging method, it does require a band placed around the chest which 

may be perceived as restrictive and in the acute phases of respiratory distress poorly 

tolerated. The electrical environment in the ICU generates electrical noise and, 

although parasternal electromyography is easy to apply, the measurement of 

interpretable electromyographic signals can be unreliable. Finally, the condition of 

the patient and their ability to consent and to tolerate each examination fluctuates 

over time. Consequently, multiple different measurements that allow an 
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understanding of the potential impact of ECCO2R on regional and global ventilation 

as well as work of breathing are required (Barrett, Hart, et al., 2019).  

 

Figure 4.1: The use of oesophageal pressure, electromyography and 

electrical impedance tomography to explore different aspects of the 

potential impact of ECCO2R on the pathophysiology of COPD.  

4.2 Oesophageal pressure measurement 

4.2.1 Introduction 

Oesophageal pressure measurement is undertaken using an air-filled balloon placed 

in the lower third of the oesophagus which is combined with a pneumotachograph 

to obtain simultaneous pressure, volume, time and flow data. The oesophageal 

pressure is a surrogate for pleural pressure and can be used to measure work of 

breathing, the pressure-time product and to assess the activity of the muscles of 

respiration (Akoumianaki et al., 2014; Banner et al., 1994; Cabello & Mancebo, 2006).  

4.2.1.1 Equation of motion 

At the beginning of respiration, the total pressure required for inspiration is the sum 

of the pressure required to overcome the elastance and resistance of the respiratory 
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system. The pressure at the start of inspiration (P0) depends on whether the patient 

is mechanically ventilated (equal to PEEP) or breathing spontaneously (0 cmH2O 

generally or > 0 cmH2O if there is intrinsic PEEP). The total pressure necessary to 

move the respiratory system from a resting state to a given lung volume is described 

by the equation of motion (equation 4.1). 

 PTOTAL = P0 + (ERS x V) + (RRS x 𝑉̇) [Eq 4.1] 

Equation 4.1: The equation of motion (Akoumianaki et al., 2014). 

PTOTAL is the total pressure applied to the respiratory system, P0 is the 

starting pressure (e.g., PEEP or 0 cmH2O), ERS is the elastance of the 

respiratory system, V is the tidal volume, RRS is the resistance of the 

respiratory system and 𝑉̇ is the inspiratory flow. 

In spontaneously breathing patients without the assistance of mechanical 

ventilation, PAW is 0 cmH2O and in patients who are fully mechanically ventilated 

without any spontaneous effort, PMUS is 0cmH2O. For patients who are receiving NIV, 

there is a combination of intrinsic muscular effort and extrinsic work provided by the 

ventilator. The total pressure is thus also described as the sum of the airway pressure 

and the pressure generated by the muscles of respiration (equation 4.2). 

 PTOTAL = PAW + PMUS  [Eq 4.2] 

Equation 4.2: The equation of motion described using the pressure 

generated by the muscles of respiration (Akoumianaki et al., 2014). 

PTOTAL is the total pressure applied to the respiratory system, PAW is 

the pressure applied by the ventilator, PMUS is the pressure generated 

by the patient’s respiratory muscles. 

4.2.1.2 Transpulmonary pressure 

The change in airway pressure through muscular effort or mechanical ventilation, 

results in a pressure difference between the pleural space and the alveolus, the trans-

pulmonary pressure. The pressure difference results in air flowing into the lungs 

(equation 4.3) (Akoumianaki et al., 2014; Banner et al., 1994; Cabello & Mancebo, 
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2006). In healthy humans, the transpulmonary pressure is negligible, however in 

patients with lung diseases the transpulmonary pressure increases significantly 

(Gattarello et al., 2023). The pleural pressure varies with gravity, body habitus, 

position and lung pathology, consequently, the pleural pressure is not the same 

throughout all regions (Akoumianaki et al., 2014; Bellani & Pesenti, 2014; Brochard, 

2014; Hedenstierna, 2012; Krell & Rodarte, 1985; Pecchiari et al., 2013).  

 TPP = PAW - PPL [Eq 4.3] 

Equation 4.3: Transpulmonary pressure described using pleural pressure 

(Akoumianaki et al., 2014). TPP is transpulmonary pressure, PPL is pleural 

pressure and PAW is airway pressure. 

4.2.1.3 Oesophageal pressure 

Given that direct measurement of pleural pressure is not feasible in clinical 

conditions, oesophageal pressure is used as a surrogate (Agostoni & Hyatt, 1986; 

Akoumianaki et al., 2014). Oesophageal pressure (PES) may be measured using an 

inflated balloon placed in the lower oesophagus and attached to an air-filled pressure 

transducer. The balloon measures the pressure transmitted to the lower oesophagus 

and varies with lung volume, position, body habitus, oesophageal muscle tone, chest 

wall distortion and intrathoracic pathology (Akoumianaki et al., 2014; Bellani & 

Pesenti, 2014; Brochard, 2014; Hedenstierna, 2012; Krell & Rodarte, 1985; Pecchiari 

et al., 2013). The absolute oesophageal pressure is not an accurate measure of 

pleural pressure given the regional variations in pleural pressure and the single 

measurement point of the oesophageal pressure. However, tidal variations in 

oesophageal pressure correlate well with the equivalent changes in pleural pressure 

(Agostoni & Hyatt, 1986; Akoumianaki et al., 2014; Bellani & Pesenti, 2014; Benditt, 

2005; Hedenstierna, 2012). Consequently, the difference between PES and PAW is a 

reasonable estimate of transpulmonary pressure (equation 4.4) (Akoumianaki et al., 

2014; Bellani & Pesenti, 2014; Hedenstierna, 2012).  
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 TPP = PAW - PES [Eq 4.4] 

Equation 4.4: Transpulmonary pressure described using oesophageal 

pressure (Akoumianaki et al., 2014). TPP is transpulmonary pressure, PES 

is oesophageal pressure and PAW is airway pressure. 

Oesophageal pressure measurement has several benefits. In addition to direct 

measurement of the oesophageal pressure, when combined with a 

pneumotachograph, lung volumes, pressures, air flow and the timing of 

inspiration/expiration can all be measured simultaneously. This allows the calculation 

of lung elastance (pressure change per litre of tidal volume) and resistance (pressure 

change per unit of flow (in litres) per second) as well as calculations of the work of 

breathing and pressure time product of the respiratory system. Additional 

calculations, including mechanical power (the total energy applied to the respiratory 

system every minute) and lung stress (the total distending pressure of the lung) can 

be performed. Given the demonstration of flow and pressure change over time, the 

relative timing of the onset of respiratory muscle contraction compared with the 

timing of the onset of airflow can also be measured which allows demonstration of 

the effort required to overcome airway resistance (Akoumianaki et al., 2014; Bellani 

& Pesenti, 2014; Blanch et al., 2005; Brochard, 2002, 2014; Purro et al., 1998; Ranieri 

et al., 1995).  

4.2.1.4 Derived data from oesophageal pressure measurement 

There are two accepted estimates of the activity of the muscles of respiration – work 

of breathing and the pressure-time product.  

4.2.1.4.1 Work of Breathing 

In patients receiving invasive or non-invasive mechanical ventilation, it is clear from 

the equation of motion that part of the pressure applied to the lung results from the  

pressure from ventilator (PAW); and part from the patient’s inspiratory muscles (PMUS) 

(Bellani & Pesenti, 2014; Hedenstierna, 2012). The work performed by the respiratory 

muscles can be calculated by integrating the pressure and volume changes that occur 
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over time (Akoumianaki et al., 2014; Banner et al., 1994; Benditt, 2005; Cabello & 

Mancebo, 2006). Work is undertaken to overcome the resistive and elastic forces of 

the respiratory system (Banner et al., 1994; Cabello & Mancebo, 2006). Elastic work 

overcomes both the elastic recoil of the lung and the chest wall. Resistive work 

overcomes airway resistance which can be significant in exacerbations of COPD. 

Expiratory work is normally approximately 20% of the total due to stored potential 

energy in the elastic tissues, however for patients with exacerbations of COPD, there 

is activation of the expiratory muscles resulting in an increase in the work of 

breathing (Fritts et al., 1959; Milici-Emili & Petit, 1960; Yan et al., 2000). 

Unfortunately, oesophageal pressure monitoring only quantifies inspiratory work 

and for total work which includes that of expiratory muscle activation a more 

complex calculation through drawing of a Campbell’s diagram is required (Pham et 

al., 2020). 

Work is measured in Joules (J), or as J/L (Akoumianaki et al., 2014; Banner et al., 1994; 

Cabello & Mancebo, 2006). Work done over a unit of time is power and can be 

measured in Joules per minute (J/min) if the respiratory rate is known. The work of 

breathing is described by equation 4.5.  

 𝑊𝑂𝐵 = ∫ 𝑃/01. 𝛿𝑉
23
"  [Eq 4.5] 

Equation 4.5: Work of breathing (Akoumianaki et al., 2014). WOB is 

work of breathing measured in joules (J), VT is volume at time t, PMUS 

is the pressure generated by the inspiratory muscles and dV is the 

tidal volume.  

The pressure due to the contraction of the muscles of respiration (PMUS) is the 

instantaneous difference between the static recoil pressure of the chest wall (PCW, 

REL) at rest (i.e., static compliance of the chest wall multiplied by the instantaneous 

tidal volume), and the oesophageal pressure (PES), hence the work of breathing due 

to the muscular activity of the chest wall is given by equation 4.6.  
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 𝑊𝑂𝐵 = ∫ (𝑃45,789(2) − 𝑃81(2)). 𝛿𝑉
23
"  [Eq 4.6] 

Equation 4.6: Work of breathing of the muscles of respiration 

(Akoumianaki et al., 2014). WOB is work of breathing measured in 

joules (J), VT is volume at time t, PCW, REL is the static recoil pressure of 

the chest wall at rest and is traditionally 4% of the predicted vital 

capacity and PES is the oesophageal pressure, VT is the tidal volume.  

In patients who are spontaneously breathing, the static recoil pressure of the chest 

wall cannot be measured, and an estimate is required (Akoumianaki et al., 2014; 

Benditt, 2005). The static recoil pressure of the chest wall can be calculated using the 

tidal volume and an estimation of chest wall elastance which is generally equated to 

4% of the theoretical vital capacity of that subject. 

 𝑃45,789 =
2

(24∗"."<)
 [Eq 4.7] 

Equation 4.7: Estimating the static recoil pressure of the chest wall 

(Akoumianaki et al., 2014). PCW, REL is the static recoil pressure of the 

chest wall at rest, V is the tidal volume and VC is the theoretical vital 

capacity.  

The theoretical vital capacity is calculated from height using equation 4.8a or 4.8b. 

 VC = height × (21.78 - 0.101 × age) [Eq 4.8a] 

 VC = height × (27.63 - 0.112 × age) [Eq 4.8b] 

Equation 4.8a & 4.8b: Theoretical vital capacity (mL) (Baldwin et al., 

1948). VC is theoretical vital capacity where height is measured in cm 

and age in years.  

Work of breathing is commonly expressed as the work per breath, per minute or per 

litre. Work of breathing can also be calculated from the pressure-time product of a 

breath obtained from the oesophageal pressure (Gattinoni et al., 2017). 
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WOB/min = (PTPbreath/ti)*RR*𝑉*0.098  [Eq 4.9a] 

 WOB/breath = (PTPbreath/ti)*RR*𝑉*0.098/RR [Eq 4.9b] 

 WOB/litre = (PTPbreath/ti)*RR*𝑉*0.098/VE [Eq 4.9c] 

Equation 4.9 a, b & c: Work of breathing in different formats 

(Gattinoni et al., 2017). WOB/min is the work of breathing per minute 

and is measured in J/min, WOB/breath is the work of breathing per 

breath and is measured in J and WOB/litre is the work of breathing 

per litre and is measured in J/L, PTPbreath is the pressure time product 

of the breath, measured in cmH2O.s, ti is the inspiratory time of the 

breath (s), RR is the respiratory rate (breaths/min) and 𝑉 is the tidal 

volume (L), 0.098 is the constant to transfer cmH2O.L into Joules (J), 

VE is the minute ventilation.  

The relationship between pressure due to the respiratory muscles and volume can 

also described by Campbell’s diagram (Cabello & Mancebo, 2006; Campbell, 1957). 

Campbell’s diagram is a graphical analysis of the oesophageal pressure against tidal 

volume over the respiratory cycle. It separates work into inspiratory, expiratory, 

resistive and elastic components (Cabello & Mancebo, 2006; Campbell, 1957).  

4.2.1.4.2 Pressure-time product 

Respiratory muscle work can also be estimated using the pressure-time product of 

the oesophageal pressure (PTPES) (Akoumianaki et al., 2014; Bellani & Pesenti, 2014; 

Benditt, 2005; Collett et al., 1985; Hedenstierna, 2012). PTPES is the integral of 

pressure over time and is therefore the product of the change in pressure multiplied 

by the duration of the contraction (Akoumianaki et al., 2014; Bellani & Pesenti, 2014; 

Benditt, 2005; Collett et al., 1985; Hedenstierna, 2012). PTPES measures the activity 

related to all muscles of respiration (diaphragm and intercostal muscles). Work of 

breathing and PTPES are highly correlated provided that a volume is generated 

(Akoumianaki et al., 2014). The advantage of PTPES is that it provides an estimate of 

activity regardless of whether a volume is generated and therefore includes isometric 

contraction. PTPES has been shown to be better correlated with oxygen consumption 
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than other measures of work of breathing in the circumstance where significant 

isometric contraction occurs (Akoumianaki et al., 2014; Collett et al., 1985; Field et 

al., 1984). This is particularly important in AECOPD where airways resistance may 

need to be overcome to initiate a breath and work of breathing calculated from 

changes in volume and pressure underestimate this element (Akoumianaki et al., 

2014; Annat et al., 1990; Brochard, 2002; Goldberg et al., 1995). Active expiration is 

also able to be identified and its work quantified if a gastric balloon is used in addition 

to the oesophageal balloon (Akoumianaki et al., 2014; Brochard, 2002). PTPES is 

measured in cmH2O.s and can be reported per breath, per minute or per litre of 

minute ventilation (Collett et al., 1985). PTPES can be partitioned into the different 

contributors to the PTP including the PTP due to the intrinsic PEEP, elastic PTP and 

resistive PTP.  

 

Figure 4.2: Contributors to the pressure time product – redrawn from 

(Pham et al., 2020). The red area represents the PTP due to intrinsic 

PEEP, the green area elastic PTP and the blue area resistive PTP. Flow 

is indicated in the upper portion of the graph and its relationship to 

the changes in oesophageal pressure is indicated by the dotted lines. 
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4.2.1.4.3 Oxygen consumption 

The energy expended during quiet respiration is approximately 2-4J/minute (0.3-

0.5J/L) of which 80% is expended during inspiration and 20% is expended during 

expiration (Fritts et al., 1959; Mancebo et al., 1995; Milici-Emili & Petit, 1960). The 

metabolic cost of respiration increases with increasing minute ventilation such that 

there is a progressively higher cost per litre of minute ventilation (Roussos, 1985; 

Roussos & Campbell, 2011). The efficiency of breathing is the ratio between the 

mechanical work of breathing and the energy expended by metabolism of the 

respiratory muscles (Roussos & Campbell, 2011). In healthy humans, the efficiency of 

the breathing is recorded as 10-25%, depending on position (Cherniack, 1959; 

McGregor & Becklake, 1961; Roussos & Campbell, 2011). In chronic lung diseases, 

including COPD, efficiency is approximately 1-2% (McGregor & Becklake, 1961; 

Roussos & Campbell, 2011). As minute ventilation increases, efficiency progressively 

reduces. It has been demonstrated that work of breathing correlates well with 

oxygen consumption and CO2 production in health, exercise and in COPD 

(Akoumianaki et al., 2014; Brochard et al., 1989; Coast & Krause, 1993; Lewis et al., 

1994; Robertson, Foster, et al., 1977; Robertson, Pagel, et al., 1977). However, the 

work of breathing is underestimated using the oesophageal balloon as work done on 

the elastic and inelastic forces of the chest wall are not measured, nor is displacement 

of the abdominal contents (Roussos & Campbell, 2011). 

4.2.1.4.4 Total lung stress 

Total lung stress is the sum of the pressures generated by the ventilator and the 

patient and can contribute to injury and inflammation within the lung parenchyma 

(Brochard et al., 2017; Otis et al., 1950). Total lung stress is calculated using the 

transpulmonary pressure and PEEP (equation 4.10) (Coppola et al., 2021). 
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 Total lung stress = (dPAW - dPES) + (PEEP * EL/ERS) [Eq 4.10] 

Equation 4.10: Total lung stress (Coppola et al., 2021). dPAW is the 

change in airway pressure, dPES is the change in oesophageal 

pressure, PEEP is the positive end-expiratory pressure, EL is the lung 

elastance and ERS is the total elastance of the respiratory system. 

4.2.1.4.5 Mechanical power 

Mechanical power is the total amount of energy applied to the respiratory system 

during mechanical ventilation. In passively ventilated patients this energy comes 

entirely from the ventilator whilst in spontaneously breathing patients it come from 

the ventilator and the patient’s own muscular effort (Coppola et al., 2021). 

Mechanical power is calculated using equation 4.11 (Coppola et al., 2021).  

 MPRS = 0.098*RR*[VT2*(EL/ERS*dPES/VT+RR*0.5)+VT*PEEP] [Eq 4.11] 

Equation 4.11: Mechanical power of the respiratory system (MPRS) 

(Coppola et al., 2021). 0.098 is the constant to convert 1 cmH2O into 

J/min, RR is respiratory rate (breaths/min), VT is the tidal volume (L), 

EL is the lung elastance, ERS is the respiratory system elastance, dPES is 

the change in oesophageal pressure and PEEP is positive end 

expiratory pressure. 

4.2.1.4.6 Ventilatory ratio 

The ventilatory ratio is a marker of impaired ventilation and is influenced by dead 

space fraction and carbon dioxide production (Sinha et al., 2019). It has been shown 

to correlate well with physiological dead space fraction (Sinha et al., 2019). A patient 

with healthy lungs would have a ventilatory ratio of approximately 1, however in 

COPD the ratio would be expected to be considerably higher due to the presence of 

increased physiological dead space. Ventilatory ratio is calculated using equation 4.12 

(Sinha et al., 2019). 
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 VR = VE measured*PaCO2 measured/VE predicted*PaCO2 predicted  [Eq 4.12] 

where, 

VE predicted = predicted body weight*100mL/kg/min 

Predicted body weight = 45.5 + 0.91(height – 152.4) [female] 

Predicted body weight = 50 + 0.91(height – 152.4) [male] 

Equa�on 4.12: Ven�latory ra�o (VR) (ARDSNET, 2000; Sinha et al., 

2019). VE measured is the measured minute ven�la�on (L/min), PaCO2 

measured is the measured arterial par�al pressure of carbon dioxide (kPa), 

VE predicted is the predicted minute ven�la�on (L/min), PaCO2 predicted is 

the predicted normal par�al pressure of carbon dioxide (5kPa) and 

height (cm). 

4.2.1.4.7 Calculation of muscular effort 

As discussed above, the pressure generated by the muscles of respiration needs to 

overcome the static recoil pressure of the chest wall and generate a pleural pressure 

to allow flow. PMUS is equal to the elastic recoil pressure of the chest wall and the 

change in pleural or oesophageal pressure (equation 4.13). 

 PMUS = PCW + PES [Eq 4.13] 

Equation 4.13: Calculation of the total pressure generated by the 

muscles of respiration. PMUS is the pressure generated by the muscles 

of respiration, PCW is the elastic recoil of the chest wall and 𝛿PES is the 

change in oesophageal pressure. 

The elastic recoil pressure of the chest wall is in turn calculated using the theoretical 

chest wall compliance (equation 4.14).  
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 PCW = V(t)/CCW [Eq 4.14] 

where, 

CCW = VCTH*0.04 

where, 

VCTH = height × (21.78 - 0.101 × age)/1000 [female] 

VCTH = height × (27.63 - 0.112 × age)/1000 [male] 

Equation 4.14: Calculation of the elastic recoil of the chest wall. PCW is 

the elastic recoil of the chest wall (cmH2O), V(t) breath volume at time 

t (L), CCW is the compliance of the chest wall (L/cmH2O), VCTH is the 

theoretical vital capacity (L), with height (cm) and age (years). There 

are separate calculations for males and females (Baldwin et al., 1948). 

4.2.2 Methods  

4.2.2.1 Contraindications 

Oesophageal pressure monitoring was contraindicated where there is a lack of 

consent and in the presence of nasal or oesophageal pathology which precluded 

naso-oesophageal intubation (Akoumianaki et al., 2014; Benditt, 2005; Brochard, 

2014; Sahetya & Brower, 2016). 

4.2.2.2 Equipment 

The oesophageal balloon catheter used was a 5Fr latex free catheter with balloon 

and polytetrafluoroethylene coated stillette (Cooper Surgical, Conneticut, USA). All 

signals were collected on a personal computer through a 12-bit analog-to-digital 

converter (National Instrument DAQCard 700, Austin, Texas) at a sampling frequency 

of 200 Hz (ICU-lab, KleisTEK Engineering, Bari, Italy). Flows, airway pressures and 

volumes were measured using a heated differential pneumotachograph (Hans 

Rudolph, Shawnee, Kansas) connected in line with the non-invasive ventilator with a 
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heat and moisture exchange bacterial/viral filter in the circuit to protect the patient. 

Data were analysed using ICU-Lab software. 

4.2.2.3 Data collection 

The following steps were undertaken: 

• Consent was obtained. 

• Topical anaesthetic (10% lignocaine spray) was offered to the patient. 

• The catheter was placed transnasally into the oesophagus to a depth of at 

least 45 cm.  

• Once the catheter was in place, the stillette was removed and the y-connector 

on the balloon was also removed. 

• The transducer, LFE filter and laptop were turned on and the transducer was 

connected to the laptop. 

• The pneumotachograph and port for the oesophageal balloon were 

connected to the transducer to allow calibration prior to connecting to the 

patient. 

• Kleistek recorder was opened and the acquired channel setup opened. 

• The channels were individually calibrated.  

• The pneumotachograph was placed distal to the y-connector of the NIV 

circuit. 

• The balloon catheter was connected to the transducer and 0.5-1mL of air was 

instilled into the balloon. 

• The catheter was then repositioned to ensure that there was an oesophageal 

trace which became negative during inspiration and cardiac oscillations were 

present. 

• In setup the file was recorded as COPD(patient number)OP(day) 

• An inspiratory occlusion manoeuvre was then performed using an expiratory 

hold and asking the patient to take 3 maximal breaths and the traces were 

saved. 

• The recorder was closed and the analyser opened. 
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• Following selection of the file, and auto-scaling of the traces, a breath taken 

during the maximal inspiratory effort was selected. 

• Calibration was performed as described in section 4.2.2.4 

• Once position was deemed adequate, 5 minutes of data was recorded. Data 

was recorded concurrently with electrical impedance tomography and 

parasternal electromyography. 

4.2.2.4 Calibration of the oesophageal pressure position 

Oesophageal pressure measurements require the passage of a catheter with a 

balloon trans-nasally into the lower oesophagus (Akoumianaki et al., 2014; Benditt, 

2005; Brochard, 2014; Sahetya & Brower, 2016). Once in place, the balloon has 0.5-

1.5 mL of air – based on the compliance characteristics of each balloon - instilled to 

allow optimal transmission of the pressure waveform. It is important to validate the 

position of the balloon using the dynamic occlusion test in the spontaneously 

breathing patient (figure 4.3) (Akoumianaki et al., 2014; Baydur et al., 1982; Benditt, 

2005; Brochard, 2014; Sahetya & Brower, 2016). In this test, the patient breathes in 

against a closed inspiratory valve resulting in no airflow, and the ratio of the change 

in oesophageal pressure to change in airway pressure is assessed. A ratio 

approaching 1 (0.8-1.2) is considered to indicate appropriate placement (Baydur et 

al., 1982). The sequence of measurements are as follows: 

• For the oesophageal pressure trace, the peak to trough difference was 

calculated (DPES) 

• For the airway pressure trace, the peak to trough difference was calculated 

(DPAW) 

• The ratio DPES/DPAW was then calculated, if the ratio was 0.8-1.2, readings 

commenced, if not, then the catheter was repositioned, and the occlusion test 

was repeated. 
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Figure 4.3: Occlusion test in a spontaneously breathing patient 

(Akoumianaki et al., 2014). Red is airway pressure, blue is 

oesophageal. 

4.2.2.5 Data analysis 

The data was analysed using automated proprietary software (ICU-lab, KleisTEK 

Engineering, Bari, Italy). The following data was measured:  

• Time 

o start of inspiratory effort 

o start of expiratory effort 

o start of inspiratory flow 

o start of expiratory flow  

• Volumes 

o inspiratory  

o expiratory  

o minute ventilation 

• Respiratory rate 

• Flow 
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o peak inspiratory  

o mean inspiratory  

o peak expiratory flow 

• Pressure 

o PEEP (total) 

o PEEP (intrinsic) 

o peak inspiratory airway pressure 

o mean airway pressure 

o oesophageal pressure 

Calculated variables were: 

• Elastance of the respiratory system and total lung 

• Resistance of the respiratory system and total lung 

• Pressure time product – chest wall, intrinsic PEEP, elastic and resistive, 

expressed per breath, per minute and per litre 

• Elastic recoil pressure of the chest wall (equation 4.7) 

• Pressure due to the muscles of respiration (equation 4.13) 

• Total lung stress (equation 4.10) 

• Transpulmonary pressure (equation 4.4) 

• Work of breathing expressed per minute, per breath and per litre (equation 

4.9) 

• Mechanical power (equation 4.11) 

• Ventilatory ratio (equation 4.12) 

4.2.2.6 Ethical approval 

The trial protocol was approved by the Cambridge NHS Human Research Authority 

Research Ethics Committee (14/EE/0109).  

4.2.2.7 Statistical analysis 

Statistical analysis was performed using Prism 9.5.1 for Mac (GraphPad, San Diego, 

USA). All data is presented as median (inter-quartile range). Data was compared 
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within and between the two arms grouped at 0-23 hours, 24-48 hours and 49-120 

hours from randomisation.  

4.2.3 Results 

4.2.3.1 Demographics 

Patient characteristics at baseline and who underwent oesophageal pressure 

measurements are displayed in table 4.1. All patients had severe COPD. Patients in 

both groups were comparable, apart from baseline respiratory rate which was higher 

in the ECCO2R group. 
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  NIV (n=4/9) ECCO2R (n=5/9) 
Demographic data 

Age (years) 63 (61-69) 70 (64-71) 
BMI (kg/m2) 19.2 (19.1-20.1) 23.8 (23.8-24.7) 
Sex (F) 2 4 
FEV1 (L) 1.13 (0.54-1.66) 0.97 (0.7-1.24) 
FEV1 (% predicted) (%) 2.91 (2.018-3.88) 1.95 (1.7-3.12) 
FVC (L) 34.5 (18-55.8) 39 (39-39.8) 
FVC (% predicted) (%) 90.5 (53.5-119.3) 79.9 (63-82) 
FEV1/FVC 39.5 (29.3-48) 47 (44-49) 
GOLD stage 3 (2-4) 3 (3-3) 

Baseline observations 
Systolic Blood pressure 
(mmHg) 118 (113-126) 123 (112-140) 
Respiratory rate 
(breaths/min) 22 (19-25) 32 (30-35) 
SpO2 (%) 91 (89-92) 91 (87-94) 
Heart rate (beats/min) 106.5 (98-117) 109 (91-125) 

Presenting arterial blood gas 
PaO2 (kPa) 9.2 (8.7-9.7) 9.4 (7.1-9.4) 
PaCO2 (kPa) 9.8 (9.2-10.4) 9.8 (9.7-9.9) 
pH 7.23 (7.23-7.24) 7.25 (7.24-7.25) 
HCO3 (mmol/L) 31.2 (30.3-31.5) 29.7 (29.7-30.6) 

Initial NIV settings 
EPAP (cmH2O) 5 (5-5) 6 (5.25-6) 
IPAP (cmH2O) 15 (14-16) 18 (17-20) 
FiO2 (%) 34 (27-45) 35 (30-39) 

Arterial blood gas after 1 hour NIV 
PaO2 (kPa) 8.7 (8.1-9.8) 9.4 (8.9-9.4) 
PaCO2 (kPa) 8.7 (8.2-9.3) 8.9 (8.5-8.9) 
pH 7.27 (7.26-7.28) 7.29 (7.28-7.29) 
HCO3 (mmol/L) 30 (28.5-30.9) 27.7 (27.7-27.9) 

Table 4.1: Baseline demographics who had oesophageal pressure 

measurements in the NIV and ECCO2R groups. GOLD stage defines the 

severity of COPD and range from 1 (least severe) to 4 (the most severe). 

EPAP is expiratory positive airway pressure; IPAP is inspiratory positive 

airway pressure. All results are expressed as median (IQR).  

4.2.3.2 Intra-group oesophageal pressure changes over time 

Within group comparisons over time are described in table 4.2 for the ECCO2R group 

and table 4.3 for the NIV group.  

In the ECCO2R group, there are 5 patients in the 0-23 hour period, 4 in the 24-48 hour 

period and 3 with measurements in the 49-120 hour period. There are reductions in 
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intrinsic PEEP, dPES and transpulmonary pressure over time. Over the three time 

periods, although the PTP/breath and PTP/L both reduce, the PTP/minute does not 

change. Overall, there is limited change in the work of breathing per minute. The 

ventilatory ratio and CO2 removal remain stable over the three time periods  

In the NIV group, there are n=4 patients in the 0-23 hour period and n=2 in the 24-48 

hour period. The minute ventilation, airway pressures, intrinsic PEEP, transpulmonary 

pressure, dPES and PMUS all increased over time. The pressure time product, work of 

breathing and ventilatory ratios also increased between the first and second day. 
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  ECCO2R 0-23 hours ECCO2R 24-48 hours ECCO2R 49-120 hours 

N 5 4 3 

TINSP (s) 0.94 (0.79-1.08) 0.92 (0.73-1.06) 0.93 (0.86-1.08) 

TTOT (s) 2.64 (2.28-3.45) 2.24 (1.89-2.59) 2.62 (2.19-3.7) 

TINSP/TTOT 0.34 (0.3-0.41) 0.41 (0.35-0.45) 0.34 (0.3-0.43) 

dV (L) 0.51 (0.44-0.59) 0.56 (0.38-0.64) 0.61 (0.53-0.69) 

RR (bpm) 22.73 (17.43-26.32) 26.84 (23.22-31.79) 22.91 (16.25-27.47) 

Minute ventilation 
(L/min) 12.24 (8.51-13.9) 15.33 (12.85-17.15) 13.33 (9.12-19.12) 

PaCO2 (kPa) 7.59 (6.4-8.38) 8.47 (4.66-8.66) 8.34 (4.86-8.65) 

pH 7.37 (7.28-7.38) 7.35 (7.35-7.49) 7.37 (7.34-7.46) 

CO2 removal (mL/min) 90 (83-103) 94 (80-94) 97 (28-97) 

EL (cmH2O/L) 10 (4.1-17) 8.7 (4.1-15.7) 8.2 (4.7-18.2) 

ERS (cmH2O/L) 13.59 (10.89-15.68) 14.17 (7.44-18.8) 11.52 (7.7-13.57) 

RL (cmH2O/L/s) 10.3 (8.4-12.4) 10.3 (6.3-14.9) 9.1 (5.2-17.7) 

RRS (cmH2O/L/s) 6.65 (5.82-8.53) 7.8 (4.92-8.65) 6.83 (4.5-7.96) 

PAW peak (cmH2O) 10.45 (9.3-12.7) 9.19 (6.37-10.56) 9.16 (7.05-9.72) 

PAW mean (cmH2O) 7.39 (6.66-9.16) 6 (4.41-7.9) 7.14 (4.26-7.54) 

PEEPi (cmH2O) 2.42 (1.36-4.4) 1.57 (0.94-2.69) 1.07 (0.36-1.93) 

dPES (cmH2O) 8.99 (4.69-13.43) 5.44 (3.98-9.71) 6.2 (3.35-16.49) 

TPP (cmH2O) 17.7 (9.84-21.33) 10.6 (8.87-19.55) 11.36 (8.66-24.01) 

PCW (cmH2O) 4.18 (3.73-5.32) 4.31 (3.89-4.73) 4.7 (4.16-5.38) 

PMUS (cmH2O) 15.08 (8.96-18.34) 10.22 (8.27-14.31) 11.5 (9.18-21.16) 

Total lung stress 
(cmH2O) 23.1 (14.96-29.61) 12.63 (10.14-22.13) 13.52 (10.24-30.93) 

PTPCW (cmH2O.s) 0.97 (0.76-1.39) 1.08 (0.72-1.46) 1.26 (1.01-1.59) 

PTPPEEPi (cmH2O.s) 2.26 (1.18-4.6) 1.44 (0.85-2.33) 1.03 (0.32-1.84) 

PTPE (cmH2O.s) 3.37 (1.2-4.89) 2.18 (0.92-3.14) 6.58 (5.31-7.63) 

PTPR (cmH2O.s) 3.29 (0.55-4.82) 2.31 (1.65-3.84) 4.61 (0.4-6.26) 

PTP/breath (cmH2O.s) 8.27 (5.01-10.36) 5.58 (3.88-8.37) 5.73 (4.19-14.59) 

PTP/min 
(cmH2O.s/min) 

155.77 (99.87-
249.73) 

123.89 (91.83-
228.4) 159.77 (75.81-317.72) 

PTP/L (cmH2O.s/L) 16.58 (8.74-21.35) 10.02 (6.92-18.84) 8.77 (6.42-24.33) 

WOB/breath 
(J/breath) 

0.42 (0.25-0.65) 0.32 (0.21-0.56) 0.42 (0.24-0.96) 

WOB/min (J/min) 8.03 (4.8-15.94) 7.73 (5.07-17.43) 12.09 (3.23-20.5) 

WOB/L (J/L) 0.82 (0.47-1.26) 0.52 (0.39-1.03) 0.6 (0.37-1.57) 

Mechanical power 
(J/min) 25.23 (10.9-63.37) 23.74 (16.03-40.96) 38.89 (8.91-73.26) 

Ventilatory ratio 2.36 (1.96-2.93) 2.29 (1.98-4.95) 2.93 (2.53-3.42) 

Table 4.2: Changes in oesophageal pressure over time (ECCO2R group). 

TINSP is the time for inspiration, TTOT is the total time for the respiratory 
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cycle, dV is tidal volume, RR is respiratory rate, EL is elastance of the lung, 

ERS is elastance of the respiratory system, RL is resistance of the lung, RRS 

is resistance of the respiratory system, dPES is change in oesophageal 

pressure, TPP is transpulmonary pressure, PCW is pressure due to the 

chest wall, PMUS is pressure due to muscular effort, PTPCW is pressure time 

product of the chest wall, PTPE is pressure time product elastance, PTPR 

is pressure time product resistance, PTP/breath is the pressure time 

product per breath, PTP/min is the pressure time product per minute, 

PTP/L is the pressure time product per litre, WOB/breath is the work of 

breathing per breath, WOB/minute is the work of breathing per minute 

and WOB/L is the work of breathing per litre of minute ventilation. 
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  NIV 0-23 hours NIV 24-48 hours 

N 4 2 

TINSP (s) 0.98 (0.83-1.71) 0.99 (0.85-1.11) 

TTOT (s) 2.88 (2.6-3.33) 3.06 (2.23-4.02) 

TINSP/TTOT 0.36 (0.3-0.55) 0.33 (0.26-0.41) 

dV (L) 0.77 (0.63-0.9) 0.74 (0.78-1.07) 

RR (bpm) 20.86 (18.06-23.11) 19.61 (14.96-26.95) 

Minute ventilation (L/min) 15.54 (13.14-18.48) 14.45 (9.55-18.93) 

PaCO2 (kPa) 8.37 (7.44-8.37) 7.47 (6.41-7.47) 

pH 7.34 (7.34-7.35) 7.45 (7.43-7.45) 

CO2 removal (mL/min) N/A N/A 

EL (cmH2O/L) 5.4 (1.3-8.3) 4.7 (3.7-6) 

ERS (cmH2O/L) 8.79 (6.53-11.36) 7.25 (4.87-9.31) 

RL (cmH2O/L/s) 6.3 (5.6-9.7) 4.9 (4.1-6.1) 

RRS (cmH2O/L/s) 5.8 (5.1-6.12) 3.76 (3.05-6.27) 

PAW peak (cmH2O) 8.8 (8.02-11.01) 15.06 (10.72-15.4) 

PAW mean (cmH2O) 6.22 (5.11-7.09) 10.75 (7.7-11.16) 

PEEPi (cmH2O) 0.75 (0.19-1.29) 2.23 (1.08-5.4) 

dPES (cmH2O) 2.33 (1.22-3.87) 13.5 (8.88-16.85) 

TPP (cmH2O) 8.97 (8.37-10.49) 23.14 (16.95-26.9) 

PCW (cmH2O) 5.43 (4.55-6.57) 5.52 (3.79-7.1) 

PMUS (cmH2O) 7.98 (6.1-10.24) 16.94 (14.74-22.75) 

Total lung stress (cmH2O) 11.58 (10.13-13.37) 27.65 (20.48-34.02) 

PTPCW (cmH2O.s) 1.46 (1.01-2.2) 2.73 (1.65-4.71) 

PTPPEEPi (cmH2O.s) 1.01 (0.16-2.26) 2.39 (1.39-5) 

PTPE (cmH2O.s) 0.16 (0.05-0.5) 1.95 (1.27-2.71) 

PTPR (cmH2O.s) 0.62 (0.25-1.11) 4.47 (2.95-7.59) 

PTP/breath (cmH2O.s) 3.26 (1.98-6.02) 11.94 (9.59-17.41) 

PTP/min (cmH2O.s/min) 64.83 (42.45-125.51) 232.53 (182.61-317.72) 

PTP/L (cmH2O.s/L) 4.81 (2.73-7.19) 9.38 (8.44-10.43) 

WOB/breath (J/breath) 0.22 (0.13-0.41) 0.86 (0.54-1.24) 

WOB/min (J/min) 4.38 (2.76-7.27) 15.52 (11.93-21.6) 

WOB/L (J/L) 0.3 (0.2-0.42) 1.46 (0.89-1.74) 

Mechanical power (J/min) 19.58 (13.52-26.52) 37.63 (25.65-52.11) 

Ventilatory ratio 3.89 (3.21-4.71) 3.06 (2.28-3.73) 

Table 4.3: Changes in oesophageal pressure over time (NIV group). 

TINSP is the time for inspiration, TTOT is the total time for the 

respiratory cycle, dV is tidal volume, RR is respiratory rate, EL is 
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elastance of the lung, ERS is elastance of the respiratory system, RL is 

resistance of the lung, RRS is resistance of the respiratory system, 

dPES is change in oesophageal pressure, TPP is transpulmonary 

pressure, PCW is pressure due to the chest wall, PMUS is pressure due 

to muscular effort, PTPCW is pressure time product of the chest wall, 

PTPE is pressure time product elastance, PTPR is pressure time 

product resistance, PTP/breath is the pressure time product per 

breath, PTP/min is the pressure time product per minute, PTP/L is 

the pressure time product per litre, WOB/breath is the work of 

breathing per breath, WOB/minute is the work of breathing per 

minute and WOB/L is the work of breathing per litre of minute 

ventilation. 

4.2.3.3 Inter-group oesophageal pressure results 

The results for the comparison of the two groups at 0-23 hours is described in table 

4.4 and figures 4.4 and 4.5. Comparison at the 24-48 hour period is described in table 

4.5. The minute ventilation in the ECCO2R group was lower, with a lower PaCO2 and 

ventilatory ratio. Pressures were higher in the ECCO2R group with PMUS, TPP, dPES, 

total lung stress and intrinsic PEEP all higher. Measures of work of breathing and 

pressure time product per breath, per minute and per litre were all higher in the 

ECCO2R group than in the NIV group in the 0-23 hour period. Figure 4.4 demonstrates 

the simple linear regression for work of breathing compared with pressure-time 

product. The lines have a similar slope but have a different x-intercept. The ECCO2R 

group has an x-intercept of 25.1 cmH2O.s/min compared with the NIV group having 

an x-intercept of -1.6 cmH2O.s/min. Figure 4.5 demonstrates graphically a selection 

of the changes seen between the two groups in the 0-23 hour period. 
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  NIV 0-23 hours ECCO2R 0-23 hours 

N 4 5 

TINSP (s) 0.98 (0.83-1.71) 0.94 (0.79-1.08) 

TTOT (s) 2.88 (2.6-3.33) 2.64 (2.28-3.45) 

TINSP/TTOT 0.36 (0.3-0.55) 0.34 (0.3-0.41) 

dV (L) 0.77 (0.63-0.9) 0.51 (0.44-0.59) 

RR (bpm) 20.86 (18.06-23.11) 22.73 (17.43-26.32) 

Minute ventilation (L/min) 15.54 (13.14-18.48) 12.24 (8.51-13.9) 

PaCO2 (kPa) 8.37 (7.44-8.37) 7.59 (6.4-8.38) 

pH 7.34 (7.34-7.35) 7.37 (7.28-7.38) 

CO2 removal (mL/min) N/A 90 (83-103) 

EL (cmH2O/L) 5.4 (1.3-8.3) 10 (4.1-17) 

ERS (cmH2O/L) 8.79 (6.53-11.36) 13.59 (10.89-15.68) 

RL (cmH2O/L/s) 6.3 (5.6-9.7) 10.3 (8.4-12.4) 

RRS (cmH2O/L/s) 5.8 (5.1-6.12) 6.65 (5.82-8.53) 

PAW peak (cmH2O) 8.8 (8.02-11.01) 10.45 (9.3-12.7) 

PAW mean (cmH2O) 6.22 (5.11-7.09) 7.39 (6.66-9.16) 

PEEPi (cmH2O) 0.75 (0.19-1.29) 2.42 (1.36-4.4) 

dPES (cmH2O) 2.33 (1.22-3.87) 8.99 (4.69-13.43) 

TPP (cmH2O) 8.97 (8.37-10.49) 17.7 (9.84-21.33) 

PCW (cmH2O) 5.43 (4.55-6.57) 4.18 (3.73-5.32) 

PMUS (cmH2O) 7.98 (6.1-10.24) 15.08 (8.96-18.34) 

Total lung stress (cmH2O) 11.58 (10.13-13.37) 23.1 (14.96-29.61) 

PTPCW (cmH2O.s) 1.46 (1.01-2.2) 0.97 (0.76-1.39) 

PTPPEEPi (cmH2O.s) 1.01 (0.16-2.26) 2.26 (1.18-4.6) 

PTPE (cmH2O.s) 0.16 (0.05-0.5) 3.37 (1.2-4.89) 

PTPR (cmH2O.s) 0.62 (0.25-1.11) 3.29 (0.55-4.82) 

PTP/breath (cmH2O.s) 3.26 (1.98-6.02) 8.27 (5.01-10.36) 

PTP/min (cmH2O.s/min) 64.83 (42.45-125.51) 155.77 (99.87-249.73) 

PTP/L (cmH2O.s/L) 4.81 (2.73-7.19) 16.58 (8.74-21.35) 

WOB/breath (J/breath) 0.22 (0.13-0.41) 0.42 (0.25-0.65) 

WOB/min (J/min) 4.38 (2.76-7.27) 8.03 (4.8-15.94) 

WOB/L (J/L) 0.3 (0.2-0.42) 0.82 (0.47-1.26) 

Mechanical power (J/min) 19.58 (13.52-26.52) 25.23 (10.9-63.37) 

Ventilatory ratio 3.89 (3.21-4.71) 2.36 (1.96-2.93) 

Table 4.4: Comparison of oesophageal pressure over time in the NIV and 

ECCO2R groups on day 1 (0-23 hours). TINSP is the time for inspiration, TTOT 

is the total time for the respiratory cycle, dV is tidal volume, RR is 
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respiratory rate, EL is elastance of the lung, ERS is elastance of the 

respiratory system, RL is resistance of the lung, RRS is resistance of the 

respiratory system, dPES is change in oesophageal pressure, TPP is 

transpulmonary pressure, PCW is pressure due to the chest wall, PMUS is 

pressure due to muscular effort, PTPCW is pressure time product of the 

chest wall, PTPE is pressure time product elastance, PTPR is pressure time 

product resistance, PTP/breath is the pressure time product per breath, 

PTP/min is the pressure time product per minute, PTP/L is the pressure 

time product per litre, WOB/breath is the work of breathing per breath, 

WOB/minute is the work of breathing per minute and WOB/L is the work 

of breathing per litre of minute ventilation. 
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  NIV 24-48 hours ECCO2R 24-48 hours 

N 2 4 

TINSP (s) 0.99 (0.85-1.11) 0.92 (0.73-1.06) 

TTOT (s) 3.06 (2.23-4.02) 2.24 (1.89-2.59) 

TINSP/TTOT 0.33 (0.26-0.41) 0.41 (0.35-0.45) 

dV (L) 0.74 (0.78-1.07) 0.56 (0.38-0.64) 

RR (bpm) 19.61 (14.96-26.95) 26.84 (23.22-31.79) 

Minute ventilation (L/min) 14.45 (9.55-18.93) 15.33 (12.85-17.15) 

PaCO2 (kPa) 7.47 (6.41-7.47) 8.47 (4.66-8.66) 

pH 7.45 (7.43-7.45) 7.35 (7.35-7.49) 

CO2 removal (mL/min)  94 (80-94) 

EL (cmH2O/L) 4.7 (3.7-6) 8.7 (4.1-15.7) 

ERS (cmH2O/L) 7.25 (4.87-9.31) 14.17 (7.44-18.8) 

RL (cmH2O/L/s) 4.9 (4.1-6.1) 10.3 (6.3-14.9) 

RRS (cmH2O/L/s) 3.76 (3.05-6.27) 7.8 (4.92-8.65) 

PAW peak (cmH2O) 15.06 (10.72-15.4) 9.19 (6.37-10.56) 

PAW mean (cmH2O) 10.75 (7.7-11.16) 6 (4.41-7.9) 

PEEPi (cmH2O) 2.23 (1.08-5.4) 1.57 (0.94-2.69) 

dPES (cmH2O) 13.5 (8.88-16.85) 5.44 (3.98-9.71) 

TPP (cmH2O) 23.14 (16.95-26.9) 10.6 (8.87-19.55) 

PCW (cmH2O) 5.52 (3.79-7.1) 4.31 (3.89-4.73) 

PMUS (cmH2O) 16.94 (14.74-22.75) 10.22 (8.27-14.31) 

Total lung stress (cmH2O) 27.65 (20.48-34.02) 12.63 (10.14-22.13) 

PTPCW (cmH2O.s) 2.73 (1.65-4.71) 1.08 (0.72-1.46) 

PTPPEEPi (cmH2O.s) 2.39 (1.39-5) 1.44 (0.85-2.33) 

PTPE (cmH2O.s) 1.95 (1.27-2.71) 2.18 (0.92-3.14) 

PTPR (cmH2O.s) 4.47 (2.95-7.59) 2.31 (1.65-3.84) 

PTP/breath (cmH2O.s) 11.94 (9.59-17.41) 5.58 (3.88-8.37) 

PTP/min (cmH2O.s/min) 232.53 (182.61-317.72) 123.89 (91.83-228.4) 

PTP/L (cmH2O.s/L) 9.38 (8.44-10.43) 10.02 (6.92-18.84) 

WOB/breath (J/breath) 0.86 (0.54-1.24) 0.32 (0.21-0.56) 

WOB/min (J/min) 15.52 (11.93-21.6) 7.73 (5.07-17.43) 

WOB/L (J/L) 1.46 (0.89-1.74) 0.52 (0.39-1.03) 

Mechanical power (J/min) 37.63 (25.65-52.11) 23.74 (16.03-40.96) 

Ventilatory ratio 3.06 (2.28-3.73) 2.29 (1.98-4.95) 

Table 4.5: Comparison of oesophageal pressure over time in the NIV and 

ECCO2R groups on day 2 (24-48 hours). TINSP is the time for inspiration, 

TTOT is the total time for the respiratory cycle, dV is tidal volume, RR is 
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respiratory rate, EL is elastance of the lung, ERS is elastance of the 

respiratory system, RL is resistance of the lung, RRS is resistance of the 

respiratory system, dPES is change in oesophageal pressure, TPP is 

transpulmonary pressure, PCW is pressure due to the chest wall, PMUS is 

pressure due to muscular effort, PTPCW is pressure time product of the 

chest wall, PTPE is pressure time product elastance, PTPR is pressure time 

product resistance, PTP/breath is the pressure time product per breath, 

PTP/min is the pressure time product per minute, PTP/L is the pressure 

time product per litre, WOB/breath is the work of breathing per breath, 

WOB/minute is the work of breathing per minute and WOB/L is the work 

of breathing per litre of minute ventilation. 
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Figure 4.4: Linear regression of the pressure time product per minute 

and work of breathing per minute for the NIV and ECCO2R groups on 

day 1 and day 2. 
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Figure 4.5: Comparisons between the NIV and ECCO2R groups in the 0-

23 hour period.  
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4.2.3.4 ECCO2R combined with NIV compared with ECCO2R alone 

In two patients, data was measured after commencement of ECCO2R, on and off NIV 

(table 4.5 and figure 4.6). The elastance and resistance of both the lung and 

respiratory system increased. The intrinsic PEEP decreased but dPES, transpulmonary 

pressure, PMUS and total lung stress all increased following the removal of NIV. PTP 

per breath, per minute and per litre all increased as did work of breathing. Figure 4.6 

demonstrates the simple linear regression for work of breathing compared with 

pressure-time product. The lines have a different slope, and a different x-intercept. 

The ECCO2R group has an x-intercept through the origin compared with the ECCO2R 

and NIV group having an x-intercept of 38.5 cmH2O.s/min.  

 

Figure 4.6: Linear regression of the pressure time product per minute 

and work of breathing per minute for patients in the ECCO2R group 

whilst the patients were still on NIV and after the removal of NIV. 
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  NIV & ECCO2R ECCO2R 

N 2 2 

TINSP (s) 0.88 (0.74-1) 1.03 (0.81-1.08) 

TTOT (s) 2.51 (2.22-3.09) 2.84 (2.34-3.54) 

TINSP/TTOT 0.38 (0.3-0.41) 0.34 (0.28-0.42) 

dV (L) 0.6 (0.52-0.64) 0.57 (0.46-0.73) 

RR (bpm) 23.91 (19.44-27.03) 21.13 (16.98-25.7) 

Minute ventilation (L/min) 13.5 (12-15.3) 11.9 (9.1-15.2) 

PaCO2 (kPa) 8.34 (8.34-9.09) 8.83 (8.59-8.83) 

pH 7.34 (7.31-7.34) 7.31 (7.31-7.34) 

CO2 removal (mL/min) N/A 119 (103-119) 

EL (cmH2O/L) 4.8 (3.4-8.2) 7.7 (5.1-12) 

ERS (cmH2O/L) 13.54 (11.24-16.26) 17.65 (13.74-22.49) 

RL (cmH2O/L/s) 7.5 (7-9.9) 13.1 (11.9-14.2) 

RRS (cmH2O/L/s) 5.91 (5.65-7) 8.91 (8.17-9.66) 

PAW peak (cmH2O) 9.72 (9.56-13.54) 12.48 (11.94-13.17) 

PAW mean (cmH2O) 7.52 (7.27-9.46) 8.59 (7.32-10.01) 

PEEPi (cmH2O) 3.92 (3.25-4.71) 2.81 (1.55-5.01) 

dPES (cmH2O) 6.6 (5.25-9.13) 10.61 (9.35-12.44) 

TPP (cmH2O) 13.31 (11.64-19.57) 20.44 (19.17-22.33) 

PCW (cmH2O) 6.55 (5.77-6.98) 6.34 (5.03-8.14) 

PMUS (cmH2O) 13.37 (11.37-15.89) 17.63 (16.1-19.2) 

Total lung stress (cmH2O) 14.36 (12.55-21.26) 22.64 (20.95-24.55) 

PTPCW (cmH2O.s) 1.04 (0.82-1.24) 1.15 (0.71-1.79) 

PTPPEEPi (cmH2O.s) 3.13 (2.49-3.81) 2.8 (1.68-4.44) 

PTPE (cmH2O.s) 0.39 (0.33-0.55) 0.96 (0.56-1.67) 

PTPR (cmH2O.s) 2.32 (1.34-2.94) 5.41 (4.56-5.97) 

PTP/breath (cmH2O.s) 5.64 (4.45-6.31) 8.83 (7.24-10.07) 

PTP/min (cmH2O.s/min) 123.24 (103-152.63) 186.88 (140.58-226.38) 

PTP/L (cmH2O.s/L) 9.56 (8.23-10.53) 15.7 (10.15-20.18) 

WOB/min (J/min) 7.43 (6.08-10.19) 11.11 (8.11-15.15) 

WOB/breath (J/breath) 0.35 (0.27-0.5) 0.54 (0.41-0.63) 

WOB/L (J/L) 0.6 (0.47-0.81) 0.87 (0.76-1.03) 

Mechanical power (J/min) 15.8 (13.45-22.34) 21.67 (13.67-31.84) 

Ventilatory ratio 5.1 (4.53-5.98) 4.85 (3.54-6.87) 

Table 4.6: Oesophageal pressure with the combination of NIV and ECCO2R 

and ECCO2R alone. TINSP is the time for inspiration, TTOT is the total time 

for the respiratory cycle, dV is tidal volume, RR is respiratory rate, EL is 
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elastance of the lung, ERS is elastance of the respiratory system, RL is 

resistance of the lung, RRS is resistance of the respiratory system, dPES is 

change in oesophageal pressure, TPP is transpulmonary pressure, PCW is 

pressure due to the chest wall, PMUS is pressure due to muscular effort, 

PTPCW is pressure time product of the chest wall, PTPE is pressure time 

product elastance, PTPR is pressure time product resistance, PTP/breath 

is the pressure time product per breath, PTP/min is the pressure time 

product per minute, PTP/L is the pressure time product per litre, 

WOB/breath is the work of breathing per breath, WOB/min is the work 

of breathing per minute and WOB/L is the work of breathing per litre of 

minute ventilation. 

4.2.4 Discussion 

Oesophageal pressure measurements were obtained in approximately half of each 

group (4/9 in the NIV group and 5/9 in the ECCO2R group). Aside from the baseline 

difference in respiratory rate (ECCO2R 32 (30-35) bpm, vs NIV 22 (19-25) bpm), the 

groups were well matched.  

4.2.4.1 NIV over time 

The NIV group had lower PMUS, transpulmonary pressure, lung stress and dPES on day 

1 when compared with day 2 (table 4.3). On day 1 the median dPES in the NIV group 

was 2.4 cmH2O, whilst on day 2 it was 13.5cmH2O, similarly, the mean 

transpulmonary pressure rose from 9 to 23.2 cmH2O, and the median PMUS from 8 to 

17 cmH2O with median lung stress increasing from 11.6 to 27.7 cmH2O. The literature 

describing dPES for patients with AECOPD receiving NIV describes findings more in 

keeping with the data measured on day 2 of NIV treatment. In a study of patients 

with AECOPD receiving non-invasive CPAP, (i.e., without pressure support), Goldberg 

and colleagues (1997) reported that the baseline dPES in unsupported patients was 

around 20 cmH2O and this reduced to 15 cmH2O with the  commencement of CPAP 

(Goldberg et al., 1995). NIV administration in patients with AECOPD, has been shown 

to reduce dPES by half, from around 20 cmH2O to 10 cmH2O (Girault et al., 1997; 

Wysocki et al., 2002). A more recent study in patients with AECOPD on NIV explored 
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the changes in dPES over time and in variable body positions - supine or sitting upright 

(Steriade et al., 2022). The authors reported that the change between day 1 and day 

3 was a reduction in dPES (upright) from a median of 17 to 13 cmH2O and that the 

change in dPES moving from supine to upright was from 17.7 to 12 cmH2O on day 3, 

suggesting that an increase in FRC reduces dPES. All the patients in the current study 

were studied in a semi-recumbent position of comfort and although this was not 

measured precisely will have been approximately 30-45 degrees. No patients had 

oesophageal pressure measurements taken either supine or fully upright. 

Consistent with the pressure changes, the work of breathing and PTP rose between 

the first and second day. The work of breathing per minute increased from a median 

of 4.4J/min to a median of 15.6J/min, and PTP per minute increased from a median 

of 64.9 to a median of 232.6 cmH2O.s/min between day 1 and day 2. Similar to dPES, 

the results reported in the literature for work of breathing and PTP in patients with 

AECOPD are more consistent with the results found on day 2 than day 1. One study 

on the use of NIV in AECOPD reported a work of breathing per minute 35 J/min with 

a PTP of 260cmH2O.s/min in the NIV group (Wysocki et al., 2002). Another study 

demonstrated that the baseline work of breathing reduced from 17 J/min to 9.8 J/min 

with the application of NIV in AECOPD (Girault et al., 1997).  

The literature suggests that the data obtained on day 2 is more consistent with 

reports of patients with exacerbations of COPD receiving NIV than the data from day 

1. The pressures, work of breathing and PTP on day 1 are consistent with the findings 

from a healthy patient without respiratory failure or underlying lung pathology 

(Banner et al., 1994). In studies including patients with AECOPD who were intubated 

and passively ventilated on a fully supported mandatory mode, work of breathing 

was measured at 0.2J/breath (Sassoon et al., 1994). When the same patients started 

breathing spontaneously on pressure supported ventilation, the reported work of 

breathing was 4-5 times higher (0.8-1J/breath). Similarly, in a study comparing the 

relative impacts of assist control ventilation (with a mandatory rate and volume) and 

spontaneous ventilation with pressure support, the dPES was 9.8 cmH2O and the 

work of breathing was 9.4J/min with pressure support, whilst in the assist control 

group, both dPES and the work of breathing were lower at 6 cmH2O and 6.95 J/min 
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respectively (Girault et al., 1997). In a recent study exploring assisted ventilation in 

an invasively mechanically ventilated population which included patients with COPD, 

as the proportional assistance increased, progressively lower work of breathing, PTP 

and dPES were reported (Su et al., 2016).  

Hence the data on day 1 in the NIV group is consistent with a low work of breathing 

despite refractory hypercapnic respiratory acidosis being present. One possible 

interpretation of this findings in is that patients were effectively mandatorily 

ventilated, and that the NIV was able to support their entire mechanical load and 

satisfy their drive.  

Another possible interpretation for the low measured work of breathing on day 1 and 

the paradoxical increase in PTP, work of breathing, PMUS, TPP and dPES on day 2 is 

that the patients were effectively ventilating close to their total lung capacity and 

were unable to generate additional pressure (Tobin et al., 2009). Patients in this study 

had either severe or very severe COPD by FEV1 criteria (median predictedFEV1 38% 

(21-45%)) (Halpin et al., 2021). Patients also had severe exacerbations with a median 

pH of 7.27 due to persistent respiratory acidosis after an hour of NIV (table 3.1) and 

are at risk of failure of NIV (Osadnik et al., 2017; Pejkovska et al., 2015). It is therefore 

surprising that the work of breathing was low on day 1. Hyperinflation can reduce 

force generation due to muscle shortening and diaphragmatic flattening and worsen 

the underlying diaphragmatic weakness seen in AECOPD (Clanton & Levine, 2009; De 

Troyer & Wilson, 2009; Newell et al., 1989; Tobin et al., 2009). Furthermore, a change 

in position from supine to upright increases FRC and simultaneously reduces dPES 

(Steriade et al., 2022). It is possible therefore that the lower PMUS, TPP and dPES and 

associated work of breathing and PTP seen on day 1 represents respiratory muscle 

contractile fatigue. This is in keeping with the ongoing respiratory acidosis and the 

ventilatory ratio which suggests that physiological dead space is more than 75% (Maj 

et al., 2023). The measured intrinsic PEEP is low on the first day in the NIV group 

which is in keeping with the suggestion that patients are hyper-expanded and this 

would splint airway open and overcome the loss of radial traction of airways in COPD 

(Kallet & Diaz, 2009). During spontaneous breathing the intrinsic PEEP is the 

oesophageal pressure generated from the onset of muscular contraction to the point 
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of the commencement of flow. Consequently, measurement of intrinsic PEEP 

requires effort and will be underestimated if respiratory muscle fatigue is severe 

(Blanch et al., 2005).  

4.2.4.2 ECCO2R over time 

Oesophageal pressure measurements of were taken in the ECCO2R group over a 

period of up to 5 days (table 4.2). Over this period, there was a relatively stable 

minute ventilation, respiratory rate and pH. Extracorporeal CO2 removal also 

remained constant throughout the study period for patients in whom oesophageal 

pressure was measured. Elastance and resistance of the respiratory system and lung 

also remained static. Over time, there was a reduction in intrinsic PEEP, 

transpulmonary pressure, PMUS, dPES and total lung stress. The PTP/min remained 

stable, while PTP/breath and PTP/L reduced. The WOB/breath was overall constant, 

while the WOB per minute and WOB/L both increased on day 3-5 compared with day 

1 due an increase in tidal volume. The ventilatory ratio – a proxy measure of dead-

space ventilation - also increased over time. In a study of patients with AECOPD on 

invasive mechanical ventilation, the work of breathing was measured in five patients 

during a spontaneous breathing trial after the addition of ECCO2R (Diehl, Piquilloud, 

et al., 2020). In these patients work of breathing on ECCO2R was 0.59J/breath or 11.7 

J/min, similar to the ECCO2R cohort in the current study. The CO2 removal the study 

by Diehl and colleagues was 85mL/minute which is similar to the current study (90-

100mL/minute) (Diehl, Piquilloud, et al., 2020). In a smaller study of two patients by 

the same group, the work of breathing per minute after the commencement of 

ECCO2R of one patient was approximately 14 J/min and in the other 2J/min (Diehl et 

al., 2016). Pisani and colleagues (2015) also explored ECCO2R in invasively 

mechanically ventilated patients AECOPD who had failed extubation (Pisani et al., 

2015). In keeping with the present study, the authors found that there was an 

average of 78mL/minute of CO2 removed. With ECCO2R the PTP per minute was 

between 80 and 199 cmH2O.s/min, whilst work of breathing was between 5.2 and 

8.4J/min. These results are in keeping with the PTP and work of breathing in the 

ECCO2R group in the current study. The work of breathing in the ECCO2R group is also 

consistent with or lower than that reported in studies of NIV alone (Girault et al., 
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1997; Goldberg et al., 1995; Wysocki et al., 2002). The changes seen in work of 

breathing and dPES over time are consistent with the changes reported in the 

literature (Steriade et al., 2022). The improvement over time in the PMUS, TPP and 

dPES can be interpreted as the gradual improvement in the exacerbation and this is 

consistent with the changes over time seen in the broader literature (Girault et al., 

1997; Goldberg et al., 1995; Steriade et al., 2022; Wysocki et al., 2002). The lack of a 

consistent change in work of breathing and PTP may reflect the impact of ECCO2R – 

despite the elevated muscular and pleural pressures, the work of breathing is not as 

high as the literature would suggest, supporting a potential role for ECCO2R in 

reducing the chemical afferent effect on work of breathing. 

4.2.4.3 NIV compared with ECCO2R over time 

The comparison between NIV and ECCO2R are markedly different on day 1 and day 2 

(table 4.4, 4.5, figure 4.5). On day 1, the comparison reveals a lower minute 

ventilation for the ECCO2R group but higher indices of muscular effort as well as 

higher PTP and work of breathing. On day 2 the situation is reversed with lower 

indices of muscular effort as well as lower PTP and work of breathing in the ECCO2R 

group. The groups also differed in their relationship between PTP and work of 

breathing. On day 1, in the ECCO2R group the PTP was 25 cmH2O.s when the work of 

breathing was 0 cmH2O whilst for NIV the line passed through the origin. On day 2 

the opposite is the case (figure 4.6). 

Given the discussion above, these results support the hypothesis that the NIV results 

on day 1 reflect the limited muscular power that can be generated with significant 

hyperinflation and due to the lower changes in pressure, the measured PTP and work 

of breathing are lower (Clanton & Levine, 2009; De Troyer & Wilson, 2009; Newell et 

al., 1989; Tobin et al., 2009). Hence it is possible that in the ECCO2R group, removing 

CO2 reduced minute ventilation, which in turn reduced dynamic hyperinflation and 

consequently allowed a higher PTP and respiratory work because of the greater 

pressure which could be generated. By day 2 the NIV group had a higher measured 

work of breathing, PTP and pressures (TPP, dPES and PMUS) than the ECCO2R group. 

This changes in the NIV group despite their clinical improvement, may suggest that 

with the improvement of the COPD exacerbation over time, that dynamic 
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hyperinflation reduced, and the patients were able to generate changes in pressure 

and therefore increases in measured work of breathing and PTP. On day 2 in the 

ECCO2R group the lower work of breathing, PTP and pressures (TPP, dPES and PMUS) 

suggests that the support provided by the removal of CO2, with associated reductions 

in minute ventilation provides physiological benefits for patients.  

The total lung stress and mechanical power also differ between the groups on 

different days. On day 1, the total lung stress was lower in the NIV group than the 

ECCO2R group (a median of 11.58 vs 23.1 cmH2O), whilst on day 2 the opposite is 

found (a median of 27.65 vs 12.63 cmH2O). This is in keeping the lower PMUS and dPES 

on day 1 in the NIV group and day 2 in the ECCO2R group. The higher values of lung 

stress are consistent with that seen in patients with COPD who require mechanical 

ventilation (Blankman et al., 2016) however the total lung stress and dPES are higher 

than that seen in patients with COVID-related ARDS who failed NIV and progressed 

to invasive mechanical ventilation (Coppola et al., 2021). The prognostic significance 

of lung stress in the COPD population on NIV has not been reported.  

The mechanical power is not different between day 1 NIV and ECCO2R but is higher 

in the NIV group on day 2 compared with both day 1 NIV and the ECCO2R group on 

day 2. In the present study, the range of mechanical power was substantial, with an 

upper quartile in the NIV group on day 2 of 52 J/min and elevated compared with 

patients with ARDS (Gattarello et al., 2023; Gattinoni et al., 2023; Gattinoni et al., 

2016). Mechanical power describes the impact of airway pressures, tidal volume and 

respiratory rate, with higher values associated with injurious mechanical ventilation 

(Gattinoni et al., 2023; Gattinoni et al., 2016). The relevance of mechanical power in 

patients with COPD on NIV is unknown however in COVID-related ARDS higher 

mechanical power on NIV was associated with worse outcomes (Gattarello et al., 

2023).  
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4.2.4.4 NIV and ECCO2R compared with ECCO2R alone 

In a subset of patients (2/9) oesophageal pressure was able to be recorded after the 

commencement of ECCO2R but before NIV was removed and then subsequently, 4 

hours later, the oesophageal pressure was re-measured to explore the relatively 

acute impact of the removal of NIV and the continuation of ECCO2R (table 4.6 and 

figure 4.6). With the removal of NIV, there is an increase in work of breathing, PTP 

and all measures of muscular effort (TPP, dPES, PMUS and total lung stress). The work 

of breathing, PTP and pressures in the NIV and ECCO2R group are higher than the 

median discussed in the NIV-alone group above and in the broader literature (Girault 

et al., 1997; Goldberg et al., 1995; Steriade et al., 2022; Wysocki et al., 2002). The 

results are however similar to the changes seen with the combination of ventilation 

and ECCO2R in the weaning phase of invasive mechanical ventilation in patients with 

AECOPD (Diehl et al., 2016; Diehl, Piquilloud, et al., 2020; Pisani et al., 2015). The 

results in the ECCO2R group are also similar to that seen in the NIV literature (Girault 

et al., 1997; Goldberg et al., 1995; Steriade et al., 2022; Wysocki et al., 2002). The 

intrinsic PEEP was lower in the ECCO2R group which indicates there was a lower 

inspiratory threshold to ventilation. This is consistent with the relationship between 

PTP and work of breathing (figure 4.6) where ECCO2R alone results in the work of 

breathing and PTP passing through the origin, whereas ECCO2R and NIV results in a 

PTP of 38cmH2O.s/min whilst the work of breathing is 0.0 J/min. This implies that 

there is isometric contraction of the respiratory muscles required to overcome 

intrinsic PEEP present in patients on NIV at the onset of ECCO2R and that this intrinsic 

PEEP has reduced several hours later (Akoumianaki et al., 2014; Annat et al., 1990; 

Field et al., 1984; Tobin et al., 2012). The addition of ECCO2R is also associated with a 

decrease in respiratory rate and minute ventilation, which will have decreased 

dynamic hyperinflation and therefore intrinsic PEEP. Hence there is reduced 

isometric contraction (figure 4.6). This change may also be contributed to by the 

passage of time and improvement in the underlying disease. 

The data comparing NIV and ECCO2R with ECCO2R implies that the addition of ECCO2R 

to NIV is superior to ECCO2R alone and that the impact of the two therapies is additive 

but that the reduction in minute ventilation with ECCO2R may have facilitated a 
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reduction in dynamic hyperinflation and closer correlation between work of 

breathing and PTP.  

4.2.4.5 Ventilatory ratio 

Ventilatory ratio is a marker of ventilatory efficiency that correlates with 

physiological dead space (Sinha et al., 2019). In patients with ARDS, higher ventilatory 

ratios correlates with an increasing severity of disease and with increasing mortality 

(Maj et al., 2023; Sinha et al., 2019). A ventilatory ratio of 3 correlates with a 

physiological dead space ratio of 0.75 and is substantial (Maj et al., 2023). In the 

present study the ventilatory ratio varied between the groups. In the ECCO2R group 

ventilatory ratio was lower than in the NIV group (a median of 2.3-2.4 (ECCO2R) 

compared with a median of 3.9-6.3 (NIV)). Ventilatory ratio is impacted by work of 

breathing and CO2 production as CO2 production rises with increasing work 

(Akoumianaki et al., 2014; Brochard et al., 1989; Coast & Krause, 1993; Lewis et al., 

1994; Robertson, Foster, et al., 1977; Robertson, Pagel, et al., 1977). The ECCO2R 

group had a lower minute ventilation and work of breathing on day 2 when compared 

with NIV. The interpretation of the lower ventilatory ratio is potentially more 

complex. These relationships are altered during ECCO2R where the VCO2 of the native 

lung does not reflect the entire metabolically produced CO2 (as a proportion, ~ 1/3 is 

removed extracorporeally) and therefore PaCO2 is uncoupled from the relationship 

between VCO2 and alveolar ventilation. Nonetheless reductions in ventilatory ratio 

have been correlated with patient benefit in studies of ECCO2R in ARDS and in studies 

of AECOPD using high flow oxygen (Alessandri et al., 2023; Dianti et al., 2023; Ding et 

al., 2021; Ghiani et al., 2020; Goligher et al., 2019; Kronibus et al., 2022; Piquilloud et 

al., 2022; Zheng, 2023). A secondary analysis of the REST trial in ARDS found that the 

benefits of ECCO2R appeared to outweigh harm when patients had a ventilatory ratio 

of over 3 (Dianti et al., 2023). Similar findings were present in a secondary analysis of 

the SUPERNOVA trial where higher dead space/higher ventilatory ratios and lower 

respiratory system compliance predicted patients who were more likely to achieve 

benefit from ECCO2R (Goligher et al., 2019). This relationship should be further 

explored in future trials of AECOPD with and without ECCO2R. 
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4.2.4.6 Limitations 

There are several limitations to this data. Firstly, there is a change in the sample size 

involved in the individual groups over time which potentially biases the comparisons 

– it is certainly possible that the patients remaining in the study were more severely 

ill and therefore had different work of breathing and pressure indices that those who 

were not remaining. The sample size on day 1 are comparable to the numbers of 

patients included in many of the studies included in the literature, however on 

subsequent days this is smaller. It is recognised that patients with AECOPD have a 

elevated expiratory work of breathing and this was not estimated in my analysis of 

data from the oesophageal pressure monitoring. The natural history of AECOPD is to 

improve with time. Given the low number of subjects and the baseline difference in 

respiratory rate, it is possible that the ECCO2R group were more unwell and will have 

taken more time to improve and this may have biased results. To measure pressure 

and flow, a pneumotachograph was required and this was managed through the NIV 

circuit. In the ECCO2R group patients were only on NIV for the time that it took to 

record the measurements. It is possible that this may have impacted the 

measurements by reducing the apparent work of breathing due to the addition of 

NIV or increasing the apparent work of breathing by adding a degree of psychological 

distress. Patient position was not controlled for, however patients were semi-

recumbent, generally 30-60 degrees rather than upright or supine and it is unlikely 

that this contributed to systematic bias.  

Device performance is also an important consideration. Studies have shown that 

device characteristics including membrane surface area and blood flow make a 

significant difference to CO2 extraction (Karagiannidis et al., 2017). Other work has 

shown that this difference in CO2 extraction is associated with patient benefit in trials 

of ultra-low tidal ventilation in ARDS (Goligher et al., 2019). In the present study, CO2 

removal was 90mL/minute, which is approximately 30-40% of the theoretical CO2 

production of ~3mL/kg/min. Actual CO2 production may have been higher due to the 

metabolic impact of the exacerbation. However, from the data presented here the 

impact of removing this amount of CO2 results in physiological improvements. It is 

not known whether the use of devices with greater CO2 extraction capability would 
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provide greater physiological impact, though given the data from the ARDS trials 

(Goligher et al., 2019), this would seem a reasonable assumption. 

4.2.4.7 Conclusion 

NIV and ECCO2R have different impacts on the work of breathing, PTP and pressure 

indices during AECOPD. By removing CO2, ECCO2R facilitated a reduction in minute 

ventilation which reduced dynamic hyperinflation and isometric work acting mainly 

on the chemical stimulation of respiratory work. Application of ECCO2R was 

associated with a lower work of breathing than NIV alone on day 2, however the 

combination of NIV and ECCO2R was associated with the lowest work of breathing, 

PTP, PMUS, dPES and TPP. NIV facilitates improvement through positive pressure, 

directly aiding inspiration and allowing a change in the mechanics of breathing over 

time. The additive effect of NIV and ECCO2R is a novel finding and if further explored 

may help with identification of patients who would benefit from ECCO2R even if 

tolerant of NIV. On the contrary, in patients intolerant or with contraindication to 

NIV, ECCO2R devices with higher CO2 clearance may be required to impact on work 

of breathing and inspiratory effort.  

4.3 Electrical impedance tomography 

4.3.1 Introduction 

Electrical impedance is a measure of the resistance to the flow of alternating electric 

current through any material (Bayford, 2006; Bayford & Tizzard, 2012; Bodenstein et 

al., 2009; Brown, 2003). The electrical impedance of tissue varies with the tissue 

composition with different cell size, orientation, membrane structure and the 

extracellular space all having effects on a tissue’s impedance (Gabriel et al., 1996). 

The electrical impedance of normal tissue is different from that of a tissue with 

abnormal cellular structure (Bayford & Tizzard, 2012), allowing the detection of 

structural tissue abnormalities (e.g., malignancy). Tissue impedance varies with the 

electrical frequency applied – at low frequencies the impedance of the extracellular 

space predominates whilst at higher frequencies the impedance of the intracellular 

space and cell membrane affects the overall impedance.  
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Lungs have a particularly high electrical impedance due to the presence of air 

(Bayford, 2006; Bodenstein et al., 2009; Brown, 2003). Changes in impedance during 

the respiratory cycle are due to both the change in resistance due to changes in the 

air content as well as changes in the length of the fibres of the pulmonary 

parenchyma. As the lung fibres stretch during inspiration, the resistance to the 

electrical current in the lung increases in directly proportion to fibre length (Bayford, 

2006; Bayford & Tizzard, 2012; Yerworth et al., 2016). The variation in tidal 

impedance provides quantitative data on the inspiratory changes in lung volume as 

well as the regional distribution of air within the lung and allows the recording of 

physiological phenomena with high temporal and functional resolution (Bayford, 

2006; Bayford & Tizzard, 2012; Yerworth et al., 2016). This technique is particularly 

suitable for the analysis phenomena seen in COPD such as: heterogeneity of regional 

inspiratory and expiratory time-constants; and the dynamic changes in end-

expiratory lung volume (hyperinflation) and response to therapies. EIT provides semi-

continuous, real-time information about the regional distribution of the changes in 

electrical resistivity of the lung tissue due to variations in ventilation or blood flow in 

relation to a reference state (Bayford, 2006; Bodenstein et al., 2009; Brown, 2003). 

4.3.1.1 EIT acquisition 

EIT is acquired by repeatedly injecting small alternating electric currents (usually 5 

mA) at high frequency of 50 – 80 kHz through a system of 16 skin electrodes applied 

circumferentially around the thorax in a single plane between the 4th and 6th 

intercostal space (Frerichs, Amato, et al., 2016; Frerichs et al., 2014). While an 

adjacent pair of electrodes ‘injects’ the current, the remaining passive electrode pairs 

measure the difference in electric potential. A resistivity (impedance) image is 

reconstructed from this data by a mathematical algorithm using a two-dimensional 

model and a simplified shape to represent the thoracic cross-section (Bayford, 2006; 

Bodenstein et al., 2009; Brown, 2003). The resulting image possesses a high temporal 

and functional resolution making it possible to monitor dynamic physiological change 

(e.g., delay in regional inflation or recruitment) on a breath-by-breath basis.  
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EIT images are based on image reconstruction techniques that require at least one 

measurement on a well-defined reference state (Frerichs, 2000; Frerichs et al., 2003; 

Frerichs et al., 2002; Frerichs et al., 2009). All quantitative data are related to this 

reference and therefore EIT can only quantify relative changes in local lung 

impedance rather than absolute changes. This also means that only structures that 

change over time are displayed. 

4.3.1.2 EIT indices 

EIT uses different measurements to help understand changes in ventilation as 

indicated by changes in impedance, either between inspiration and expiration or over 

time. There is consensus terminology used to describe each element (Frerichs, 

Amato, et al., 2016). EIT can also be used to describe global or regional changes 

(Frerichs, Amato, et al., 2016). Regions include dorsal right and left and ventral right 

and left. EIT measurements explore different facets of ventilation. Including the 

spatial and temporal distribution. Although there has been progress made in 

harmonising definitions and terminology (Frerichs, Amato, et al., 2016), some of the 

definitions are very much dependent upon individual devices and EIT definitions for 

the device used in the study (Krauss et al., 2021) are described below: 

EIT indices averaging global/regional impedance include: 

• End-expiratory lung impedance (EELI) is reflective of the impedance at end-

expiration and is a surrogate for end-expiratory lung volume (EELV) (Adler et 

al., 1997; Frerichs, Amato, et al., 2016; Hinz et al., 2003; Marquis et al., 2006; 

März et al., 2015). Although increasing EELI indicates increasing EELV this is 

only a relative change rather than absolute lung volume (Krauss et al., 2021). 

The change in end-expiratory lung impedance (dEELI) reflects the impedance 

at the end of expiration and is measured as a change from the end of 

inspiration. Regional dEELI describes changes in impedance over time in the 

different regions of interest. 

• Tidal impedance distribution (TID) represents the change in impedance during 

inspiration (end inspiration minus end expiration impedance). TID reflects the 
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average ventilation for a breath and is considered a surrogate for tidal volume 

(Frerichs, Amato, et al., 2016; Krauss et al., 2021; Shono & Kotani, 2019). 

Although increasing TID indicates increasing tidal ventilation, this is only a 

relative change rather than absolute volume (Krauss et al., 2021). Regional 

TID can be used to compare the impedance change in each region and 

correlates with the distribution of the tidal volume into each (Frerichs, Amato, 

et al., 2016; Shono & Kotani, 2019). Difference of tidal impedance distribution 

over time (dTID) is another way of expressing TID as it reflects the change of 

tidal impedance over time measured as a percent of baseline (assumed to be 

0). Increases in dTID indicates increasing ventilation compared with baseline.  

EIT indices used to analyse the spatial distribution of ventilation include:  

• Surface of ventilated areas (SURF): describes the surface of ventilated areas 

or total aeration change within the lung because of impedance changes 

between inspiration and expiration. The larger the SURF the greater the 

aeration of the region (Krauss et al., 2021).  

• Global inhomogeneity index (GI): represents the spatial distribution of the 

tidal breath (Krauss et al., 2021; Lynch et al., 2018). The larger the GI, the 

more heterogeneous the tidal volume is distributed within the ventilated area 

where a value of 0 represents perfectly homogenous ventilation (Becher et 

al., 2015; Becher et al., 2016; Zhao et al., 2009; Zhao et al., 2014). GI is a 

relative rather than absolute measure (Krauss et al., 2021). 

EIT indices used to analyse the central position of ventilation include:  

• Centre of gravity of ventilation distribution (CGVD): describes how ventilation 

is distributed vertically within the lung where 0% is the dorsal lung regions 

and 100% is the ventral regions (Frerichs et al., 2019; Krauss et al., 2021; 

Putensen et al., 2019). A value of 50 represents an equal distribution of 

ventilation between the ventral and the dorsal regions, whilst higher values 

indicate a more ventral distribution of ventilation (Becher et al., 2016; 

Frerichs et al., 2012; Vogt et al., 2012).  
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EIT indices used to analyse the temporal distribution of ventilation include:  

• Regional ventilation delay (RVD): reflects the delay between the beginning of 

inspiration and reaching an impedance threshold set at a percent of final 

impedance. RVD40 is when 40% of final impedance is reached. RVD40 

correlates with lung heterogeneity and recruited lung. Higher RVD40 indicates 

greater delay in ventilation and correlates with inspiratory time constants 

(Frerichs et al., 2012; Muders et al., 2012; Wrigge et al., 2008). 

4.3.1.3 EIT in COPD 

EIT has been studied in chronic stable COPD. End expiratory lung impedance and tidal 

impedance changes have been shown to correlate with traditional pulmonary 

function tests (e.g., FEV1 or FVC) (Balleza et al., 2009; Balleza-Ordaz et al., 2015).  

Both spatial (GI) and temporal measurements (RVD) have been shown to 

differentiate between patients with and without COPD as well as differentiate 

between patients who do and do not respond to bronchodilators (Vogt et al., 2012; 

Vogt et al., 2016). The global inhomogeneity index is increased in patients with COPD 

(Trenk et al., 2016). The global inhomogeneity index can also differentiate those with 

COPD who respond to bronchodilator therapy from those who do not (Trenk et al., 

2016; Vogt et al., 2012; Vogt et al., 2016).  

The prolongation of the expiratory phase in COPD results in the development of 

dynamic hyperinflation and intrinsic PEEP. For patients who require non-invasive or 

invasive mechanical ventilation, the application of extrinsic PEEP may either improve 

or worsen dynamic hyperinflation depending on how well extrinsic and intrinsic PEEP 

are matched (Appendini et al., 1994; Brandolese et al., 1993; Laghi & Goyal, 2012). 

EELI correlates with end-expiratory lung volume and can be used to match extrinsic 

and intrinsic PEEP to reduce dynamic hyperinflation and optimize mechanical 

ventilation (Kostakou et al., 2016; Mauri, Bellani, Salerno, et al., 2013; Osadnik et al., 

2017). The temporal measurements (e.g., RVD) available with EIT allow a better 

understanding of the distribution of inspiratory flow (Vogt et al., 2012; Vogt et al., 

2016).  
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4.3.1.4 EIT data reconstruction 

Following data acquisition, data analysis occurs using custom-made software and in 

accordance with the method described by the “Translational EIT development 

(TREND) study group” (Frerichs, Amato, et al., 2016) and in accordance with the Graz 

consensus Reconstruction algorithm for EIT (GREIT) (Adler et al., 2009). Five key 

stages of analysis are undertaken: (1) acquisition of EIT measurements (section 

4.3.1.1), (2) generation of raw EIT images, (3) EIT waveforms and regions-of-interest 

(ROI), (4) functional EIT images and (5) EIT measures (Frerichs, Amato, et al., 2016). 

The process is schematically demonstrated in figure 4.6. 

 

Figure 4.7: Schematic presentation of the chest EIT examination and 

data analysis (Frerichs, Amato, et al., 2016). 
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4.3.1.4.1 Generation of raw EIT images 

Each EIT image shows the electrical tissue conductivity in a vertical slice roughly half 

the chest width (Rabbani & Kabir, 1991). The conductivity changes as the volume of 

air, blood or tissue within the field of view of the device changes. The raw data 

consists of voltage differences measured over time and this needs to be 

reconstructed into a 2-dimensional image through the plane of the electrodes 

(Lionheart, 2004). Images are generated through by comparing tissue properties in 

the current frame with the baseline frame using the GREIT image reconstruction 

algorithm, giving a time-difference EIT image (Adler et al., 2009; Frerichs, Amato, et 

al., 2016). The baseline image may be a mean of all images with the advantage that 

coughing or sighing causes less interference, however the presence of both positive 

and negative changes in impedance can make image interpretation more difficult 

(Frerichs, Amato, et al., 2016). The alternative is to select a physiological endpoint 

such as end inspiration or end-expiration (Frerichs, Amato, et al., 2016). This method 

makes images generally easier to interpret, however it has the disadvantage that 

events such as coughing make interpretation more difficult. Images are orientated in 

accordance with standard clinical radiological practice (i.e., the right side of the chest 

is on the left side of the image). The scale ranges from black (no change) through blue 

then white with increasing impedance and to purple with decrease in impedance 

(Frerichs, Amato, et al., 2016).  

4.3.1.4.2 EIT waveforms and regions-of-interest (ROI) 

EIT waveforms are the changes of impedance over time and are generated from raw 

EIT images (Frerichs et al., 2006). An image pixel is the basic unit for waveform data 

and data may be either grouped globally across the entire image or in smaller regions 

(Frerichs et al., 2006). Global waveforms are the average of all pixels in the image, 

whilst regional waveforms are generated from a subset of pixels. To improve analysis 

of the impedance changes within the lung, regions of interest (ROI) are usually 

identified (Becher et al., 2016; Frerichs, Amato, et al., 2016; Pulletz et al., 2006). The 

use of ROIs allows exclusion of non-pulmonary tissue and to allow comparison of 

different lung regions to demonstrate spatial heterogeneity (Frerichs et al., 2006; 
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Lowhagen et al., 2010). ROIs in the four quadrants of the lung between left dorsal 

and ventral, and right dorsal and ventral will be used to allow comparison between 

left and right dorsal and ventral lung regions to identify spatial heterogeneity and 

differences in expiratory time constants. 

EIT images of the chest demonstrate changes in impedance in all the tissue under the 

electrodes, consequently, here are several potential sources of changes in impedance 

which do not relate to the lungs, including artefact from cardiac movement and 

changes in pulmonary perfusion. Although these physiological events cause a 

significantly smaller change in impedance than that due to ventilation, they do 

reduce signal quality and as they occur at a frequency significantly different to 

respiration they can be filtered out using digital frequency filtering (Frerichs, Amato, 

et al., 2016). Additional sources of noise include movement, loss of signal quality and 

interference from other electrical devices, particularly in the intensive care (Frerichs 

et al., 2011).  

4.3.1.4.3 Functional EIT images  

Functional EIT images are generated from the raw images and the waveforms using 

mathematical algorithms to generate physiologically relevant data (TREND). Data can 

then be displayed to visually demonstrate changes in tidal volume, end-expiratory 

lung volume, spatial distribution of gas and respiratory time constants (Frerichs et al., 

2003; Mauri, Bellani, Confalonieri, et al., 2013; Miedema et al., 2012; Pulletz et al., 

2012). The data can also be combined with other measurements for example airway 

pressure to generate system compliance (Frerichs et al., 2013; Miedema et al., 2011a, 

2011b). 

There are several useful functional EIT images in COPD. The first is the spatial 

distribution of ventilation within the lung. This can be shown using normalised tidal 

variation images where each pixel is displayed as a fraction of the overall tidal volume 

(Frerichs, Amato, et al., 2016). Volume difference function EIT images can 

demonstrate changes in end-expiratory lung volume if measured at the end of 

expiration (März et al., 2015). This allows within patient differences in end-expiratory 

lung volume to be measured over time. Ventilation delay can be demonstrated by 
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measuring the impedance of different pixels at different time points during 

inspiration and an image created (Muders et al., 2012). Similarly expiratory delay can 

be demonstrated by measuring regional impedance at different time-points during 

expiration (Crabb et al., 2016; Vogt et al., 2012; Vogt et al., 2016).  

4.3.1.4.4 EIT measures  

Functional EIT images display the changes within the lung regions, whilst EIT 

measures provide numerical descriptions of impedance changes over time. There are 

several groups of EIT measures. The first are the average of the region of interest 

examined in the functional image to quantify elements such as end-expiratory lung 

volume. The second are descriptors of the spatial distribution of ventilation including 

the global inhomogeneity index (Becher et al., 2015; Becher et al., 2016; Zhao et al., 

2009; Zhao et al., 2014) and the coefficient of variation (Becher et al., 2016; Frerichs 

et al., 2012; Vogt et al., 2012). The impedance changes in different ROIs can also be 

compared. Additionally, the heterogeneity of ventilation can be quantified measuring 

regional respiratory time constants (Miedema et al., 2012; Pulletz et al., 2012), phase 

shifts in regional ventilation (Riedel et al., 2009), the ventilation delay index (Wrigge 

et al., 2008) and heterogeneity of expiratory times (Frerichs, Zhao, et al., 2016; Vogt 

et al., 2012; Vogt et al., 2016).  

The global inhomogeneity index is the difference between the value of a pixel and 

the median value of all pixels normalised by the sum of impedance values within the 

lung.  

 GI = Σ(pixel differences from median) / Σ(pixels) [Eq 4.15] 

In which: 

Σ(pixels) = Σ (ΔZj), and 

Σ(pixel differences from median) = Σ (ΔZj − ΔZmedian) 

Equation 4.15: Global inhomogeneity index (Zhao et al., 2009). ΔZj is 

the functional EIT image value in pixel j, ΔZmedian is the median image 

value and all sums are calculated for all pixels j in the image. 
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The coefficient of variation describes the standard distribution in relation to the 

mean of the standard distribution and has been used to describe the global 

heterogeneity. 

 CV = SD(fEIT) / Mean(fEIT) [Eq 4.16] 

Equation 4.16: The coefficient of variation (Frerichs et al., 2012; Vogt 

et al., 2012). CV is the coefficient of variation, SD (fEIT) and mean (fEIT) 

are the standard deviation and mean of a given functional EIT image 

across all image pixels. 

4.3.2 Methods 

4.3.2.1 Contraindications 

EIT was not performed if consent was declined or if a pacemaker was present. 

4.3.2.2 Equipment 

EIT examinations were performed using the Drager Pulmovista 500 EIT device 

(Pulmovista®; Draeger, Luebek, Germany). A silicone band consisting of 16 integrated 

cardiographic electrodes and 1 reference electrode was used to acquire the signals.  

4.3.2.3 Data collection: 

Data was collected using the following sequence in accordance with the standard 

methodology for EIT (Frerichs, Amato, et al., 2016): 

• The EIT device was turned on and a device check was performed with the 

leads connected to the device; 

• Once successfully completed, a new file was created and labelled using a 

standardised format: COPD (study number) EIT (day number of recording). 

The data recording was set to single for 5 minutes; 

• The patient’s thorax was measured using the EIT belt sizing tool from left 

mid-axilla to right mid-axilla and the appropriate belt was selected; 
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• The belt was applied to the thorax in the 4th intercostal space commencing 

with electrode one to the immediate left of the sternum and passing 

under the left axilla, around the back and ending at electrode 16 to the 

immediate right of the sternum. The belt was connected at both ends and 

the reference electrode was placed on the upper abdomen using an ECG 

electrode;  

• 0.9% saline was applied between each electrode and the skin to reduce 

resistance; 

• Once the belt was connected to the patient, the device leads were 

connected to the patient and the electrode signal was checked. If the 

signal was inadequate, additional 0.9% saline was placed between the 

electrode and the skin to reduce resistance; 

• Once the signal check was adequate for all 16 electrodes and the 

reference electrode, the device was calibrated; 

• 5 minutes of data was then recorded with a frame rate of 20 Hz. Any events 

were marked and labelled during the recording. A low-pass filter was set at 

a cut-off frequency of 50/min to exclude cardiac interference; 

• The signal quality was checked constantly throughout the recording and 

any changes in signal viability resulted in a repeat recording following 

further application of 0.9% saline to the electrode; 

• Data was backed up to an encrypted USB and transferred to an encrypted 

laptop for further processing. 

For the NIV group, data was collected if the patient remained on NIV. For the 

ECCO2R group, data was collected if the patient remained on ECCO2R, however two 

measurements were taken at each time point for each patient – a measurement on 

NIV and ECCO2R as well as a reading on ECCO2R alone. NIV was established for a 

period of 1 hour prior to taking the NIV and ECCO2R measurement and was 

removed for a period of 1 hour prior to taking the ECCO2R only measurement. 
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4.3.2.4 Data Analysis 

The raw EIT data was analysed using a Matlab Tool EITdiag (MathWorks, Natick, MA, 

USA and Draeger, Luebek, Germany) and Microsoft Excel for Mac v16.71 (Microsoft, 

Seattle, WA, USA). The software undertakes analysis in accordance with the Graz 

consensus Reconstruction algorithm for EIT (GREIT) (Adler et al., 2009). Specific 

measurements obtained included tidal impedance, change in tidal impedance, 

surface volume, change in end-expiratory lung impedance, centre of gravity and 

regional ventilation delay set to 40% of maximum impedance. The EIT images were 

divided into four regions of interest – dorsal right (D/R), dorsal left (D/L), ventral right 

(V/R) and ventral left (V/L). Each region was of equal size and comprising 32 pixels. 

Ratios of global values were performed to compare the overall right-left and ventral-

dorsal distribution of ventilation. 

4.3.2.5 Ethical approval 

The trial protocol was approved by the Cambridge NHS Human Research Authority 

Research Ethics Committee (14/EE/0109).  

4.3.2.6 Statistical analysis 

Statistical analysis was performed using Prism 9.5.1 for Mac (GraphPad, San Diego, 

USA). All data is presented as median (inter-quartile range). Data was compared 

within and between the two groups grouped at 0-23 hours, 24-48 hours and 49-120 

hours.  

4.3.3 Results 

There were 8 patients in the NIV group and 7 patients in the ECCO2R group who 

underwent EIT measurements (figure 3.2, table 4.5). Measurements were taken daily 

whilst patients were on therapy. Inter- and intra-group comparisons were between 

the NIV and ECCO2R groups at 0-23 hours, 24-48 hours and 49-120 hours. Intra-group 

comparisons were between NIV with ECCO2R and ECCO2R alone using paired data.  
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4.3.3.1 Demographics 

Patient characteristics at baseline and who underwent EIT measurements are 

displayed in table 4.5. All patients had severe COPD. Patients in both groups were 

comparable, however baseline respiratory rate was higher with ECCO2R (table 4.7). 

 
  NIV (n=8/9) ECCO2R (n=7/9) 
Demographic data 

Age (years) 69.5 (65-73) 65 (63-71) 
BMI (kg/m2) 21.9 (21.1-28.5) 24.6 (24.2-29.5) 
Sex (F) 2 4 
FEV1 (L) 0.82 (0.58-1.24) 0.97 (0.825-1.32) 
FEV1 (% predicted) (%) 33.5 (20.5-46.25) 39.8 (39-44.5) 
FVC (L) 2.4 (1.2-2.8) 2.6 (1.8-3.2) 
FVC (% predicted) (%) 68.5 (33-108) 82 (71.5-87) 
FEV1/FVC 47.5 (31.75-48.25) 44 (37-48) 
GOLD stage 4 (3-4) 3 (3-3) 

Baseline observations 
Systolic Blood pressure 
(mmHg) 118 (105-134) 130 (118-140) 

Respiratory rate 
(breaths/min) 24 (20-26) 30 (29-34) 

SpO2 (%) 92 (90-92) 91 (88-94) 
Heart rate (beats/min) 101 (88-117) 109 (96-117) 

Presenting arterial blood gas 
PaO2 (kPa) 9.2 (8.7-10.9) 7.4 (7.1-8.9) 
PaCO2 (kPa) 9.7 (9-10.4) 9.8 (9-9.9) 
pH 7.23 (7.23-7.25) 7.26 (7.25-7.27) 
HCO3 (mmol/L) 31.2 (27.4-31.8) 29.7 (29.5-31.09) 

Initial NIV settings 
EPAP (cmH2O) 5 (5-6) 6 (6-7) 
IPAP (cmH2O) 17 (14-21) 18 (16-19) 
FiO2 (%) 30 (26-43) 35 (29-38) 

Arterial blood gas after 1 hour NIV 
PaO2 (kPa) 8.5 (8.1-9.1) 8.9 (7.8-9.2) 
PaCO2 (kPa) 9.6 (8.2-10.1) 8.9 (8.5-9.1) 
pH 7.27 (7.23-7.27) 7.29 (7.27-7.28) 
HCO3 (mmol/L) 29.9 (26.4-31.5) 27.9 (27.8-29.1) 

Table 4.7: Baseline demographics in the NIV and ECCO2R group who had 

EIT measurements. All results are expressed as median (IQR).  

4.3.3.2 Inter-group EIT results  

Tables 4.8 and 4.9 demonstrates the changes over time within the NIV and ECCO2R 

groups. Tables 4.10 and 4.11 compare the two groups on day 1 and day 2 respectively. 
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In the ECCO2R group, EIT showed more inhomogeneous ventilation as demonstrated 

by an increase in GI and RVD40. There was a redistribution of volume from the ventral 

regions (decrease in dEELI of the ventral regions, with increase in the dorsal regions), 

with limited changes in overall aeration (SURF) and tidal ventilation (TID and dTID) 

over time. In the NIV group homogeneity was preserved and there was an increase in 

global dEELI and tidal impedance globally and regionally over time. 
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  NIV 0-23 hours NIV 24-48 hours NIV 49-120 hours 

n 8 7 2 
SpO2 (%) 93 (92-94) 93 (91-93) 95 (94-95) 
Resp rate (bpm) 21 (20-25) 20 (18-25) 19 (18-21) 
FiO2 (%) 28 (26-33) 29 (28-30) 29 (29-30) 
IPAP (cmH2O) 15 (10-21) 24 (16-25) 18 (15-21) 
EPAP (cmH2O) 5 (5-6) 5 (5-7) 6 (6-7) 
CO2 removal (mL/min)       
PaO2 (kPa) 8.86 (7.71-9.61) 7.81 (7.60-8.28) 8.57 (8.33-8.80) 
PaCO2 (kPa) 8.37 (7.86-9.48) 7.33 (6.66-8.15) 7.55 (7.40-7.69) 
pH 7.29 (7.25-7.33) 7.38 (7.35-7.40) 7.41 (7.40-7.42) 
HCO3 (mmol/L) 25.8 (23-29.6) 29.9 (27.9-31.7) 31.5 (31.4-31.5) 
CO2 Content (mmol/L) 27.3 (25.8-31.7) 30.3 (27.5-31.2) 30.9 (30.8-31) 
TID (DZ AU) 100 (100-100) 122.9 (97.2-205.3) 170 (166.8-173.1) 
SURF (pixels) 378.5 (330.8-414.8) 379 (362-413) 413 (405.5-420.5) 
GI (%) 50.8 (47.3-59.2) 52.6 (49-56.2) 58 (55.4-60.5) 
CGVD (%) 53.6 (51.2-59.8) 53.1 (51.3-54.4) 52.5 (51.8-53.2) 
RVD40 (%Tinsp) 11.4 (10.2-13.6) 11.8 (10.3-20.4) 8.3 (6.4-10.3) 
dTID (DZ AU) 0 (0-0) 22.9 (-2.8-105.3) 70 (66.8-73.1) 
dEELI (DZ AU) 0 (0-0) 139.6 (12.9-559.3) 867.3 (552.3-1,182.3) 
TID D/R (DZ AU) 24 (12-29.6) 26.4 (14.2-49.3) 39.6 (35.8-43.5) 
TID D/L (DZ AU) 16.5 (13.6-20.5) 19.6 (17.8-31.9) 34.4 (34.3-34.6) 
TID V/R (DZ AU) 26.4 (21.4-35) 42.3 (26.5-50.6) 37.3 (28.6-46) 
TID V/L (DZ AU) 26.9 (25.1-44.7) 36.5 (30.8-52.6) 58.6 (56.7-60.5) 
SURF D/R (pixels) 102 (54.5-110.3) 100 (83-116.5) 116 (104.5-127.5) 
SURF D/L (pixels) 91.5 (71.3-98.3) 90 (70-101) 111.5 (109.3-113.8) 
SURF V/R (pixels) 110 (83-118) 97 (92-114.5) 77.5 (64.8-90.3) 
SURF V/L (pixels) 105.5 (95.3-123.8) 101 (90-115) 108 (102-114) 
GI D/R (%) 13.4 (7.5-14.6) 10.5 (9-13.1) 11.6 (11.4-11.9) 
GI D/L (%) 9.2 (7.7-10.5) 10.5 (8.7-12.6) 10.5 (9.8-11.3) 
GI V/R (%) 14.6 (12.7-16.5) 13.4 (11.8-16) 15.2 (15-15.4) 
GI V/L (%) 13 (11.2-22.7) 17.8 (10.2-23.4) 20.5 (18.7-22.3) 
RVD40 D/R (%Tinsp) 10.3 (8-12.5) 11.4 (9.9-14.8) 9.1 (6.4-11.8) 
RVD40 D/L (%Tinsp) 7.9 (6.9-8.7) 9.4 (6.7-14.3) 4.3 (3.8-4.9) 
RVD40 V/R (%Tinsp) 16.1 (12.4-20.6) 17.3 (13.5-29.5) 15.9 (11.9-19.9) 
RVD40 V/L (%Tinsp) 10.9 (9.3-13.8) 13.9 (7.6-18) 4.1 (3.5-4.6) 
dTID D/R (DZ AU) 0 (0-0) 2.7 (0.7-21.3) 17.4 (9-25.9) 
dTID D/L (DZ AU) 0 (0-0) 12 (1.7-16.2) 16.7 (14.7-18.6) 
dTID V/R (DZ AU) 0 (0-0) 14.5 (7.6-22.3) 19.3 (12-26.6) 
dTID V/L (DZ AU) 0 (0-0) 7.2 (-11-20.1) 16.5 (10.3-22.7) 
dEELI D/R (DZ AU) 0 (0-0) 152.9 (19.7-265.3) 194.4 (152.3-236.5) 
dEELI D/L (DZ AU) 0 (0-0) 15.4 (-1.8-140.9) 138.3 (123.9-152.6) 
dEELI V/R (DZ AU) 0 (0-0) 3.1 (-65-89.8) 329.4 (172.5-486.2) 
dEELI V/L (DZ AU) 0 (0-0) 24.3 (-22.3-104.4) 205.2 (75.3-335.2) 
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Table 4.8: Changes in EIT and physiological parameters over time for the 

NIV group. AU arbitrary units, DZ AU change in impedance arbitrary units, 

bpm breaths per minute, %Tinsp percentage of inspiratory time, D/L 

dorsal left region, D/R dorsal right region, V/L ventral left region, V/R 

ventral right region. 
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 ECCO2R 0-23 hours ECCO2R 24-48 hours ECCO2R 49-120 hours 

n 7 6 6 
SpO2 (%) 92 (91-92) 93 (93-93) 92 (88-95) 
Resp rate (bpm) 26 (20-30) 24 (23-27) 20 (18-23) 
FiO2 (%) 30 (28-40) 30 (30-40) 35 (30-35) 
IPAP (cmH2O)    

EPAP (cmH2O)    

CO2 removal (mL/min) 88 (79-93) 87 (80-95) 87 (61-97) 
PaO2 (kPa) 8.01 (7.44-8.82) 8.07 (7.66-8.48) 9.01 (8.49-9.69) 
PaCO2 (kPa) 7.99 (7.15-8.05) 7.51 (6.57-7.93) 7.98 (6.50-8.29) 
pH 7.35 (7.31-7.39) 7.40 (7.32-7.45) 7.37 (7.36-7.41) 
HCO3 (mmol/L) 25 (24.2-27.7) 26.6 (25.6-30.8) 29.8 (29.3-30.7) 
CO2 Content (mmol/L) 26 (23.6-27) 27 (25.8-28.3) 30.3 (26.2-32.2) 
TID (DZ AU) 100 (100-100) 88.7 (84.5-118.1) 117.8 (88.4-136.7) 
SURF (pixels) 399 (394-466) 369 (321-403) 309.5 (277-404) 
GI (%) 54.3 (46.1-64.1) 64.3 (59.9-71.3) 70.9 (66.2-82.3) 
CGVD (%) 50 (48.7-50.2) 48.9 (48.2-51.5) 48.3 (45.5-49.5) 
RVD40 (%Tinsp) 8.6 (7.6-16.5) 14.3 (9.9-14.8) 9.9 (7.4-13.1) 
dTID (DZ AU) 0 (0-0) -11.3 (-15.5-18.1) 17.8 (-11.6-36.7) 
dEELI (DZ AU) 0 (0-0) 195.2 (67.3-269.2) 146.2 (68-342.2) 
TID D/R (DZ AU) 25.9 (25.6-33.8) 22.9 (22-49.4) 35.1 (26.6-49.6) 
TID D/L (DZ AU) 25.9 (24.1-27.4) 21.9 (21.6-25.1) 27.2 (18.9-39.2) 
TID V/R (DZ AU) 21 (18.9-23.9) 24 (22.8-30.9) 23.3 (9.8-32.2) 
TID V/L (DZ AU) 24.4 (18-27.2) 20.5 (19.6-25.7) 23.9 (21.4-33.4) 
SURF D/R (pixels) 120 (97-122) 109 (88-117) 102.5 (94.5-121) 
SURF D/L (pixels) 101 (87-130) 83 (71-110) 79.5 (66.3-96.3) 
SURF V/R (pixels) 105 (91-106) 65 (65-118) 51 (40.3-96) 
SURF V/L (pixels) 104 (86-107) 93 (50-94) 81.5 (61.8-97.3) 
GI D/R (%) 18.7 (14-19.8) 25.2 (16.7-25.4) 21.6 (17.1-28.7) 
GI D/L (%) 12.3 (12-14.7) 13.9 (13.7-13.9) 17.4 (15.6-21.6) 
GI V/R (%) 10 (9.6-13.9) 16.5 (12-17.3) 15.8 (11.9-19.2) 
GI V/L (%) 12.4 (11.6-12.8) 13.4 (11.5-14.8) 15.8 (13.8-17) 
RVD40 D/R (%Tinsp) 11.1 (7.6-16) 10.6 (8.1-12.3) 11 (7.9-14.9) 
RVD40 D/L (%Tinsp) 8.7 (7.9-9.9) 12.4 (8.7-17.6) 7.1 (6-9.8) 
RVD40 V/R (%Tinsp) 12 (7.9-18.6) 13.3 (10-17.3) 7.2 (6-11) 
RVD40 V/L (%Tinsp) 7 (6.6-16.4) 19 (9.3-24.1) 13.8 (6.5-17.5) 
dTID D/R (DZ AU) 0 (0-0) -1.3 (-3.6-15.6) 9.2 (3.5-21.1) 
dTID D/L (DZ AU) 0 (0-0) -4 (-5.7-5.6) -0.6 (-4.2-15.5) 
dTID V/R (DZ AU) 0 (0-0) 3.9 (-6.6-7) -6.4 (-11.3-8.4) 
dTID V/L (DZ AU) 0 (0-0) -1.8 (-5.6-4.7) 6.2 (-3.8-9.2) 
dEELI D/R (DZ AU) 0 (0-0) 172.3 (57.4-228.9) 45.7 (-129-141.8) 
dEELI D/L (DZ AU) 0 (0-0) 146.8 (67.5-147.3) 22.2 (-3.7-91.6) 
dEELI V/R (DZ AU) 0 (0-0) -48.3 (-117.1-10.5) 56.9 (-19.1-169.1) 
dEELI V/L (DZ AU) 0 (0-0) -19.7 (-59.2--1.6) 3.6 (-38.9-179.8) 
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Table 4.9: Changes in EIT and physiological parameters over time for the 

ECCO2R group. AU arbitrary units, DZ AU change in impedance arbitrary 

units, bpm breaths per minute, %Tinsp percentage of inspiratory time, D/L 

dorsal left region, D/R dorsal right region, V/L ventral left region, V/R 

ventral right region.  
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  NIV 0-23 hours ECCO2R 0-23 hours 

n 8 7 
SpO2 (%) 93 (92-94) 91 (90-92) 
Resp rate (bpm) 21 (20-25) 26 (25-32) 
FiO2 (%) 28 (26-33) 30 (28-38) 
IPAP (cmH2O) 15 (10-21) 0 (0-0) 
EPAP (cmH2O) 5 (5-6) 0 (0-0) 
CO2 Removal (mL/min)   88 (79-109) 
PaO2 (kPa) 8.86 (7.71-9.61) 8.01 (7.33-8.86) 
PaCO2 (kPa) 8.37 (7.86-9.48) 7.99 (6.88-8.13) 
pH 7.29 (7.25-7.33) 7.35 (7.31-7.37) 
HCO3 (mmol/L) 25.8 (23-29.6) 25 (24.6-27.7) 
CO2 Content (mmol/L) 27.3 (25.8-31.7) 26 (23.6-27.8) 
TID (DZ AU) 100 (100-100) 100 (100-100) 
SURF (pixels) 378.5 (330.8-414.8) 394 (326.5-411.5) 
GI (%) 50.8 (47.3-59.2) 59.1 (50.7-63.1) 
CGVD (%) 53.6 (51.2-59.8) 50.2 (48.3-51.6) 
RVD40 (%Tinsp) 11.4 (10.2-13.6) 8.6 (7.7-11.9) 
dTID (DZ AU) 0 (0-0) 0 (0-0) 
dEELI (DZ AU) 0 (0-0) 0 (0-0) 
TID D/R (DZ AU) 24 (12-29.6) 25.6 (23.7-36.5) 
TID D/L (DZ AU) 16.5 (13.6-20.5) 24.1 (21.3-27.1) 
TID V/R (DZ AU) 26.4 (21.4-35) 22.9 (19.9-29.9) 
TID V/L (DZ AU) 26.9 (25.1-44.7) 27.2 (18.6-28.6) 
SURF D/R (pixels) 102 (54.5-110.3) 110 (92-120) 
SURF D/L (pixels) 91.5 (71.3-98.3) 86 (71.5-107.5) 
SURF V/R (pixels) 110 (83-118) 91 (77-105.5) 
SURF V/L (pixels) 105.5 (95.3-123.8) 100 (70-105) 
GI D/R (%) 13.4 (7.5-14.6) 18.7 (11.9-20) 
GI D/L (%) 9.2 (7.7-10.5) 13.2 (11.1-14.7) 
GI V/R (%) 14.6 (12.7-16.5) 13.9 (9.8-17.4) 
GI V/L (%) 13 (11.2-22.7) 12.8 (9.7-16.6) 
RVD40 D/R (%Tinsp) 10.3 (8-12.5) 10.4 (7.9-12.5) 
RVD40 D/L (%Tinsp) 7.9 (6.9-8.7) 8.3 (4.4-9.3) 
RVD40 V/R (%Tinsp) 16.1 (12.4-20.6) 12 (8.9-13) 
RVD40 V/L (%Tinsp) 10.9 (9.3-13.8) 9.4 (6.8-12.3) 
dTID D/R (DZ AU) 0 (0-0) 0 (0-0) 
dTID D/L (DZ AU) 0 (0-0) 0 (0-0) 
dTID V/R (DZ AU) 0 (0-0) 0 (0-0) 
dTID V/L (DZ AU) 0 (0-0) 0 (0-0) 
dEELI D/R (DZ AU) 0 (0-0) 0 (0-0) 
dEELI D/L (DZ AU) 0 (0-0) 0 (0-0) 
dEELI V/R (DZ AU) 0 (0-0) 0 (0-0) 
dEELI V/L (DZ AU) 0 (0-0) 0 (0-0) 

Table 4.10: Comparison in EIT and physiological parameters over time 

between the NIV and the ECCO2R group on day 1 (0-23 hours). AU 
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arbitrary units, DZ AU change in impedance arbitrary units, bpm breaths 

per minute, %Tinsp percentage of inspiratory time, D/L dorsal left region, 

D/R dorsal right region, V/L ventral left region, V/R ventral right region.  
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  NIV 24-48 hours ECCO2R 24-48 hours 

n 7 6 
SpO2 (%) 93 (91-93) 93 (92-93) 
Resp rate (bpm) 20 (18-25) 23 (19-24) 
FiO2 (%) 29 (28-30) 40 (30-40) 
IPAP (cmH2O) 24 (16-25) 0 (0-0) 
EPAP (cmH2O) 5 (5-7) 0 (0-0) 
CO2 Removal (mL/min)   95 (80-100) 
PaO2 (kPa) 7.81 (7.60-8.28) 8.48 (7.66-8.99) 
PaCO2 (kPa) 7.33 (6.66-8.15) 7.93 (6.57-8.02) 
pH 7.38 (7.35-7.40) 7.40 (7.34-7.45) 
HCO3 (mmol/L) 29.9 (27.9-31.7) 29 (26.6-30.8) 
CO2 Content (mmol/L) 30.3 (27.5-31.2) 28.3 (25.8-29.9) 
TID (DZ AU) 122.9 (97.2-205.3) 91 (87.2-101.8) 
SURF (pixels) 379 (362-413) 369 (321-403) 
GI (%) 52.6 (49-56.2) 64.3 (54.5-71.3) 
CGVD (%) 53.1 (51.3-54.4) 51.5 (48.9-53.6) 
RVD40 (%Tinsp) 11.8 (10.3-20.4) 13.3 (11.2-14.3) 
dTID (DZ AU) 22.9 (-2.8-105.3) -9 (-12.8-1.8) 
dEELI (DZ AU) 139.6 (12.9-559.3) 195.2 (67.3-269.2) 
TID D/R (DZ AU) 26.4 (14.2-49.3) 21.5 (17.4-22.9) 
TID D/L (DZ AU) 19.6 (17.8-31.9) 21 (16.4-21.9) 
TID V/R (DZ AU) 42.3 (26.5-50.6) 24.9 (22.8-31.1) 
TID V/L (DZ AU) 36.5 (30.8-52.6) 28.1 (20.5-31.4) 
SURF D/R (pixels) 100 (83-116.5) 88 (85-109) 
SURF D/L (pixels) 90 (70-101) 83 (56-106) 
SURF V/R (pixels) 97 (92-114.5) 91 (65-112) 
SURF V/L (pixels) 101 (90-115) 94 (67-99) 
GI D/R (%) 10.5 (9-13.1) 16.7 (11.1-25.2) 
GI D/L (%) 10.5 (8.7-12.6) 13.7 (11.1-13.9) 
GI V/R (%) 13.4 (11.8-16) 17.3 (12-21) 
GI V/L (%) 17.8 (10.2-23.4) 14.8 (13.4-21.5) 
RVD40 D/R (%Tinsp) 11.4 (9.9-14.8) 10.8 (8.1-12.3) 
RVD40 D/L (%Tinsp) 9.4 (6.7-14.3) 12.4 (8.7-14.9) 
RVD40 V/R (%Tinsp) 17.3 (13.5-29.5) 13.3 (11.8-15.7) 
RVD40 V/L (%Tinsp) 13.9 (7.6-18) 15.9 (12.3-19) 
dTID D/R (DZ AU) 2.7 (0.7-21.3) -2 (-3.4--1.3) 
dTID D/L (DZ AU) 12 (1.7-16.2) -2.5 (-4--0.9) 
dTID V/R (DZ AU) 14.5 (7.6-22.3) -0.3 (-4.5-4) 
dTID V/L (DZ AU) 7.2 (-11-20.1) -1.4 (-5.6-1.6) 
dEELI D/R (DZ AU) 152.9 (19.7-265.3) 57.4 (-60.7-172.3) 
dEELI D/L (DZ AU) 15.4 (-1.8-140.9) 97.3 (68.6-146.8) 
dEELI V/R (DZ AU) 3.1 (-65-89.8) 3.8 (-76.4-146.3) 
dEELI V/L (DZ AU) 24.3 (-22.3-104.4) -19.7 (-59.2-32.5) 

Table 4.11: Comparison in EIT and physiological parameters over time 

between the NIV and the ECCO2R group on day 2 (24-48 hours). AU 
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arbitrary units, DZ AU change in impedance arbitrary units, bpm breaths 

per minute, %Tinsp percentage of inspiratory time, D/L dorsal left region, 

D/R dorsal right region, V/L ventral left region, V/R ventral right region.  

4.3.3.3 NIV and ECCO2R compared with ECCO2R alone  

The comparison for the EIT measurements from NIV with ECCO2R and ECCO2R alone 

is displayed in tables 4.12 and 4.13, and figures 4.8 and 4.9. The results are from 

paired samples. The addition of NIV to ECCO2R resulted in an increase in end-

expiratory lung volume (dEELI) both globally and regionally, with similar aeration 

(SURF) but lower tidal ventilation (TID and dTID). The homogeneity of ventilation (GI) 

was similar between the two groups overall. The global ratios (table 4.11) 

demonstrate that aspects of ventilation are more evenly distributed with the addition 

of NIV (CVHD, SURF and RVD40 ratios all approach 1) but with larger tidal variation 

(TID). There was greater ventilation ventrally than dorsally with NIV and ECCO2R 

combined with increases in ventral TID and SURF and corresponding decreases in 

dorsal TID and SURF along with the increase in CGVD indicating a ventral change in 

the distribution of ventilation. There was an increase in end expiratory lung volume 

dorsally (dEELI) and a decrease in inhomogeneity (lower GI). There was increased 

inhomogeneity ventrally (increased GI) with increasing regional ventilation delay 

(RVD40).  
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  ECCO2R and NIV ECCO2R alone 

TID (DZ AU) 91.3 (81.8-103.4) 100 (100-100) 
SURF (pixels) 345 (297-394) 363 (251-417) 
GI (%) 55 (50.9-69.6) 59.9 (47.9-73.3) 
CGVD (%) 50.5 (47.3-52.9) 48.7 (46.2-50.7) 
RVD40 (%Tinsp) 11.6 (9.1-12.5) 8.9 (7.4-13.1) 
dTID (DZ AU) -8.7 (-18.2-3.4) 0 (0-0) 
dEELI (DZ AU) 65.9 (34.7-112.3) 0 (0-68) 
TID D/R (DZ AU) 21.5 (17.3-25.5) 26.3 (22.9-42.9) 
TID D/L (DZ AU) 21.6 (17.7-28) 26.1 (20.1-28.3) 
TID V/R (DZ AU) 19.9 (14.4-27.6) 21 (13-26.6) 
TID V/L (DZ AU) 27.6 (16.9-35.2) 22.4 (16.9-27.9) 
SURF D/R (pixels) 97 (88-108) 99 (95-117) 
SURF D/L (pixels) 86 (65-103) 87 (65-114) 
SURF V/R (pixels) 87 (56-98) 65 (43-98) 
SURF V/L (pixels) 96 (73-104) 90 (47-103) 
GI D/R (%) 12.8 (10.6-20) 18.7 (12.2-22.6) 
GI D/L (%) 12 (10.8-15.4) 12.3 (9.7-17.3) 
GI V/R (%) 13.2 (10.5-16.6) 13.1 (10.5-19.4) 
GI V/L (%) 16 (12.8-19.8) 13.5 (12.4-16.3) 
RVD40 D/R (%Tinsp) 11.1 (7.6-14.3) 10.5 (7.8-12.6) 
RVD40 D/L (%Tinsp) 9.3 (7.2-12.4) 8.7 (6.5-10.9) 
RVD40 V/R (%Tinsp) 11.4 (7.9-13) 7.5 (6.6-12.1) 
RVD40 V/L (%Tinsp) 11.1 (7.9-14.1) 9.3 (6.5-16.4) 
dTID D/R (DZ AU) -2.3 (-8.4-0) 0 (0-0) 
dTID D/L (DZ AU) -2.1 (-5.1-1.9) 0 (0-0) 
dTID V/R (DZ AU) -1.5 (-6.3-0.5) 0 (-3-0) 
dTID V/L (DZ AU) 0 (-4-4.2) 0 (0-0) 
dEELI D/R (DZ AU) 14.8 (0-79.9) 0 (0-0) 
dEELI D/L (DZ AU) 19.1 (0-48.8) 0 (0-0) 
dEELI V/R (DZ AU) 2.3 (-3.7-31.2) 0 (0-0) 
dEELI V/L (DZ AU) 0 (-9.8-25.5) 0 (0-0) 

Table 4.12: Comparison between EIT parameters between NIV with 

ECCO2R and ECCO2R alone, paired samples.  
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  Ventral/Dorsal Ratio Right/Left Ratio 

  NIV & ECCO2R ECCO2R NIV & ECCO2R ECCO2R 

TID 1.25 (0.61-1.5) 0.86 (0.49-1.15) 0.89 (0.8-1.07) 1.02 (0.83-1.35) 

SURF 1 (0.71-1.19) 0.73 (0.6-0.88) 0.96 (0.9-1.1) 1.04 (0.94-1.21) 

GI 1.07 (0.66-1.62) 0.89 (0.67-1.28) 1.04 (0.84-1.19) 1.25 (0.94-1.4) 

RVD40 1.1 (0.87-1.3) 1.08 (0.93-1.23) 1.05 (0.79-1.25) 1.01 (0.76-1.09) 

Table 4.13: Ratio of global EIT parameters. The ratios compare the 

ventral/dorsal distribution and the right/left distribution of EIT 

parameters with the combination of NIV and ECCO2R and ECCO2R alone.  

 

4.3.4 Discussion 

4.3.4.1 NIV over time  

The changes in the EIT signal varied between the two groups over the first 120 hours. 

The NIV group had an improvement in respiratory acidosis. The NIV group 

demonstrated preserved aeration (SURF) with preserved global homogeneity (GI). 

The NIV group also demonstrated an increase in tidal impedance (100-170 DZ AU) 

with an associated increase in dEELI (0-870 DZ AU). The change in dEELI was 

predominantly in the dorsal regions. dEELI has been demonstrated to be strongly 

correlated with and is a surrogate for end-expiratory lung volume (Adler et al., 1997; 

Frerichs, Amato, et al., 2016; Hinz et al., 2003; Marquis et al., 2006; März et al., 2015). 

However, dEELI reflects the changes in impedance between end of inspiration and 

end of expiration (Krauss et al., 2021). Hence although it is possible that there is an 

absolute change in end-expiratory lung volume over time, the change in dEELI implies 

that the relative lung volume change between the end of inspiration and end of 

expiration has increased and is therefore suggestive of increased aeration. This is in 

keeping with the minimal changes in surface volume (SURF), a marker of aeration 

suggesting that there has not been a marked increase in lung volumes (Krauss et al., 

2021). It is also in keeping with the increase seen in tidal impedance (TID). TID reflects 

the average change in ventilation over the entire breath and correlates with and is 

considered a surrogate for tidal volume (Frerichs, Amato, et al., 2016; Krauss et al., 
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2021; Shono & Kotani, 2019). This supports the concept that the increase in dEELI 

corresponds with increased ventilation rather than progressive overinflation. Global 

inhomogeneity (GI) also remains unchanged over time in the NIV group. GI represents 

the spatial distribution of the tidal breath (Becher et al., 2015; Becher et al., 2016; 

Krauss et al., 2021; Lynch et al., 2018; Zhao et al., 2009; Zhao et al., 2014). Other 

studies in COPD demonstrate that GI is, similar to the current study, higher in subjects 

with COPD compared with healthy subjects and that there is considerable variation 

between and within individuals with COPD over time (Frerichs et al., 2021; Zhao et 

al., 2020). The centre of gravity of ventilation does not change over time and values 

of 52.5-53.6% indicate a persisting but slightly ventral distribution of ventilation with 

NIV (Frerichs et al., 2019; Krauss et al., 2021; Putensen et al., 2019). RVD reduces over 

time. RVD measures the time for inspiration and is a surrogate for the inspiratory 

time constant (Frerichs et al., 2012; Muders et al., 2012; Wrigge et al., 2008). RVD is 

higher in patients with higher inhomogeneity and in patients with overinflation. The 

reduction seen therefore supports the concept that the changes in dEELI reflect 

improved aeration rather than increases in overinflation. 

Overall, the EIT indices in the NIV group suggest that over time there is improving 

aeration and tidal ventilation with maintenance of aeration, homogeneity and 

minimal regional differences in aeration. This is likely due to the application of 

positive pressure throughout the respiratory cycle supporting inspiratory volumes 

and preventing airway collapse. 

4.3.4.2 ECCO2R over time  

In the ECCO2R group, there were relatively few changes in the impedance signal. 

There was an increase in the global dEELI over time with a small increase in tidal 

aeration consistent with improved aeration. The large changes in aeration seen in the 

NIV group over time were not replicated in the ECCO2R group (Adler et al., 1997; 

Frerichs, Amato, et al., 2016; Hinz et al., 2003; Marquis et al., 2006; März et al., 2015). 

There was a reduction in surface volume suggesting that the aerated pixels reduced 

with time. There was also an increase in inhomogeneity (GI) over the 5-day period. 

Inspiratory time varied over the 5 day period consistent with inhomogeneity (Becher 
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et al., 2015; Becher et al., 2016; Frerichs et al., 2012; Muders et al., 2012; Wrigge et 

al., 2008; Zhao et al., 2009; Zhao et al., 2014). The CGVD decreased, indicating that 

ventilation moved dorsally with time.  

Overall, the EIT indices in the ECCO2R group over time suggest that controlling CO2 

without pressure support led to a movement of the ventilation dorsally with an 

increase in inhomogeneity and an increase in end-expiratory lung volume but 

maintenance of tidal ventilation suggesting that there was a degree of dynamic 

hyperinflation. Hence although ECCO2R may have improved the respiratory acidosis, 

the respiratory system was not necessarily offloaded.  

4.3.4.3 NIV and ECCO2R compared with ECCO2R alone  

The addition of NIV to ECCO2R resulted in an overall decrease in tidal impedance with 

higher dEELI and similar GI. The centre of gravity also shifted ventrally with NIV though 

this was back towards the midpoint at 50.5%. This suggests that the positive pressure 

of NIV induced a degree of overinflation that resulted in an increase in end expiratory 

lung volume and a corresponding decrease in tidal volume (Adler et al., 1997; Frerichs, 

Amato, et al., 2016; Hinz et al., 2003; Marquis et al., 2006; März et al., 2015). 

However, there was also a more homogenous spread of aeration throughout the lung 

with dorsal/ventral and right/left ratios close to 1 in the NIV and ECCO2R group for 

both surface volume and global inhomogeneity. The ratio graphs suggest that the 

ECCO2R group had a more dorsal distribution of lung volume with more 

inhomogeneous ventilation dorsally and with a greater proportion of tidal ventilation 

dorsally. The ratio graphs also indicate that both the inhomogeneity is greater in the 

right lung with ECCO2R alone and that the tidal ventilation change is shifted to the 

right as well.  

Taken together this data suggests that although there was a small increase in 

overinflation that the application of positive pressure ventilation resulted in a more 

homogenous distribution of aeration throughout the lungs which was better centred 

in both the ventral/dorsal plane as well as the right/left plane. 
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4.3.4.4 Limitations 

There are potential limitations to the current data and therefore its interpretation. 

Given the baseline difference between the respiratory rate in the two groups in both 

the EIT subset (table 4.5 and the overall group figure 3.2 and table 3.1), it is possible 

that the ECCO2R group were sicker, and this may have impacted results. The groups 

are also a subset of the overall group and this may have introduced bias. 

4.3.4.5 Conclusions 

The EIT data suggests that NIV provides more homogeneous global distribution of 

ventilation than ECCO2R alone and more homogeneously distributed aeration within 

the lung fields in both the ventral/dorsal regions as well as the right/left regions with 

NIV and ECCO2R compared with ECCO2R, suggesting that there is a change in 

ventilation and aeration consequent to the addition of NIV to ECCO2R. 

4.4 Parasternal electromyography 

4.4.1 Introduction 

As discussed in chapter 1, COPD is characterised by expiratory flow limitation 

(O'Donnell et al., 2016) resulting in increased end-expiratory lung volume and 

dynamic hyperinflation. During an exacerbation there is an increase in airways 

resistance, worsening expiratory flow limitation, increase in end-expiratory lung 

volume and reduction in diaphragmatic function (figure 4.1) (M Orozco-Levi et al., 

2001; M. Polkey et al., 1996). Together these result in a progressive increase in the 

subjective work of breathing, anxiety and tachypnoea further exacerbating dynamic 

hyperinflation (Calverley, 2003; D. O'Donnell & C. Parker, 2006; O’Donnell & Webb, 

2003; O'Donnell et al., 2016). It has been demonstrated that patients with COPD have 

a high neural respiratory drive, which is worsened during an exacerbation (Jolley et 

al., 2015; Murphy et al., 2011; Suh et al., 2015). 

The medulla co-ordinates both the voluntary and involuntary demands upon the 

respiratory system to generate of the respiratory pattern (Horn & Waldrop, 1998; 

Kinkead et al., 2014; Lopez-Barneo et al., 2008; Lumb, 2017; Masaoka & Homma, 
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2001). The outflow from the medulla results in the neural respiratory drive and as the 

load on the respiratory system increases, neural respiratory drive also increases (Druz 

& Sharp, 1982; Faisal et al., 2016; Jolley et al., 2015; Jolley et al., 2009; Luo et al., 

2011; Reilly et al., 2013; Sinderby et al., 2001).  

In humans the central neural drive of the brainstem respiratory centre cannot be 

directly measured however the neural signal to the muscles of respiration can be 

measured either at the level of the diaphragm or at the level of the parasternal 

intercostal muscles (Jolley et al., 2009; Murphy et al., 2011; Petit et al., 1960; 

Sinderby et al., 2001). The diaphragmatic electromyogram (EMG) can be recorded 

using a multipair electrode catheter placed via the oesophagus and is a well-validated 

measure of neural respiratory drive in COPD (A De Troyer et al., 1997; Druz & Sharp, 

1982; Gorini et al., 1990; Luo et al., 2001; Luo & Moxham, 2005; Luo et al., 2008; 

Sinderby et al., 2001). However, diaphragmatic measurements are invasive (Jolley et 

al., 2009; Luo et al., 2008; Steier et al., 2010). The parasternal intercostal muscles 

have a much smaller bulk than the diaphragm and are activated simultaneously (De 

Troyer, 1984; De Troyer & Estenne, 1984; De Troyer & Sampson, 1982). Surface 

electrodes measuring EMG over the parasternal muscles is thus an alternative to 

diaphragmatic measurements (Hudson et al., 2010; Maarsingh et al., 2000). 

Parasternal EMG has been demonstrated to be a reproducible and well tolerated 

technique to assess neural respiratory drive (Duiverman et al., 2004; Maarsingh et 

al., 2006; Maarsingh et al., 2002; Reilly et al., 2012; Reilly et al., 2013; Reilly et al., 

2011; Steier et al., 2011), particularly for patients with an exacerbation of COPD 

(Murphy et al., 2011; Suh et al., 2015).  

The raw EMG signal depends on the size, type, depth of the muscle as well as the 

quality of the signal measured. The signal requires processing allow physiologically 

meaningful comparisons. The root mean square quantifies the intensity and duration 

of the contraction and has been shown to be linearly associated with increasing load 

on the muscle (Fridlund & Cacioppo, 1986; Fukuda et al., 2010). The root mean 

square of the parasternal EMG has been shown to have a high degree of correlation 

with the trans-oesophageal diaphragmatic EMG (Wu et al., 2017).  
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Additional measures to quantify the neural respiratory drive are the percentage of 

the EMG signal of the maximum EMG signal obtained (EMGparamax%) and the neural 

respiratory drive index (NRDI) (Murphy et al., 2011). The NRDI is the product of 

EMGparamax% and the respiratory rate (equation 4.17) (Murphy et al., 2011). NRDI is a 

validated measure of work of breathing during an acute exacerbation and allows 

changes in work of breathing over time to be documented (Murphy et al., 2011; Suh 

et al., 2015).  

 NRDI = RMS EMGparamax% * RR [Eq 4.17] 

Equation 4.17: Neural respiratory drive index (NRDI). RMS 

EMGparamax% is the root mean square of the parasternal muscles as a 

percentage of maximum effort, RR is the respiratory rate (Murphy et 

al., 2011). 

The acquisition of surface EMG can be problematic. The signal quality will depend 

upon quality of electrode contact with the skin, interference from other physiological 

electrical activity and from external electrical sources. The frequencies of the ECG 

and EMG overlap and consequently the ECG signal cannot be completely removed, 

however high-pass filtering at 20Hz does reduce cardiac artefact (Luo et al., 2008). 

Other voluntary and involuntary muscle activity from adjacent muscles can also cause 

interference (Ramsook et al., 2017). It is important to have the subject at rest with 

head, torso and arms appropriately supported. Electrical artefacts are common 

within critical care, although many of the actively transmitting devices have 

frequencies in the MHz-GHz range, (Lapinsky & Easty, 2006) however power line 

artefact occurs at 50Hz and can cause significant noise if cables are not shielded (Luo 

et al., 2008).  

4.4.2 Methods 

Following identification of the second intercostal space at the sternal edge by bony 

landmarks and skin preparation, wet gel electrodes (Neuroline 720, Ambu, Denmark) 

were connected via standard ECG leads to a high differential amplifier with band pass 

filters set at 10Hz and 2000Hz and an analogue 50Hz notch filter (1902, Cambridge 
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Electronic Design, Cambridge, UK). Amplified analogue signals were converted to 

digital signals (Powerlab, ADInstruments, Chalgrove, UK) attached to a computer. 

Digital filtering and post-processing occurred after data acquisition (LabChart v8.1, 

ADInstruments, Chalgrove, UK).  

The following steps occurred to collect data: 

• The USB cable was connected to the laptop. 

• The EMG equipment was turned on. 

• The encrypted laptop was then turned on. 

• The second intercostal space was identified using bony landmarks. 

• Skin was prepared with EMG contact gel (Nuprep, DO Weaver and Co, USA) 

and then wiped with alcoholic chlorhexidine swabs. 

• Single use wet gel electrodes (Neuroline 720, Ambu, Denmark) were placed 

adjacent to the sternal edge in the second intercostal spaces and the 

shoulder. 

• Electrodes were attached the shoulder (green), left 2nd intercostal space 

(white) and right 2nd intercostal space (black) 

• Recordings were taken with the patient in bed seated at 30-45 degrees to the 

horizontal with arms and head supported and relaxed. The patient was 

instructed to breathe normally but not to talk or make any movements. 

• LabChart7 (ADInstruments, Colorado, USA) was opened. 

• A new file was created using a standardised format: COPD(study number) 

EMG (day number of recording). 

• Channel settings were as follows: 

o Channel 1 set to 2V 

o Channel 3 set to 2mV, bioamp with high pass digital filter cut off at 

20Hz. 

o Channel 17 used for the root mean square (RMS) analysis – set to 

arithmetic and equation 4.18 was used.  

• The patient was encouraged to relax and then repositioned until the baseline 

signal in channel 17 was approximately 10 microvolts. 
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• Airflow was measured with a pneumotachograph connected to the Y-piece of 

the ventilator providing non-invasive ventilation.  

• At the beginning and end of the recording patients were asked to sniff or take 

a maximal breath (depending on what they could tolerate) to provide a 

maximal signal. The measurement was repeated twice. 

• Data was recorded for 5 minutes of quiet respiration. 

• Data was backed up to an encrypted USB and transferred to an encrypted 

laptop for further processing. 

4.4.2.1 Data Analysis  

EMG signals were analysed in Labchart Reader (v8.1.8, ADInstruments, Chalgrove, 

UK). EMGpara signals were analysed using the root mean squared (RMS) of the raw 

EMGpara signal with a 40ms moving window. Signals were then normalised to the 

maximum RMS EMGpara value (RMS EMGparamax). RMS EMGparamax was measured by 

selecting the RMS EMGpara during the maximum inspiratory effort manoeuvre. The 

maximum RMS of the EMG was measured for each breath by selecting the RMS 

EMGpara manually for each breath over a period of 1 minute (Murphy et al., 2011). 

The RMS EMGparamax% was calculated as the mean maximum RMS EMGpara per breath 

as a percentage of RMS EMGparamax. Dr Patrick Murphy taught me the technique and 

we undertook the analysis of one patient independently. This formed the basis of a 

rating of the inter-rater reliability. The NRDI was subsequently calculated per minute 

(equation 4.17) (Murphy et al., 2011). 

4.4.2.2 Ethical approval 

The trial protocol was approved by the Cambridge NHS Human Research Authority 

Research Ethics Committee (14/EE/0109).  

4.4.2.3 Statistical analysis 

Statistical analysis was performed using Prism 9.5.1 for Mac (GraphPad, San Diego, 

USA). All data is presented as median (inter-quartile range). Data was compared 
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within and between the two groups grouped at 0-23 hours, 24-48 hours and 49-120 

hours. Inter-rater reliability was assessed using a Bland-Altman plot. 

4.4.3 Results 

There were 8 patients in the NIV group and 8 patients in the ECCO2R group who 

underwent parasternal EMG measurements, however only 5 of the patients in the 

NIV group and 7 in the ECCO2R group had EMG data which was interpretable due to 

significant electrical noise (figure 3.2, table 4.9). Measurements were taken daily 

whilst patients were on therapy. Inter- and intra-group comparisons were between 

the NIV and ECCO2R groups at 0-23 hours, 24-28 hours and 49-120 hours. Intra-group 

comparisons between NIV with ECCO2R and ECCO2R alone used paired data.  

4.4.3.1 Demographics 

Patient characteristics at baseline and who underwent EIT measurements are 

displayed in table 4.12. All patients had severe COPD. Patients in both groups were 

comparable, however baseline respiratory rate was higher with ECCO2R (24 (20-25) 

vs 30 (29-34) breaths/min). 
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  NIV (n=5/9) ECCO2R (n=7/9) 
Demographic data 

Age (years) 66 (61-78) 65 (62.5-70.5) 
BMI (kg/m2) 19.4 (19.4-23.5) 24.7 (24.2-29.5) 
Sex (F) 0 4 
FEV1 (L) 0.59 (0.55-1.66) 0.97 (0.825-1.32) 
FEV1 (% predicted) (%) 2.41 (1.13-3.41) 2.6 (1.825-3.21) 
FVC (L) 21 (19-50) 39.8 (39-44.5) 
FVC (% predicted) (%) 63 (32-118) 82 (71.45-87) 
FEV1/FVC 48 (31-48) 44 (37-48) 
GOLD stage 4 (2-4) 3 (3-3) 

Baseline observations 
Systolic Blood pressure 

(mmHg) 115 (105-120) 130 (118-140) 
Respiratory rate 

(breaths/min) 24 (20-25) 30 (29-34) 
SpO2 (%) 92 (90-92) 91 (88-94) 
Heart rate (beats/min) 102 (100-113) 109 (96-118) 

Presenting arterial blood gas 
PaO2 (kPa) 9.69 (8.67-13.51) 7.39 (7.07-8.91) 
PaCO2 (kPa) 10.31 (9.18-12.11) 9.8 (9.03-9.86) 
pH 7.23 (7.19-7.23) 7.26 (7.25-7.27) 
HCO3 (mmol/L) 31.4 (31-32.1) 29.7 (29.5-31.09) 

Initial NIV settings 
EPAP (cmH2O) 5 (5-5) 6 (6-7) 
IPAP (cmH2O) 15 (15-18) 18 (16-19) 
FiO2 (%) 28 (25-40) 35 (29-38) 

Arterial blood gas after 1 hour NIV 
PaO2 (kPa) 8.5 (8.1-9.1) 8.9 (7.8-9.2) 
PaCO2 (kPa) 9.2 (8.2-10.8) 8.9 (8.5-9.1) 
pH 7.27 (7.23-7.27) 7.29 (7.27-7.28) 
HCO3 (mmol/L) 30.8 (29.1-32.3) 27.9 (27.8-29.1) 

Table 4.14: Baseline demographics in the NIV and ECCO2R group who had 

pEMG measurements. All results are expressed as median (IQR). * p<0.05 

4.4.3.2 Inter-group EMG results  

The EMGparamax% and NRDI are compared between the NIV and ECCO2R groups over 

time (table 4.15 and 4.16). There is a reduction in the numerical value of EMGparamax% 

in the NIV group over time. There is a reduction in the NRDI over time in the NIV 

group. There were no changes in NRDI or EMGparamax% over time in the ECCO2R group. 
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  NIV 0-23 hours NIV 24-48 hours NIV 49-120 hours 

n 6 5 1 

EMGparamax% (%) 67.3 (66.3-72.4) 53.9 (42.1-69.3) 24.3 (24.3-24.3) 

NRDI (AU) 1163.8 (1085.5-1325.5) 757.6 (724.6-869.9) 388.7 (388.7-388.7) 

Table 4.15: Parasternal EMG data in the NIV group over time. EMGparamax% is the 

percentage of the maximum EMG signal obtained and NRDI is the neural 

respiratory drive index. AU is arbitrary units. 

  ECCO2R 0-23 hours ECCO2R 24-48 hours ECCO2R 49-120 hours 

n 7 6 6 

EMGparamax% (%) 61.5 (45.4-74.6) 64.2 (42.8-71.4) 76.4 (45.7-81.2) 

NRDI (AU) 1093.8 (885.7-1258.7) 1,213.7 (908.7-1441.5) 886.9 (814.9-1293.3) 

Table 4.16: Parasternal EMG data in the ECCO2R group over time. EMGparamax% 

is the percentage of the maximum EMG signal obtained and NRDI is the neural 

respiratory drive index. AU is arbitrary units. 

4.4.3.3 Intra-group EMG results  

The EMGparamax% and NRDI are shown in table 4.12. There is a lower numerical value 

of EMGparamax% using the combination of NIV and ECCO2R compared with using 

ECCO2R alone. There is a lower NRDI using the combination of NIV and ECCO2R 

compared with using ECCO2R alone in the NRDI over time in the NIV group.  

  NIV & ECCO2R  ECCO2R 

EMGparamax% (%) 42.2 (33.4-54.5) 62.8 (43.7-74.7) 

NRDI (AU) 884.4 (684.7-967.3) 1321.1 (903.3-1575.3) 

Table 4.17: Parasternal EMG data comparing NIV with ECCO2R and ECCO2R 

alone. EMGparamax% is the percentage of the maximum EMG signal obtained and 

NRDI is the neural respiratory drive index. AU is arbitrary units. 
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4.4.3.4 Inter-rater reliability 

The inter-rater reliability was assessed using a Bland-Altman plot for simultaneous 

but independent measurements of the EMGpara (figure 4.8). Agreement is acceptable. 

 

Figure 4.8: Bland-Altman plot of the inter-rater reliability of EMGpara 

measurements. 

4.4.4 Discussion 

The parasternal EMG results demonstrate that there is a reduction over time in the 

NRDI with NIV which is not demonstrated with ECCO2R. There is a numerical 

reduction in EMGparamax% with NIV and there is a numerical increase in EMGparamax% 

with ECCO2R. When comparing NIV with ECCO2R to ECCO2R alone, there is an increase 

in NRDI and EMGparamax% when NIV is removed. Parasternal EMG and the neural 

respiratory drive index have been shown to be strongly correlated with neural 

respiratory drive (Duiverman et al., 2004; Maarsingh et al., 2006; Maarsingh et al., 

2002; Reilly et al., 2012; Reilly et al., 2013; Reilly et al., 2011; Steier et al., 2011). In 

patients with an exacerbation of COPD a lack of improvement of both NRDI and 

EMGparamax% has been associated with treatment non-responders and patients who 

are likely to be readmitted to hospital (Murphy et al., 2011; Suh et al., 2015).  

These results suggest that the neural drive for patients with ECCO2R alone was higher 

than for patients with a combination of NIV and ECCO2R and therefore suggest that 

the addition of ECCO2R to positive pressure ventilation improved neural drive and 

hence inspiratory effort more than the clearance of CO2 per se. It is also of note that 
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the subjective dyspnoea reported by patients fell with the commencement of ECCO2R 

(figure 3.4). Measurements of neural respiratory drive using parasternal EMG have  

correlated neuromechanical dissociation with symptomatic dyspnoea (Shah et al., 

2022). This suggests that neuromechanical dissociation reduced with improvement 

in arterial partial pressure of CO2 which occurred with the onset of ECCO2R (Moxham 

& Jolley, 2009).  

4.4.4.1 Limitations 

Limitations include the small numbers in the study – only 7/9 and 5/9 patients in the 

ECCO2R and NIV groups respectively had data available. This is due in part to patient 

refusal but also in part to electrical noise in the ICU environment making taking 

reliable measurements challenging. It is possible that the apparent differences 

between the two groups are impacted by the limited data which was available. It is 

possible that the baseline differences between the two groups impacted the inter-

group comparisons. The respiratory rate in the NIV group was lower than that of the 

ECCO2R group – both the subset of those who had measurable EMG data and the 

total group (table 3.1 and 4.12). It is possible given the baseline difference that the 

ECCO2R group were a more unwell cohort despite the randomisation and this may 

have influenced the results.  

4.4.4.2 Conclusions 

Overall, the parasternal EMG results suggest that the neural respiratory drive 

remained stable with ECCO2R, reduced over time with NIV and was improved with 

the combination of NIV and ECCO2R suggesting that a combination of direct CO2 

control and pressure support may be optimal. 
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4.5 Overall discussion and conclusions 

The three different methods used in this thesis, i.e., EIT, oesophageal pressure and 

parasternal EMG are used to compare indices of work of breathing, regional 

distribution of ventilation and relative changes in lung volumes.  

4.5.1 NIV alone 

The oesophageal pressure measurements show that the work of breathing, PTP, 

PMUS, dPES and TPP were lower on day 1 than day 2 in the NIV group. This is counter 

to the findings in the parasternal EMG data where the electrical signal - NRDI is higher 

on day 1 in the NIV group and then reduces with time. This paradoxical uncoupling 

between low inspiratory pressure generation but high parasternal accessory 

inspiratory muscle electrical activity, could be explained by a change in end-

expiratory lung volume and diaphragmatic position. A hypothesis is that on 

admission, lung volume was high due to the high airway resistance and dynamic 

hyperinflation and is possible that these patients with severe AECOPD operated at 

end expiratory lung volumes closer to their total lung capacity. At these lung volumes, 

neural activation is generated by chemical stimulation and resistive work, but the 

inspiratory effort results in a limited transpulmonary pressure change. 

Neuromechanical dissociation has been shown to occur in the setting where dynamic 

hyperinflation increases lung volumes sufficiently to flatten the diaphragm and 

shorten the intercostal muscles resulting in greater neural drive which are not able 

to be met by the generation of muscular pressure (James et al., 2022; Moxham & 

Jolley, 2009; O'Donnell, 2006; O'Donnell et al., 2020; Sinderby et al., 2001). 

Neuromechanical dissociation is also known to contribute to dyspnoea (O'Donnell, 

2006; Shah et al., 2022). The NIV group were symptomatically dyspnoeic and the non-

concordance between the PTP and work of breathing in this group supports the 

concept of neuromechanical dissociation. Overall, the EIT indices in the NIV group 

suggest that over time there is improving aeration and tidal ventilation with 

maintenance of homogeneity of aeration the lung with and minimal regional 

differences. This is in keeping with the findings from the oesophageal pressure. It is 

important to recognise that the basis of EIT is the change in impedance during a 
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breath and over time (Adler et al., 2009; Frerichs, Amato, et al., 2016). Consequently, 

the lower dEELI, TID and dTID found on day 1 in the NIV group are in keeping with 

the proposition that patients had hyperinflation with limited tidal ventilation and 

measured work. As dynamic hyperinflation eased over day 2 and 3, TID and dEELI 

increased. A lack of intra-tidal change can also explain the lower SURF on day 1 than 

day 3 as SURF is also a relative rather than absolute measure. 

4.5.2 ECCO2R alone 

The findings of ECCO2R over time are also consistent among the three groups. In the 

oesophageal pressure group, the TPP, PMUS dPES all decreased whilst the work of 

breathing and PTP remained relatively stable, with a small increase in the PTP/minute 

and WOB/minute. This is in keeping with the parasternal EMG findings where the 

NRDI remained relatively static over the same period. This broad correlation between 

the two methods suggests that there was no clear evidence of neuromechanical 

dissociation in this group (James et al., 2022; Moxham & Jolley, 2009; O'Donnell, 

2006; O'Donnell et al., 2020; Sinderby et al., 2001). The reduction in reported 

dyspnoea with the onset of ECCO2R supports this given the relationship between 

dyspnoea and neuromechanical dissociation discussed above (O'Donnell, 2006). 

Overall, the EIT indices in the ECCO2R group over time suggest that controlling CO2 

without pressure support led to a movement of the ventilation dorsally with an 

increase in inhomogeneity and an increase in end-expiratory lung volume but 

maintenance of tidal ventilation suggesting that there was a degree of dynamic 

hyperinflation. This is in keeping with the disparity between PTP and work of 

breathing in the ECCO2R group which suggested that isometric contraction was 

required to overcome intrinsic PEEP. 

4.5.3 Combination of ECCO2R and NIV  

The comparison between the combination of NIV and ECCO2R with ECCO2R alone for 

oesophageal pressure data suggested that the impact was additive with a higher dPES, 

TPP, PMUS, work of breathing and PTP for ECCO2R alone than with the combination. 

This is concordant with the parasternal EMG data where the addition of NIV was 

associated with a decrease in the NRDI. The concordance between the two 
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measurements suggests that the neural drive was matched by the increase in 

mechanical work and that neuromechanical dissociation is unlikely. The EIT data 

suggests that NIV provides results in a more homogenous distribution of ventilation 

and allows for overall greater aeration than ECCO2R alone. The data also suggests 

that ventilation is more balanced within the chest in both the ventral/dorsal plane as 

well as the right/left plane with NIV and ECCO2R compared with ECCO2R, suggesting 

that there is an additive impact of NIV with ECCO2R. Interestingly dEELI decreased 

with the removal of NIV suggesting that there was a lower end expiratory volume. 

This is in keeping with the finding that intrinsic PEEP was lower off NIV and that there 

was better concordance between work of breathing/minute and PTP/minute 

suggesting that there was less isometric contraction. Overall, these data suggests that 

the combination of NIV and ECCO2R resulted in a lower work of breathing and drive 

with more homogenous ventilation and therefore that the combination of the two 

support modalities was beneficial. 

4.5.4 Conclusion 

The clinical and physiological data supports the hypothetical impact of ECCO2R 

described in figure 4.1. The clinical and physiological data supports different but 

complementary impacts of NIV and ECCO2R in patients with AECOPD. NIV provided 

direct respiratory support but during the early phase of the exacerbation patients 

remained at end expiratory lung volumes close to total lung capacity and were unable 

to generate dPES or provide aeration of the lungs resulting in isometric contraction 

and neuromechanical dissociation. Over time as the exacerbation started to resolve, 

the ongoing physical support with NIV resulted in improved aeration which was 

homogenously distributed across the lung. As hyperinflation reduced, higher 

muscular pressures were able to be generated, acidosis was corrected, and the 

sensation of dyspnoea reduced. ECCO2R removed CO2 from the venous blood and 

allowed an early reduction in dyspnoea with reduced respiratory rate, lowered 

dynamic hyperinflation and improved neuromechanical dissociation and isometric 

work. However, over time the physiological variables measured in the ECCO2R group 

remained relatively static with more inhomogeneous aeration, persisting 

hyperinflation, persistent neural drive and elevated work of breathing.  
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The combination of ECCO2R and NIV allowed elimination of a proportion of the 

metabolic CO2 and a reduction in the requirements of alveolar ventilation and results 

in a lower work of breathing, lower neural respiratory drive, less dyspnoea and more 

homogenously distributed ventilation.  

 

  



ECCO2R in AECOPD 183 

Conclusion 
 

This thesis has considered multiple aspects of ECCO2R from bench to bedside, 

including the physiology of membrane gas exchange, the risks and benefits of ECCO2R 

in patients with exacerbations of COPD and the impact of ECCO2R on respiratory 

physiology. The bench and basic membrane work has shown that in both in vivo and 

in vitro CO2 removal from the device with a 400mL blood flow is clinically relevant, 

that there is a plateau in CO2 removal from the device and that the CO2 clearance 

reported by the device is accurate. These are both clinically relevant findings which 

have now been published. The results from the clinical trial are the first results from 

a prospective randomised controlled trial. The key differences were improvements 

in respiratory rate, pH, PaCO2 and in patient sensations of dyspnoea with ECCO2R, 

however ICU and hospital length of stay were longer with ECCO2R and mortality, 

which the trial was not powered for, was no different. The physiological studies 

demonstrated that there are differential physiological effects for NIV and ECCO2R 

individually with additive effects when NIV and ECCO2R are used simultaneously. NIV 

provides mechanical support for breathing and allows the patient time to recover but 

with severe exacerbations persisting dynamic hyperinflation can result in 

neuromechanical dissociation. The addition of ECCO2R to the NIV allows elimination 

of a proportion of the metabolic CO2 and a reduction in the requirements of alveolar 

ventilation. This results in the resolution of the neuromechanical dissociation, 

improves dyspnoea and allows better aeration of the lungs. ECCO2R alone without 

NIV results in a higher work of breathing and muscular effort but maintains 

concordance between respiratory drive and muscular effort.  

Taken together, this thesis has demonstrated the degree and regulation of gas 

exchange across a specific ECCO2R device and explored its efficiency of gas exchange. 

The use of ECCO2R has led to improvements in key clinical markers including 

respiratory acidosis and symptomatic dyspnoea and has reduced neuromechanical 

dissociation. It appears that the combination of NIV and ECCO2R is likely to lead to 

the greatest physiological and potentially clinical benefits for patients. This potential 
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benefit appears to be recognised by patients who have requested ECCO2R on 

subsequent admissions with AECOPD. 

My period as a part-time post-graduate student has been stimulating and challenging 

in several anticipated and unanticipated ways. I have been Clinical Lead for ICU since 

2018 and more recently Clinical Director for Pulmonary, Adult Critical Care and Sleep 

at Guy’s and St Thomas’ NHS Foundation Trust giving me a significant managerial 

burden in addition to my clinical and research duties. I have also had the 

unanticipated additional burden of leading critical care during the COVID-19 

pandemic. As the trial coincided with the REST trial which used the same device and 

circuit, there were issues with the timeliness of supply of the disposables which 

impacted the timeliness of at least one patient having access to therapy. The 

pandemic impacted this work significantly. The original clinical trial was designed to 

enrol 24 patients, 12 in each treatment limb. With the onset of the pandemic 

enrolment to clinical trials involving non-COVID patients ceased in the NHS so that 

urgent and necessary COVID-19 research could be carried out as quickly as possible. 

This was especially true for studies based in the ICU. In addition, patients without 

COVID-19 were encouraged not to seek hospital care unless necessary. Furthermore, 

patients with severe COPD in the UK were asked to shield for nearly 2 years, many 

continued to shield afterwards, and this has impacted the presentation of patients 

with acute exacerbations to the hospital. As a group these patients are difficult to 

include in research given the extremis in which they present and the fact that they 

commonly lack capacity at presentation meaning that consultee assent is often 

required. This added an additional barrier to recruitment as families tend to be more 

conservative about their family members being included in trials than patients are. 

All in all, I was delighted that I gained as much data from patients as I did. I gained 

significantly during the PhD by learning new techniques, especially electrical 

impedance tomography, parasternal electromyography and oesophageal pressure. 

The work I have undertaken will lead into other areas of exploration relating to my 

clinical interests. The question of the clinical role of ECCO2R continues to be an open 

research question, both in COPD and ARDS with the flow rates and amount of 

extracorporeal CO2 removal being key questions. There is also additional growing 
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interest in using ECCO2R in a way analogous to renal dialysis – a sort of “respiratory 

dialysis”. The aim is to remove as much CO2 from non-blood CO2 stores as possible 

(mainly muscle and bones) so that most of the CO2 accumulated in the interdialytic 

time is served to replenish such stores and will not impact dissolved CO2. This is likely 

to represent a potentially useful addition to NIV in patients who are NIV dependent 

or are poorly controlled with NIV. There is also the question about the optimal patient 

– other groups including post-pneumonectomy patients may well benefit. In terms 

of the physiological techniques, there is significant scope for using them in the ICU, 

especially in patients on ECMO where optimal lung protective ventilation on 

respiratory ECMO and weaning from respiratory ECMO are both key questions that 

would be well suited to physiological research.  
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