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Abstract 

Background: Metabolic alkalosis is common in people with Cystic Fibrosis (CF), and is 

often presumed to be the result of Pseudo-Bartter’s syndrome (PBS). However, clinical 

experience suggests that both metabolic alkalosis and hyperbicarbonataemia occur, 

relatively frequently, in the absence of PBS. The clinical significance and aetiology of 

these phenomena remain poorly understood.  

Aims: The main goals of this thesis were: (1) to characterise the level of serum 

bicarbonate concentration in clinically stable people with CF and see how commonly it 

was elevated; (2) to assess the clinically significance of elevated bicarbonate; and (3) to 

evaluate if acid-base balance was differently altered in CF compared to other respiratory 

conditions. In addition, this thesis aimed at (4) examining the cause of 

hyperbicarbonataemia, and (5) to ascertain if respiratory support techniques could 

normalise bicarbonate levels and gas exchanges in people with CF.  

Findings: (1) Serum bicarbonate levels were elevated in stable individuals with CF. 

Comorbidities, age, and sex were independently associated with hyperbicarbonataemia. 

(2) In patients with CF, bicarbonate increases significantly in the year prior to death. (3) 

Metabolic alkalosis occurred frequently in CF, in both the clinically stable and during 

pulmonary exacerbations. Acute and chronic hypercapnic respiratory failure were the 

most common acid-base disturbances seen prior to death. (4) Urinary bicarbonate 

excretion did not increase in patients with CF, despite the hyperbicarbonataemia. (5) 

Individuals, with isolated raised serum bicarbonate, responded to hypoxic stimulus in a 

similar way to patients with daytime hypercapnia. (6) Transient hypoventilation during 

exercise was observed in people with CF and severe lung disease. (7) Nasal high-flow 

therapy reduced CO2 during exercise. (8) Non-invasive ventilation stabilised serum 

bicarbonate levels in individuals with CF.  

Conclusion: Raised bicarbonate appears to be a marker of disease severity in CF, and 

has the potential of being an useful prognostic biomarker, especially in the last few years 

of life. Metabolic alkalosis and respiratory acidosis are the most common acid-base 

disturbances seen, with hyperbicarbonataemia being likely the result of a combination of 

transient hypoventilation, hypercapnia and the kidney’s inability to increase urinary 

excretion due to defective CFTR. Respiratory support techniques are likely to control the 

ventilatory component of hyperbicarbonataemia by improving gas exchanges, while the 

new CFTR modulators may normalise renal bicarbonate exchange. 
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Chapter 1  

Cystic fibrosis: an overview 

 

Cystic fibrosis (CF) is a multi-systemic monogenetic disorder, representing one of the 

most common life-limiting autosomal recessive genetic disease in the Caucasian 

population [1]. Approximately 77,000 people are affected by CF worldwide, with just over 

10,000 cases in the UK [2], where the carrier prevalence is 1 in 25, and the disease 

incidence is estimated to be 1 in 2,500 live births.  

Although CF has been acknowledged in local folklore and medical transcripts since the 

sixteenth century, the first pathological description of this disease dates to the late 1930s 

[3]. Initially, CF was recognised as a single rather than multi-systemic condition, being 

named, “fibrocystic disease of the pancreas” [3].  

In the 1940s and 1950s, CF was characterised in more detail, with the discovery of 

multiple-organ involvement, and the recognition that the lung involvement was a primary 

cause of mortality. It also became clear that CF had familial transmission with an 

autosomal recessive pattern [4,5]. The genetic link for the disease was finally identified 

in 1985 as the long arm of chromosome 7 [6,7],  later established to be the locus of the 

gene for the cystic fibrosis transmembrane conductor regulator (CFTR) [8]. 

This chapter aims to review the pathophysiology of CF, its main clinical manifestations, 

and the most important treatments that are available to people with CF.  

1.1 Pathophysiology of cystic fibrosis 

The CFTR gene, constituted of approximately 180,000 base pairs, codes for the CFTR 

protein, constituted of a chain of 1,480 amino acids. The CFTR protein is an ion channel 

protein that conducts chloride ions across epithelial cell membranes. To function 

correctly, the CFTR protein needs to be correctly synthetized, folded and transitioned to 

the membrane.  

The biogenesis of wild-type CFTR (WT-CFTR) is a complex, but highly inefficient, multi-

step process. Along the path from the cell nucleus to the apical membrane, the protein 

must pass stringent quality-control processes that select only fully functional proteins, 

and avoid that misfolded or unstable ones can reach the membrane.  

Through these processes, up to 80% of CFTR is degraded within the cell due to abnormal 

folding. On the other hand, the mature protein is highly stable and the ones that are 

endocytosed (10% of those expressed on the plasmatic membrane) are recycled.  
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1.1.1 WT-CFTR structure and function 

CFTR belongs to the ATP-binding cassette (ABC) protein super-family, a large group of 

proteins characterised by similar structure. ABC proteins characteristically have two 

transmembrane domains (TMDs) and two cytoplasmatic nucleotide-binding domains 

(NBDs). These usually dimerize and form binding sites for ATP, which is subsequently 

hydrolysed to provide energy for the substrate transport [9,10].  

WT-CFTR is a sequence of 1,480 amino acids, which, similarly to other members of the 

ABC family, is constituted of two TMDs and two NBDs. It relies on ATP hydrolysis to 

power the transport activity and allow for the conformational shifts required for the pore 

opening and closing [11].  

WT-CFTR is atypical compared to other ABC-proteins, with regards to the presence of 

a unique regulatory domain (R) [8], the phosphorylation of which induces structural 

changes in the NBDs, exposing the ATP binding site and activating the transport activity 

[12,13]. From a structural point of view, CFTR is also characterised by two terminal (N- 

and C-) extensions, which regulate its interaction with other proteins (Figure 1.1).  

 

Figure 1.1 Wild-type CFTR structure. CFTR is an ion channel located on the apical membrane 

of epithelial cells, which belongs to the ABC protein super-family. It is characterised by the 

presence of two transmembrane domains (MSD), two nucleotide binding domains (NBD), and a 

regulatory domain (R). Reproduced with permission from [14].  

CFTR is, to date, the only known ABC transporter that is an ion channel. Regulated by 

protein kinase A-dependent phosphorylation of the R domain, CFTR is in fact an active 

driver of chloride and, to a lesser measure, of bicarbonate [15]. Furthermore, CFTR has 

been shown to be a conductance regulator for other ion transporters and channel. It 

functions as a negative modulator of the amiloride-sensitive epithelial sodium channel 

(ENaC) and interacts with other epithelial channels, including the potassium channel 

(ROMK) [16,17]. Finally, CFTR interacts with cellular pathways related to inflammation 

(see also Section 1.4.1.1) [18–20]. 
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1.1.2 Defective CFTR 

Any change in the base pairs sequence that meets one of the following criteria is defined 

as a mutation that causes or is likely to cause CF [21]: 

• Change in the amino acid sequence that severely affects CFTR synthesis or 

function; 

• Premature stop signal; 

• Variation of the intron splice sites; 

• Deletion of one or more exons; 

• Introduction of a novel amino acid sequence not occurring in normal variant 

CFTR from at least 100 CF carriers in the patient’s ethnic group; 

• Change in a highly conserved residue; 

• Creation of a novel splice site. 

To date, over 2,000 of these mutations have been identified [22], the vast majority of 

which are point mutations. These mutations lead to a partial or complete loss of function 

of the CFTR, resulting in a pleiotropic phenotype, which depends only partially on the 

genotype [23–25]. While the  severity of disease relates to the type of CF-causing 

mutations, it is also influenced by gene modifiers and environmental exposure [26–28].  

Traditionally, six classes of mutations have been recognized, with a seventh class been 

added more recently [29]. These categories are characterized by similar underlying 

mechanism leading to defective CFTR (Figure 1.2). 

Class I mutations cause a complete loss of function due to the CFTR protein not being 

produced [1,30]. These mutations have variable prevalence across European countries 

(5-35%) and usually result in a severe phenotype [31].  Complete lack of CFTR transcript 

can be due to the introduction of a premature stop codon in the mRNA (leading to 

premature termination of protein biosynthesis), or due to splice mutations and 

chromosomal deletions (leading to a complete absence of CFTR).  In 2016, this original 

class was divided into two separate ones: Class I, characterized by lack of CFTR protein, 

and Class VII characterized by lack of mRNA transcription [29]. 

Class II mutations lead to defective intracellular trafficking of CFTR [6,30]. As a result of 

these mutations, the misfolded protein is retained in the endoplasmic reticulum and is 

degraded intracellularly, instead of reaching the apical surface membrane. This can lead 

to a minimal amount of protein to be expressed, and an only partially functioning CFTR 

[32]. This class of mutations has been widely studied recently, as new targeted therapies 

have emerged allowing increased expression of CFTR in patients with F508del, the most 

frequent mutation of this class, by stabilising the faulty protein [33–36].  
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Figure 1.2 Classes of CFTR mutations. Reproduced with permission from [1]  

Class III mutations, such as G551D, cause a defective regulation of the CFTR function 

[1,30]. These so called “gating” mutations are characterised by disruption in the channel 

regulation with consequent improper ion movement due to prolonged closing and 

defective opening of the pore. These mutations result in a variable phenotype and affect 

up to 5% of the individuals with CF worldwide [32]. In the last decade, a drug, Ivacaftor 

(IVA), capable of rectifying the CFTR defect caused by Class III mutations, has been 

introduced, allowing for significant clinical improvement [37,38]. 

Class IV mutations, such as R117H, result in adequate protein expression at the apical 

surface membrane [30]. However in these cases, CFTR is characterised by a reduced 

conductance. These mutations are less severe and tend to be associated with milder 

phenotype. Ivacaftor, or the combination Tezacaftor/Ivacaftor (TEZ/IVA), have been 

shown to be an effective treatment for R117H and many class IV mutations [39,40].  

Class V mutations are associated with reduced synthesis of WT-CFTR [30]. As a results 

CFTR function is decreased due to reduced protein expressed at apical level, but each 

protein presents normal function. Ivacaftor, by increasing the conductance activity of WT-

CFTR, has been approved for some class V mutation as well [41].  

Similarly, Class VI mutations results in the expression of functioning CFTR. While the 

protein is functional at the apical membrane or the cell, it has decreased stability and 

increased turnover due to the truncation of the C-terminus [30].  

Prevalence of the different classes of mutation is characterised by significant 

geographical variability. In the UK, over 70% of patients have at least one allele carrying 

the Class II mutation F508del.  
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Despite over 95% of patient with CF having undergone genetic analysis to identify their 

genotype, at least one allele remains unknown in 8.9% of individuals [2]. This has 

become an issue of critical importance recently, in light of the new available CFTR 

modulators that can target specific genotypes.  

1.2 Epidemiology of cystic fibrosis 

Cystic Fibrosis affects around 80,000 people worldwide, with a global incidence of 1 in 

3,000-4,000 live births, with significant geographical variability. In Europe, the incidence 

of CF ranges from 1:1300 in Ireland [42] to 1:25,000 in Finland [43], being on average 

1:4,500 in Western Europe [44,45] and 1:6,000 in Northern and Central Europe [46,47]. 

In Australasia and in Canada the incidence is on average 1:3,000 [48,49]. In USA, the 

incidence is 1:4,000, but large ethnical variations are present [50]. In South America, the 

incidence of CF is estimated to be between 1:8,000 and 1:10,000 [51]. In Asian 

populations, the existence of CF has more recently been established, but its incidence 

remains underestimated in most countries and appears to be higher in the Middle East 

than in East Asia, possibly as a result of  consanguinity [51,52].  

In parallel with its major geographic variability in incidence, the distribution of CFTR 

mutations varies significantly between different ethnic groups, which needs to be taken 

into account when patients undergo genetic analysis [53].  

The majority of CF-causing mutations are European derived, and no alleles have 

reached the level of incidence of the Class II mutation F508del. The World Health 

Organization recently produced an overview of the distribution of CFTR mutations across 

different regions, and especially in non-European-derived populations, where 

information is more limited [54].  

Time trends have shown a declining incidence of CF over the last 20-25 years, which 

can be attributed to demographic changes, prenatal diagnosis, and family testing among 

other factors. These trends themselves however show significant geographical variability 

[52]. 

While the incidence of CF has reduced in the last few decades, its prognosis has 

improved significantly. This can be attributed to a major improvement in the management 

of disease, consisting of standardisation of care, a multidisciplinary approach, better 

control of infection, aggressive nutritional supplementation, and focus on airway 

clearance, and, more recently, to the introduction of CFTR modulators.   

Data from the European CF Registry estimates an increase in the number of living adults 

with CF of 75% between 2010 and 2025 [55]. Current UK figures show that 60.6% of 

patients with CF are over 16 years of age, with an overall median age increased from 19 

in 2014 to 21 in 2019 [2].  
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The expected survival at birth for an individual with CF has been increasing continuously 

in the last 60 years, reaching the median age of 49.1 years in 2020, a vast improvement 

compared to an expected death by early childhood in the 1960s (Figure 1.3).  

 

Figure 1.3 Median predicted survival in CF in the UK over the last 12 years. The figure shows 

the median predicted survival age in years for people with CF in the UK, which has been 

progressively increasing in the last 12 years. Reproduced with permission from [2]. 

1.3 Diagnosis of cystic fibrosis 

A diagnosis of Cystic Fibrosis is based on the presence of clinical features of the disease, 

in combination with evidence of CFTR dysfunction or identification of two disease-

causing mutations.  

Nowadays, most infants who are diagnosed with CF are identified via newborn screening 

(NBS), based on the immunoreactive trypsin (IRT) assay. Serum IRT levels are, in fact, 

raised in children with CF in the first few months of life. This test is sensitive, but not 

specific, for CF, and as such a confirmatory test is required. While repeating the IRT test 

was previously recommended to confirm an abnormal IRT result, genetic analysis and 

sweat test have become the gold standard of second-tier testing [53,56–58].  

Before the introduction of NBS, Cystic Fibrosis was diagnosed mostly in infancy or 

childhood, based on clinical features suggestive of the disease, such as meconium ileus 

at birth, intestinal malabsorption and failure to thrive, and recurrent chest infections.  

Presently, children showing symptoms or features suggestive of CF, are recommended 

to undergo further assessment even if they were negative during NBS [56,57,59]. In 

upwards of 18% of cases, CF can be diagnosed in adulthood. Some might present with 

single-organ involvement, having bronchiectasis, or repeated episodes of acute 

pancreatitis and male infertility [60].  

Algorithms to diagnose Cystic Fibrosis depend on its presentation, whether typical or 

atypical (Figure 1.4 and Figure 1.5) [57]. Both algorithms are based on sweat test results 

and genetic analysis. 
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Figure 1.4 Diagnostic testing in typical CF presentation. This algorithm applies irrespective 

of the age of the CF patient, including newborn screening to late diagnosis in adulthood. 

Reproduced with permission by [57].  

Sweat test has been the gold standard for the diagnosis of CF since the early 60s, when 

it was first developed. It can be performed in infants who are 2 weeks or older, provided 

their weight is over 3 Kg, and that they are well hydrated and not acutely unwell. Since 

CFTR is primarily a chloride channel, measuring the concentration of this anion is the 

analysis of choice as it relates to CFTR dysfunction.  

Pilocarpine iontophoresis is the method of choice for sweat stimulation. Sweat should be 

collected for 30 minutes, aiming to have a volume of 50-100 ml. A concentration of 

chloride greater than 60 mmol/L is considered positive for CF, as comparable levels are 

extremely rare in the healthy population. A sweat chloride concentration lower than 30 

mmol/L is considered normal. Concentrations between 30 and 60 mmol/L are considered 

to be borderline, and tend to be associated with mutations in CFTR leading to a protein 

with residual function (Class IV and Class V) [53].  

Genetic analysis is routinely performed as part of the diagnostic assessment of Cystic 

Fibrosis and is of particular importance in view of the recent development of mutation-

specific treatments. Appropriate testing techniques for CFTR mutations, standardized 

criteria for CF-causing mutations (as defined in Paragraph 1.1.2) and assessment of the 

ethnic variability of the CF genotype and phenotype are required to accurately interpret 

the results of genetic diagnosis.  
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While the panels and assays used currently can typically identify 90% of mutations, up 

to 10% of individuals who undergo  genetic analysis carry at least an unidentified 

mutation. This is particularly true for people with CF from ethnic groups other than 

Caucasian, who have a different distribution and frequency of CF-causing mutations, 

and therefore more frequently show mutations that are globally rare [53,54,57,58].  

 

 

Figure 1.5 Diagnostic testing in atypical clinical presentation. This algorithm present the 

diagnostic approach for those people who present with atypical clinical features and/or have a 

normal or borderline sweat chloride concentration. Reproduced with permission from [57]  

Additional tests are typically required to establish a diagnosis of Cystic Fibrosis in 

atypical clinical presentations, inconclusive sweat test or if it is not possible to identify 

two causing mutations. One such example is nasal potential difference (NPD), which is 

more negative in people with CF compared to controls. As the technique is easy to learn 

and reliable, it has been suggested as a complementary test for atypical presentations 

of CF, borderline or negative sweat tests and/or genetic analysis [57,61,62]. It is however 

time consuming, repeatability can be variable and is very user dependent. 

As a possible alternative or complement, intestinal ion channel measurements (ICM), 

consisting in measuring CFTR function ex vivo from rectal biopsy specimens, has been 

proposed. While ICM has been shown to be able to differentiate between people with CF 

and controls, the lack of standardised thresholds and diagnostic criteria do not allow for 

its routine use. ICM is therefore mostly used for research purposes at the moment [63–

65] (Figure 1.5).  
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1.4 Cystic fibrosis lung disease 

Lung disease accounts for the majority of morbidity and mortality in patients with CF, 

with respiratory failure being the cause of death in over 85% of individuals [2,66]. As 

such, promoting early intervention to improve outcome and reduce progression of lung 

disease is of the utmost importance in this patient population.  

1.4.1 Pathogenesis of lung disease 

The onset of lung disease appears early in the life of people with CF, with speculation 

that it might even start in utero. CFTR is expressed during early development. Newborn 

CF piglet models present with airflow obstruction and air trapping in the absence of 

inflammation or mucus obstruction [67]. Several studies have also shown that 

asymptomatic infants and children with CF have airflow limitations, ventilation 

inhomogeneity, and structural parenchymal changes in early life [68]. 

Multiple factors contribute to the development of lung disease in people with CF (Figure 

1.6). The abnormal CFTR in the airways leads to changes in the volume and acidity of 

airway surface liquid (ASL), with consequently less effective muco-ciliary transport and 

clearance and defective defensins.  In addition, an increase in the density of the mucus 

leads to the formation of endobronchial mucus plaques and plugs, which are the main 

sites of airway infection. Finally, a combination of CFTR dysfunction and endobronchial 

infection leads to sustaining of inflammation (Section 1.4.1.1) and to a chronic cycle of 

infection and inflammation resulting in structural damage. 
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Figure 1.6 Effect of CFTR dysfunction leading to lung damage. CFTR is a key apical 

membrane channel involved primarily in the exchange of chloride and bicarbonate. However, wt-

CFTR is also key-player in inflammation interacting with NLPR3 inflammosome and regulates 

ENaC. If these key functions of CFTR are defective, as in CF, a sequency of events leading to 

hyperinflammatory response and mucus abnormalities, is responsible to maintain the vicious 

cycle of infection, inflammation and lung injury which characterise the disease. Reproduced with 

permission from [1]. 

1.4.1.1 CFTR and inflammation 

In the healthy lung, the innate immune system plays a critical role against environmental 

insult and invading pathogens through activation of toll-like receptor expressed on 

macrophages and dendritic cells. These detect molecular patterns on microbes and 

trigger the immune response. In addition to the immune system, the pulmonary epithelial 

cells also play a significant role by orchestrating the inflammatory response through 

multiple pathways, including the expression of toll-like receptors.  

Once the insult is detected, the immune response is initiated and activated via the 

release of pro-inflammatory cytokines, such as IL-1 and IL-18. These help the 

recruitment of neutrophils to the sites of infection and promote the continuation of the 

inflammatory and immune response.  

While the normal start of an inflammatory response as a result of exposure to an external 

damaging stimulus is critical, its resolution is equally important, as an exaggerated 

pulmonary inflammation can lead to tissue damage as well [19].  

It is well established that people with CF have increased local and systemic inflammation. 

In the broncho-alveolar lavage (BAL) of people with CF, pro-inflammatory cytokines are 

present at a higher concentration compared to healthy controls. Furthermore, people 
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with CF have a higher than usual percentage of macrophages that express intracellular 

cytokines. This hyper-production of pro-inflammatory and decreased release of anti-

inflammatory cytokines has been speculated to play a role in the progression of lung 

disease [69].  

It is not fully understood if CFTR is intrinsically proinflammatory or if rather it facilitates 

inflammation indirectly. CFTR is not expressed exclusively on epithelial cells, but also on 

neutrophils, monocytes, lymphocytes and alveolar macrophages [70]. A defective CFTR 

protein on the innate immune cells has been associated with an exaggerated 

inflammatory response. The combination of excessive response to bacterial infection, 

and the intrinsic defect in CF, predispose towards a pro-inflammatory phenotype and 

towards a reduction in the anti-inflammatory one, similarly to what happens in 

autoinflammatory diseases [19].  

Acute and chronic infections are a hallmark of  CF disease. In people  with CF, infections 

trigger an enhanced neutrophilic infiltration, as a consequence of a hyper-activation of 

local environmental cells, such as macrophages and bronchial epithelial cells. This 

neutrophilic infiltration leads to a pro-inflammatory phenotype. Bacterial infection and 

colonisation, typical of CF airways, also plays a role in the genesis of inflammation. 

Common lung pathogens such as Staphylococcus.aureus, Haemophilus influenzae, 

Pseudomonas aeruginosa and Burkholderia cepacia complex, as well as many viruses, 

can trigger the NLRP3 inflammasome and lead to uncontrolled inflammation.  A similar 

pattern of inflammation has been shown in CF animal models growing in a germ-free 

environment and in the BAL of infants with CF in the absence of infection, suggesting 

that sterile inflammation is also present [19,71]. Recurring infections act on the 

background of this pro-inflammatory status and upregulate airway inflammation, driving 

pulmonary exacerbations and as a central factor in the progression of lung disease [72].  

The loss of the inhibitory effect on ENaC as a result of defective CFTR (Section 1.1.1) 

can lead to further ionic imbalance within the cells and act as a driver to activate the 

inflammasome [73]. In addition, CFTR is expressed by neutrophils. In this context, the 

loss of function of CFTR leads to neutrophilic dysregulation with increased migration to 

the target sites. By potentiating the CFTR function in people with a gating or residual 

mutation, a change in the neutrophils phenotype was observed suggesting that the CFTR 

dysfunction itself is a primary driver of inflammation [74].  Similarly, monocytes with 

CFTR mutations show an exaggerated inflammasome-dependent inflammatory 

phenotype, which leads to increased production of IL-1 and IL-18 and CFTR modulators 

have been shown to down regulate the proinflammatory response in vitro [75].  

Defective CFTR alters the intrinsic characteristics of the ASL leading to a reduction in 

the luminal pH and an increase in glucose and acid uric levels, factors known to activate 

the NLRP3 inflammasome. In addition, people with CF have an increased oxidative 
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stress. The associated production of reactive oxygen species (ROS) activates the innate 

immune signalling and inflammasome, and leads to an exaggerated response. ROS are 

usually counteracted by anti-oxidants, which is lacking in CF due to a reduced expression 

of glutathione, which presence in the epithelial surface fluid relies in fact on functional 

CFTR.  

In summary, people with Cystic Fibrosis are characterised by an imbalance that leads to 

a pro-inflammatory phenotype, sustained by mechanisms typical of auto-inflammatory 

conditions. These result from a combined effect of the defective CFTR, and of an 

exaggerated response to acute and chronic endobronchial infection. The infiltration by 

innate immune cells at the lungs, combined with a paucity of auto-reactive T cells, an 

increased production of pro-inflammatory cytokines, and the increased ROS with 

reduction of anti-oxidants are all hallmarks of autoinflammatory diseases, and are typical 

in people with CF [18,19,76]. 

1.4.1.2 CFTR and the airways 

In the airways, CFTR is expressed throughout the epithelium and in parts of the 

submucosal glands. At this level, it is directly responsible for transferring anions (chloride 

primarily, and in lesser measure bicarbonate) out of the cells in the epithelial surface 

liquid. In addition, CFTR is indirectly responsible of re-absorption of cations, via the 

creation of an electrical gradient and regulation of ENaC, and the resulting paracellular 

flow of water in the same direction (Figure 1.7). As a consequence, CFTR regulates the 

volume of ASL, the thin layer of fluid sitting above the airway epithelium, which is 

essential for the innate defense of the lungs and adequate functioning of the muco-ciliary 

clearance. To ensure an optimal functioning of the ASL, it is crucial that its volume, 

composition in electrolytes and pH are maintained to their optimal levels.  

 

Figure 1.7 Physiology of the airway epithelium in presence of WT (A) and defective (B) 

CFTR.  In the airways of patients with Cystic Fibrosis, defective CFTR leads to dehydration of the 

airway surface liquid. This is owing to reduced fluid production and increased fluid absorption. 

The reduced volume of ASL results in viscous mucus and compromised muco-ciliary clearance, 

which predisposes to bacterial infection and colonisation. Reproduced with permission from 

www.cfmedicine.com. 

http://www.cfmedicine.com/
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Defective CFTR in the airways is responsible of excessive dehydration of the airway 

surface liquid, causing the mucus to have an abnormally high viscosity (Figure 1.7). This 

is due to compromised CFTR function leading to the inability to regulate chloride levels, 

and to its loss of inhibitory effect on ENaC. As a result, a hyper-absorption of sodium and 

water leads the mucus layer of the ASL to become hyperviscous, which impairs the 

effectiveness of muco-ciliary clearance, one of the main innate protective mechanisms 

for the lungs.  

The lack of functional CFTR leads to the bicarbonate level in the ASL to be reduced, 

causing its excessive acidification. Not in its optimal conditions, the ASL leads to reduced 

antibacterial properties of the mucus with predisposition to bacterial infection and 

colonization, and impaired mucin expansion with increased mucus viscosity. 

The thickened mucus also leads to airflow obstruction, and is a perfect environment for 

bacterial infection and growth. These infections are one of the triggers for the 

inflammation cycle that is also intrinsically maintained by defective CFTR itself (Section 

1.4.1.1).  

1.4.2 Clinical manifestations of lung disease 

The mucus lining in healthy lungs is the first line of innate defence against bacterial 

infections. The defective CFTR in people with Cystic Fibrosis changes the physiological 

characteristics of their mucus and ASL (Section 1.4.1.1), and plays a central role in 

facilitating acute and chronic infections, due to the compromised muco-ciliary transport 

and reduced activity of local antimicrobial peptides facilitating bacterial growth.  

This vicious cycle of infection and inflammation leads to the development of structural 

abnormalities that further contribute to the same damaging cycle. The CF disease has a 

slow progression with periods of exacerbations and sudden worsening and leads to 

respiratory failure (Section 2.4).  

1.4.2.1 Airway colonisation 

While multiple bacteria and fungi have been associated with acute and chronic infections 

in people with CF, the microbiome in people with CF is far less diverse than in the airways 

of healthy individuals (Figure 1.8) [77]. Despite decreasing with age and severity of the 

disease, this reduced microbial diversity, is not a sole consequence of antibiotic 

treatment. The introduction of highly virulent bacteria that adapt and become 

predominant is also thought to play a role. The makeup of the most common strains of 

bacteria varies with the age of patients with CF, with S.aureus and H.influenzae being 

most common in childhood, and P.aeruginosa in adults.  
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Figure 1.8 Prevalence of bacteria in sputum culture by age cohort. Reproduced with 

permission from [77].  

It is unclear if the presence of methicillin-susceptible S.aureus (MSSA) is particularly 

indicative of a decline in lung function, with some studies suggesting that it can lead to a 

rapid lung destruction, and others reporting no effect [78,79].  Some authors, conversely, 

hypothesise that S.aureus can prevent colonisation with more pathogenic organisms 

such as P.aeruginosa, with epidemiological studies showing that endobronchial infection 

with S.aureus precedes the one with P.aeruginosa being supportive to this hypothesis 

[79].  

While the evidence for a pathogenic role for MSSA remain controversial, colonisation 

with methicillin-resistant S.aureus (MRSA) has clearly been associated with more rapid 

decline and increased mortality. As such, prompt eradication should be initiated as soon 

as MRSA is first isolated, although currently there is no internationally established 

protocol [80] . 

Pseudomonas aeruginosa remains the most common bacterial pathogen, being isolated 

in 55% of adults with Cystic Fibrosis [2,77]. The prevalence of colonisation with P. 

aeruginosa has been progressively declining over the years, possibly as a results of well-

established eradication treatments [81].  

Since the introduction of strict cross-infection policies in the majority of hospitals treating 

people with CF, the vast majority of new acquisitions of P. aeruginosa nowadays are 

environmental. As such, new P. aeruginosa isolates are usually non-mucoid and 

susceptible to most antibiotics, leading to successful eradication in over 80% of cases. 

In contrast, mucoid phenotypes are associated with the production of a biofilm which 

increases P.aeruginosa resistance to antibiotics, and is associated with lung function 

decline, worsening in quality of life, increase risk of exacerbations and hospitalisations 

and reduced survival.  



 
 

17 

Both mucoid and non-mucoid P. aeruginosa can lead to chronic colonisation, and feed 

into the cycle of infection, inflammation and structural damage. Once colonisation with 

P.aeruginosa becomes chronic, the treatment aims to maintaining a stable lung function 

and to reducing exacerbations.  

The Leeds Criteria [82] help in the definition of P. aeruginosa status, by categorising 

patients as: 

• No history of P. aeruginosa; 

• P. aeruginosa free – P. aeruginosa not isolated for 12 or more months; 

• Intermittent P. aeruginosa – P. aeruginosa isolated in less than 50% of the 

months in the preceding year; 

• Chronic P. aeruginosa – P. aeruginosa  isolated in more than 50% of the months 

in the preceding year.  

A CF-specific pathogen that is linked with increased risk of death and worsening 

pulmonary function is Burkholderia cenocepacia, which belongs to the Burkholderia 

cepacia complex (BCC), a group of gram-negative organisms. The prevalence of 

colonisation with BCC is low at 2-3%, but this group of organisms has been associated 

with significantly worse pulmonary function and increased risk of death, due to the high 

virulence, pathogenicity and resistance to antibiotics. Multiple organisms belong to the 

BCC, and their distribution in the CF population shows a degree of geographic variability 

[83].  

In view of the high risks associated with BCC, and considering that colonisation with 

B.cenocepacia represents a contraindication for lung transplantation, a prompt 

eradication with three intravenous antibiotics followed by nebulised tobramycin is 

recommended to be attempted at the first sign of a positive sputum culture [84,85].   

In addition to the bacteria previously described, new emerging pathogens have been 

drawing attention recently, including Stenotrophomonas maltophilia, Achromobacter 

xylosoxidans and non-tubercolosis mycobacteria.  

1.4.2.2 Pulmonary exacerbations 

In CF, progressive chronic lung disease develops over time due to the presence of 

mucous plugging, chronic inflammation, lung damage and bacterial infection. Acute on 

chronic deterioration also occurs as a result of acute pulmonary exacerbations (PExs).  

There is no clear consensus on the formal definition of a PEx in CF, and patient 

symptoms, laboratory data and clinical evaluation are usually assessed holistically to 

diagnose a PEx. In general, an exacerbation can be defined as a sudden need for 

additional antibiotic treatment as indicated by at least two of the following: change in 

sputum volume or colour; increased malaise, fatigue or lethargy; loss of appetite or 

weight loss; decrease in lung function or radiographic changes; increased dyspnoea [86].  
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Pulmonary exacerbations aggravate the pulmonary inflammation, and lead to further 

lung damage. This is reflected by a significant worsening of pulmonary function tests 

during PExs. As such, although a univocal definition for exacerbation is lacking, 

consensus has been reached that PExs need to be prevented and aggressively and 

promptly treated when occurring [86]. This is to attempt to maintaining stability of lung 

function and prolonging survival and restoring lung function as close as possible to 

baseline when affected by the exacerbation itself. Despite aggressive and early 

treatment of pulmonary exacerbations, in fact, up to 25% of patients with CF do not 

recover to baseline lung function after a PEx, and PExs are responsible of over half of 

the decline seen in lung function [87–90] (Figure 1.9).  

 

Figure 1.9 Decline in lung function over time and effect of exacerbations.  

Reproduced under the terms of the Creative Commons license from [90].   

The cause of pulmonary exacerbations in patients with CF has not been fully understood. 

Viruses and bacteria can cause PExs independently, or viruses can be the trigger for 

bacterial infections. Virus-triggered PExs have been associated with increased severity 

and worse outcome compared to non-viral exacerbations, possibly as a result of an 

exaggerated inflammatory response to virus in the CF airway epithelium [86].  

1.4.2.3 Complications of lung disease in CF  

The two most common complications of lung disease in CF are haemoptysis and 

pneumothorax.  

Haemoptysis consist of coughing blood, ranging from blood stained sputum, to massive 

haemoptysis, defined as over 240 ml in the 24 hours. Despite massive haemoptysis 

affecting up to 5% of patients with CF, its pathogenesis remains not fully understood.  

Chronic inflammation and infection can lead to the erosion of capillary or arterial walls, 

with a consequent upsurge of blood into the airways. While more frequent among older 

individuals with severe lung disease, approximately 25% of episodes of massive 

haemoptysis occur in paediatric patients and 10% in people with normal lung function. 

Massive haemoptysis is a life threatening medical emergency due to the risk of death 

from asphyxiation and hypovolemia. Antibiotic treatment, and support therapies are 
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required, but selective bronchial artery embolization is recommended to terminate the 

bleeding [91].  

Approximately 4% of individuals with CF experience a pneumothorax in their life. 

Similarly to haemoptysis, pneumothorax is more common among people with advance 

lung disease, especially if they present with anatomical risk factors such as cysts, blebs 

or bullae. The risk of recurrence is estimated to be between 50-90% and it remains high 

for a year after resolution. This notwithstanding, pleurodesis is not recommended at the 

first occurrence of pneumothorax, but can be considered in case of recurrent 

pneumothorax or persistent air leak [92].  

1.4.3 Structural lung abnormalities  

The most common lung abnormalities in patients with CF are bronchiectasis and air 

trapping, which is a reflection of small airway disease. Other, less common abnormalities 

include sacculation, atelectasis, bullae, airway wall thickness and thickening of the septa. 

A significant heterogeneity of expression in these abnormalities can be observed, and in 

some patients areas of normal parenchyma can be adjacent to others with severe lung 

damage [93].  

Bronchiectasis is usually the result of chronic inflammation and bacterial infection. 

Development of bronchiectasis can be detected in up to three quarters of children with 

CF and is an important prognostic factor. This irreversible widening of the airways 

represents in fact an ideal reservoir for bacteria, and another trigger point for the vicious 

cycle of infection and inflammation. The presence of bronchiectasis is an important 

predictor of future exacerbations, disease progression, and is linked to worse quality of 

life and mortality in cases of severe lung disease [94,95].  

 

1.4.4 Radiological assessment of lung disease 

Chest radiographs (CXR) are commonly performed on a yearly basis in CF clinics, with 

the purpose of monitoring patients longitudinally, and scoring systems might help in 

tracking the progression of disease. However, their clinical role is fairly limited since, by 

providing a bidimensional representation, their sensitivity is low with regards to mild 

changes and air trapping [96,97]. 

On the other hand, CT chest scans are more sensitive in defining early abnormalities, 

and protocols combining inspiratory and expiratory scans allow for assessment of both 

bronchiectasis and air trapping. Progression of lung disease is also better evaluated with 

a CT chest than with both conventional radiograms and lung function testing. Up to 50% 

discordance between lung function testing results and severity of bronchiectasis and 

other structural changes on CT scan has been reported [98]. This taken together with 
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the notion that severity of bronchiectasis is an independent risk factor for pulmonary 

exacerbation and mortality, would support a routine screening with CT chest for 

individuals with CF. However, concerns for exposure persists and other institutions, 

including the Leeds Adult CF Centre, prefer to repeat CT chest based on clinical needs 

rather than at regular intervals.  

The longitudinal comparison of CT scans allows for individual evaluation of the typical 

structural abnormalities of CF (Figure 1.10), but also to track progression. This should be 

quantified by using one of the possible scores that have been developed and include all 

the main airways and parenchymal abnormalities in CF [99].  

More recently, MRI has been suggested as a radiation-free diagnostic modality for 

individuals with CF. While traditionally MRI has been considered a poor method to 

visualize the lungs, there are now multiple techniques that allow to assess both structure 

and function. MRI might not be as effective as CT in the early detection of bronchiectasis, 

but is adequate in reporting mucus plugging. In addition functional and structural scans 

can be combined and can define regional abnormalities, which would not be possible 

with traditional pulmonary function tests [100].   

 

 

Figure 1.10 CT scan of patients with CF. A combination of several structural abnormalities 

(bronchiectasis, air trapping, mucus plugging and atelectasis) and areas of relatively spared 

parenchyma can be observed. Courtesy of the Leeds Adult CF Centre. 
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1.4.5 Functional assessment of lung disease 

Despite the advancement in radiation-free imaging and its low sensitivity in assessing 

severity of disease, lung function tests remain a key physiological parameter used in the 

monitoring of people with CF. Pulmonary function tests are non-invasive techniques, 

inexpensive and easily reproducible, with spirometry being the most commonly 

performed test in the clinical setting to measure FEV1 and FVC [101]. Historically, FEV1 

has been considered a better marker compared to FVC of disease severity and 

prognosis. However, more recently several studies have shown that this parameter lacks 

sensitivity in determining prognosis and that normal results do not necessarily mean 

normal lung function and normal lung parenchyma [102,103].  

The lung clearance index, measured with the multiple breath washout test, has been 

used as an endpoint in clinical trials and is now extensively studied to assess its utility in 

clinical practice. It is a good marker for early lung disease and it is easier to perform in 

children compared to spirometry, but the variability of measurements increases with 

disease severity [104].  

Finally, as part of the functional assessment, patients with CF need to be evaluate for 

gas exchange abnormalities at rest, during sleep and exercise. This can be done 

invasively using blood gas analysis, or non-invasively with measurements of the oxygen 

saturation (SpO2) and transcutaneous carbon dioxide (tcCO2) (Section 2.3). Formal 

assessment of gas exchanges with arterial blood gases, 6-minute walking test (6MWT) 

and overnight oximetry, is advised at least yearly for patients who have advanced lung 

disease, defined as FEV1 <40% and for those under consideration for lung 

transplantation [105].  

1.5 Other clinical features of cystic fibrosis 

Wild-type CFTR is expressed on the apical membrane of epithelial cells of many organs 

across the body, including lungs, liver, pancreas, gastrointestinal (GI) and reproductive 

tracts and skin [1]. This accounts for the multi-systemic nature of the disease, in 

presence of defective CFTR.  

1.5.1 Liver disease 

CFTR is expressed on the apical membrane of the cholangiocytes and in the gallbladder 

epithelial cells, where it plays a significant role in bile secretion, but is not expressed on 

hepatocytes or other liver cells [106]. Here, WT-CFTR contributes to Cl/HCO3 exchange, 

hence ensuring adequate hydration of secretions. As a consequence of defective CFTR, 

bile composition and excretion are impaired. Secretions become indeed more viscous, 

and this thickened bile leads to plugging of intrahepatic bile ducts. This triggers 

inflammation and subsequent fibrosis by activating the hepatic stellate cells [107]. As 
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only a subset of patients with CF develop cirrhosis, gene modifiers play a significant role 

in the pathogenesis of liver disease [108].  

CF-related liver disease can present with a wide variety of clinical manifestations. It is 

usually diagnosed in childhood and rarely progressing in adults. This notwithstanding, 

annual screening is recommended through monitoring of liver function tests (LFTs), 

abdominal examination and ultrasonography (US) in children and adults alike [109]. In 

the most severe cases, CF-related liver disease can progress towards cirrhosis with 

portal hypertension and subsequent complications, and represents an indication for liver 

transplantation [110,111].  

Despite CF-related liver disease being the third leading cause of death among patients 

with CF, accounting for 2.7% of all deaths, and being suggested as a possible 

independent risk factor for mortality by other cause, there is no consensus on a definition 

for this condition [112]. The European recommendations [109] suggest a diagnosis of 

CF-related liver disease when in presence of at least two of the following criteria: 

• Abnormal physical examination 

• Hepatomegaly, confirmed by US; and/or 

• Splenomegaly, confirmed by US. 

• Abnormalities of liver function tests (LFTs) in at least 3 consecutive determination 

over 12 months: 

o Increase of transaminase (ALT and AST) ≥ 3x upper normal limit (UNL),  

o Increase of GGT ≥ 3x UNL. 

• Ultrasonographic evidence of liver involvemen (Increased or heterogeneous 

echogenicity, or irregular margins, or nodularity), or 

• Features of portal hypertension (Splenomegaly, large collateral veins, ascites). 

• Biliary abnormalities (bile duct dilatation). 

While most individuals with CF (up to 70%) present with mild liver steatosis, that does 

not necessarily progress towards fibrosis [109,110], studies performed post-mortem 

demonstrated the presence of focal biliary cirrhosis in up to 70% of patients studied. In 

some cases patients will present with hepatomegaly and abnormal elevation of bilirubin 

and liver enzymes, many patients who are diagnosed with CF-liver disease do not have 

these features, and diagnosis relies on ultrasonography [113].  

1.5.2 Gastrointestinal manifestations 

Gastrointestinal manifestations are a frequent occurrence in CF. The gastrointestinal 

tract as a whole can be interested, with a variety of potential complications.  
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1.5.2.1 Upper GI tract 

The prevalence of gastroesophageal reflux disease (GORD) is 6 to 8 times higher in 

patients with CF compared to healthy individuals [114]. This might be related to 

medications, prolonged gastric emptying time, increased abdominal pressure from 

coughing and increased use of positive pressure as an adjunct to physiotherapy.  

GORD can contribute to the worsening of lung function and progressive lung structural 

changes if associated with micro aspiration, and is a risk factor for bronchiolitis obliterans 

syndrome and chronic rejection in lung transplant recipients. As such, adequate 

treatment of GORD is essential, and consists of acid suppression. This, however, is often 

not effective, and patients might require surgical procedures such as fundoplication or 

LYNX surgery.  

1.5.2.2 Small bowel involvement 

Up to 20% of patients present at birth with meconium ileus (MI), consisting in distal small 

bowel obstruction, most typically at the level of the terminal ileum, owing to the impaction 

of thick tenacious meconium. While not pathognomonic for CF, MI is highly suggestive 

for diagnosis when present in full-term infants. It was also found to correlate with severe 

genotype classes, with patients homozygous F508del having a odds ratio of 13.0. This 

can be complicated with volvulus, perforation, and peritonitis. As such, while aggressive 

conservative treatment is the recommended first approach, surgical management is 

indicated when medical treatment fails [115].  

In adulthood, many patients suffer with constipation, and up to 20% of adults can present 

with distal intestinal obstruction syndrome (DIOS). DIOS is more frequent among those 

who had MI at birth and in patients who are pancreatic insufficient (PI). It is characterised 

by partial or complete obstruction secondary to accumulation of viscous muco-faeculant 

material in the terminal ileum. The mainstay of treatment in this situation is hydration with 

high dose of laxatives, in the attempt to avoid surgery which can be associated with 

severe complications [116]. 

1.5.3 Pancreatic complications 

While the genotype has not been shown to directly correlate with the severity of lung 

disease, there is a strong correlation between genotype and phenotypic expression of 

pancreatic dysfunction. This can present with defective function of only the exocrine 

function of the pancreas, or involving the endocrine function as well.  

1.5.3.1 Exocrine pancreas and pancreatic insufficiency 

Acinar cells in the exocrine pancreas are responsible for the production and secretion of 

digestive enzymes. CFTR is expressed on the membrane of these cells, and contributes 

to the high concentration in bicarbonate in the secretions. Defective CFTR results in 
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abnormal secretions in the pancreaticobiliary ducts. Pancreatic juice in patients with CF 

is three times more concentrated than in healthy people, due to fluid volume reduction 

and increase in protein concentration. Thickened secretions lead to pancreatic duct 

obstruction. The reduction in the bloods flow contributes in ischemic damages leading to 

atrophy, fibrosis and fatty infiltration of the pancreas . These events happen as early as 

during foetal life, and malabsorption is often one of the early symptoms of CF [117]. 

Pancreatic insufficiency is usually diagnosed clinically with the aid of stool collection to 

measure the faecal concentration of pancreatic elastase (FPE). FPE is resistant to 

degradation, its reliable and easy to test. Usually a cut-off of <100 μg/g in individuals 

over age 2 to 3 years is considered indicative of pancreatic insufficiency (PI). Values 

greater than 200 μg/g are considered to be normal, while between 100 and 200 is 

indicative of loss of pancreatic function, although not necessarily of sufficient severity to 

confer PI [118] .  

While 90% of patients with CF are pancreatic insufficient since childhood, the remaining 

10% might develop this complication at a later age. Individuals who are pancreatic 

sufficient (PS) can also present with acute and recurrent pancreatitis, characterised by 

severe epigastric pain with elevated serum amylase. It is hypothesised that recurrent 

episodes of pancreatitis can also lead to the development of PI [118].  

Inadequate exocrine pancreatic function results in malabsorption symptoms including 

greasy stools, abdominal bloating and poor weight gain. Fat-soluble vitamin deficiency 

is a main area of concern in patients with CF, even when they are receiving pancreatic 

enzyme replacement therapy (PERT). Deficiency in vitamin A, D, E and K can lead to 

anaemia, neuropathy, night blindness, coagulopathy and osteoporosis.  

1.5.3.2 Endocrine pancreas and CF-related diabetes 

Up to 10-15% of blood flow in the pancreas is received by the islets of Langherans, the 

endocrine component which represents 1-2% of the organ. The islets of Langherans are 

responsible of insulin production by the β cells, regulated by CFTR [119].  

In individuals with CF, since childhood, the islets of Langherans are reduced in number, 

and the remaining ones are disorganised and present fatty infiltration. This predisposes 

to the loss of function, over time, of β cells with resulting reduced production of insulin, 

leading to progressive increase in prevalence of glucose intolerance and diabetes with 

age in CF.  

Individuals with CF have variable levels of glucose tolerance over time, and several 

factors including pulmonary exacerbations, gastrointestinal abnormalities and diet can 

affect it. Patients with CF should regularly be monitored for glucose intolerance and 

diabetes, by performing the oral glucose tolerance test (OGTT) or continuous glucose 

monitoring (CGM). The OGTT remains the gold standard to screen for CF diabetes, and 
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can also help to identify those with impaired glucose tolerance. Patients with CF who 

have normal or impaired OGTT should be monitored at least annually, as results can 

vary significantly from year to year. People with CF can fluctuate between hypoglycaemia 

and diabetic OGTT before developing irreversible diabetes [120]. Furthermore, the 

diagnosis of diabetes must be confirmed with CGM or flash sensors as in some people 

with pathological OGTT the glucose profile is normal [121].  

Early identification of CF-related diabetes (CFRD) is crucial, since CFRD has a negative 

impact on morbidity and mortality [122,123]. CFRD is in fact associated with clinical 

deterioration, worsening lung function and nutritional status. Lung function decline by 

20% can be evident up to 4-6 years before the diagnosis of CFRD [102,124]. The 

negative effects of hyperglycaemia on lung function can be direct or indirect by affecting 

the parenchyma structurally or predisposing to in lung infection. CFRD can also 

predispose to a catabolic state, affecting negatively lung function.  

1.5.4  Musculoskeletal system 

The impact of CF on the musculoskeletal system is quite variable in each individual and 

includes effects on bone mineral density, muscle function with postural changes, as well 

as inflammatory arthritis, known as cystic fibrosis associated arthritis (CFA). 

1.5.4.1 CF-associated arthritis  

People with CF present with rheumatic symptoms, the prevalence of which tends to 

increase with age and severity of the disease. While specific autoimmune inflammatory 

arthropathies have been reported among people with CF, this association is rare. 

However, joint symptoms and arthropathy have been described more frequently as a 

consequence of inflammation in the context of CF related arthropathy (CFA) [125].  

CFA is defined as an arthropathy with clinical features of articular inflammation without 

sepsis; absence of periostitis on radiograms; absence of another cause of arthritis after 

evaluation. It can affect between 2.6% and 8.5% of patients with CF, with data from the 

UK CF registry reporting a prevalence for arthritis at 3% in individuals aged over 16 [2]. 

The difficulties in the correct estimation of prevalence are related to the variable 

presentation of CFA itself. Patients can report diverse signs and symptoms, can present 

with oligo- or poly-arthritis, often remitting-relapsing and flitting. Joints of the hand and 

the feet are the ones that are most often affected [125] .  

Many reports have indicated that relapses of the CFA occur in correspondence with 

pulmonary exacerbation, with a German observational study showing that pulmonary 

exacerbations and elevated levels of total serum IgG are associated with CFA. This 

might suggest that chronic inflammation in patients with CF plays a role in the 

development of CFA [126].  
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While hyperuricemia is described frequently in adults with CF, clinical gout is only rarely 

reported, and CFA is not associated with hyperuricemia and does not meet the typical 

features of gout [127]. Similarly, rheumatoid factor and auto-antibodies are often positive, 

but no specific auto-antibodies pattern is linked to this condition. While radiographic 

imaging of affected joints can be normal, US scan shows inflammatory changes. In lack 

of clearly defined criteria, diagnosis of CFA remains an exclusion one. Detailed history, 

joint examination, and serology are therefore essential [125].  

CFA is a well-recognised complications of CF, and significantly affects the quality of life 

and morbidity. There is however at present little data on its management, as a result of 

lack of clarity on its pathophysiology. However, it appears that the role of CFTR in 

inflammation and auto-inflammation, as described in Section 1.4.1.1 by activation of the 

inflammasome, appears to be central in the development of this complication.  

1.5.4.2 Bone mineralisation  

Multiple factors predispose patients with CF to an increased risk for osteopenia or 

osteoporosis, including malabsorption of fat-soluble vitamin D and K, intermittent use of 

steroids to treat some of the respiratory complications (i.e. ABPA), reduced level of 

physical activity due to exercise-induced desaturation or dyspnoea. Finally, recurrent 

infection and chronic inflammation might lead to a reabsorption of bone as predispose to 

a catabolic state.  

1.6 Management of cystic fibrosis 

Over the last six decades, the survival of individuals with CF has improved dramatically, 

as a result of the introduction of a multitude of therapies directed to the downstream 

effects of CFTR dysfunction (Section 1.2). Therapies include strategies for airway 

clearance, replacement of pancreatic function, antibiotic treatment, vitamin 

supplementation. While associated with a significant improvement in quality of life and 

survival, they represent a significant burden of treatment for individuals with CF (Figure 

1.11).  

Following the discovery of the CFTR gene, and consequent better understanding of the 

pathophysiological mechanisms of the disease, the therapeutic approach to CF has 

shifted towards the treatment of the underlying cause of CF, in the form of CFTR 

modulators.  
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Figure 1.11 Treatment for cystic fibrosis. The panel on the left represents the evolution of 

treatment in CF since 1940. With the improvement in treatment available for people with CF, a 

significant increase in survival has been observed with the downside of patients needing to take 

multiple medication on a daily basis, reproduced with permission from [1]. The two panels on the 

right represent the dosset boxes of adult patients attending the CF Unit (Courtesy of patients 

attending the Leeds Adult Regional CF Centre).  

1.6.1 Symptomatic treatment for CF 

Impaired mucociliary clearance and hyperviscous mucus is one of the hallmark of CF 

lung disease. As such, it is not surprising that airway clearance techniques to aid 

expectoration with the help of nebulised treatment are a mainstay in the management of 

this condition. Dornase alfa (known by its commercial name in the UK of Pulmozyme) 

cleaves DNA and reduces the viscosity of the mucus in people with CF allowing for better 

clearance. It was one of the first treatment to show results in terms of improvement in 

lung function and reduction in the exacerbation rate [128,129]. In some cases, hypertonic 

saline is used in adjunct to DNAase to target the mucus dehydration via an osmotic effect 

and by triggering coughing spells [130].  These nebulised therapies are often ineffective 

if undertaken without chest physiotherapy. Different airway clearance techniques can be 

used, varying from hands-on treatment to the use of positive pressure devices, such as 

PEP mask or noninvasive ventilation.  

Inhaled antibiotics are often needed to eradicate new bacterial growths, control chronic 

endobronchial infection and reduce the frequency of pulmonary exacerbations (i.e. for P. 

aeruginosa or BCC). Oral, intravenous and nebulised antibiotics play an important role 

in the early and aggressive treatment of pulmonary exacerbations. In this context, 

antibiotic choice should be guided based on the bacteria usually isolated in the sputum 

cultures, taking into consideration response to treatment in previous courses and 

allergies. Susceptibility testing can be important in the management of multi resistant 

pathogens but does not seem to predict clinical response in patients with CF and acute 

exacerbations [131]. 

Progression of disease despite maximal treatment, including maintenance antibiotics, 

nebulisers, CPT, is inevitable. This might lead to respiratory failure requiring respiratory 

or ventilatory support in the form of oxygen therapy or noninvasive ventilation (Section 

3.3), and consideration for lung transplantation.   
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Dietetic review to tailor patients’ diet, address specific nutritional needs, including the 

requirement for nutritional supplementation and review the dosing of supplemental 

pancreatic enzymes is of extreme importance. This can not only aid the weight 

management of patients with CF, but also to prevent GI complications such as 

constipation and obstruction.  

Fat-soluble vitamins should be replaced in people with CF, particularly in those who are 

PI. An assessment of calcium intake should be performed in all patients in view of the 

risks of low bone mineral density in CF.  

Patients who suffer with CF related diabetes should be adequately reviewed so that 

insulin might be started as required. Optimal glucose control is linked with better 

outcomes among people with CF and diabetes.  

1.6.2 CFTR modulators 

Over the past decade there has been a paradigm shift in the treatment of CF following 

the introduction of CFTR modulators, a new class of drugs that target the underlying 

mechanisms of CF rather than the disease complication.  

After many years of basic and clinical research, the first CFTR modulator, Ivacaftor,  was 

approved in 2012 for clinical use. Ivacaftor is a potentiator that has extreme effectiveness 

in improving CFTR function for people who have a gating mutation (i.e. G551D) or Class 

IV (i.e. R117H) and Class V (3789+10kb C>T) mutations [37,38,132].  

Ivacaftor binds to CFTR and increases the open time of the pore, allowing an improved 

conductance when WT-CFTR is expressed, as is the case in Class V mutations. In 

clinical trials, Ivacaftor was shown to improve lung function by 15%, to normalize sweat 

chloride, reduce exacerbation rate and improve quality of life [37,38]. Almost ten years 

since its introduction in clinical practice, real-life data have shown that while the 

improvement in lung function observed in the general population was in line to that of the 

clinical trials, decline in lung function is unfortunately continuing among people with 

gating mutation on treatment, albeit more slowly than controls [133].  

People with mutations other than those responsive to Ivacaftor, however, do not express 

CFTR at all, due to misfolding or intracellular trafficking blockage (Section 1.1.2). In 

recent years, the development of a corrector to stabilise the CFTR protein and allow it to 

reach the membrane has led to the development of two drugs, Lumacaftor (LUM) and 

Tezacaftor (TEZ). Both these correctors have been studied in combination to the 

potentiator Ivacaftor and were shown to provide similar results with an increase in lung 

function of approximately 4% among individual who are homozygous for the F508del 

mutation (Class II). Lumacaftor, however, appeared to be less tolerated especially 

among people with more advanced lung disease, who presented with severe pulmonary 

side effects [33,34]. Both drug combinations (LUM/IVA and TEZ/IVA) were approved in 
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the UK in 2019 for routine clinical practice for individuals with two copies of the F508del 

mutation, covering approximately 40% of people with CF.  

A recent analysis of people treated with the LUM/IVA combination in real life showed that 

while 40% of patients who had a baseline FEV1 between 40-90% (as per the clinical trial 

inclusion criteria) improved their lung function more than 10%, those who had a lower or 

higher baseline FEV1 did not have any benefit with this combination [134].  

The highly effective combination of Elexacftor/Tezacaftor/Ivacaftor (ELX/TEZ/IVA) was 

introduced into clinical practice in 2020 and has since been approved for people who are 

homozygous for F508del and for those who are heterozygous for F508del with a minimal 

function mutation. In these patients, triple therapy was shown to improve lung function 

between 10 and 14%, reduce exacerbation rate and sweat chloride [36,135].  

1.6.3 Future directions 

CFTR modulators have certainly changed the outlook for the management of people with 

Cystic Fibrosis. However, the lack of long-term data warrants caution in the extrapolation 

of any long-term persistence of the positive impact introduced by these drugs and the 

impact that these new drugs can have on the progression of lung disease towards 

respiratory and ventilatory failure remains still uncertain.  

In addition, triple therapy is not available to 100% of patients with Cystic Fibrosis, due to 

some mutations still being excluded from eligibility. As such, further research will be 

needed to provide an answer to the need of this excluded population. Long-term registry 

data will provide crucial longitudinal evaluation to monitor and assess long-term 

outcomes of these new treatments.  
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Chapter 2  

Respiratory failure and acid-base disturbances 

Respiratory failure is a state characterised by the inability of the respiratory system to 

maintain normal gas exchanges, leading to dysfunction in other organs, and potentially 

threatening life.  

This Chapter reviews the principles of gas exchange physiology and acid-base 

metabolism, describes the main features of respiratory failure and acid base disturbance 

in relation to cystic fibrosis, and summarises how to diagnose these impairments. 

2.1 Basic concepts of gas exchange physiology 

The pulmonary system, in conjunction with the cardiovascular system and the body 

tissues, is at the core of the oxygen/carbon dioxide pathway (Figure 2.1).  

 

Figure 2.1 Schematics of the oxygen transport. The structures involved in the transport of 

oxygen from the lungs to the body tissues are part of a series of processes that include ventilation, 

diffusion and perfusion. The CO2 pathway mirrors that of the oxygen, but in reverse. Reproduced 

with permission from [136].  

The lung anatomy consists of approximately 300 million alveoli with an extensive 

capillary network which is supported by an interstitial matrix and allows efficient gas 

exchange by passive diffusion. 

In healthy adults, inspired air enters the trachea and is delivered to the alveoli which 

have a total surface area of approximately 140 m2. The pulmonary vasculature includes 

a network of capillaries that cover up to 95% of alveolar surface. Only a thin membrane 

separates the alveolar gas and blood compartments [137]. The pulmonary gas exchange 
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is a continuous process involving ventilation, diffusion and perfusion, with these 

processes are regulated by the law of conservation of mass [136]. 

Ventilation is the first step of this complex multi-step gas exchange process that leads to 

tissue oxygenation. Pulmonary ventilation through breathing results in alveolar 

ventilation. Not all the air inspired during each breathing cycle reaches the alveoli and is 

actively involved in gas exchanges. Some of the inspired air simply fills some of the 

respiratory dead spaces where gas exchange does not occur, such as the upper airways 

and part of the bronchial tree. These spaces constitute the anatomical dead space and 

during expiration, the air in the dead space is the first to be expired, making the presence 

of dead space disadvantageous for gas exchange.  

 

Figure 2.2 Gas exchange in a single lung unit model. A single lung unit schematic is 

represented in Panel A with the notations used for partial pressures, fractions of gas and O2 

content for different compartments in the Unit. Diffusion of O2 (B) and CO2 (C) in a single lung 

unit to allow PeO2 and PeCO2 to equal PAO2 and PACO2 at the end of the process. The time 

scale in the panels is the transit time of red blood cells through the capillaries. Reproduced with 

permission and modified from [138].   

After the alveoli are filled with fresh air thanks to the ventilation process, the next step of 

gas exchange is the passive diffusion of oxygen into the capillaries (Figure 2.2) where 

the uptake rate depends on the partial pressure of oxygen in alveolar air, the partial 

pressure in capillary blood and on the pulmonary diffusing capacity [137]. 

CO2, the product of the body’s metabolism, is cleared by the lungs via passive diffusion 

across the alveolar-capillary membrane in a direction opposite to that of O2, from blood 

to alveolar gas, taking advantage of the lower resistance of CO2 diffusion compared to 

O2 (Figure 2.2, Panel C). Through the process of passive diffusion, alveolar ventilation 

can eliminate 15 mol of carbon dioxide per day, and maintain arterial CO2 at normal 

levels, between 4.5 and 6 kPa. The ventilatory process is controlled by chemoreceptors 

in the medulla oblongata and in the carotid body. These respond to variations in pH, 
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controlling an increase or decrease in alveolar ventilation to maintain a constant level of 

pCO2 [137–140].  

While oxygen and carbon dioxide in the alveoli and are dependent on the rate of alveolar 

ventilation, and rate of gas transfer across the respiratory membrane, other factors 

should be considered beyond those influencing the diffusion capacity across the 

membrane itself. Lungs comprise thousands of respiratory units, with variable degrees 

of perfusion and ventilation. In particular, the ventilation perfusion ratio (defined as 

V’A/Q’), is highly heterogeneous across the lungs. It can range within two extremes:  

• V’A/Q’ = 0, corresponding to a shunt. This corresponds to no ventilation, even 

with adequate perfusion. In this case the air in the alveoli comes to equilibrium 

with the blood oxygen and carbon dioxide as these can continue to diffuse 

passively.  

• V’A/Q’ = ∞, corresponding to dead space. This corresponds to an absence of 

perfusion, even with adequate ventilation. In this case the air in the alveoli comes 

to equilibrium with the inspired air.  

In reality, areas of the lung with normal V’A/Q’ coexist with others with a V’A/Q’ below 

normal (a physiological shunt), and others with a V’A/Q above normal (a physiological 

dead-space). In healthy individuals, there is a higher degree of physiological dead-space 

in the upper zones of the lungs and of physiological shunt in the lower parts [138,141].  

2.1.1 Respiratory failure 

Effective gas exchange relies on multiple processes working correctly including normal 

chest wall expansion, respiratory muscles function, and central nervous system stimuli. 

All these factors are key in ensuring normal tissue oxygenation, and the appropriate 

elimination of carbon dioxide. If any of these elements doesn’t function properly, gas 

exchange can be impaired, leading to respiratory failure. 

Respiratory failure is often classified into two categories, depending on levels of both 

oxygen and carbon dioxide, into type I respiratory failure (hypoxaemic), and type II 

respiratory failure (hypercapnic). Based on its onset, respiratory failure can also be 

classified into acute, chronic, or acute on chronic respiratory failure [142,143].  

Type I respiratory failure is characterised by arterial hypoxaemia caused by intrinsic lung 

disease with V’A/Q’ mismatch, changes in diffusion capacity, shunt or alveolar 

hypoventilation.  

A ventilation/perfusion mismatch develops in presence of decreased ventilation in 

regions of the lung that are normally perfused, or when there is a disproportionate 

reduction in ventilation compared to perfusion. Multiple situations can lead to V’A/Q’ 

mismatch including atelectasis, airway obstruction, pneumonia, or bronchospasm. In 
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these conditions, increasing the fraction of inspired oxygen (F IO2) through the use of 

oxygen therapy can improve the hypoxaemia.  

Shunts, where venous blood bypasses ventilated alveoli without being oxygenated, 

occur in conditions of sepsis, liver failure, or as a result of anatomical shunts. Any disease 

affecting the alveolar-capillary membrane can result in impaired diffusion capacity, 

especially for gases with reduced solubility (i.e. this defect will be more relevant for O2 

than for CO2).  

Type II respiratory failure is characterised by the presence of hypoxaemia and 

hypercapnia. Similarly to any form of respiratory failure, type II can occur acutely, 

chronically, or it can comprise an acute event developed on top of chronic hypercapnia. 

To develop type II respiratory failure, alveolar ventilation needs to be insufficient to 

compensate for CO2 production, and is generally associated with airflow obstruction, 

decreased respiratory muscle strength or decreased respiratory drive. In addition, lung 

disease can cause type I respiratory failure which can evolve into type II as the underlying 

condition worsens.  

2.2 Basic concepts of acid-base physiology  

Acid-base homeostasis is a critical process for the regulation of blood pH. In normal 

physiology, arterial pH is maintained between values of 7.35 and 7.45. Any deviation 

from this range leads to changes in the intracellular pH, and in the pH of other bodily 

fluids, with consequent pathological effects.  

In physiological conditions, a condition of steady state is maintained, with the amount of 

produced acid equalling the amount of acid being excreted. Multiple sources of acid and 

base are present in the body, and act as buffer systems. Of these, the most important to 

maintain the correct acid-base homeostasis is the HCO3
-/CO2 buffer system (also known 

as the bicarbonate buffer system), regulated by the lungs and kidneys. The bicarbonate 

buffer system has sufficient capacity to buffer both acids and alkali independently [140].  

The relationship of this buffer system to pH is described by the Henderson-Hasselbalch 

equation: 

𝑝𝐻 = 6.1 + 𝑙𝑜𝑔
𝐻𝐶𝑂3

−

0.03 × 𝑃𝐶𝑂2
 

While the HCO3
-/CO2 buffer is the most widely studied, other buffers also play a role in 

the response to acid-base disturbances.  

In the event of acute changes of pCO2, variations of serum bicarbonate are minimal, 

because of the interval time required for the kidneys to adapt the reabsorption and 

production of bicarbonate, and because of the role of other buffers in compensating for 

the change.  
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2.2.1 Bicarbonate in the kidneys and the role of pendrin  

The kidneys play a crucial role in the acid-base balance, being responsible for the 

reabsorption of bicarbonate, excretion of acid (proton and ammonium), and production 

of new bicarbonate.  

Bicarbonate is freely filtered at the glomerulus. However, urine is virtually bicarbonate 

free as a result of the reabsorption taking play in the tubular system. The majority of 

bicarbonate reabsorption takes place in the proximal tubule (85-90%) [140], with the 

remainder being attributable to the downstream segment. About 15% of bicarbonate is 

reabsorbed by the loop of Henle via the transcellular pathway [140].  

The apical membrane is impermeable to bicarbonate. As such, in the proximal tubule 

and in the intercalated cells, carbonic anhydrase (CA) plays a crucial role, by facilitating 

a reaction combining HCO3
- with H+, secreted by the Na+/H+ exchanger (NHE), into water 

and carbon dioxide [144]. 

CO2 can easily cross the cell membrane, and, within the cell, another CA leads to the 

production of H+ and HCO3
- from carbon dioxide and water. The newly generated 

bicarbonate can cross the basolateral membrane via a Na/HCO3
- symporter (NBCe1-a, 

or SLC4A4), which transfers three HCO3
- ions for every Na [140,145]. The combined  

action of the symporter and the sodium pump lead to the reabsorption of one molecule 

of bicarbonate and one molecule of sodium from the lumen for each molecule of secreted 

H+ (Figure 2.3).  

 

 

Figure 2.3 Schematics of bicarbonate reabsorption in the proximal tubule cells. The apical 

membrane in the proximal tubule cells is impermeable to bicarbonate. Carbonic anhydrase (CA) 

facilitate the formation of carbon dioxide from bicarbonate and protons, secreted via the Na+/H+ 

exchanger. CO2 crosses the cell membrane and another CA generates bicarbonate to be 

reabsorbed via a symporter in the basolateral membrane. Reproduced with permission from [140] 
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While the proximal tubule and the thick ascending limb (TAL) contribute to acid-base 

homeostasis by reabsorbing bicarbonate, the cortical collecting duct (CCD) can also 

secrete acid and bicarbonate via the intercalated cells [140,146].  

In type A intercalated cells, the interaction of the proton pump and the anion exchangers 

contributes to the reabsorption of bicarbonate. In type B intercalated cells, the 

coordination of pendrin and proton pumps contributes to bicarbonate secretion 

[140,147,148].  

Pendrin is a Na+-independent Cl-/HCO3
- exchanger localised on the luminal membrane 

of type B intercalated cells in the CCD, where it interacts with Na+-dependent 

exchangers. While the latter mediates the absorption of Na+ and HCO3
-, pendrin 

mediates the secretion of HCO3
- and the absorption of Cl-, recycling both Cl- and HCO3

- 

across the apical membrane. Across the basolateral membrane, Cl- exits the cell through 

the ClK channel, and Na+ via the Na+/HCO3
- cotransporter. Type A intercalated cells 

secrete H+ through the apical membrane H+-ATPase, resulting in a net HCO3
- efflux 

across the basolateral membrane via the anion exchanger. Finally, in the principal cells, 

ENaC is responsible for the reabsorption of Na+, which then exits the cell across the 

Na/K ATPase. While pendrin is not expressed significantly in the principal cells, it 

contributes to the regulation of ENaC (Figure 2.4) [140,147–150].  

 

Figure 2.4 Schematics of electrolyte exchange in the collecting cortical duct. Reproduced 

with permission from [149]. 
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Pendrin has an adaptive role in managing bicarbonate shifts in the CCD. In baseline 

conditions, the expression and activity of pendrin are minimal, as it is heavily regulated 

by shifts in the acid-base balance and interaction with the aldosterone-angiotensin II 

system and, in lesser measure by CFTR. Pendrin activity is in fact upregulated in 

response to metabolic alkalosis and following angiotensin II stimulation, whereas it is 

downregulated in the event of acid loading [140,149].  

2.2.2 Response to acid-base disturbances  

The physiological response to acid-base disturbances is alteration in ventilation and 

absorption and generation of bicarbonate in the nephrons.  

Arterial CO2 is regulated by alveolar ventilation as described in Section 2.1. Variations in 

levels of pCO2 lead to changes in pH that are reflected in the cerebral interstitium. This 

determines a rapid change in ventilation in order to maintain acid-base homeostasis. The 

response to a change in serum HCO3
- is slower, as these chemoreceptors are relatively 

insulated [140,151–153].  

In the kidneys, the rate of reabsorption of bicarbonate is modulated by the proton pump 

and NHE antiporter directly following changes in pH, but mostly via hormonal stimulation. 

Adrenergic agonists, angiotensin II and parathyroid hormone (PTH) all stimulate the 

reabsorption of HCO3
-. Volume regulators also play a role, as a reduction in the 

extracellular volume leads to an increased reabsorption of both sodium and bicarbonate 

through increased activity of the NHE [140,146,154].  

In the presence of chronic changes in pCO2, the kidneys alter the level of serum 

bicarbonate to maintain pH within range. These changes are slow, taking up to several 

days to complete, and do not necessarily restore the pH within normal limits [140].  

In response to metabolic acid or base loads, a combined compensatory mechanism is 

triggered. This involves both the respiratory system (with changes in alveolar ventilation), 

as well as the kidneys, and normally leads to the pH being restored within the normal 

range. Metabolic acid loads result in increased ventilation to eliminate volatile acid (CO2). 

Metabolic alkali loads are usually compensated by hypoventilation and a reduction in 

proximal tubule reabsorption [140].  

Another compensatory mechanism for metabolic loads is the excretion of bicarbonate in 

the cortical tubules. The renal response to acid-base disturbances is linked to changes 

in the expression and activity of pendrin, with its up-regulation in presence of alkalosis 

and down-regulation in the event of acidosis [149].  

Although acid-base compensations involve multiple intervening systems, changes in 

concentrations of either component of the CO2/HCO3
-buffer system are monitored in 

routine practice to identify and classify the main acid-base disturbances in metabolic or 

respiratory disorders. Figure 2.5 shows the classical approach to the classification of 
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acid-base imbalances, based on the concentration of pH, HCO3
-, and pCO2, into four 

imbalance categories, and their respective physiological compensations. 

Acid-base disturbances are observed often among hospitalised patients, happening in 

response to numerous conditions. In the general population, metabolic alkalosis is the 

most commonly detected imbalance (51%), followed by respiratory alkalosis (29%), 

respiratory acidosis (27%) and metabolic acidosis (12%) [155]. 

 

Figure 2.5 Simplified classification of acid-base disturbances.  

2.3 Clinical assessment of gas exchange and acid base 

Gas exchanges and acid-base balance can be assessed clinically: 

• Through blood gas analysis  

• By evaluating the gas exchange directly, or by using an indirect measure of the 

CO2/HCO3
- buffer.  

2.3.1 Blood gas analysis 

Blood gas analysis is a widely used, reliable technique to assess oxygenation, ventilation 

and acid-base status as a diagnostic and monitoring tool, both in the acute and chronic 

setting.  

A blood gas analyser can measure pO2, pCO2 and pH directly, and derive HCO3
- and 

base excess (BE) indirectly (Table 2.1) 

Arterial blood gas (ABG) is the gold standard method of blood gas analysis. Samples are 

traditionally drawn from an artery, ideally a radial artery, with alternative sites being the 
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brachial or femoral arteries. ABG can be painful for patients, and can lead to rare but 

serious complications, such as vascular injuries (hematoma, ischemia, fistula, aneurism) 

and infections [156].  

Table 2.1 Common parameters reported in a blood gas analysis 

Parameter Normal range  Significance 

pH 7.35-7.45 Arterial content of hydrogen ion (measured) 

pCO2  4.7-6 kPa Partial pressure of arterial carbon dioxide (measured) 

HCO3
- 22-26 mmol/L Amount of base buffer in arterial blood (derived) 

BE -2 to +2 mmol/L Amount of acid required to restore 1L of blood to a pH of 7.4 
(derived) 

pO2  10.7-13.3 kPa Partial pressure of arterial oxygen (measured) 

Alternative approaches have, therefore, been suggested to reduce the number of ABGs 

performed in clinical practice, including venous blood gas (VBG) and arterialised capillary 

blood gas (CBG) [157,158]. To date, neither one of these techniques have been shown 

capable to provide the same data with accuracy and precision comparable to ABG.  

In particular, arterio-venous agreement between these tests and ABG is good for pH and 

HCO3
-, such that these values on ABG and VBG are almost interchangeable [159–162]. 

However, venous sampling cannot reliably test for pO2 and pCO2. Similarly, CBG reflects 

arterial pH and pCO2 adequately, but underestimates pO2 [163,164].  

2.3.1.1 Interpretation of blood gas analysis 

Blood gas analysis can be interpreted to assess the level of oxygenation, ventilation and 

acid-base status. While oxygenation can be assessed in a relatively simple way by 

looking at the at pO2 and SO2 values, the assessment of ventilation and acid-base status 

requires a systematic approach, involving the diagnosis of primary disorders and 

compensatory mechanisms, looking holistically at pH, pCO2, HCO3
-, and base excess 

(BE). 

Three approaches have been proposed and are currently in use to assess acid-base 

problems; the Boston or physiological approach, the Copenhagen or base-excess 

method, and the Stewart’s strong ion difference or physicochemical method. 

The Boston approach, also known as “the traditional approach”, is based on the 

Henderson-Hasselbach equations and it focuses on the centrality of the bicarbonate 

buffer system in the acid-base homeostasis [165]. This approach assumes that the 

component of the HCO3
-/CO2 buffer are in equilibrium with non-bicarbonate and non-

volatile buffers such as albumin, phosphate and haemoglobin. In this method, the pH 

value is a measure of the degree of acidity or alkalinity, pCO2 is a marker of the 

respiratory component and bicarbonate of the metabolic one. The Boston method suffers 

from a few limitations: it is mostly qualitative in nature, it does not allow to reliably assess 

the non-respiratory component of the acid-base disorders, and it does not provide 
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visibility on the nature of acids other than carbonic, as it focuses on HCO3
- [165–167]. 

The Davenport normogram, shown in Figure 2.6, is a useful guide for the interpretation 

of acid-base disturbances according to the Boston approach.  

 

Figure 2.6 Davenoport acid-base normogram. 

To overcome the limitations of the Boston method, the Copenhagen approach introduces 

the concept of base excess (BE), which allows a better quantification of the metabolic 

component of the imbalance. Base excess is defined as the amount of acid or base that 

needs to be added to a sample of blood to restore the pH to 7.40 if pCO2 is kept at 5.33 

kPa. In clinical practice, standard BE (SBE) should be used, to take into account the role 

of haemoglobin as a buffer. SBE, however, can be variable and be unreliable only in 

presence of significant hypoalbuminemia or low phosphate [165–168]. The Siggaard-

Andersen diagram, shown in Figure 2.7, simplifies the interpretation of acid-base balance 

based on the Copenhagen approach.  
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Figure 2.7 Siggaard-Andersen Diagram. 

Finally, the Stewart’s approach, based on the principles of electroneutrality, conservation 

of mass and on the law of mass action, reduces bicarbonate to a minor role. According 

to Stewart’s method, pH and HCO3
- are seen as dependent variables, answering 

exclusively to changes of three independent variables: strong ion difference (SID, 

difference between the sums of all the strong cations and all the strong anions), total 

concentration of non-volatile weak acid (ATOT), and pCO2. The Stewart method allows for 

a quantification of the magnitude of each acid-base disorder and of the effect of each 

component. Thanks to this, it can offer explanations for many acid-base phenomena 
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seen in clinical practice which are otherwise difficult to characterise with traditional 

interpretation approaches such as metabolic alkalosis associated with decreased 

albumin concentration [169]. 

2.3.2 Non-invasive assessment of gas exchange 

While acid-base balance cannot be assessed without blood sampling, information about 

gas exchange can also be obtained with non-invasive measurements such as pulse-

oximetry and measurement of carbon dioxide in the expired air (capnometry, ETCO2), or 

using skin sensors (transcutaneous CO2).  

2.3.2.1 Oxygenation 

Pulse oximetry is a non-invasive method to measure oxygenation, but not ventilation, 

using spectrophotometric technology. The device uses LEDs emitting red and infrared 

wavelengths, which are absorbed differently by oxygenated and deoxygenated 

haemoglobin, to estimate the saturation of oxygen in arterial blood (SpO2). 

This non-invasive measure has been shown to be accurate in comparison to arterial 

oxygen saturation assessed invasively. In healthy volunteers, oximeters have in fact an 

average difference <2% compared to arterial saturation when this is >90%. Accuracy 

declines however in case of poor perfusion or when in presence of hypoxia [170]. Bias ± 

precision has been shown to be 1.7 ± 1.2% for SaO2 values > 90%, increasing to 5.1 ± 

2.7% when SaO2 is ≤ 90% [170–172].  

Pulse-oximetry is a simple, cheap, and reliable device, and its use is now widespread. 

This includes the outpatient setting, where it is used for spot measurements of oxygen 

saturation, and general, respiratory wards and ITUs, where it is used to titrate oxygen 

requirements, including for patients who are ventilated.  

Continuous measurements of oxygen saturation are often used as a screening tool for 

assessment of sleep disordered breathing (SDB) or nocturnal hypoxaemia, and to 

monitor oxygenation during exercise, either during incremental cardio-pulmonary 

exercise test (CPET) or field tests such as the 6 minute-walking test.  

2.3.2.2 Oxygenation and ventilation 

Non-invasive approaches are available to assess ventilation, but don’t provide good 

measures of pH, or estimates of bicarbonate. In particular, CO2 can be measured non-

invasively in the expired air, or by using skin electrodes.  

Capnography is the continuous, breath-by-breath measurement and graphic 

representation of the partial pressure of CO2 from expired air (end-tidal CO2, ETCO2). A 

gradient represents the difference between ETCO2 and pCO2, which is a result of 

alveolar dead space, and is on average 2-5 mmHg (0.27-0.67 kPa[173].  
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Changes in pulmonary perfusion and ventilation can affect the gradient, and thus this 

measure. Despite this, ETCO2 provides reliable and useful information on ventilation, 

and, indirectly, on perfusion and metabolism. It is used routinely during anaesthesia and 

sedation, in emergency situations, such as to monitor the spontaneous return of 

circulation after cardiac arrest, and for monitoring ventilated patients. Its role outside the 

emergency department, operating rooms, and ITUs is however more limited [173,174].  

In the assessment of chronic patients, and whenever ETCO2 is not used, transcutaneous 

CO2 (tcCO2) monitoring is usually preferred. Transcutaneous CO2 monitoring utilises skin 

electrodes to quantify the amount of CO2 diffusing via the tissue to the surface of the 

skin. This is possible because the sensor is heated at a temperature between 40 and 44 

C, to achieve arterialisation of the capillary bed. This technique is mainly limited by the 

stabilisation and reaction time, the need for membrane care, restoration and 

replacement, and baseline calibration. However, it provides reliable, accurate non-

invasive measures, and allows for continuous monitoring for up to 8 hours, although 

technical drift might occur and should be acknowledged and corrected for [174,175].  

2.3.3 Pre-flight assessment and hypoxic altitude simulation test  

A specific assessment of gas exchange is often advised when people with CF, and other chronic 

lung diseases, are planning air travel.  

During air travel, passengers are in fact exposed to hypobaric hypoxia because airplane cabins 

on commercial flights are pressurised at an equivalent altitude of 8000 feet, corresponding to a 

fraction of inspired oxygen of 0.15 at sea level. This can induce changes in intrathoracic pressure 

and accentuate V/Q mismatch. In most cases these changes cause only a small reduction in 

oxygenation which is well tolerated [176–178]. It is, however, conceivable that those with chronic 

respiratory conditions might experience hypoxaemia and hypoxia-related symptoms [178]. 

Evidence correlating in-flight hypoxaemia with symptoms during or after air travel are conflicting 

[179]. 

This notwithstanding, among the 44,000 in-flight medical emergencies occurring worldwide each 

year, those of respiratory nature are the second most commonly reported [180]. In addition, an 

increase in access to healthcare resources after flying has been observed among passengers 

with chronic lung disease who have not used supplemental oxygen in flight, despite an anticipated 

drop in oxygenation [177,181]. 

British Thoracic Society recommendations [182], as well as other International guidelines [183–

185], favour routine pre-flight assessment for individuals with chronic respiratory diseases.  

This assessment might include baseline measurement of SpO2 and partial pressure of oxygen, 

the use of predictive equations for hypoxia at altitude, and a hypoxic challenge test which could 

be performed in hypobaric or normobaric conditions. Measurements of baseline SpO2 and 

oxygenation at sea-level have been recognised as poorly reliable methods of predicting in-flight 
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hypoxaemia [178]. Predictive equations have been developed in small numbers of patients with 

COPD, and do not correlate with hypoxic challenge test in identify the need for supplemental 

oxygen among patients with interstitial lung disease or cystic fibrosis, as tend to overestimate the 

requirement for in-flight oxygen [186]. In view of these limitations, a formal hypoxic challenge test 

is often preferred. Hypobaric hypoxemic challenge test is the most accurate way of mimicking the 

in-flight condition, however it is expensive and not routinely available. Normobaric hypoxic altitude 

simulation test correlate well with the hypobaric challenge.  

A standard hypoxic altitude simulation test requires the patient to breathe a blend of 15% of 

oxygen in nitrogen for 20 minutes (Venti-mask method) to simulate the oxygen tension at 8000 

feet. This methods correlates well with the more accurate, but not widely available hypobaric 

hypoxic challenge test. Blood gas measurements are taken before and after the test, and a fall in 

the pO2 below 6.7 kPa is considered indicative for use of in-flight oxygen. Expert consensus 

recommends supplemental oxygen at 2 L/min, or 2 L/min over usual flow-rate for patients on 

oxygen therapy, in individuals deemed at risk for in-flight hypoxemia[182]. 

2.4 Respiratory failure in CF 

As discussed in Section 1.4, cystic fibrosis is a slowly progressive disease that leads to 

increasing lung damage and results in respiratory failure, through a vicious cycle of 

infection and inflammation. Cystic fibrosis is characterised by multiple structural lung 

changes including bronchiectasis and atelectasis, and is associated with airflow 

obstruction.  

It is therefore not surprising that respiratory failure in CF is caused by a combination of 

contributing factors: a ventilation/perfusion mismatch, an increased dead space 

ventilation, a state of inflammation, and the presence of exudate in the air space with 

consequent shunt (Figure 2.8). All these factors lead to the development of both 

hypoxaemia and hypercapnia, further complicating the picture of the acid-base status in 

people with CF (Section 2.5) [66,187,188].  

Gas exchange abnormalities in people with CF can present as acute respiratory failure 

in the context of a pulmonary exacerbation, or develop gradually over time, especially 

among patients with advanced lung disease. Studies have shown that patients with CF 

can experience nocturnal hypoxaemia with hypoventilation during REM sleep, 

irrespective of age, weight and lung function [189,190]. With the progression of the 

disease, hypoxemia becomes evident also during daytime, and can be associated with 

hypercapnia due to increased work of breathing [66]. 
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Figure 2.8 Multifactorial origin of respiratory failure in cystic fibrosis.  

A vicious cycle consisting of airway infection, inflammation and mucus plugging leads to 

progressive lung disease with bronchiectasis and airway obstruction. These feedback into the 

afore-mentioned vicious cycle but also responsible for increased dead space, atelectasis, V/Q 

mismation and reduction of dynamic compliance, resulting therefore in hypoxaemia and 

hypercapnia.  

2.4.1.1 Nocturnal hypoxaemia in CF 

During sleep, healthy individuals experience a fall in ventilation by 10-15% due to a 

reduction in tidal volume and an increase in the resistance of the upper airways 

[191,192].  

This response is exaggerated in people with CF, who also present reduced tidal volume 

with no compensatory changes in respiratory rate during sleep compared to 

wakefulness. In combination with alveolar hypoventilation and V’A/Q’ mismatch, this 

results in nocturnal oxygen desaturation and hypercapnia, which is exacerbated during 

REM sleep [193–195]. Nocturnal desaturation can present in people with CF even in the 

absence of significant hypoventilation, but is rarely associated with obstructive or central 

apnoea [196].  

While these events are more frequent in patients with advanced lung disease, no 

independent predictor of nocturnal hypoxaemia or hypercapnia has yet been identified 

[197], and night-to-night variability has been observed [196]. It is recognised that oxygen 

desaturation during sleep is more prevalent among people with FEV1 <65%, and 

hypercapnia in those with FEV1<29% [187,197–200].  

Nocturnal desaturations have been proposed as a trigger for pulmonary hypertension 

[201]. In this context, the known sleep fragmentation in people with CF has been 
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suggested as a mechanism to restore normal breathing and to correct gas exchange 

abnormalities [197]. It has been suggested that, over time, chemoreceptors may adapt 

and that the vicious cycle linking depressed respiratory drive, longer periods of abnormal 

breathing and sleep fragmentation, can lead to daytime respiratory failure [197]. Further, 

nocturnal desaturation and sleep disruption have been associated with increased 

difficulties in performing treatment for people with CF, as well as with an impairment in 

physical and neurocognitive functions. 

In the majority of cases, nocturnal desaturation is, at least initially, asymptomatic and as 

such can go undetected for a long time. There is no recommendation or guideline on the 

frequency of monitoring for sleep disordered breathing or nocturnal desaturation in 

patients with cystic fibrosis.  

2.4.1.2 Exercise-induced desaturation 

Changes in respiratory mechanics do not appear to be the cause of nocturnal 

desaturation. They are however strictly connected with the development of exercise-

induced desaturation, a particularly evident effect in people with CF with severe lung 

disease.  

Patients with advanced lung disease have increased airway resistance, and combined 

static and dynamic hyperinflation, which significantly limits their peak minute ventilation. 

This is due to a reduction of the tidal volume during exercise, as a consequence of the 

relatively higher dead space [202–206].  

Static hyperinflation contributes to the flattening of the diaphragm, and to the recruitment 

of accessory muscles of breathing. A flattened diaphragm is highly inefficient and 

consumes more oxygen to generate a given VT compared to a normal diaphragm. 

Dynamic hyperinflation worsens as respiratory rate (RR) increases, such as during 

exercise. This exacerbates air trapping and intrinsic positive end-expiratory pressure 

(PEEP), posing an inspiratory threshold load that consumes energy to lower intra-

alveolar pressure enough to initiate air flow for the next breath. Dynamic hyperinflation 

contributes to inefficient breathing and diminishes exercise capacity [207]. This is on top 

of the metabolic cost of ventilation being up to 40% higher in patients with advanced lung 

disease compared to healthy individuals. In addition, exercise worsens the V’A/Q’ 

mismatch, leading to desaturation [208].  

As a consequence of these mechanisms, 15% to 30% of patients with CF experience 

hypoxaemia during exercise, defined as a drop >4% in oxygen SpO2 and/or a decrease 

in SpO2 below 90% [209,210]. Conclusive data are lacking on the effects of exercise 

induced hypoxaemia, but a number of studies have linked it with cardiac arrythmias and 

suggest it should be avoided [210,211].  
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2.4.1.3 Acute respiratory failure 

Patients with CF can present with acute hypoxaemic respiratory failure and/or acute 

hypercapnic respiratory failure. This can be resulting from pulmonary exacerbations, or 

from pulmonary complications such as pneumothorax, atelectasis or the rare occurrence 

of pulmonary embolism [212].  

Patients with severe lung disease have a higher risk of developing respiratory failure and 

complications in the context of a pulmonary embolism. This notwithstanding, patients 

with relatively preserved lung function are also at risk, and might present with acute 

respiratory failure requiring aggressive treatment [188,212,213].  

2.4.1.4 Chronic respiratory failure 

Chronic respiratory failure is the ultimate cause of death for the majority of patients with 

CF, and is one of the main indications for lung transplantation. Many patients with severe 

lung disease who present with decompensated respiratory failure, might actually have 

acute on chronic ventilatory failure on the background of a previously undiagnosed 

chronic hypercapnia [66].  

The CF Foundation recommendations advise to monitor asymptomatic patients with 

advanced lung disease with yearly blood gas analyses, in order to increase the likelihood 

of an early diagnosis of chronic ventilatory failure, and to start long-term NIV treatment 

in response to it (Section 3.3) [105]. 

2.5 Acid-base disturbances in CF 

Cystic fibrosis is a multi-systemic condition in which morbidity and mortality are mostly 

due to lung disease. Its origin however lies in a defective anion channel responsible of 

the transport of chloride and bicarbonate, expressed ubiquitously on all epithelia (Section 

1.1). It is therefore conceivable that patients with CF might have unique acid-base 

balance characteristics, and a unique electrolyte homeostasis profile compared to that 

of the general population.  

The main acid-base disturbances described in the CF population are metabolic alkalosis 

and chronic respiratory acidosis. Metabolic alkalosis can be observed in children and 

adults with CF at a prevalence up to 86% higher than expected in the general population  

in condition of clinical stability, and during exacerbations [214–218]. Metabolic alkalosis 

can be an initial manifestation of CF, both in adults and children, or a possible 

complication of pulmonary exacerbations, associated with electrolytes abnormalities and 

dehydration in the context of Pseudo-Bartter’s syndrome [219–222].  

When the lung involvement becomes more severe, and patients, especially adults, 

develop hypercapnia, metabolic alkalosis can be a contributing factor to CO2 retention 

and hypercapnic respiratory failure during exacerbation [223]. CFTR has a central role 
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in the transport of bicarbonate [224,225], and interacts with a multitude of ion channels 

at the epithelial level, including in the kidneys [226]. As such, metabolic alkalosis can be 

a primary disorder leading to compensatory hypoventilation and hypercapnia. 

Adults with CF and severe lung disease have episodes of transient hypercapnia during 

sleep, which can contribute to chronic respiratory acidosis, or can present with acute 

respiratory acidosis during pulmonary exacerbations [227]. In these cases, the 

concentration of serum bicarbonate increases in response to the acidosis, as a 

compensatory mechanism.  

Respiratory alkalosis and metabolic acidosis are less frequently observed compared to 

other acid-base disturbances, but are seen occasionally in clinically stable patients at 

annual review [218]. Metabolic acidosis is seen mainly in post-transplant patients as a 

consequence of renal tubular dysfunction and bicarbonate loss, secondary to 

immunosuppresants.  In this scenario oral treatment with oral bicarbonate replacement 

is usually highly effective.  

Since acid-base abnormalities and any electrolytes disturbances are associated with 

poor prognosis, an appropriate recognition of these abnormalities and a good 

management thereof are required. Both chronic respiratory acidosis and acute 

ventilatory failure are often treated with non-invasive ventilation (Section 3.3) [228,229], 

whereas no specific treatment, except for fluids and electrolyte repletion, is available for 

metabolic alkalosis and electrolyte disturbances in CF. This is partly due to the 

underlying mechanisms of electrolyte imbalance not being fully understood in this 

population.  

2.5.1 Pseudo-Bartter Syndrome and Cystic Fibrosis 

As described in Section 2.2.1, the proximal tubules and the TAL of the Henle’s loop  play 

a central role in acid-base homeostasis. In addition, the tubular system is responsible for 

the regulation of electrolytes, with the TAL reabsorbing approximately 25% of the filtered 

sodium, being central in the regulation of the extracellular volume, with the involvement 

of several channels, partially regulated by CFTR.  

Bartter syndrome is a group of rare tubulopathies, secondary to several autosomal 

recessive genetic defects resulting in the dysfunction of one or more of the multiple 

channels and transporters involved in the reabsorption of salt in the TAL. Despite multiple 

variants of Bartter syndrome having been described, patients present very similarly either 

in utero, at birth or in early childhood. Clinical presentation is characterised by polyuria, 

dehydration, hypokalaemic metabolic alkalosis, with hypermagnesiura and 

hypercalciuria leading to nephrocalcinosis [230,231].  
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Nephrotoxic drugs, such as polimixins or aminoglycosides, have been associated with a 

Bartter-like, or acquired Bartter, syndrome presenting with hypokalaemic metabolic 

alkalosis as a result of a iatrogenic tubulopathy [232–236].  

Pseudo-Bartter syndrome (PBS) is a condition characterised by hyponatraemic, 

hypochloraemic metabolic alkalosis without a tubulopathy, but with a low urinary 

excretion fraction of sodium. This can be observed in patients with extrarenal loss of 

sodium chloride as a consequence of excessive loss via the gastrointestinal tract, or the 

skin, such as in CF [221,237]. 

Hypokalaemia, hypochloraemia and hyperbicarbonataemia in association with metabolic 

alkalosis are commonly found in patients with CF. In these patients, the prevalence of 

PBS has been estimated by multiple reports to be between 12 and 16.5% [221,237]. A 

systematic review on a total of 262 patients with cystic fibrosis, dyselectrolytaemia and 

PBS found that over 75% of cases were children, and that in 60% of cases electrolyte 

abnormalities led to the diagnosis of CF [238].  

In CF, two distinct clinical presentations of PBS have been described: acute PBS, 

generally associated with hot weather and heat exhaustion or diarrhoea, and chronic 

PBS, aggravated by intercurrent exacerbations [237]. A correct identification and 

treatment is essential to avoid complications associated with electrolyte unbalance and 

metabolic alkalosis.  

The mechanisms underlying PBS and dyselectrolytaemia in patients with CF are not fully 

understood. Speculative explanations have been provided, particularly for infants, in 

whom these conditions have been more often described in association with, clinically 

inapparent, fluid volume depletion (Figure 2.9) [238]. 

 

Figure 2.9 Mechanisms leading to dyselectrolytaemia in CF. The increase in bicarbonate as 

result of chloride depletion leads to metabolic alkalosis in PBS. Reproduced with permission from 

[238].  
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2.5.2 Role of pendrin in CF 

Acid-base balance abnormalities in CF might also be a consequence of defective CFTR 

acting directly or indirectly in kidneys and in other organs. CFTR is in fact crucial in the 

regulation of bicarbonate in the duodenum and pancreatic duct, as it activates the 

pendrin SLC26A3, forming a bicarbonate-secreting complex [239].  

A similar interaction has been observed in the kidney, were a colocalization of CFTR and 

pendrin has been confirmed in the CCD [239,240]. Wild-type CFTR and pendrin interact 

and lead to an increase secretion of bicarbonate in the urine [240]. While CFTR is not 

the only regulator of pendrin activity and expression, it is plausible that these processes 

are impaired in people with CF due to defective CFTR [149,240]. While data on urinary 

excretion of bicarbonate in people with CF are limited [241,242], murine models of CF 

confirmed that pendrin remains inactive leading to reduced bicarbonate excretion from 

the CCD even in response to a base load [149,240,243].  

2.6 Assessment of gas exchange and acid-base in  CF 

As discussed in this Chapter 2 (Sections 2.4 and 2.5), patients with CF can develop 

respiratory failure and acid-base abnormalities. As such, a clinical assessment of their 

gas exchange and acid-base status is indicated. However, no accepted guidelines or 

recommendations on when to perform these assessments exists.  

The European and the UK CF Trust Standards of Care recommend a non-invasive 

assessment of oxygen saturation using a pulse-oximeter, at every outpatient review and 

during inpatient stays, and to perform arterial or arterialised capillary blood gas only when 

clinically indicated [244,245].   

As discussed in Section 2.4.1.1, people with CF might present with nocturnal 

desaturation, while having a relatively preserved lung function and/or a normal daytime 

SpO2. Nocturnal abnormalities can often go undetected, due to the lack of symptoms, 

especially in their initial stages.  

Furthermore, no recommendation is available on the timing and methodology to be used 

to screen for oxygen desaturation during sleep. The gold standard to diagnose SDB, 

such as central (CSA) or obstructive sleep apnoea (OSA), is polysomnography, or 

respiratory polygraphy. These tests can in fact detect and differentiate respiratory events 

such as central or obstructive apnoeas and flow-limitations, and, as such, help 

characterising SDB. However, respiratory events similar to those of sleep apnoea are 

rarely the cause of nocturnal desaturation or hypoventilation in people with CF. Therefore 

simple continuous monitoring of oxygen saturation and/or transcutaneous monitoring of 

CO2 provide valuable information in clinical practice, and more complex studies are rarely 

required. 
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Exercise is an integral part of the treatment of people with CF, as aerobic fitness is 

associated with improved survival, better quality of life and reduced lung function decline 

[246–252]. The ability to exercise, however, is often limited in these patients by 

dyspnoea, desaturation and deconditioning. Exercise testing is recommended in people 

with CF as it offers an integrated and objective assessment of exercise performance, 

that cannot be obtained from other methods. Exercise evaluations are recommended at 

least annually, and as part of the assessment for changes in the overall management by 

the UK CF Trust and the European CF Society [245].  

Cardio-pulmonary exercise testing (CPET) is the gold standard for the combined 

assessment of the cardiovascular, respiratory and muscular-skeletal systems [253]. 

CPET should be regularly performed according to UK CF Standard of Care, however, 

due to their complexity are rarely performed and field tests are often preferred [245,254]. 

Field tests include incremental shuttle test, walking tests and step test. Although these 

test can be incremental and maximal, not all patients can elicit a peak response.  

The 6-minute walking test is simple and requires minimal equipment, although being 

often performed on a treadmill to minimize risks of infection in patients with CF. 

Irrespective of the type of testing, monitoring should be continuous and recorded if 

possible, to allow for a more thorough assessment of the collected data. In addition to 

measurements of variables such as heart rate and oxygen saturation, an assessment of 

symptoms, particularly dyspnoea and fatigue, should be completed throughout exercise 

[255].  

In the event of oxygen desaturation during exercise, an assessment for ambulatory 

oxygen therapy to allow for use of supplemental oxygen during exercise or other daily 

life activity should be considered.  

2.7 Conclusion 

Gas exchange and acid-base balance are complex processes that are strictly inter-

connected. CFTR is widely distributed in the organism, and its defective function can 

lead to lung disease with subsequent oxygenation and ventilation disturbances, but can 

also have an effect in the kidneys leading to acid-base disturbances. Gold standard for 

diagnosis remains arterial blood gas. Oximetry and transcutaneous monitoring provide 

valuable alternatives for gas exchange, but no information on acid-base homeostasis.  

Serum bicarbonate might help in further defining ventilation and compensatory 

mechanisms, but its role needs to be explored further in view of the multiple possible 

confounding factors.  
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Chapter 3  

Respiratory and ventilatory support 

In clinical practice, hypoxaemic and hypercapnic respiratory failure often leads to the 

need of providing adequate support for oxygenation and/or ventilation. This assistance 

can be provided invasively, via endotracheal intubation or tracheostomy, or, where 

appropriate, non-invasively, via external interfaces. 

Over the last century, a wide range of devices has been developed to deliver effective 

respiratory support, ranging from simple nasal cannulae, face and nasal masks, to more 

sophisticated equipment for ventilatory support [256].  

The first non-invasive mechanical ventilator to be developed was the “iron lung”, the use 

of which was widespread during the poliomyelitis epidemics. However, these devices 

were cumbersome and the size and lack of portability of these negative pressure 

ventilators led to the development of positive pressure devices, which deliver pressurised 

gas via a tight fitting mask [257].  

Recent advancements in the technology of flow-generators, humidification systems and 

materials for nasal cannulae, led to the development of nasal high-flow therapy (NHFT). 

NHFT is a non-invasive means to deliver high flows up to 60 L/min of actively humidified 

gas mixtures, with controllable FIO2, through loose-fitting nasal cannulae. Despite NHFT 

remains a relatively new therapy, its use has increased significantly in the management 

of respiratory failure, under certain scenarios [258].   

This Chapter focusses on the physiological mechanisms of actions of both NIV and 

NHFT, and summarises the role of these adjunct therapies in the treatment of patients 

with CF.  

3.1 Non-invasive ventilation 

Non-invasive ventilation (NIV) is a means to provide respiratory assistance while 

avoiding the invasion of the airways. It is widely used in patients with a range of 

conditions leading to acute and chronic respiratory failure.  

The most common application of NIV is non-invasive positive pressure ventilation 

(NPPV1). In NPPV, pressurized gas flows from a positive pressure ventilator to the 

patient via an external interface that is fitted tightly over their nose and/or mouth [259]. 

 

1 Throughout the dissertation NIV will be used to describe NPPV 
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Non-invasive ventilation can eliminate the typical complications of intubation and 

invasive mechanical ventilation (IMV), particularly ventilator-associated pneumonias. 

NIV also avoids the trauma associated with intubation, and reduces the need for 

analgesia and sedation.  

NIV is suitable for intermittent use, allowing breaks for eating and communicating. It has 

also been shown to potentially reduce morbidity and mortality, shorten intensive care unit 

(ICU) stays, and avoid the need for ICU altogether, when compared to IMV [259,260].  

Despite its significant advantages, the success of NIV treatment is often limited by it 

being poorly tolerated, due to either discomfort in wearing the interface, or because of 

patient-ventilator asynchrony [261]. Patient selection, timing of initiation and breaks, 

device settings, as well as clinical expertise remain essential in improving outcome.   

3.1.1 Clinical indications of NIV 

NIV combines positive end expiratory pressure (PEEP or EPAP) to counterbalance auto-

PEEP, with pressure support (PS) to assist inspiratory muscles, thereby increasing tidal 

volume, ensuring adequate alveolar ventilation and reducing the work of breathing. This 

leads to improvement in dyspnoea score, reduced respiratory fatigue, CO2 levels and 

heart rate [262]. Based on its mechanism of action, NIV is widely used in the acute setting 

in emergency departments, respiratory and general wards, and in intensive care units. It 

is also applied extensively in the chronic setting.  

 

Non-invasive ventilation is recommended as the first-line ventilatory modality in acute 

hypercapnic respiratory failure secondary to COPD exacerbation, acute cardiogenic 

pulmonary oedema (ACPE) and hypoxemic respiratory failure in immunocompromised 

patients [259,263].  

In other clinical scenarios, the evidence for using NIV in the acute setting is weaker and 

more controversial. However, it can be considered a viable method of ventilatory support, 

as long as there is strict monitoring by intensivists, for acute on chronic respiratory 

acidosis in morbidly obese patients [262,264,265], and selected cases of pneumonia and 

acute respiratory distress syndrome (ARDS) [266,267].  

Many patients with chronic respiratory conditions remain unsuitable for intubation and in 

this scenario, NIV can provide the necessary support and improve outcome during acute 

exacerbation [268,269].  

Finally, NIV can be used for symptom relief as part of palliative care. Stopping NIV can 

sometimes be difficult in end of life care of people with chronic respiratory disease and 
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each case needs to be sensitively managed as part of a wider clinical and palliative care 

team [268,269].   

In the chronic setting, NIV is primarily used in patients with COPD, chest wall deformities 

and/or neuromuscular conditions [270–277]. In COPD, NIV is used mainly in patients 

with severe lung disease who remain hypercapnic after severe exacerbations. NIV has 

been shown to improve survival, sleep, quality of life, reduce frequency of hospitalisation 

and appears to contribute to stabilisation of FEV1 [272,273].  

In neuromuscular and chest wall disorders, NIV is used primarily to reduce the symptoms 

of nocturnal hypoventilation, and improve quality of life [275,278]. In these conditions, 

the main pathophysiological feature is a restrictive ventilatory defect, with decreased 

compliance of the chest wall in the presence of a normal respiratory drive. This leads to 

preserved ventilation/perfusion matching with hypercapnia being caused by an 

unbalance between the forces generated by the respiratory muscle and the additional 

load secondary to the reduced compliance. In these settings, the use of NIV is 

recommended for patients with daytime hypercapnia, or symptomatic for nocturnal 

hypoventilation  [279].  

3.1.2 Practical aspects of NIV 

In the acute setting, all patients deemed suitable for a trial of NIV should start treatment 

in a timely manner. As such, an assessment of potential contraindications to NIV, such 

as respiratory arrest, septic shock with multi-organ failure, or inability to fit the mask, 

should be completed [259]. In acute care, NIV can be trialled in cases at higher risk of 

failure under the supervision of intensivists and, whenever appropriate, intubation should 

be undertaken without delay if no improvement is visible [280].  

The choice of an appropriate interface (Figure 3.1) is key to a favourable NIV outcome. 

Discomfort in wearing the interface is a common problem with NIV, and can reduce 

patients’ tolerance and adherence to the treatment, introduce air leaks, and affect 

patient-ventilator synchrony [281,282]. In the acute setting, oro-nasal masks (full-face) 

are generally preferred, since they are associated with less air leaking through the 

mouth. On the other hand, nasal masks can facilitate speech and expectoration and may 

be better tolerated by claustrophobic patients.  

Helmets are alternative interfaces consisting of a soft clear plastic cylinder that seals 

over the neck and shoulders. They have proven effective in delivering CPAP, but require 

high air flows to minimize rebreathing, and are quite noisy. When used to deliver 

pressure support and PEEP, patient-ventilator asynchrony can be a problem with the 

helmet, but a number of recent studies have shown significant advantages in delivering 

NIV in critically ill patients [281–284]. In chronic settings, and especially in patients with 
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neuromuscular conditions, nasal masks are usually preferred.  

 

Figure 3.1 Interfaces for NIV. Reproduced with permission from [282].   

Successful NIV treatment requires appropriate ventilator support in synchrony with the 

patient’s breathing efforts. There is not a “one-size fits all” approach to NIV settings ,and 

treatment should be personalised with adjustment of ventilator settings tailored to each 

patient.  

A common starting point for NIV treatment is pressure-support (or bilevel) with a low 

setting (e.g. inspiratory pressure 8-12 cmH2O, expiratory pressure 4-5 cmH2O), to 

maximise tolerance. Inspiratory pressure can then be gradually adjusted upward to 

alleviate persistent respiratory distress, within the patient’s limit of tolerance. Expiratory 

pressure can be increased to improve triggering in the presence of auto-PEEP, or to 

improve oxygenation [285]. Oxygen supplementation is titrated to achieve the desired O2 

saturation. Humidification is usually not necessary for brief applications (such as for 

ACPE), but helps to avoid mucosal drying and enhances comfort for longer applications 

[281]. In the chronic setting, high-intensity ventilation is usually required to maximise the 

benefit from its application [273].  

Paramount for a successful application of NIV treatment is its close monitoring, 

especially during the early adaptation period. The value of frequent checks to optimize 
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mask fit and ventilator settings and to encourage the patient is hard to overemphasise. 

Acutely ill patients should be monitored in an ICU or intermediate care unit until they are 

more stable. NIV can be administered on regular wards by experienced staff, but only 

for cooperative patients who are relatively stable and can call for help if needed [286]. 

Monitoring should include clinical examinations to look for signs of respiratory distress, 

assessment of mask-fit, and gas exchange through blood gas analysis and oxygen 

saturation.  

3.1.3 Complications 

NIV is usually a safe and well-tolerated technique. Its adverse effects are typically related 

to the chosen interface, which can cause skin reddening or ulceration especially over the 

nasal bridge, claustrophobia, sinus or nasal pain, and dryness of eyes and mouth due to 

air leaks. Uncommon complications reported in the literature, include pneumothorax, 

haemoptysis, painful gastric insufflation, and aspiration of gastric contents [259]. 

3.2 Nasal high-flow therapy 

Nasal high-flow therapy is delivered by an apparatus consisting of a flow generator, an 

active humidifier, and nasal cannulae. The flow-generator, in conjunction with a gas 

blender based on the Venturi effect, can create flows up to 60 L/min of a gas blend with 

a variable FIO2 ranging from 0.21 to nearly 1.0 [258]. 

Given its high flows, the gas mixture needs to be humidified to avoid desiccation of the 

upper airways, and to improve patients’ tolerance [287]. An in-line active humidifier is 

part of the circuit, and is used to heat the gas mixture to body temperature, and saturate 

it with water. The gas blend is then provided to the patient via loose-fitting nasal cannulae 

that are larger but softer than those used in conventional oxygen therapy. 

 

Figure 3.2 Schematics of NHFT and its effect, Reproduce and modified, under the Creative 

common license, from [288]. 
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3.2.1 Physiology of NHFT 

Several mechanisms underlie the beneficial effects of NHFT, with each effect being 

related to a different aspect of this therapy. NHFT has physiological effects on respiratory 

mechanics and oxygenation, and effects on muco-ciliary clearance. 

3.2.1.1 Effects on respiratory mechanics and oxygenation 

NHFT generates a variable level of positive airway pressure throughout the respiratory 

cycle, but particularly in the expiratory phase of the respiratory cycle, leading to an 

increase in the end-expiratory lung volume, and to improved oxygenation [289–293].  

NHFT also promotes the washout of the dead-space, reducing work of breathing and 

respiratory rate [294–296]. While the effects on pressure and oxygenation are probably 

best achieved at high flows, the ones on work of breathing and respiratory rate are 

maximised at intermediated flow rates [297,298]. NHFT does not affect minute 

ventilation, but changes the ventilatory pattern thereby reducing respiratory rate and 

increasing tidal volume [299–302].  

In addition, by matching the peak inspiratory flow-rate more closely than conventional 

oxygen therapy, NHFT reduces the entrainment of room air allowing for a more stable 

and reliable delivery of FIO2 compared to standard oxygen therapy [299,303,304]. 

3.2.1.2  Effects on muco-ciliary clearance 

Muco-ciliary clearance is the first-line of defence in the bronchial tree. It effectiveness 

depends on the synchronous movement of the cilia, and on the presence of adequate 

water content in the mucus. Any deviation from the optimal conditions of temperature, 

absolute and relative humidity can negatively affect the muco-ciliary clearance [305–

307].  

In acute respiratory failure and in certain chronic pathological conditions, such as 

bronchiectasis and cystic fibrosis, muco-ciliary clearance is impaired, leading to a 

retention of mucus. Medical gases, traditionally delivered through various forms of 

respiratory support, contain only 6 part per million of water vapour, contributing therefore 

to the airways dehydrating. In addition, the delivery of high flows of gas through oxygen 

therapy or NIV causes unidirectional nasal flow, leading to the nasal mucosa to recover 

less moisture during expiration. As such, the upper airways cannot exert their heating 

and moisturizing effect, which needs to be taken over by the lower airways mucosa 

leading to increased inflammation and further impairment in cilia function and bronchial 

hyperreactivity [281,308,309].  

NHFT provides the same level of absolute humidity found in the alveoli (44 mg/L). In 

vitro, this is associated with lower levels of inflammation and injury compared to 
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conditions of under-humidification [310]. It is conceivable that this leads to the restoration 

of the rheological properties of mucus, reducing the retention of secretions and the 

occurrence of atelectasis. Physiological studies in vivo have shown that patients with 

bronchiectasis treated with NHFT (20-25 L/min, FIO2 21%, 3 h/day for 6 days) improve 

their lung clearance with no significant change in cough frequency [311,312]. This could 

translate clinically in a reduced rate of exacerbations in patients with bronchiectasis and 

COPD [312,313].  

3.2.2 Clinical indication of NHFT 

NHFT has been shown to significantly improve the respiratory status of patients with de 

novo acute hypoxemic respiratory failure compared to standard oxygen therapy, in both 

observational studies and randomized control trials [258,314,315]. The use of NHFT is 

associated with a reduced rate of intubation, independent of the underlying cause of 

respiratory failure. Hence, in the absence of criteria for immediate intubation, in view of 

the poor outcomes of NIV for acute hypoxemic respiratory failure, a trial of NHFT is 

recommended to be offered to these patients, including if the underlying cause is severe 

acute respiratory distress syndrome [316]. 

Compared to standard oxygen therapy, NHFT reduces the rate of respiratory failure and 

re-intubation post-extubation in low-risk patients, and is non-inferior to NIV in high-risk 

patients. In this latter group, NHFT, by being better tolerated than NIV, could improve 

patients’ adherence to treatment [317,318]. 

NHFT appears to reduce intubation rate, but not to improve mortality or comfort among 

immunocompromised subjects who present with acute hypercapnic respiratory failure in 

comparison to NIV [319]. Finally, despite NIV remaining the first choice ventilatory mode 

in hypercapnic respiratory failure, NHFT could have a role in the treatment of these 

patients either as a complementary therapy during breaks, or as an alternative to NIV or 

controlled oxygen therapy in mild acidosis [320].  

There remains a paucity of evidence relating to the use of NHFT in the chronic settings. 

NHFT appears to be effective as part of the symptoms management in palliative care, 

and has been shown to improve the quality of life reduce dyspnoea in patients with COPD 

[313,321,322]. While the evidence to NHFT in chronic patients remains limited, the 

application of this technique in patients with chronic respiratory disease is  now 

widespread in clinical practice. 

3.3 Respiratory support in cystic fibrosis 

Patients with cystic fibrosis, especially those with advanced lung disease, can develop 

hypoxemic and hypercapnic respiratory failure, both as an acute occurrence, or 



 
 

60 

chronically. While no formal guidance on the use of respiratory support in people with 

CF exists, a gradual, stepwise approach is advised whenever possible. 

3.3.1 Oxygen therapy in CF 

As discussed in Sections 1.4 and 2.4, the chronic changes to the parenchyma and 

airways that characterise patients with CF lead to hypoxaemia and potentially 

hypercapnia with secondary pulmonary hypertension. As such, it is conceivable that 

people with CF presenting with hypoxaemia could benefit from supplemental oxygen 

therapy similarly to patients with COPD [323–326]. 

Supplemental oxygen has been studied in patients with CF as part of short-term trials 

during sleep and exercise. No benefit on survival or lung function was shown in any of 

these studies [211,227,327–329]. Oxygen therapy has been shown to improve oxygen 

levels (pO2 or SpO2) leading however to a greater increase in carbon dioxide, during both 

sleep and exercise. No significant benefits in quality of life and sleep, or on exercise 

tolerance were seen when using standard oxygen therapy [211].  

Despite the lack of solid evidence supporting its use, oxygen therapy is widely prescribed 

for patients with CF with documented desaturation [211]. Blood gas analysis should be 

monitored in view of the increased risk of hypercapnia associated with the use of 

supplemental oxygen, and NIV should be considered as appropriate.  

3.3.2 NIV in CF 

NIV is used routinely in clinical practice to treat people with CF as an adjunct to airway 

clearance, in the acute or chronic setting and as a bridge to transplant [330–333]. NIV 

has been shown to reduce the load on the respiratory muscles, increase alveolar 

ventilation and gas exchange [279] and reverse the rapid and shallow breathing pattern 

commonly adopted by CF patients with advanced lung disease. 

As discussed in Section 1.6, airways clearance is a key focus of symptomatic treatment 

of patients with CF. Effective airway clearance techniques can be tiring, and challenging 

for individuals with severe lung disease, due to increased work of breathing and 

dyspnoea. In these circumstances, NIV can be a valuable adjunct to chest physiotherapy 

(CPT) to reduce fatigue and respiratory rate and improve oxygenation [330,334–338]. 

As discussed in Section 3.1.1, NIV is a cornerstone therapy for acute hypercapnic 

respiratory failure, but there is only limited data on its use in this context in CF 

[229,262,339]. This notwithstanding, NIV is often used to treat acute hypoxemic and 

acute hypercapnic respiratory failure in patients with CF [229,332,333,340]. This is partly 

related to the historically poor outcomes of invasive mechanical ventilation among people 

with CF, and NIV can  maximise the chances of recovery without pursuing the route of 

intensive care treatment [188]. 
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NIV is also used in patients with chronic respiratory failure to reduce symptoms of 

hypercapnia, to improve quality of life and in those waiting for lung transplant as a bridge 

to lung transplantation [339,341–344].  

As discussed in Section 2.4.1.1, oxygen desaturation during sleep, whether persistent 

or intermittent, is often the first sign of respiratory failure in patients with CF. This may 

occur prior to the development of daytime respiratory failure. Nocturnal oxygen therapy, 

despite being routinely prescribed in clinical practice, has not been shown to confer 

significant clinical benefit [211]. In contrast, small RCTs and observational studies 

suggest that NIV can improve sleep efficiency and alveolar ventilation [328,345–348]. In 

addition, it may overcome REM-related hypoventilation and delay the onset of ventilatory 

failure during daytime [328].  

3.3.2.1 Contraindications and complications of NIV in CF 

Spontaneous pneumothorax is a common complication in CF, especially among 

individuals with FEV1 < 40%. It has an annual incidence of 0.64%, affecting 1 patient in 

167 every year, with 3.5% of individuals with CF suffering from at least one 

pneumothorax in their lifetime. More than half of the patients developing a first 

pneumothorax will have a recurrence, which often leads to the need of talc pleurodesis 

[66,92]. While an untreated acute pneumothorax is a contraindication to NIV, patients 

who have a chest drain in situ or have a history of pneumothorax can be treated with 

NIV.  

Similarly, up to 9% of patients with CF will have haemoptysis once in their life, with only 

a minority having massive episodes [66].  

3.3.2.2 Practical aspects 

While the decision to start NIV as an adjunct to CPT is mainly driven and suggested by 

the physiotherapist, the use of NIV due to acute or chronic respiratory failure should 

follow a MDT discussion. Physiotherapists, in combination with dieticians and 

psychologists, need to be involved in the decision to start NIV from an early stage. The 

use of NIV can significantly impact on an individuals’ perception of their health  and 

interfere with nutritional input and overnight enteral feeding.  

NIV as an adjunct to physiotherapy is usually started in hospital when patients are unwell 

or struggle to clear secretions due to increased work of breathing or severely 

compromised lung function. NIV is usually set in pressure-cycled modes. It can be 

delivered as IPPB (inspiratory positive pressure breathing - inspiratory pressure only), or 

as bilevel ventilation. Bilevel ventilation combines the advantage of reducing the risk of 

dynamic airway collapse by providing positive expiratory pressure, with the unload of 

inspiratory muscle and increased tidal volume.  
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The goal of using NIV in combination to airway clearance is to unload the respiratory 

muscles. It is therefore recommended that inspiratory pressure or pressure support is 

increased appropriately ensuring that levels are tolerated by the patient. Back-up rate 

can interfere with forced expiration, coughing and expectoration. The choice of interface 

should be chosen with the patient as some will prefer a mouth-piece or a nasal mask for 

the ease of expectoration without the need of removing the mask while others may prefer 

an oro-nasal mask.  

In patients with raised nocturnal CO2, or in conditions of respiratory failure, NIV is usually 

commenced following evidence that strategies aiming at delivering controlled oxygen 

therapy have not been effective. Studies have looked at the preferred way to start NIV in 

patients with CF, in terms of mode, settings, interfaces, but have provided equivocal 

results [330,349].  

Bilevel ventilation in pressure-cycled mode is usually commenced with PEEP set at 4 or 

5 cmH2O and a pressure support as high as tolerated, to offload respiratory muscles and 

provide adequate alveolar ventilation. Patients with CF do not tend to have respiratory 

drive problems, therefore spontaneous or spontaneous/timed mode of ventilation are 

appropriate in this setting. Particular attention should be taken when setting the 

thresholds for the inspiratory triggering and the expiratory cycling. The inspiratory trigger 

should be sensitive enough to avoid these patients, who often have very low lung 

function, to feel suffocated at the beginning inspiration, but not too sensitive to cause 

auto-triggering in the event of coughing or leaks. Some ventilators allow to set the rise 

time, consisting in the interval time it takes to reach the inspiratory pressure at the 

beginning of inspiration. This should be carefully assessed based on patients’ comfort 

and needs: a fast rise delivers more air by getting to the inspiratory pressure quickly, but 

it is often uncomfortable; on the other hand, a longer rise time might reduce the volume 

of air per cycle. 

Whenever clinically possible, a gentle up-titration of the pressures and adjustment of the 

settings should be performed, to allow sufficient time for patients to get used to the 

ventilator. In order to facilitate the use of NIV, patients who are not acutely unwell might 

be advised to start using the ventilator initially during the day for short periods of time. 

As soon as the patient is comfortable to use NIV regularly, over-night treatment is also 

recommended to be started.  

3.3.3 NHFT in cystic fibrosis  

By virtue of the pathophysiological mechanisms described in Section 3.2.1, and in light 

of the positive outcomes of several clinical trials in other patients populations, it seems 

plausible that NHFT could successfully provide respiratory support to patients with CF, 

either as a complementary therapy to NIV or as an alternative to NIV or conventional 

oxygen treatment [350].  
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In the context of cystic fibrosis, NHFT could in fact improve gas exchange, reduce dead 

space and compensate for intrinsic PEEP, while facilitating mucus clearance. Despite 

NHFT being used routinely in CF clinical practice [351–353], the evidence base is very 

limited. A small, short term, prospective, randomised, crossover study assessed the 

physiological effects of NHFT in 15 patients with CF admitted to hospital following a 

pulmonary exacerbations [354]. Patients received supplemental oxygen via NHFT and 

NIV for 30 minutes each in a random order. NHFT had a similar effect on diaphragmatic 

activity compared to NIV, but was associated with reduction in respiratory rate and 

minute ventilation. This, however, was not associated with changes in carbon dioxide 

levels. In addition, NHFT did not lead to improvement in dyspnoea score, and comfort 

was similar to that of NIV, and lower than in baseline conditions [354].  

These findings suggest that NHFT may result in  physiological benefit in patients with 

CF, but further studies are required to assess if these translate into clinical benefits.   

3.4 Conclusion 

Several types of non-invasive respiratory support devices are currently available to 

improve oxygenation and ventilation, and therefore to correct acid-base disturbances of 

respiratory origin. These devices work by providing higher F IO2 (oxygen therapy and 

NHFT) or reducing the respiratory load (NHFT and NIV). Despite their widespread use 

in CF clinical practice, the clinical and physiological benefit is not fully established, This 

might be in part related to the unique physiology in CF, and to the need of better 

understanding gas exchange and acid-balance in this complex multisystem disease. 
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Chapter 4  

Aim of the thesis 

Metabolic alkalosis is a well described complication of cystic fibrosis (CF) which has 

conventionally been attributed to Pseudo-Bartter’s Syndrome (PBS). Clinical experience 

suggests that isolated high concentration of serum bicarbonate is more frequent than 

previously reported in people with CF and can occur in the absence of Pseudo Bartter’s 

syndrome or acid-base disturbance, effects which have not been previously described in 

the literature.  

There remain a paucity of data as well as a lack of understanding of the mechanisms 

and clinical significance of increase serum bicarbonate levels in people with CF. It is also 

not clear if therapeutic options are needed to normalise levels and improve clinical 

outcomes. 

4.1 Research questions, hypothesis and aim 

The main goal of this research project was to answer the following questions regarding 

serum bicarbonate and blood gases in patients with CF: 

1. Is the concentration of serum bicarbonate elevated in people with CF, even in 

absence of metabolic alkalosis? 

2. If the concentration of serum bicarbonate is increased in people with CF, does it 

have clinical relevance? 

3. Is the concentration of serum bicarbonate associated with changes in the acid-

base status of the subject? 

4. What is the cause of raised serum bicarbonate in patients with CF? In particular, 

is increased serum bicarbonate a consequence of:  

a. Ventilatory failure?, or 

b. CFTR disfunction in the kidney,? 

5. If there is a ventilatory component leading to increased concentration of serum 

bicarbonate, can the use of respiratory support techniques affect serum 

bicarbonate levels, and the acid-base status of the subject? 

4.1.1 Hypothesis  

The working hypotheses of this research project, challenged the preconceived idea of 

acid base dysfunction in CF, and were as followed: 

• Serum bicarbonate is raised in people with CF. Abnormally high levels of serum 

bicarbonate are more common among people with CF compared to the general 

population, and compared to individuals with other respiratory conditions. 
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• CF-specific comorbidities, such as pancreatic insufficiency, osteoporosis, 

recurrent courses of antibiotics, certain genotypes, and diabetes, are factors 

independently associated with acid-base and electrolyte abnormalities.  

• Serum bicarbonate increases as a response to hypoventilation in individuals with 

respiratory conditions. I expect the same to be true for individuals with CF. 

• The distribution of acid-base disturbances is different in patients with CF 

compared to individuals with other respiratory conditions. In particular, I expect 

metabolic alkalosis to be more prevalent in people with CF.  

• Serum bicarbonate can be used as a prognostic marker of decline in people with 

CF. This would be similar to patients with obesity hypoventilation syndrome, who 

show increased levels of serum bicarbonate as a response to CO2 retention, with 

bicarbonate playing a clinical role for ventilation similar to that of HbA1C for 

diabetes. 

• Non-invasive ventilation and nasal high flow therapy, by affecting gas exchange 

and hypercapnia, can reduce serum bicarbonate levels, and play a role in the 

symptomatic treatment of patients with cystic fibrosis.  

4.1.2 Aim  

The aim of this research work was to improve the understanding of the role of serum 

bicarbonate and the distribution of acid-base disturbances in patients with CF, and to 

explore the role of serum bicarbonate as a prognostic marker.  

This research project sought to:  

• Characterise the levels of serum bicarbonate in the CF population and to see if 

serum bicarbonate levels are elevated in patients with CF, compared to the 

general population. 

• Assess the levels of serum bicarbonate in clinically stable patients with CF, and 

explore independent factors associated with its concentration. 

• Assess the levels of serum bicarbonate in patients with CF during pulmonary 

exacerbations, and explore any independent factors associated with its 

concentration. 

• Evaluate if serum bicarbonate can be used as a prognostic marker, or as a new 

biomarker of severity of disease. 

• Define the prevalence of acid-base disturbances in patients with cystic fibrosis, 

both in conditions of clinical stability, and during pulmonary exacerbations.  

If the above primary hypotheses were confirmed, then I planned the following secondary 

aims, including: 

• Exploring, directly or indirectly, the cause for the elevated levels of serum 

bicarbonate in patients with CF. This was to assess if the raised serum 
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concentration is the result of CFTR dysfunction in the kidney or compensates the 

increase in carbon dioxide resulting from hypoventilation.  

• Determine if respiratory support techniques, such as non-invasive ventilation or 

nasal high-flow therapy, can control or reverse the elevation in serum bicarbonate 

in patients with CF.  

This research project adds to the existing literature by establishing the prevalence of 

acid-base abnormalities in patients with CF, and comparing this with other cohorts of 

respiratory patients, as well as to the general population.  

In addition, it furthers the understanding of the mechanisms underlying acid-base 

disturbances in CF, and attempts to clarify the relation between acid-base disorders and 

electrolytes disturbances in CF. 

Finally, this research project explores the role of serum bicarbonate as a prognostic 

marker, as a biomarker of severity of the disease, and the impact of increased serum 

bicarbonate levels on prognosis.  

4.2 Structure of this research project 

To verify the validity of these hypotheses, and to achieve the aim of this research project, 

a collection of eight research studies, four retrospective, and four prospective, was 

planned. 

The first phase consisted of four retrospective studies, focussing primarily on 

characterising serum bicarbonate levels and acid-base disturbance patterns in 

individuals with CF in conditions of clinical stability, and in those with end stage lung 

disease, prior to death. These studies also explored the effect of bicarbonate levels on 

ventilatory response, as well as the impact of non-invasive ventilatory support on 

bicarbonate concentration. At the time of writing this thesis, these single-centre studies 

using high-quality data and well characterised historical cohorts, remain some of the 

largest studies performed, to date, in this area of research.  

The second phase consisted of four prospective studies focussing on confirming the 

results of the initial studies and on evaluating the clinical relevance of serum bicarbonate 

and further exploring the ventilatory component. 

4.2.1 First phase: retrospective studies 

The first study of this research project is presented in Chapter 5. The aim was to 

characterise the levels of serum bicarbonate, over a 14 year period, in a large cohort of 

clinically stable patients with CF who were under follow up at the Leeds Regional CF 

centre.  
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A large retrospective analysis of data, captured prospectively on the Unit EPRs was 

performed. This included all measures of serum bicarbonate collected at annual 

assessments, and contemporaneous clinical data including BMI, FEV1, electrolytes and 

comorbidities. Thanks to the large dataset of over 2,800 annual assessments, I was able 

to characterise the average levels of serum bicarbonate in the CF population and identify 

a number of factors, including age, sex, and comorbidities, that were independently 

associated with raised serum bicarbonate levels. 

In a subsequent study, presented in Chapter 6, the clinical relevance of raised 

bicarbonate, and its potential role as a prognostic tool or biomarker for disease severity 

were explored. To accomplish this, I performed a retrospective analysis of serum 

bicarbonate, collected in the 12 months preceding death of patients in over a 12 year 

time period. The data was used to characterise the pattern of variation in the levels of 

serum bicarbonate in patients with CF approaching death, and identified independent 

factors associated with these changes. 

These studies demonstrated that serum bicarbonate is more frequently elevated in 

people with CF compared to the general population (Section 5.5). As such, a further 

retrospective study was undertaken to assess the distribution of acid-base disturbances 

in people with CF. The study, presented in Chapter 7, analysed over 500 arterialised 

capillary blood gases, obtained from patients with CF and other respiratory conditions 

during clinical stability. These ABGs were available as part of hypoxic altitude simulation 

tests (HASTs) performed in the Cardio-Respiratory Lab, a procedure commonly 

undertaken during clinical stability and prior to flying. In addition to assessing differences 

in the acid-base status in people with and without CF, this study enabled the 

characterisation of the impact of serum bicarbonate levels on the response to the hypoxic 

stimulus. This further allowed me to investigate whether the concentration of this anion 

could be representative of the ventilatory status, as previously hypothesised for 

individuals with OHS and COPD.  

Finally, in Chapter 10, the role of ventilatory failure in determining serum bicarbonate 

concentration was further explored. A large-scale retrospective study, analysing NIV 

treatment episodes for all adults at the Leeds Regional CF centre over a 10 year period, 

and characterised individual  response in a variety of conditions was performed. This 

allowed me to shed some light on the use of non-invasive respiratory support techniques 

in people with CF, a topic which has not been studied extensively in the literature despite 

being of significant clinical relevance. 

4.2.2 Second phase: prospective studies 

To confirm, validate and further explore the results of the first part of the thesis, four 

prospective studies were designed, three of which were completed and included in this 
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research thesis, and one was not performed after HRA approval due to the COVID-19 

pandemic.  

In Chapter 9, the aim was to confirm the results obtained in Chapter 7. A prospective 

external validation study on individuals attending the Cardio-Respiratory Lab for HASTs 

was performed. The aim of this study was to confirm the earlier result which 

demonstrated that metabolic alkalosis was the main acid-disturbance observed in 

clinically stable patients with CF, and that bicarbonate concentration could be used as a 

surrogate marker for ventilation, and a predictive marker of response to the hypoxic 

stimulus.  

Having seen that the concentration of serum bicarbonate appears to be determined, at 

least partly, by changes in the patient’s ventilatory pattern, I aimed to assess the role of 

the kidney in the handling of bicarbonate in patients with CF. A pilot case-control study 

was performed to assess if renal handling of bicarbonate was different in individuals with 

CF compared to those with other respiratory conditions (Chapter 8). I showed indirectly 

that mutated CFTR was playing a potential role in raising the serum bicarbonate 

concentration. These changes were likely co-exists with elevated bicarbonate secondary 

to metabolic compensation fduring hypoventilation.  

Based on these outcomes, two further follow-up prospective studies were designed 

(Chapter 11 and Section 12.3). The first, was a prospective pilot trial assessing if 

transient hypercapnia occurred in people with CF during exercise, and whether nasal 

high flow therapy could affect the partial pressure of carbon dioxide and possibly the 

serum concentration of bicarbonate. This study is presented in Chapter 11.  

In addition, I designed a further  study, presented Chapter 12, aimed at evaluating the 

presence of sleep disturbances, and assessing respiratory variables during sleep in 

individuals with CF and abnormal concentrations of serum bicarbonate. The study was 

approved by the Research Ethics Committee (REC), Health Research Authority (HRA) 

and local Research and Innovation Department (R&I), but could not be started due to 

the COVID-19 pandemic. Therefore only the rationale and protocol are presented as part 

of this work.  

4.3 General methodology  

Each study within this research project followed its specific methodology, which is 

reported in detail as part of each Chapter. However, some methods of data collection, 

database creation and analysis were followed consistently throughout the project.  
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4.3.1 Data reporting and database creation 

The Leeds Regional Cystic Fibrosis Centre has been recording clinical data on electronic 

records since 2007, using EMIS®, a system initially developed for primary care adapted 

for the Leeds CF Unit with ad hoc codes.  

Patients attending the Leeds Regional CF Centre previously signed a consent form for 

their data to be stored on EMIS and used for research purposes (Appendix A).  

EMIS allows to automatically generate reports based on specific search criteria based 

on pre-defined clinical codes. All data were extracted following information governance 

procedures, and consent agreement. Data can be extracted from EMIS as patient-

identifiable, pseudo-anonymised or fully anonymised data.  

The report tool on EMIS was extensively used in this research project to create the initial 

databases for the retrospective studies, and identify potentially eligible subjects for the 

prospective studies. Each automatically generated database was subsequently reviewed 

for accuracy, including full or random sample comparison with medical notes depending 

on the study.  

The specific search criteria used for the generation of each database are described in 

each Chapter.  

4.3.2 Automatic reporting of blood gas analysis 

A fundamental part of the work of this thesis was to review and interpret a high volume 

of blood gas analyses, sometime in the order of hundreds (see e.g. Chapter 7).  

ABG interpretation is an extremely time-consuming, error-prone, and potentially 

inaccurate process. Further, it ideally requires two independent clinicians to interpret 

results in order to guarantee consistency, by confirming concordance in the 

interpretation.  

If I was to follow the standard approach of single- or double-clinician interpretation, a big 

part of the analyses performed in this project would have been impossible, due to the 

prohibitive amount of resources required to complete the interpretation of ABGs. 

As part of the preliminary stages of this project, I developed an automated tool for the 

interpretation of blood gas analysis, and categorisation of each reading into pre-defined 

acid-base imbalance categories.  

This tool can be used in two ways. The first and most useful integration is as an Excel 

formula. This can be quickly added to any automatically generated Excel database, such 

as those generated by EMIS. The Excel formula leads to an automatic interpretation, 

returning a categorical “string” variable. Such data can be further imported in IBM SPSS 

for further analysis. 
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A second version of this tool was also developed, and is available as an online web 

application (https://abg.giuliaspoletini.com/). This is useful for one-off interpretations, and 

cannot be used as part of a database. 

The tool is based on the Boston interpretation approach for ABGs (Section 2.3.1.1), 

utilising readings of serum bicarbonate, pH and CO2. It does not use a reading of Base 

Excess for interpreting a measure. The tool was initially tested for accuracy by myself. 

Further independent validation was performed by asking two respiratory physicians 

experienced in ABG interpretation (one Consultant and one registrar) to manually 

interpret a collection 50 blood gases.  

The automated reporting tool and its validation are described in further detail in Appendix 

B. 

Both versions of this tool, their source code and Documentation, are available online at 

https://abg.giuliaspoletini.com/, and are free to use subject to the MIT/BSD licence, and 

to the Creative Commons CC BY-NC-SA licence. 

4.4 Ethical approval 

Discussion with the R&I Department at Leeds Teaching Hospital NHS Trust took place 

prior to the definition and submission of each individual study.  

Based on the outcome of these discussions, I sought full ethical approval via REC and 

HRA whenever necessary, or, whenever sufficient in view of the use of deidentified data 

within the clinical team, I sought a simpler local approval.  

All studies obtained local R&I and CSU approval, and, when appropriate, HRA and REC 

approval. Further information regarding the ethical approval of each research protocol 

are provided in each individual Chapter.  

4.5 Statistical analysis 

The statistical analysis was performed by myself, using SPSS v26 as main statistical 

software. The support of Dr Lesley Smith (Leeds Centre for Personalised Medicine and 

Health, University of Leeds) was sought when necessary. 

  

https://abg.giuliaspoletini.com/
https://abg.giuliaspoletini.com/


 
 

72 

  



 
 

73 

 

Part 2 

Research studies 
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Chapter 5  

Serum bicarbonate in clinical stability in CF: 

a retrospective study 

5.1 Introduction 

Bicarbonate is secreted and absorbed across several epithelia, including the respiratory, 

gastro-intestinal and renal epithelia, in a process facilitated by several anion exchangers 

and channels including CFTR. It is involved in a multitude of intracellular and extracellular 

processes in several systems [355].  

CFTR is a chloride and bicarbonate channel, and, as such, its role is widely studied in 

basic CF research [15,239]. However, there is a paucity of meaningful data available on 

its clinical relevance [239,356].  

The limited evidence to date suggests that people with CF frequently present with 

metabolic alkalosis, at a time of both clinical stability, and during pulmonary 

exacerbations [214,216,220,223,357–359]. Further to these data, personal 

communications and observations from clinicians in the Leeds CF Unit, seem to suggest 

that bicarbonate levels are frequently elevated in clinically stable patients with CF, 

especially those with severe lung disease. However, this data is very subjective and 

needs confirmation in formal studies investigating serum bicarbonate levels in clinically 

stable patients.  

Understanding the effects of the patients’ sex, age, comorbidities, and other related 

factors on the value of serum bicarbonate during clinical stability may help shed light on 

the pathophysiological mechanisms driving abnormal bicarbonate levels in CF and 

provide an indication of the normal range for this patient population.   

Serum bicarbonate is not measured in routine clinical practice. However in Leeds, serum 

bicarbonate is included in the panel of the annual assessment, with bloods samples 

being taken yearly at a time of clinical stability.  

A large-scale, single-centre retrospective study was performed looking at all available 

serum bicarbonate measures performed as part of the annual assessment at the Leeds 

Regional CF Unit over a period of 14 years.  

In this Chapter, the results of this study, the largest of its kind on patients with CF, are 

reported attempting to characterise the average levels of serum bicarbonate, and any 

determining factors such as age, comorbidities, and genetic characteristics. 

5.2 Aim 

The aims of this study were: 
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• To characterise the distribution of serum bicarbonate across a large cohort of 

people with CF in conditions of clinical stability; and 

• To identify any individual factor independently associated with any variation out 

of normal limits in serum bicarbonate concentration.  

5.3 Methods 

A retrospective analysis of data collected prospectively for standard clinical care on the 

Unit Electronic Patients Records (EPRs, EMIS) at the Leeds Regional Adult CF Centre 

between February 2007 and December 2020 was performed.  

All patients included in the study previously consented for clinical data stored on the 

EPRs to be used for research purposes (Appendix A).  

5.3.1 Study population  

The EMIS reporting tool (Section 4.3.1) was used to identify all patients who met the 

following inclusion and exclusion criteria for the study population: 

• A confirmed diagnosis of cystic fibrosis (defined as having two CF-causing 

mutations, and/or a sweat chloride test >30 mmol/L with clinical manifestation of 

CF); 

• Age of 17 or older at time of the search; 

• Under the care of the Leeds Regional Adult CF Centre throughout the study 

period (or for parts of the study period if they transferred out or transferred in); 

• At least one measurement of serum bicarbonate at annual assessment bloods. 

• Patients whose records of annual assessment bloods included measurements 

taken exclusively after lung transplantation were excluded; 

A subsequent detailed review of patients records was performed to confirm that all 

patients meeting the inclusion and exclusion criteria were identified.  

5.3.2 Data collection 

The EPRs were searched for all annual assessment measures in the study period 

between February 2007 (the initial introduction of EPRs in the Unit) and December 2020 

(the time of the analysis), which met the inclusion and exclusion criteria described above.  

Serum bicarbonate, as well as any available contemporaneous measurements of 

electrolytes, C-reactive protein (CRP) and body mass index (BMI) were collected. 

Demographics, comorbidities, lung function results, requirement for respiratory support, 

transplant and microbiology status at the time of each annual assessment were also 

recorded.   
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5.3.3 Statistical analysis  

No sample size calculation was required for this study. Data collection was limited to a 

time period identified a priori, starting from the original availability of electronic patient 

records (February 2007), and ending at the time of analysis (December 2020).  

Multiple annual assessments measures are generally available for each subject. 

Although these assessments are normally performed annually, occasional occurrences 

of multiple assessment within a single year of age for the same subject were present. 

The dataset was thus reduced to one sample per subject, per year of age. No repeated 

measures analysis was therefore necessary, as all analyses included year of age as an 

independent factor. 

Normal distribution of measured variables was assessed by visual inspection and using 

the Shapiro-Wilks test. Results are expressed as number (percentage), means (standard 

deviation), when normally distributed, or median (IQR, 25 th-75th percentile) when not 

normally distributed.  

In the first part of this study, the average levels of serum bicarbonate was inspected by 

age of the patient, and depending on one further individual determining factor (including 

sex, mutation, and use of CFTR modulators). 

To do so, univariate Mixed Models were used to model the level of serum bicarbonate 

(dependent variable) based on age and a further subject-specific determining factor (as 

categorical factors, such as sex, genotype, use of modulators). Age was not modelled 

as a continuous covariate to avoid any assumptions on the linearity (or monotonousness) 

of the relationship between bicarbonate and age. In some analyses, age was linearised 

as a continuous covariate to provide an estimate of the change in average serum 

bicarbonate for each year of age. 

Results are expressed as marginal means (standard deviation). A p-value <0.05 was 

considered statistically significant, both when evaluating a whole model, a covariant, or 

when comparing marginal means at different values of categorical factors.  

In the second part of this study, the impact of comorbidities and lung transplant status 

on the levels of serum bicarbonate was explored. Co-morbidities and lung transplant 

status are re-assessed at each annual assessment, and it is expected that they increase 

in incidence with the age of each subject. 

To model the impact of co-morbidities on serum bicarbonate levels, independently on 

age, univariate Mixed Models were used. Serum bicarbonate (dependent variable) was 

modelled based on age (as a categorical factor), and a collection of comorbidities (each 

as categorical factors). Similarly to the first part of the study, age was not modelled as a 

continuous covariate to avoid any assumptions on the linearity (or monotonousness) of 

the relationship between bicarbonate and age. 
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In the third party of this study, the impact of other continuous prognostic markers such 

as BMI and FEV1, on the level of serum bicarbonate was investigated. These markers, 

particularly FEV1, are expected to generally worsen over time, and will therefore 

decrease in correlation with age. 

To identify the presence of general correlations between BMI or FEV1 and serum 

bicarbonate, correlation analysis of variable pairs was performed by visual inspection of 

the scatter plot, and by using the Pearson correlation or the Spearman-rho coefficient, 

depending on the distribution of the variables, as appropriate. A p-value <0.05 was 

considered statistically significant. 

Finally, to identify the main determinants of serum bicarbonate, a full factor model was 

developed allowing to extrapolate the independent role of each subject characteristic, 

co-morbidity, lung transplant status, BMI and FEV1, on the average level of serum 

bicarbonate. Univariate Mixed Models were used to model serum bicarbonate 

(dependent variable) based on age (as a categorical factor), comorbidities and lung 

transplant status (each as a categorical factor), BMI and FEV1 (as covariates). Again, 

age was not modelled as a continuous covariate to avoid any assumptions on the 

linearity (or monotonousness) of the relationship between bicarbonate and age. 

A p-value <0.05 was considered statistically significant. All analyses were performed with 

IBM SPSS v26.  

5.3.4 Ethics 

This study was discussed with the LTHT R&I and deemed exempt from NHS REC and 

HRA. It was approved by the local R&I (RM17/93114) and the Cardio-Respiratory CSU 

at Leeds Teaching Hospital NHS Trust. All patients had previously consented for their 

clinical data to be used for research purposes.  

5.4 Results 

5.4.1 Study population and annual blood results 

During the study period (February 2007-December 2020), 696 adult patients were under 

follow-up at the Leeds Regional Centre for Cystic Fibrosis. Of these, 4 did not provide 

consent for their data to be used for research purposes, leaving 692 to be considered for 

eligibility in the study. 

Out of these, a total of 441 patients met all inclusions and no exclusion criteria, and were 

thus included in the study. Figure 5.1 shows the flow-chart of patients included. 
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Figure 5.1 Flow-chart of inclusion in the study. HCO3-, bicarbonate; AA, annual assessment; 

Lung Tx, lung transplant. 

A total of 2,876 annual assessment were recorded for the 441 included subjects within 

the study period, an average of 6.52 (2.96) for each subject (range 1 to 14 per subject). 

The studied population was male predominant (59.7% vs 40.3%). Most patients were 

F508del homozygous (57.3%), or heterozygous (34.4%), with only a minority not carrying 

at least a F508del mutation (8.3%) 

Table 5.1 presents the characteristics of the subjects at the time of each annual blood 

assessment.  

Pooling all annual assessment data, serum bicarbonate concentration appeared to be 

within normal limits with a median at 27 [25.0-29.0] mmol/L (normal range 24-28 mmol/L). 

No significant abnormalities were observed in other blood results. Table 5.2 summarises 

the blood results at annual assessment.  

  

696 adults were under follow-up at the Leeds 
Centre for Cystic Fibrosis between February 

2007 and December 2020

692 considered for eligibility in the study

441 included in the study

• 12 – diagnosis not confirmed
• 39 – AA only after Lung Tx
• 35 – Bloods in the Paediatric Unit
• 72 – no HCO3 measurement at AA
• 93 – no AA review

• 4 – no consent for research
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Table 5.1 Characteristics of the population at annual assessment (AA). Results are 

expressed as number (%) or median (IQR).  

 AA (n=2876) 

N Subjects 441 

Age at AA 28.5 [21.0-36.6] 

Female sex, n (%)* 178 (40.3%) 

Serum bicarbonate 27.0 [25.0-29.0] 

BMI 22.8 [20.5-25.3] 

FEV1 % predicted 66 [44-84] 

Transplant 
  Referred/Active 
  Post-transplant 
  Not yet needed 

 
151 (5.3%) 
62 (2.2%) 
2663 (92.6%) 

Genotype* 
  F508/F508 
  F508/- 
  Other 

 
253 (57.3%) 
151 (34.3%%) 
37 (8.3%) 

Modulator 
  None 
  IVA 
  LUM/IVA 
  TEZ/IVA 
  ELX/TEZ/IVA 

 
2464 (85.7%) 
129 (4.5%) 
56 (1.9%) 
143 (5%) 
84 (2.9%) 

Comorbidities 
  Diabetes 
  Pancreatic insufficiency 
  Liver 
    Normal 
    Liver disease 
    Cirrhosis 
    Transplant 
  Bone density 
    Normal 
    Osteopenia 
    Osteoporosis 

 
688 (23.9%) 
2595 (90.2%) 
 
1418 (49.3%) 
1306 (45.4%) 
134 (4.7%) 
18 (0.6%) 
 
1886 (65.6%) 
844 (29.3%) 
146 (5.1%) 

Microbiology status 
  P.aeruginosa 
    Free/Never 
    Intermittent 
    Chronic 
  B. cepacia complex 
    Free/Never 
    Intermittent 
    Chronic 

 
 
920 (32%) 
398 (13.8%) 
1558 (54.2%) 
 
2624 (91.2%) 
8 (0.3%) 
244 (8.5%) 

 

Table 5.2 Blood results at annual assessment (AA). Results are presented as median and 

interquartile range 

 AA (n=2616) 

Bicarbonate, mmol/L 27.0 [25.0-29.0] 

Sodium, mmol/L 140 [139-141] 

Chloride, mmol/L 104 [102-106] 

Potassium, mmol/L 4.3 [4.1-4.5] 

Urate umol/L 360 [299-418] 

Albumin g/L 40 [36-44] 

C-reactive protein mg/L 5 [5-8.8] 
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5.4.2 Serum bicarbonate and confounding factors  

5.4.2.1 Part 1: Simplified models of serum bicarbonate by age 

The mean concentration of serum bicarbonate changed by age (p<0.001), with a regular 

increase in serum concentration being observed with individuals getting older (Figure 

5.2). Serum bicarbonate levels grew substantially from 24.8 (2.5) at age 10, to 26.9 (3.1) 

at age 20, reaching 28.8 (3.0) by age 40, following a stable trend to reach 28.0 (2.4) by 

age 60. 

On average, serum bicarbonate levels increased of 1.56 mmol/L for each 10 years of 

age. 

 

Figure 5.2 Mean bicarbonate concentration by age of the subject. The mean concentration 

of serum bicarbonate increased with age, by an average of 1.56 mmol/L every 10 years of age. 

When modelling serum bicarbonate by age and sex of the subject, we observed that 

bicarbonate concentrations are generally higher in male subjects (marginal mean M vs. 

F 27.6 vs 26.7, p<0.01).  

Concentration of serum bicarbonate increased with age in both male and female subjects 

(p<0.01). Serum bicarbonate appeared to be generally higher in male subjects from the 

age of 14 to the age of 50, compared to female subjects of the same age (p<0.01). No 

difference in serum bicarbonate levels was seen between males and females above the 

age of 50. Figure 5.3 shows the marginal means of serum bicarbonate by sex, and by 

age, in the male and female cohorts separately. 
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Figure 5.3 Mean bicarbonate concentration by age and sex. The left panel shows the marginal 

mean serum bicarbonate concentration in female and male patients. The right panel shows the 

mean serum bicarbonate concentration in each age group by sex (red is male and blue is female). 

Data are presented as mean and 95%CI. 

When modelling serum bicarbonate by age and genotype of the subject, no difference 

was observed in the three genotype cohorts (F508del homozygous, heterozygous or not 

carrier of the F508del) (p=0.318). Figure 5.4 shows the marginal means of serum 

bicarbonate by genotype, and by age in each genotype cohort separately.  
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Figure 5.4 Mean bicarbonate concentration by age and genotype. The top panel shows the 

marginal mean serum bicarbonate across the three genotype cohorts (F508del homozygous, 

F508del heterozygous, other). The panel on the bottom shows the marginal mean bicarbonate in 

the three groups by age (red F508del homozygous, green F508del heterozygous and blue all 

others). Data are presented as mean and 95%CI. 

When modelling serum bicarbonate by age and use of a CFTR modulator, we observed 

that serum bicarbonate concentration was higher in individuals with CF being treated 

with a CFTR modulator at the time of annual assessment (IVA, LUM/IVA, TEZ/IVA or 

ELX/TEZ/IVA), independently of age (28.2 vs 27.2, p=0.007). This difference appeared 

more pronounced in subjects over 40 years of age. 

Figure 5.5 shows the marginal means of serum bicarbonate by use of CFTR modulators, 

and by age, in each CFTR modulator-based cohort separately. 
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Figure 5.5 Mean bicarbonate concentration by age and treatment with CFTR modulators.  

The top shows the marginal mean serum bicarbonate concentration across the two groups (on 

modulators vs not on modulators). The bottom panel shows the serum bicarbonate in the two 

groups by age (blue on CFTR modulators, red not on treatment). Data are presented as mean 

and 95%CI. 

5.4.2.2 Part 2: Simplified models of serum bicarbonate by age and 

comorbidities 

When modelling serum bicarbonate by age and comorbidities, I observed that a 

diagnosis of diabetes did not affect serum bicarbonate concentration (p=0.7), but that 

osteoporosis was associated with higher levels of bicarbonate compared to osteopenia 

and normal bone density (marginal means 28.5 vs 27.4 vs 27.5, p=0.014) (Figure 5.6).  
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Figure 5.6 Mean bicarbonate concentration by age and bone health. The top panel shows 

the marginal mean serum bicarbonate depending on bone health overall (normal vs osteopenia 

vs osteoporosis). The bottom panel shows the marginal mean of serum bicarbonate by bone 

health and by age. Data are presented as mean and 95%CI. 

Serum bicarbonate concentration was also more elevated in people with liver cirrhosis 

compared to those with CF-related liver disease, or no liver disease (marginal means 

28.8 vs 27.2 vs 27.3, p<0.001) (Figure 5.7). 
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Figure 5.7 Mean bicarbonate concentration by age and liver disease. The top panel shows 

the marginal mean serum bicarbonate depending on liver disease. The bottom panel shows the 

marginal mean bicarbonate concentration by liver disease and age. Data are presented as mean 

and 95%CI. 

Colonisation with Pseudomonas aeruginosa or the highly pathogenic BCC was not 

associated with any difference in serum bicarbonate levels. 

When modelling serum bicarbonate by age and status on the lung transplant list, I 

observed that serum bicarbonate concentration is significantly different depending on 

whether annual assessment bloods were taken before or after lung transplantation 

(p<0.001).  
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Higher serum bicarbonate concentration was observed in individuals referred for 

assessment or on the active lung transplant list, compared to individuals that were not 

referred, or that were already recipients of a lung transplant (29.6 vs 27.5 vs 25.5, 

p<0.001).  

Figure 5.8 shows the marginal means of serum bicarbonate concentration by status on 

the lung transplant list, and by age, in each cohort separately. 

 

Figure 5.8 Mean bicarbonate concentration by age and status on the lung transplant list. 

The left panel shows the bicarbonate concentration across the three groups identified based on 

lung transplant (no vs referred/active vs transplant recipients). The panel on the right shows the 

bicarbonate levels in the three groups by age. Data are presented as mean and 95%CI.  
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When modelling serum bicarbonate by age, comorbidities, genotype, and status on the 

lung transplant list, I observed that the subject’s genotype did not have a significant 

independent effect on serum bicarbonate levels. Similarly, bacterial colonisations had no 

independent effect on serum bicarbonate levels. Once accounting for all factors, the 

effects of being on treatment with CFTR modulators resulted to be not significant 

(p=0.194). Age, sex, pancreas, liver, bone and diabetes comorbidities, and colonisation 

with P.aeruginosa remained significant independent determinants of serum bicarbonate.  

5.4.2.3 General correlations of serum bicarbonate 

Pooling all data together, I explored general correlations between serum bicarbonate 

levels and other electrolytes.  

Serum bicarbonate levels had a statistically significant, but extremely weak positive 

correlation with sodium and potassium concentration (r=0.072 and r=0.088, respectively, 

p<0.001). A very weak negative correlation was observed with urate (r=-0.049) (p<0.05). 

A strong negative correlation was shown with serum chloride (r=-0.475, p<0.001). 

Figure 5.9 shows the overall correlation between serum bicarbonate and serum chloride. 

 

Figure 5.9 Correlation between serum bicarbonate and serum chloride. The scatter plot 

shows the moderate-strong negative correlation between these anions.  

Pooling all data together, we explored general correlations  between serum bicarbonate 

levels and other prognostic predictors, BMI and FEV1 in particular. 

Serum bicarbonate had a negative, weak correlation with BMI (r=-0.047, p<0.01). Serum 

bicarbonate concentration had a negative correlation with FEV1 (r=-0.199, p<0.001).   

An analysis of FEV1 in relation with serum bicarbonate levels highlighted that a significant 

proportion of measurements (approximately 20%) showed high concentrations of 
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bicarbonate with relatively preserved lung function, with a FEV1 greater than 40% 

predicted (Figure 5.10)  

 

Figure 5.10 Correlation between serum bicarbonate and FEV1. The horizontal line represent 

the upper limit of normality for serum bicarbonate concentration at 28 mmol/L and the vertical line 

is set at 40% of FEV1 as cut-off to define advanced lung disease.  

The correlation between FEV1 and serum bicarbonate concentration, when looking at 

each of the four quadrants separately, was only statistically significant among those with 

a FEV1<40% and bicarbonate >28 mmol/L (r=-0.324, p<0.001). No significant correlation 

was present in the three other quadrants. 

5.4.2.4 Part 2: Full model of serum bicarbonate by age, comorbidities, and 

prognostic factors 

By incorporating all the previously explored factors (comorbidities, lung transplant status, 

FEV1, BMI, sex and age) in a full-factor model, I observed that the interactions of 

comorbidities, age and lung function was different compared to that noted by looking at 

the factors independently. This is unsurprising given the nature of most of these factors 

being prognostic markers of decline, and worsening with age in a population of subjects 

with cystic fibrosis. 

When modelling serum bicarbonate by age, comorbidities, genotype, status on the lung 

transplant list, FEV1, and BMI, I observed that correlation between FEV1 and serum 

bicarbonate was independent of age and remained statistically significant by 

incorporating the two factors in the same model. However, the clinical significance of the 

correlation of FEV1 with bicarbonate was minimal, and lower than that of age. 
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By including in the model all the comorbidities, genotype and use of modulators, I 

observed that most factors maintained clinical significance with the exception of 

colonisation with BCC, genotype and use of CFTR modulators (Table 5.3).  

Table 5.3 Parameter estimates and marginal means in the full model 

BMD, bone mineral density; CF-LD, cystic fibrosis related liver disease; BMI, body mass index 

 B 95%CI Estimate marginal 
means (SD) 

p 

Sex 
  Female 
  Male 

 
26.454 
28.043 

 
24.44-28.46 
26.02-30.07 

 
26.67 (0.57) 
28.26 (0.56) 

<0.001 

Genotype 
  Homozygous 
  Heterozygous 
  Other 

 
0.099 
0.116 
- 

 
-0.361-0.558 
-0.170-0.402 
 

 
27.51 (0.57) 
27.39 (0.56) 
27.49 (0.59) 

0.720 

CFTR modulators 
  Yes 
  No 

 
0.223 
- 

 
-0.113-0.559 

 
27.57 (0.58) 
27.35 (0.56) 

0.194 

Transplant 
  Yes 
  No 
  Referred 

 
- 
1.036 
2.453 

 
 
0.223-1.849 
1.481-3.424 

 
26.30 (0.68) 
27.34 (0.54) 
28.75 (0.60) 

<0.001 

P.aeruginosa 
  Free 
  Intermittent 
  Chronic 

 
0.071 
- 
0.408 

 
-0.362-0.504 
 
0.002-0.814 

 
27.37 (0.57) 
27.30 (0.59) 
27.71 (0.57) 

0.034 

B.cepacia complex 
  Free 
  Intermittent 
  Chronic 

 
- 
-1.143 
0.195 

 
 
-3.94-1.65 
-0.226-0.615 

 
27.78 (0.29) 
26.64 (1.46) 
27.97 (0.34) 

0.477 

Pancreas  
  Pancreatic insufficiency 
  Pancreatic sufficiency 

 
-1.389 
- 

 
-1.87 - -0.911 

 
26.84 (0.47) 
28.14 (0.52) 

<0.001 

Bone health 
  Normal BMD 
  Osteopenia 
  Osteoporosis 

 
-0.604 
-0.874 
- 

 
-1.169 - -0.038 
-1.499 - -0.300 

 
27.35 (0.56) 
27.08 (0.56) 
27.96 (0.62) 

0.003 

Liver 
  Normal 
  CF-LD 
  Cirrhosis 
  Transplant 

 
1.612 
1.736 
2.576 
- 

 
0.219-3.005 
0.345 – 3.126 
1.080-4.073 

 
27.59 (0.53) 
27.72 (0.53) 
28.56 (0.59) 
25.98 (0.89) 

0.009 

Diabetes 
  Yes 
  No 

 
0.305 
- 

 
0.008-0.601 

 
27.62 (0.57) 
27.31 (0.57) 

0.006 

Age 0.030 0.016-0.045  <0.001 

FEV1 -0.015 -0.021 - -0.009  <0.001 

BMI -0.062 -0.096 - -0.028  <0.001 

5.5 Discussion 

In this first of its kind, large-scale retrospective study of serum bicarbonate levels in 

clinically stable patients with cystic fibrosis, I showed that people with CF have serum 

bicarbonate levels at the upper end of normality, and often (>25% of measurements) 

above the normal range. 
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I pooled data from 2876 annual assessments performed in a period of 14 years at the 

Leeds Regional CF Unit. These assessments covered 441 patients and were performed 

in conditions of clinical stability. By combining all data recorded at annual assessment at 

the Leeds Regional CF Unit, together with demographics, and contemporaneous 

measures of BMI, FEV1, and monitoring of comorbidities, I was able to study several 

factors possibly associated with the concentration of serum bicarbonate.  

Overall, I observed that people with CF have a level of serum bicarbonate in the upper 

range of normality (median 27 [25.0-29.0] mmol/L). The serum concentration is higher in 

this cohort than that reported in the NHANES III cohort (24.9 mmol/L), a large longitudinal 

study following up a representative sample of the general population in the US [360]. 

Serum bicarbonate levels were above the upper limit of the normal range in over 25% of 

this dataset. 

I demonstrated that serum bicarbonate levels are age dependent, and increase on 

average by 1.56 mmol/L for every 10 years of age. By the age of 30, levels of serum 

bicarbonate in the CF population tended towards the upper limit of the normal for healthy 

individuals. Serum bicarbonate levels were generally higher in men with CF, compared 

to women.  

Interestingly, data from the NHANES III cohort reported the serum bicarbonate levels 

tended to be higher in older patients in the general population, in line with what I observed 

in the Leeds CF cohort, but the age related increase was significantly lower (0.24 mmol/L 

for each 10 years age) when compared to this CF cohort [360,361].  

When analysing the relationship between serum bicarbonate and other key electrolytes, 

we observed a strong negative correlation between serum chloride and bicarbonate. This 

may suggest that the underlying mechanisms for hyperbicarbonataemia (and possibly 

metabolic alkalosis) could be linked to Pseudo-Bartter syndrome [222]. However, the 

lack of any clinically significant correlation between serum bicarbonate and sodium would 

point towards an alternative aetiology. In Chapter 8, the renal handling of bicarbonate 

and other electrolytes is further investigated, to clarify the potential aetiology of increased 

serum bicarbonate in CF. 

In this cohort, I observed a general, albeit weak, correlation between higher serum 

bicarbonate levels and lower FEV1. This is to be expected as respiratory dysfunction is 

likely to be influencing bicarbonate concentrations with both values potentially being 

negative prognostic predictors of clinical outcome. 

While the correlation between serum bicarbonate and FEV1 is stronger when values were 

lower than 40%, a sizeable proportion of measurement (20%) revealed that serum 

bicarbonate concentration were also significantly raised in individuals with relatively 

preserved or normal lung function. This may reflect that gas exchange abnormalities in 

CF are not exclusively seen in the presence of advanced lung disease [218] although it 
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is unlikely ventilatory failure is occurring in clinically stable individuals with preserved 

lung function.  

Serum bicarbonate levels were significantly more elevated at the time of transplant 

assessment, when individuals are more likely to present with ventilatory failure. As such, 

increased serum bicarbonate concentration may reflect compensation for hypercapnia 

and potential hypoventilation, and may be further exacerbated by abnormal renal 

handling as explored in Chapter 8 and discussed in Chapter 13. 

No differences in serum bicarbonate concentration were identified on the basis of CF 

genotype. While ELX/TEZ/IVA has recently been approved for the vast majority of adults 

with CF [36,135,362], this retrospective study was carried out prior to their approval in 

the UK. Individuals in this study who were treated with CFTR modulators were those with 

gating mutations receiving Ivacaftor, or patients with other genotypes who were deemed 

in critical need due to the severity of their condition and were granted early access to 

modulators via the compassionate use scheme sponsored by Vertex Pharmaceuticals. 

While CFTR modulators appeared to be associated with a higher serum bicarbonate 

concentration, this may simply reflect the fact that the compassionate use program entry 

criteria included low lung function and clinical deterioration.  As such, it is conceivable 

that the higher concentration of serum bicarbonate noted in individuals on treatment with 

CFTR modulators is not secondary to the correction of CFTR function, but rather to the 

overall severity of their disease. 

Using simplified models, I also assessed the role of comorbidities in impacting the 

average level of serum bicarbonate. Serum bicarbonate concentration was higher in 

patients with osteoporosis compared to osteopenia and normal bone density. Serum 

bicarbonate levels were also more elevated in people with liver cirrhosis and CF-related 

liver disease compared to those that have no liver complications. Colonisation with 

Pseudomonas aeruginosa or Burkholderia cepacia was not associated with any 

difference in serum bicarbonate. 

In the final part of this study, I developed a full-factor model including age, subject 

characteristics (sex, genotype), treatments (modulators), lung transplant state, 

comorbidities, and FEV1 and BMI. As expected, FEV1 and BMI were inversely correlated 

with age  and in part correlated with each other. Both parameters are recognised to 

correlate with disease severity and quality of life [363–366] . 

In this model, the independent marginal impact of age diminishes as expected, to an 

average increase of 0.3 mmol/L for every 10 years of age. The independent correlation 

of FEV1 with serum bicarbonate was still present, but was clinically insignificant (0.15 

mmol/L for every 10% points of FEV1 reduction). Higher levels of serum bicarbonate 

were independently associated with several co-morbidities, clear prognostic markers of 

advancement of disease, even when controlling for age, sex and other confounding 
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factors. Most CF-related comorbidities, such as diabetes, liver cirrhosis, and 

osteoporosis, and a subject being considered for lung transplantation, were associated 

with significantly higher levels of serum bicarbonate. These findings support the potential 

usefulness of serum bicarbonate as a prognostic marker of the worsening of disease. 

In line with the interpretation of the impact of CFTR in the simplified model, no effect of 

CFTR modulator status on serum bicarbonate was seen in the full-factor model, when 

controlling for other markers prognostic of disease severity. 

When comparing the results of this model with the available results from the general 

population, some differences emerge. In the general population, the presence of chronic-

compensated liver disease has been associated with an increased concentration of 

serum bicarbonate [367]. This is in line with what I observed in the this cohort of 

individuals with CF. Conversely however, conflicting results were noted with regards to 

bone health and diabetes. In this cohort, osteoporosis appears to be associated with 

higher serum bicarbonate concentration, whereas in the general population 

hypobicarbonataemia and chronic metabolic acidosis are linked to low bone density, as 

bicarbonate promotes bone reabsorption and inhibits bone formation [368]. Similarly, in 

the general population, lower bicarbonate levels are associated with diabetes, and 

impaired glucose tolerance, not necessarily associated with chronic renal disease 

[360,369]. However, in this cohort I noted that diabetes mellitus is linked to a raised 

serum bicarbonate concentration.  

To further explore the suitability of serum bicarbonate concentration, I conducted a 

further large-scale retrospective analysis, presented in Chapter 6, monitoring the 

variation in bicarbonate in the 12 months prior to death. I showed that  bicarbonate levels 

increased significantly in the six months preceding death in patients with CF without a 

lung transplant, indicating that bicarbonate is associated with worsening respiratory 

status, and could be used as a prognostic predictors. 

5.6 Conclusion 

In this Chapter, I showed that the mean concentration of serum bicarbonate appears to 

be higher in clinically stable individuals with CF, compared to the general population. I 

also showed that the prevalence of isolated hyperbicarbonataemia is similar to that 

previously shown in large scale studies of the general adult population (as in the 

NHANES III cohort).  

In patients with Cystic Fibrosis, serum bicarbonate levels in conditions of stability 

increase with age, and disease progression. Higher serum bicarbonate levels are 

independently associated with known prognostic markers of disease severity, such as 

lower lung function, osteoporosis, cirrhosis and diabetes.  
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The clinical relevance of high levels serum bicarbonate in people with CF is further 

explored in Chapter 6, where I investigate the trend in the twelve months preceding 

death, and the usefulness of serum bicarbonate as a potential prognostic marker. 

Further multi-centre studies, including national registry studies, are warranted to better 

characterise the levels and independent determinants of serum bicarbonate in patients 

with cystic fibrosis in conditions of clinical stability.  

  



 
 

95 

Chapter 6  

Serum bicarbonate as a prognostic marker in CF: 

A retrospective study 

6.1 Introduction 

When CF was first described in the late 1930s, the predicted survival for a newborn with 

the disease was only 6 months. Thanks to significant improvements in multidisciplinary 

care, as well as to the availability of life-changing treatments as described in Section 1.6, 

the survival rate and predicted age of death of patients with CF have improved 

dramatically in the recent decades [1,103,370,371]. Despite the improvement in life-

expectancy, CF continues to be characterised by progressive lung disease which often 

culminates in ventilatory failure, requiring lung transplantation.  

In the early 1990s, it was shown that patients with CF and severely impaired lung function 

had a 50% mortality rate at 2 years [372]. Since then, FEV1 <30% has been considered 

one of the main criteria for a patient to be considered for lung transplantation [373–375]. 

The median waiting time for lung transplant is approximately 8.5 months in the UK and 

12 months in the Euro-transplant zone, with up to 25% of patients waiting for more than 

24 months [376,377]. 

More recently, conditions have improved for people with CF and advanced lung disease. 

Currently, patients with CF and a FEV1 <30% have an average survival time longer than 

5 years [103,370,371]. However, FEV1-based criteria have not been changed, and the 

present criteria may not be optimal and have the potential of lead to an earlier than 

required referral for lung transplantation. 

As such, alternative or complementary criteria for consideration for lung transplantation 

have been suggested, including the rate of decline in FEV1, the presence of bacterial 

colonisations, nutritional status, and the need for respiratory support [378–382].  

The criteria for allocating organs to patients who have been accepted on the lung 

transplant list differs by country, with the lung allocation score (LAS) being used by many 

healthcare systems to prioritise patients [383]. In the UK, a new system for lung allocation 

was introduced in mid 2017, dividing patients on the waiting list into three categories: 

normal priority, urgent listing, and super-urgent listing. Allocation for normal priority 

patients is at the discretion of each transplant centre, on the basis of clinical assessment 

and including waiting times.  

Urgent and super-urgent lists are shared at a national level to prioritise lung 

transplantation to those patients at higher risk of imminent death. The current criteria for 

urgent and super-urgent listing in the UK for patients with CF are listed in Table 6.1.  
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Table 6.1 Criteria for urgent and super urgent lung allocation in the UK 

 CF-specific criteria 

Urgent listing • Worsening hypoxia (pO2 < 6.5 kPa) requiring increasing 

oxygen demand >10 L/min despite continuous NIV 

• pH <7.30 persistently despite continuous NIV 

• Refractory right heart failure despite all pharmacological 

interventions to support the right ventricle 

• Ongoing episodes of massive haemoptysis despite 

bronchial embolization 

Super urgent listing • vvECMO as a bridge to lung transplant 

• iLA as a bridge to lung transplant  

While urgent listing requests can be resubmitted every 30 days, these criteria appear to 

be quite limiting. The actual viability of these criteria in identifying patients that require 

transplantation urgently, but not immediately, is debatable.  

As such, new CF specific criteria are needed to allow the correct identification of patients 

who are rapidly progressing towards the terminal disease phase but prior to being at an 

imminent risk of death [381]. 

Serum bicarbonate is a known prognostic marker in a variety of health conditions 

[274,360,361,384–386]. Previous reports have suggested that serum bicarbonate levels 

are generally raised in patients with cystic fibrosis. I observed in Chapter 5  that many 

individuals with CF have higher than normal serum bicarbonate concentration, especially 

among those with advanced lung disease. I also identified a link between raised 

bicarbonate levels and several CF related comorbidities, and that levels increased with 

age. It remains unclear if the concentration and the rate of change of serum bicarbonate 

could be a useful prognostic factor in identifying patients with CF who are at a higher risk 

of death [381] and help prioritizing lung transplantation.  

In this Chapter, I report the results of a single-centre retrospective study looking at serum 

bicarbonate levels of all patients who died in a time period of 12 years while under the 

care of the Leeds Regional Adult CF Centre. I analysed changes in serum bicarbonate 

concentration in the twelve months preceding death, in order to assess if this measure 

could be used as a meaningful prognostic marker.  

6.2 Aims of the study 

The aims of this study were: 

• To assess if serum bicarbonate is elevated in patients with CF at their end of life, 

compared to similar patients with CF who are not near their end of life (Part 1) 

• To assess the trend of serum bicarbonate over the 12 months preceding the 

death of patients with cystic fibrosis (Part 2); 
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• To assess if serum bicarbonate is a prognostic marker in patients with CF, after 

compensating the effect of known variables associated with decline of health and 

death (Part 2).  

6.3 Methods 

A retrospective analysis of data collected prospectively for standard clinical care on the 

Unit EPRs (EMIS) at the Leeds Regional Adult CF Centre between February 2007 and 

February 2019 was performed.  

All patients previously consented for their clinical data to be used for research purposes 

(Appendix A).  

6.3.1 Study population  

The EMIS reporting tool  (Section 4.3.1) was used to identify all patients who met the 

following inclusion and exclusion criteria for the study population: 

• A confirmed diagnosis of cystic fibrosis (defined as having two CF-causing 

mutations, and/or a sweat chloride test >30 mmol/L with clinical manifestations 

of CF); 

• Age 17 or older; 

• Under the care of the CF Centre in Leeds at the time of death and for at least the 

12 months preceding their death; 

• Two or more serum bicarbonate measures in the 12 months preceding death, 

with one measurement taken within the last two months of life.  

• Patients who died after having received a lung transplant were excluded from the 

analysis.  

A subsequent detailed review of patients record was performed to confirm that all 

patients meeting the inclusion and exclusion criteria were correctly added to the cohort.  

A 2:1 control cohort of patients matched for sex and age (with a one month precision) at 

the time of the index event was also identified. The EMIS reporting tool was used to 

identify all patients who met the following inclusion and exclusion criteria for the control 

population: 

• A confirmed diagnosis of cystic fibrosis (defined as having two CF-causing 

mutations, and/or a sweat chloride test >30 mmol/L with clinical manifestations 

of CF); 

• Age 17 or older; 

• Alive 12 months after the index event (definition in the data collection Section); 

• Not part of the case cohort. 
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The matching was performed in a randomised fashion using a true number generator, 

among all candidates matched for age and sex. No subject was included twice as part 

of the matched cohort to avoid over-representation.  

6.3.2 Data collection 

An index event was identified for each subject as the date of their death (case cohort), 

or the date when the subject’s age was the same of their matched case at the time of 

their death (matched cohort). Data was collected for the 12 months preceding the index 

event of each subject. 

Electronic patients records were searched for all subjects over the age of 17 who died 

between February 2007 and February 2019. Baseline demographics, comorbidities, 

requirement for respiratory support and microbiology status at the index date were 

recorded, as well as status on the lung transplant waiting list.  

All available serum bicarbonate measurements in the twelve months before the index 

event were collected. Lung function, serum electrolytes, CRP and BMI at the time of 

each bicarbonate measurement were also collected. 

All arterial or arterialised capillary blood gases collected in the year preceding the index 

event were also recorded. ABGs and CBGs were interpreted using an automated 

reporting tool developed as part of this thesis (Section 4.3.2 and Appendix B). 

6.3.3 Statistical analysis  

No sample size calculation was required for this study. Data collection was limited to a 

time period identified a priori, starting from the original availability of electronic patient 

records (2007), and ending to the closest round number of years at the time of analysis.  

Normal distribution of measured variables was assessed by visual inspection and using 

the Shapiro-Wilks test. Results are expressed as number (percentage), means (standard 

deviation), when normally distributed, or median (IQR, 25 th-75th percentile) when not 

normally distributed.  

In Part 1 of the study, unpaired t-test for parametrical data or Mann-Whitney test for non-

parametric data were used to compare each variable in the two cohorts (cases and 

matched cohort).  

Correlation analysis of variable pairs was performed by visual inspection of the scatter 

plot, and by using the Pearson correlation or the Spearman-rho coefficient, depending 

on the distribution of the variables, as appropriate. A p-value <0.05 was considered 

statistically significant. 

In Part 2 of the study, the trends of continuous variables (lung function, CRP and serum 

bicarbonate) were inspected over a period of 12 months approaching the date of death, 
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for each patient among the case cohort. To do so, data was grouped by subject, aligned 

at the date of death (month 0), and the time to index event was rounded to the closest 

month (1 month = 30 days). 

Univariate Mixed Models were used to model the behaviour of continuous variables over 

time, compensating for confounding factors. Confounding factors modelled included a 

constant subject specific element (as a fixed random factor), selected continuous 

variables depending on the analysis (as covariates), and selected categorical variables 

depending on the analysis (as factors).  

Each measure time (in months) was modelled as a categorical variable rather than a 

covariate to avoid any assumption of linearity in the trend over time. In some analyses, 

time was then linearised and treated as a co-variate to present an average rate of 

increase per month. 

Results are expressed as marginal means (standard deviation). A p-value <0.05 was 

considered statistically significant, both when evaluating a whole model, a covariant, or 

when comparing marginal means at different values of categorical confounding factors.  

All analyses were performed with IBM SPSS v26.  

6.3.4 Ethics 

This study was discussed with the LTHT R&I and was deemed exempt of needing 

approval by REC and HRA. The study was approved by the local R&I (RM18/110634, 

approval date 20/7/2018) and the Cardio-Respiratory CSU at Leeds Teaching Hospital 

NHS Trust. All patients had previously consented for their clinical data to be used for 

research purposes.  

6.4 Results 

6.4.1 Study population 

During the study period (February 2007-February 2019), 948 patients (including both 

adults and children) were under follow-up at the Leeds Regional Centre for Cystic 

Fibrosis.  

During the time span years considered for the study, 136 patients died, 133 of whom 

died as adults. Ninety-two adults died before receiving a lung transplant. Among these, 

56 had serum bicarbonate measured at least once in the two months prior to their death, 

and were therefore included in the study (Figure 6.1). 
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Figure 6.1 Flow-chart of participants inclusion to the study. 

A 2:1 matched cohort (two controls for each case subject, total n=112) was identified 

based on the criteria described above. Table 6.2 summarises the demographics and 

baseline characteristics of the studied population (cases), as well as of the matched 

cohort.  

The case cohort consisted of 56 subjects, and was female predominant (32 female, 

57.1%). Median age at death was 30 (24-36) years of age. The matched control cohort 

consisted in 112 subjects, with the same distribution of sex (64 female, 57.1%) and age 

[30 (25-36)] by construction.  

Distribution of genotypes was similar across the two cohorts (case vs control – F508del 

homozygous: 71.4% vs 59.8%;  F508del heterozygous: 19.6% vs 28.6%; other 8.9% vs 

11.6%, p=0.332). There was a higher prevalence of CFRD (48.2% vs 30.4%, p=0.023) 

and liver cirrhosis (12.5% vs 2.7%) among cases compared to controls, but not of liver 

disease (55.4% vs 69.6%). In addition, patients in the case cohort had been previously 

treated for pneumothorax more often (25% vs 1.8%, p<0.001).  

More individuals in the case cohort were on the active list for lung transplantation or were 

under consideration for lung transplantation.  

There was a higher prevalence of chronic Pseudomonas aeruginosa colonisation among 

the cases (91.1% vs 56.3%, p<0.001) compared to control. Chronic infections with 

Achromobacter xylosoxidans (7.1% vs 6.3%, p=0.825), Stenotrophomonas maltophilia 
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(16.1% vs 18.8, p=0.702), non-tubercolosis mycobacteria (16.1% vs 11.6% p=0.419) 

and BCC (5.4% vs 5.4%) were similar among the two groups. MSSA was more frequently 

isolated in the matched cohort (5.4% vs 25.6%, p<0.001).   

Table 6.2 Baseline and demographics of the cases and matched cohort. PTX, 

pneumothorax; NTM, non-tubercolosis mycobacteria, MSSA, methicillin-sensitive S.aureus; 

LTOT, long-term oxygen therapy; NIV, non-invasive ventilation.  

 Cases (n=56) Control (n=112) p 

No Subjects 56 112  

Age at index event 30 (24-36) 30 (25-36) 0.647 

Female sex, n (%) 32 (57.1%) 64 (57.1%) 1 

Transplant 

  Active list 

  Under assessment 

  Not yet considered 

  Rejected 

 

11 (19.6%) 

18 (32.6%) 

18 (32.6%) 

9 (15.2%) 

 

0 (0%) 

6 (5.4%) 

106 (94.6%) 

0 (0%) 

 

<0.001 

<0.001 

<0.001 

<0.001 

Genotype 

  F508 homozygous 

  F508 Heterozygous 

  Other 

 

40 (71.4%) 

11 (19.6%) 

5 (8.9%) 

 

67 (59.8%) 

32 (28.6%) 

13 (11.6%) 

0.332 

Comorbidities 

  Diabetes 

  Liver disease/cirrhosis 

  Pancreatic insufficiency 

  Previous PTX 

 

27 (48.2%) 

38 (67.8%) 

55 (98.2%) 

14 (25%) 

 

34 (30.4%) 

81 (72.3%) 

102 (91.1%) 

2 (1.8%) 

 

0.023 

0.044 

0.078 

<0.001 

Microbiology status 

  P.aeruginosa 

  A. xylosoxidans 

  B. cepacia complex 

  S. maltophilia 

  NTM  

  MSSA 

 

51 (91.1%) 

4 (7.1%) 

3 (5.4%) 

9 (16.1%) 

9 (16.1%) 

3 (5.4%) 

 

63 (56.3%) 

7 (6.3%) 

6 (5.4%) 

21 (18.8%) 

13 (11.6%) 

32 (25.6%) 

 

<0.001 

0.825 

1 

0.702 

0.419 

<0.001 

LTOT 45 (80.4%) 4 (3.6%) <0.001 

NIV 35 (62.5%) 1 (0.6%) <0.001 

6.4.2 Study Part 1: Serum Bicarbonate at the time of death 

6.4.2.1 Index event 

Table 6.3 summarises the subjects’ characteristics closest to the date of the index event.  

Subjects in the case group had a lower BMI [18.3 (16.7-19.9) kg/m2 vs 22.6 (20.3-24.8) 

kg/m2, p <0.001] and higher CRP [121 (66-189) mg/L vs 5 (5-13.8) mg/L, p<0.001] 

compared to the matched cohort.  

Lung function as measured by FEV1 was significantly lower in the cases cohort [20 (15-

27) % vs 61 (41-77)%, p <0.001].   

A high proportion of the case cohort subjects had an arterial or arterialised capillary blood 

gas collected at the same time as the serum bicarbonate [47 (83.9%)]. This was not the 

case in the control cohort, where only very few subjects had ABG data available close to 
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the index event [9 (8%)]. Therefore, analysis of ABG data was only performed for the 

case cohort. 

Arterial blood gases were automatically interpreted, as discussed above, revealing that 

the vast majority of subject showed compensated or acute and/or partially compensated 

respiratory acidosis (39.1% and 22.7%, respectively). Metabolic alkalosis was also 

frequently observed (21.9%), and was less frequently fully compensated (10%). 

Metabolic acidosis was not observed in this cohort. 

A higher proportion of patients in the case cohort was on IV antibiotics at the time of the 

index event (83.9% vs 51.8%, p<0.001) compared to the control cohort. No differences 

in the distribution of use of beta-lactams antibiotics was observed among the two cohorts, 

but tobramycin was used more frequently among controls whereas a trend towards a 

more frequent use of colomycin was noted among the cases (Table 6.3).  

Table 6.3 Characteristics of the two cohorts at the index event. *indicates analysis on all ABG 

results (n=110) 

 Cases (n=56) Control (n=112) p 

No Subjects 56 112  

BMI 18.3 (16.7-19.9) 22.6 (20.3-24.9) <0.001 

C-reactive protein 121 (66-189) 5 (5-13.8) <0.001 

FEV1, % 20 (15-27) 61 (41-77) <0.001 

IV antibiotics, Y 

  Meropenem 

  Aztreonam 

  Ceftazidime 

  Piperacillin/Tazobactam 

  Tobramycin 

  Colomycin 

 

14 (25%) 

9 (16.1% 

12 (21.4%) 

8 (14.3%) 

5 (8.9%) 

13 (23.2%) 

 

19 (17%) 

10 (8.9%) 

16 (14.3%) 

7 (6.3%) 

33 (29.5%) 

14 (12.5%) 

 

0.217 

0.168 

0.243 

0.085 

0.003 

0.075 

ABG, Y* 

  pH 

  pCO2, kPa 

  pO2, kPa 

  HCO3
-, mmol/L 

  BE 

47 (83.9%) 

7.36 (0.088) 

9.38 (4.24) 

8.13 (2.25) 

40.3 (13.6) 

14.7 (13.68) 

9 (8%)  

ABG Results* 

  Compensated respiratory acidosis 

  Respiratory acidosis 

  Metabolic alkalosis 

  Compensated metabolic alkalosis 

  Normal ABG 

  Mixed disorder 

 

43 (39.1%) 

25 (22.7%) 

24 (21.9%) 

11 (10%) 

5 (4.5%) 

2 (1.8%) 

  

6.4.2.2 Serum bicarbonate at the index event 

The concentration of serum bicarbonate was significantly higher in the case cohort 

compared to reference values. Furthermore, its concentration was more elevated in the 

case cohort compared to the control cohort [38 (33-41) mmol/L vs 27 (25-29) mmol/L, 

p<0.001] (Figure 6.2).  
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Figure 6.2 Serum bicarbonate concentration in the two cohorts. Subjects in the case cohort 

had higher serum bicarbonate concentration before death than a sex- and age-matched cohort 

not nearing death.  

No statistically significant correlation was observed between age at the index event and 

serum bicarbonate concentration in either cohort (Figure 6.3). 
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Figure 6.3 Correlation between serum bicarbonate and age. The scatter plot on the top panel 

represents the cases cohort and the one on the bottom the matched cohort. No correlation was 

noted between serum bicarbonate and age in either cohort.  

Visual analysis of the scatter plots did not indicate any correlation between serum 

bicarbonate concentration and age at death or index event. Formal analysis of correlation 

confirmed this showing a Spearman-rho coefficient of -0.011 for the cases (p=0.937) and 

of 0.064 (p=0.505) for the controls.  

No correlation was observed with BM (r=-0.061, p=0.095) and CRP (r=0.04, p=0.259).  

However, a significant correlation between serum bicarbonate concentration and FEV1 

was observed (r = -0.373, p=0.005) (Figure 6.4).  
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Figure 6.4 Correlation between serum bicarbonate and lung function. The scatter plot on the 

top panel represents the cases cohort and the one on the bottom the matched cohort. A negative 

correlation was observed in both cases with higher serum bicarbonate concentration at lower lung 

function levels.  

A trend towards higher serum bicarbonate concentration in female subjects was 

observed in the cases cohort [39 (36-42) vs 37 (31-39), p=0.108]. In the control cohort, 

conversely, serum bicarbonates were higher among males [26 (24-28) vs 27.5 (26-29), 

p=0.02) (Figure 6.5).  
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Figure 6.5 Serum bicarbonate at index event by cohort and by sex.  

Serum bicarbonate concentration tended to be higher among female before death, but is higher at the index 

event among males in the matched cohort.  

Table 6.4 and Table 6.5 show the baseline characteristics of the case and control cohorts 

by sex, respectively.  
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Table 6.4 Baseline characteristics and demographics of the case cohort by sex 

BMI, body mass index; CRP, C-reactive protein; ABG, arterial blood gas; NIV, noninvasive 

ventilation, LTOT, long-term oxygen therapy. Results are expressed as number (%) or median 

(IQR). 

 Female  Male p 

N 32 24  

Age at death 31 (11.75) 29 (10.75) 0.797 

BMI 17.9 (2.79) 19.2 (4.65) 0.333 

CRP 120 (146) 120 (123) 0.585 

FEV1, % 21 (10) 19 (14) 0.412 

Transplant 

  Active list 

  Under assessment 

  Not yet considered 

  Rejected 

 

7 (21.9%) 

6 (18.8%) 

14 (43.8%) 

5 (15.6%) 

 

4 (16.7%) 

4 (16.7%) 

12(50%) 

4 (16.7%) 

0.078 

 

Genotype 

  F508/F508 

  F508/- 

  Other 

 

26 (81.3%) 

5 (15.6%) 

1 (3.1%) 

 

14 (58.3%) 

6 (25%) 

4 (16.7%) 

0.109 

Comorbidities 

  Diabetes 

  Liver disease/cirrhosis 

  Pancreatic insufficiency 

  Previous PTX 

 

15 (46.9%) 

18 (56.3%) 

32 (100%) 

6 (18.8%) 

 

12 (50%) 

20 (83.3%) 

23 (95.8%) 

8 (33.3%) 

 

0.395 

0.054 

0.078 

0.212 

Microbiology status 

  P.aeruginosa 

  A. xylosoxidans 

  B. cepacia complex 

  S. maltophilia 

  NTM  

  MSSA 

 

29 (90.6%) 

2 (6.3%) 

1 (3,1%) 

6 (18.8%) 

4 (12.5%) 

2 (6.3%) 

 

22 (91.7%) 

2 (8.3%) 

2 (8.3%) 

3 (12.5%) 

5 (20.8%) 

1 (4.2%) 

 

0.395 

0.825 

0.392 

0.529 

0.401 

0.732 

IV antibiotics, Y 

  Meropenem 

  Aztreonam 

  Ceftazidime 

  Piperacillin/Tazobactam 

  Tobramycin 

  Colomycin 

 

6 (18.8%) 

8 (25%) 

4 (12.5%) 

7 (21.9%) 

1 (3.1%) 

7 (21.9%) 

 

8 (33.3%) 

1 (4.2%) 

8 (33.3%) 

1 (4.2%) 

4 (16.7%) 

6 (25%) 

 

0.212 

0.036 

0.06 

0.06 

0.079 

0.784 

ABG 

  pH 

  pCO2, kPa 

  pO2, kPa 

  HCO3
-, mmol/L 

  BE 

 

7.37 (0.093) 

8.82 (4.33) 

7.75 (1.93) 

38.3 (10.7) 

13.6 (10.81) 

 

7.355 (0.093) 

10.4 (4.5) 

8.41 (2.04) 

44.64 (16.8) 

20.35 (15.53) 

 

0.568 

0.607 

0.125 

0.543 

0.496 

NIV, Y 1 (3.1%) 3 (12.5%) 0.192 

LTOT 21 (65.6%) 14 (58.3%) 0.475 

 

Among the cases, demographics, lung function, inflammatory markers and comorbidities 

were similar comparing male and female subjects, with the exception of prevalence of 

liver disease. A lower proportion of female patients had liver disease compared to male 
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patients (56.3% vs 83.3%, p=0.054). No differences in arterial blood gas analyses results 

were observed.  

A similar proportion of male and female patients were on antibiotics, and in the majority 

of cases patients were on a combination of beta-lactams and tobramycin or colomycin. 

No differences in the use of meropenem or colomycin were observed among male and 

female patients, but more female patients were aztreonam.   

In the matched cohort (Table 6.5), there were no difference in demographics, 

comorbidities, lung function and inflammatory markers at the index event comparing 

males and females. The use of antibiotics was similar across the two cohorts.  

Table 6.5 Baseline characteristics and demographics of the matched cohort by sex. BMI, 

body mass index; CRP, C-reactive protein. Results are expressed as number (%) or median 

(IQR). 

 Female  Male p 

N  64 48  

Age at index event 31.4 (11.12) 29.6 (10.9) 0.647 

BMI 22.1 (5.55) 22.9 (3.86) 0.692 

CRP 6.1 (9.2) 5 (7.8) 0.072 

FEV1, % 59 (34) 63 (40) 0.988 

Transplant 

  Active list 

  Under assessment 

  Not yet considered 

  Rejected 

 

0 (0%) 

3 (4.7%) 

61 (95.3%) 

0 (0%) 

 

0 (0%) 

3 (6.3%) 

45 (93.7%) 

0 (0%) 

0.716 

 

Genotype 

  F508/F508 

  F508/- 

  Other 

 

36 (56.3%) 

20 (31.3%) 

8 (12.5%) 

 

31 (64.3%) 

12 (25%) 

5 (10.4%) 

0.672 

Comorbidities 

  Diabetes 

  Liver disease/cirrhosis 

  Pancreatic insufficiency 

  Previous PTX 

 

23 (35.9%) 

45 (70.3%) 

58 (90.6%) 

 (3.1%) 

 

11 (22.9%) 

36 (75%) 

44 (91.7%) 

0 (0%) 

 

0.138 

0.182 

0.848 

0.506 

Microbiology status 

  P.aeruginosa 

  A. xylosoxidans 

  B. cepacia complex 

  S. maltophilia 

  NTM  

  MSSA 

 

39 (60.9%) 

4 (3.1%) 

2 (3,1%) 

14 (21.9%) 

8 (12.5%) 

17 (26.6%) 

 

24 (50%) 

3 (6.3%) 

3 (8.3%) 

7 (14.6%) 

5 (10.4%) 

15 (31.3%) 

 

0.512 

0.507 

0.392 

0.408 

0.733 

0.587 

IV antibiotics, Y 

  Meropenem 

  Aztreonam 

  Ceftazidime 

  Piperacillin/Tazobactam 

  Tobramycin 

  Colomycin 

 

14 (21.9%) 

5 (7.8%) 

12 (18.8%) 

2 (3.1%) 

20 (31.3%) 

8 (12.5%) 

 

5 (10.4%) 

5 (10.4%) 

4 (8.3%) 

5 (10.4%) 

13 (27.1%) 

6 (12.5%) 

 

0.110 

0.632 

0.119 

0.115 

0.632 

1.0 

NIV 0 (0%) 1 (2.1%)  

LTOT 2 (3.125%) 2 (4.16%)  
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6.4.3 Study Part 2: Serum bicarbonate in the 12 months preceding 

death 

Within the case cohort, I extended the analysis by exploring any changes in lung function, 

CRP and serum bicarbonate over the 12 months preceding each subject’s death. To do 

so, I modelled each variable over time, as described in Section 6.3.3.  

6.4.3.1 Lung function  

There were 281 measures of lung function available in the 12 months before death for 

the 56 subjects included in the study. FEV1 did drop over the time 12 months (p<0.01). 

On average FEV1 dropped from 27.6% [95%CI (23.47-31.81)] twelve months before 

death, to 21.8% [95%CI (16.9-26.6)] in the month preceding death (p=0.138) (Figure 6.6) 

 

 

Figure 6.6 Variation of mean FEV1 (%)  in the year before death. 

6.4.3.2 CRP 

A total of 781 measures of CRP were available in the 12 months before death for the 56 

subjects included in the study.  

Overall CRP was clinically elevated, with a very limited number of normal results for any 

subject within the year before death. Overall an increase from 45.7 (95%CI 28-63) mg/L 

to 121.5 (95%CI 107.5-137.5) mg/L was observed (p <0.001). In the last four months 

before death, a steeper increase in average CRP was seen, with the mean CRP at -3 

months being 50.8 (95% CI 39.9-61.1) mg/L (Figure 6.7).  
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Figure 6.7 Variation in mean CRP in the year before death. 

6.4.3.3 Bicarbonate  

A total of 789 serum bicarbonate measures within the 12 months before death were 

available for the 56 subjects of the case cohort.  

Serum bicarbonate was not constant over the 12 months (p<0.01), increasing 

progressively over time from a mean of 29.6 twelve months before death [95%CI (28.35-

30.93)] to a mean of 37.57 [95%CI (36.43-38.72)] in the month preceding death. 

The average marginal rate of increase was 0.79 mmol/L/month [95%CI (0.70-0.88)], 

p<0.001 (Figure 6.8).   
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Figure 6.8  Variation of serum bicarbonate over time in the year before death. Data are 

presented as mean and 95% CI. 

After visual inspection of the variation of bicarbonate in the 12 months preceding death, 

a post-hoc analysis was performed, splitting the dataset between months 0-6 and months 

7-11.  

Between month 11 and 6, the average rate of increase is serum bicarbonate was 0.39 

mmol/L/month [95%CI 0.19-0.59]. Between months 6 and death, the average rate of 

increase was 1.27 mmol/L/month [95%CI 1.0-1.55].  

When comparing female and male subjects, the profile of serum bicarbonate in the 12 

months preceding death was different (p<0.01) (Figure 6.9). A steeper increase in 

bicarbonate levels over time was seen in women compared to men.  
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Figure 6.9 Variation of serum bicarbonate in the year before death. The top panel shows the 

variation of serum bicarbonate in female subjects, and the bottom panel in male subjects. Data 

are presented as mean and 95% CI. 

When comparing subjects with different genotypes, I observed an increasing trend of 

bicarbonate over the 12 months preceding death regardless of genotype (p<0.01). 

However, the average rate of increase was different, being 0.856 mmol/L/month in 

F508del homozygous, 0.66 mmol/L/month in F508del heterozygous, and 0.29 

mmol/L/month in those with other mutations (Figure 6.10).  
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Figure 6.10 Variation of serum bicarbonate in the year before death, based on genotype. 

The top panel shows the trend in subjects who are F508del homozygous, the middle panel in 

F508del heterozygous and the bottom one those with other genotypes. Data are presented as 

mean and 95% CI. 
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No differences were observed in rate of increase depending on comorbidities, including 

diabetes.  

Long-term oxygen therapy did not affect the rate of increase in bicarbonate, but the use 

of NIV did. The rate of increase in bicarbonate among subjects that did not receive NIV 

was 0.62 mmol/L/month [95% CI 0.52-0.71], whereas it was 0.39 mmol/L/month [95% CI 

0.07-0.71] (Figure 6.11) 

 

Figure 6.11 Variation of serum bicarbonate in the year before death depending on the use 

of NIV. Top panel: not on NIV; bottom panel: on NIV. Data are shown as mean and 95% CI. 
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6.5 Discussion 

The level and rate of change in serum bicarbonate have been known to be good 

prognostic markers in several respiratory conditions, including COPD and 

neuromuscular diseases [274,384–386]. In these conditions, the increase in bicarbonate 

is secondary to episodes of hypoventilation, and can be used as a good prognostic 

biomarker, as it predicts respiratory failure.  

I previously showed that, among people with CF, serum bicarbonate concentration is 

frequently increased above the upper limits of normality, particularly among patients with 

advanced lung disease (Chapter 5). Multiple factors appear to be associated with raised 

serum concentrations of bicarbonate, all of which have been previously linked to worse 

prognosis for individuals with CF. This suggests that serum bicarbonate has the potential 

to be used as a marker of severity of the condition.  

To the best of my knowledge, this is the first study looking at the changes in serum 

bicarbonate in individuals with cystic fibrosis before death, in order to ascertain if serum 

levels could be useful prognostic biomarkers.  

In Part 1 of this study, I showed that the concentration of serum bicarbonate is higher in 

people with CF who were close to death, compared to a matched cohort of CF patients 

who were stable.  

This was undertaken by analysing the last available serum bicarbonate measure before 

death of all patients who died during the study period. For any patient who had a valid 

serum bicarbonate measure within the last two months prior to their death, I randomly 

identified two CF controls to create a 2:1 matched cohort of CF patients with the same 

age and sex characteristics of the case cohort, but not nearing their death. 

Serum bicarbonate concentration was significantly increased [38 (33-41) mmol/L] in 

people with CF approaching death. These values were significantly higher than the 

controls [27 (25-29) mmol/L]. Serum bicarbonate at death was also higher than the 

median serum bicarbonate observed for the previous cohort described in Chapter 5 

(median 27 mmol/L), which  included all adults with CF who had at least one 

measurement of bicarbonate at a time of clinical stability.  

I showed in Chapter 5 (Section 5.4.2.1) that serum bicarbonate concentration increases 

with age. However, there was no correlation in this study between the last available 

serum bicarbonate measurement before death and age at death.  

No correlation was observed between the last available bicarbonate, BMI or CRP. 

However, prior to death, higher serum bicarbonate concentration was associated with a 

lower FEV1, whereas no correlation was seen in the matched cohort. This is in keeping 

with what previously observed in Chapter 5 (Section 5.4.2.1) where a correlation 
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between serum bicarbonate and FEV1 was shown overall, but was proved to be stronger 

when measurements were taken in the presence of advanced lung disease.  

Interestingly, the last serum bicarbonate prior to death tended to be higher among 

females compared to males [F = 39 (36-42) vs 37 (31-39) mmol/L], while the opposite 

was true in the control cohort [26 (24-28) vs 27.5 (26-29) mmol/L), confirming the results 

of Chapter 5. 

In Part 2 of this study, I focused my attention to the trend of serum bicarbonate and other 

measures of clinical stability in the 12 months preceding death of the patient.  

I showed that serum bicarbonate levels rise gradually (0.79 mmol/L per month) in the 

year prior to death. This rate of increase is significantly more pronounced in the last six 

months preceding death (1.27 mmol/L per month), compared to months 7-12 (0.39 

mmol/L per month). Conversely, lung function tends to remain very low but stable (FEV1 

<30%) throughout the 12 months.  

Similarly to serum bicarbonate, CRP was observed to gradually rise in the 12 months 

prior to death, with the rate becoming steeper in the 3 months before death occurred. 

At 12 months before death, the mean serum concentration of bicarbonate was mildly 

elevated at 29.6 mmol/L, and higher than what observed in the assessment performed 

in clinical stability (median 27 mmol/L) in Chapter 5. This gradually grew further, reaching 

an average of 37.57 mmol/L in the month preceding death. 

The only available study [381] in the literature exploring the levels of serum bicarbonate 

in people with CF at time of their referral to lung transplantation reported a variable level 

between 24 and 40 mmol/L. Elevated values of serum bicarbonate appeared to be 

equally distributed in individuals with a survival greater than two years, or lower than one 

year. It was therefore concluded that serum bicarbonate has a negligible role in 

assessing prognosis and survival on the lung transplant waiting list [381].  

This contrasts with the present study  which was performed on a larger cohort of patients. 

I found that the rate of change of bicarbonate has a clear upwards trend in the 12 months 

preceding death, and that this trend is even more evident in the six months approaching 

death. This discrepancy is most likely due to the difference in observing a trend over time 

(which I did in this study), rather than a punctual measure in time (which was done in the 

literature).  

When looking at the trend of serum bicarbonate levels in the twelve months preceding 

death, I confirmed the results obtained on the last available bicarbonate reading. Overall 

bicarbonate levels, as well as rate of change, were higher among female patients with 

CF nearing death, compared to males. At baseline, this is reversed, with stable female 

patients having a lower concentration of bicarbonate compared to males.  
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Similarly to serum bicarbonate levels, I analysed the trend of CRP over the 12 months 

preceding death. While an overall raised CRP was observed among individuals across 

this time span, levels increase more steeply in the 3 months before death occurred. This 

is suggestive that out-of-control infection and inflammation are negative prognostic 

factors in CF, irrespective of their comorbidities and ventilatory status.  

On the other hand, no significant changes in FEV1 were noted in the year before death. 

This is agreement with the literature, which demonstrates that FEV1 is a poor predictor 

of decline in individuals with CF and advanced lung disease particularly in the last year 

of life.  

In this study I did not explore the mechanisms underlying the increase in bicarbonate in 

people with CF prior to death. In this cohort, I observed no difference in the rate of 

increase in serum bicarbonate concentration in individuals on long term oxygen therapy. 

This contrasted with non-invasive ventilation (NIV), which was associated with 

stabilisation of serum bicarbonate concentration.  

The increase in serum bicarbonate is likely to be partially due to a response to  

hypercapnic respiratory failure, as previously demonstrated in COPD and OHS 

[274,384,387–389]. Previous studies have concluded that LTOT increases the partial 

pressure of oxygen in individuals with CF and can raise end-tidal CO2 [211] while NIV 

can improve alveolar ventilation thereby reducing CO2. In CF, NIV appears to stabilise 

rather than reduce CO2 [262,330,339].  

The lack of contemporaneous arterial blood gases, preventing us from assessing the 

acid-base balance and ventilation and drawing a definitive conclusion. By analysing the 

last blood gas prior to death (Part 1), most of the results were in keeping with hypercapnic 

respiratory failure, showing either compensated or acute respiratory failure (Table 6.2) 

and therefore supporting the hypothesis that elevated serum bicarbonate is in part due 

to a compensation of hypoventilation. However, a fifth of these blood gases showed 

compensated or acute metabolic alkalosis.  

This would suggest that the increased serum bicarbonate might be in fact the primum 

movens of acid-base changes rather than a compensatory effect. Therefore, a potential 

role of CFTR dysfunction in the kidney with reduced or different response to an increase 

concentration of bicarbonate, as discussed in Chapter 2 Section 2.5.2 and further 

assessed in Chapter 8, cannot be excluded.  

6.6  Conclusion 

Serum bicarbonate is elevated in people with CF in the 12 months prior to death, 

compared to to sex- and age-matched CF controls.  
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This increase is already visible 12 months prior to death, but becomes particularly 

pronounced in the last 6 months before death. Monitoring the levels and trend of this 

anion, could provide an adjunct prognostic biomarker to prioritise patient for lung 

transplantation.  

Further multi-centre studies are needed to assess if a similar trend is noted in individuals 

with CF who are on CFTR modulator therapy.  
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Chapter 7  

Hypoxic altitude simulation test in respiratory disease: 

 a retrospective study 

7.1 Introduction 

As discussed in Section 2.5, small-scale reports have highlighted that patients with CF 

present with metabolic alkalosis in conditions of stability at a prevalence higher than 

those with other respiratory conditions [215,216]. In addition, chronic respiratory acidosis 

is also frequently observed in patients with CF in stable conditions [218,223].  

One of the hypotheses of this research (see Chapter 4, Section 4.1.1) is that acid-base 

disturbances, and metabolic alkalosis specifically, are more frequent in patients with CF 

compared to those with other respiratory conditions, not only during exacerbations but 

also in conditions of clinical stability. I also hypothesise that, in the absence of raised 

pCO2, raised bicarbonate (or base excess) could be a biomarker of ventilatory failure 

and be associated with reduced ventilatory drive, similarly to what previously described 

for OHS [387].  

The hypoxic altitude simulation test (HAST) is a readily available and widely performed 

test to predict the effects of altitude on a patient’s gas exchanges and assess if an 

individual is safe to fly with or without supplemental oxygen.  

To further characterise the acid-base balance status in people with CF, I analysed the 

differential response to HAST, in comparison to people with other respiratory conditions. 

Due to its routine use in clinical practice, I was able to compare a large dataset and 

assess the distribution of acid-base disturbances and the response to an hypoxemic 

stimulus, within these different patient cohorts.  

7.2 Aim of the study 

The aims of this study were to: 

• Describe the prevalence and degree of gas exchange and acid-base 

abnormalities in patients with CF and to compare this to other respiratory 

conditions, at a time of clinical stability; 

• Assess the response to the hypoxic stimulus in patients with CF and other 

respiratory conditions; 

• Develop a predictive model of the outcome of HAST in patients with CF and other 

respiratory conditions, to understand the main factors driving the response to the 

hypoxic stimulus.  
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7.3 Methods 

A retrospective analysis of all HASTs performed over a five-year period (February 2012-

January 2017) at the Cardio-respiratory Department at Leeds Teaching Hospital NHS 

Trust (LTHT) was performed.  

7.3.1 Study population 

The database of the Cardio-respiratory Department (Cardiobase) at Leeds Teaching 

Hospital NHS Trust was audited to extract all the HASTs performed during the study 

period. The inclusion criteria for the study were: 

• Age 16 years or older, and  

• Background of chronic respiratory disease. 

No exclusion criteria were defined for this study. 

7.3.2 Data collection and measurements 

Electronic medical records (EMIS for patients with CF, PPM+ for all other individuals) 

were searched to collate demographics and primary respiratory diagnosis. 

Demographics, and clinical baseline information were collected in anonymised form for 

each subject. In addition, best FEV1, overnight oximetry and 6-minute walking test 

(6MWT) performed on the closest date within the 12 months prior the HAST were 

recorded, whenever available.  

7.3.2.1 Hypoxic altitude simulation test 

A hypoxic altitude simulation test is a readily available, cheaper alternative to the gold 

standard test to assess the effects of altitude on gas exchange, which needs to be 

performed in an hypobaric chamber. A HAST consists of a patient breathing a gas 

mixture containing 15% oxygen in nitrogen, simulating the maximum cabin altitude of 

8000 ft [178,182,390–392].  

Several methods can be used to deliver the required F iO2. Oxygen and nitrogen can be 

mixed in adequate proportions in a Douglas bag, or pre-filled cylinders can be purchased. 

This mixture can be administered via a mouthpiece, or via a tight-fitting mask with a non-

rebreathing valve. Alternatively, a modified body pletismograph can be filled with the 

mixture creating a hypoxic environment. Finally, the Venturi mask method allows to 

deliver similar levels of gas mixture using a 40% mask with 100% nitrogen as driving 

gas. The air entraining dilutes the nitrogen and produces a 15% oxygen mixture. The 

Venturi mask method is the most widely used in clinical practice [391] as it is well 

tolerated and inexpensive and was the chosen method used in the laboratory at Leeds 

Teaching Hospital NHS Trust.  
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Patients are asked to breathe a 15% oxygen gas mixture for 20 minutes in order to allow 

for gas equilibrium, even though this is likely to be reached sooner. Arterialised capillary 

bloods gas (CBG) is performed at baseline and at the end of the test. Oxygen saturation 

is measured with a pulse-oximeter throughout the test. The test terminates at the end of 

the 20 minutes, or in case of desaturation or onset of symptoms. The test is considered 

positive (i.e. in-flight oxygen recommended) when pO2 drops below 6.6 kPa at the end 

of the test. 

Baseline and final blood gases were also collected as part of the data collection protocol, 

and analysed for the study. The automated reporting tool to interpret blood gas analysis, 

described in Section 4.3.2 and detailed in Appendix B, was used to interpret the baseline 

CBGs for the HASTs.  

7.3.3 Statistical analysis 

The statistical analysis of these data was performed in two phases.  

A first phase of statistical analysis was conducted to evaluate the prevalence of baseline 

gas exchange and acid-base abnormalities in the whole population, and in the group of 

people with CF compared to those with other respiratory diagnoses.  

A second phase of statistical analysis focussed on the development of a logistic model 

of the response to the hypoxic stimulus from baseline measured data. Such model was 

used to identify the main baseline determinants of the response to the hypoxic stimulus. 

7.3.3.1 Descriptive statistics 

Data were tested for normality by visual inspection and using the Shapiro-Wilks test. 

Data are presented as mean and SD for normally distributed data, median and IQR for 

data not distributed normally. Number and percentage was used to describe the 

frequency of distribution of acid-base status as defined by blood gas analysis 

interpretation.  

Parametric and non-parametric analyses were conducted as appropriate. The chi-square 

test was performed to assess different distribution in prevalence of acid-base 

abnormalities.  

Further, four groups were identified in each cohort (CF and non-CF), based serum 

bicarbonate and partial pressure of carbon dioxide: 

• Normal daytime pCO2 and bicarbonate 

• Normal daytime pCO2 and raised bicarbonate 

• Elevated daytime pCO2 

• All others. 



 
 

122 

Differences between groups were assessed using ANOVA with post-hoc assessment of 

any significant intergroup differences using Duncan post-hoc comparison. Any non-

normally distributed data were first rendered normal via a logarithmic transformation, 

after which the ANOVA test was performed.  

7.3.3.2 Model development 

The development of a model of response to the hypoxemic stimulus was conducted 

following the TRIPOD statement and results are reported following TRIPOD checklist 

(Appendix D) which provides state-of-the-art guidance for the development of predictive 

diagnostic tests.  

A binary logistic model was selected to predict the binary outcome of each HAST from a 

combination of baseline physiological variables and characteristics, including both 

continuous and categorical variables. 

For the development and validation of the model, two cohorts were identified a priori by 

partitioning the dataset based on when each HAST was conducted: a “training” group, 

which included one test per patient performed between February 1, 2012 and July 31, 

2016 (66% of tests, or approximately two thirds of the total available data), and a 

“validation” group, including all other tests (34% tests, or approximately one third of the 

total available data). If more than one test was available for a patient within the pre-

defined time period for the training group, only the first one was included and all the 

subsequent ones were used as part of the validation group. This was in accordance to 

the Type 2b validation according to TRIPOD statement and avoids the over-

representation of subjects with multiple HASTs conducted in the ”training” time window. 

Within the training set, differences in baseline variables between positive and negative 

HASTs were assessed using univariate analysis: one-way ANOVA for parametric data, 

Kruskal-Wallis for non-parametric data and Chi-square for categorical variables.  

Continuous variables which were significantly different were plotted on Receiver 

Operating Characteristic (ROC) curves to test the hypothesis that these variables could 

be good univariate predictors of HAST results. This univariate analysis was used to 

select all the variables that would be used to develop a multivariate predictive model of 

HAST results. 

Variables, selected from the univariate analysis, were entered in the binary logistic 

regression analysis using a backward conditional approach. In addition to continuous 

variables, categorical baseline variables where also entered in the binary logistic 

regression and used as indicators. During model building, the criterion for selecting a 

variable as a predictor was p<0.05, with the criterion for rejection being p>0.1. The 

goodness of fit of the final model was evaluated using the Hosmer-Lemshow test, and 

models with a p<0.05 were rejected.  
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Predicted probabilities resulting from each of the models were plotted on ROC curves 

against positive HAST outcomes. ROC AUCs were compared, to assess if any difference 

between the discriminatory powers of the models was observed, and the area under their 

curve was used to select the best multivariate model [393]. The same analyses were 

also conducted against the best univariate model, in order to assess whether a 

multivariate model had indeed a higher discriminatory power to predict the output of the 

HAST.  

Starting from the output of the resulting model, two cut-off values were determined to 

convert the predicted probability of a negative HAST (the output of the binary logistic 

model) into one of three results:  

1. Prediction of a negative HAST result (predicted probability > first cut-off value); 

2. Prediction of a positive HAST result (predicted probability < second cut-off value); 

3. Indeterminate (any other predicted probability). 

These cut-off values convert the continuous probability result of the predictor into a 

categorical prediction. If the model proved accurate, the first two outcomes would 

represent cases in which a HAST would no longer be necessary, as its result could be 

predicted from baseline data. 

Cut-off values were chosen at 95% and 97.5% specificity to maximise the correct 

identification of patients with negative and positive HAST. The traditional approach of 

compromising between sensitivity and specificity using the Youden-J coefficient was 

considered not appropriate in this context as it would not be helpful in identifying either 

outcome with accuracy, and would be associated with a high false positive rate. This 

concluded the development of the model. 

The model was validated on the second set of data (validation cohort). The multivariate 

models were computed on the validation set, and new ROC curves were generated. The 

ROC AUC of the validation set was compared with that of the derivation set, to verify the 

consistency of the results.  

IBM SPSS statistics version 26 (IBM Corp, Armonk, NY, USA) was used for all the 

analyses. 

7.3.4 Ethical approval 

This study was discussed with LTHT R&I and deemed exempted from NHS Research 

Ethics Committee and Health Research Authority approvals. 

It received cardio-respiratory CSU approval and was approved by the local R&I 

(RM17/97475).  
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7.4 Results 

7.4.1 Study population 

Over the study period (February 2012-January 2017), 365 patients underwent a total of 

519 hypoxic challenge tests (range 1-6 per patient), with a trend towards an increase 

number of HAST in more recent years (Figure 7.1).  

 

 

Figure 7.1 Number of HAST performed each year in the cardio-respiratory department at 

Leeds Teaching Hospital NHS Trust. 

One-hundred and twenty-four subjects had CF, representing the 33.9% of the whole 

population. 

Table 7.1 shows the baseline characteristics of the whole population, subjects with CF 

and those with other respiratory diagnoses. Subjects with CF were younger, had a lower 

BMI and had a lower prevalence of cardiovascular comorbidities. 
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Table 7.1 Baseline characteristics for the whole population and the CF cohort.  

*indicates analysis completed on the whole population of 365 patients (124 CF and 241 non-CF); **indicates analysis completed on the population considering each 

individual test (total 519, CF 225 and non-CF 294).BMI, body mass index; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; ILD, interstitial lung 

disease; NMD, neuromuscular disorders; CBG, arterialised capillary blood gas. Results are expressed as number (%) or median (IQR). 

Baseline characteristics of population  Whole population (n=365) CF cohort (n=124) Non-CF cohort (n=241) p 

Male gender, n(%)* 181 (49.6%) 64 (51.6%) 117 (48.5%) 0.579 
Age at test in years**  51.6 [29-69] 28.5 [22.6-34] 67.6 [60.2-72.9] <0.001 
BMI, (kg/m2)** 24.7 [21.6-28.7] 22.2 [20.6-24.3] 27.4 [24-31.9] <0.001 
Ethnicity* 
   Caucasian 
   Asian 
   Black 

 
331 (90.7%) 
29 (7.9%) 
5 (1.4%) 

 
117 (94.4%) 
7 (5.6%) 
- 

 
214 (88.8%) 
22 (9.1%) 
5 (2.1%) 

0.198 

Diagnosis* 
   CF 
   COPD 
   ILD 
   NMD 
   Other  

 
124 (34%) 
75 (20.5%) 
86 (23.6%) 
16 (4.4%) 
65 (26.9%) 

 
124 (100%) 
- 
- 
- 
- 

 
- 
75 (31.1%) 
86 (35.6%) 
16 (6.5%) 
65 (26.8%) 

<0.001 
 
 
 

Baseline CBG** 
    pH 
    pCO2, kPa 

      pO2, kPa 
    HCO3

-, mmol/L 
    BE 
    SO2, % 

 
7.43 [7.41-7.46] 
5.1 [4.7-5.5] 
9.3 [8.3-10.4] 
25.7 [23.5-27.8] 
1.7 [-0.5-3.6] 
94 [92-96] 

 
7.44 [7.42-7.46] 
4.9 [4.7-5.3] 
10.0 [9.2-10.7] 
25.6 [23.5-27.2] 
1.65 [-0.5-3.1] 
95 [94-96] 

 
7.43 [7.41-7.46] 
5.2 [4.7-5.7] 
8.7 [7.7-9.7] 
25.9 [23.7-28.5] 
1.7 [-0.6-4.2] 
93 [90-95] 

 
0.026 
0.001 
<0.001 
0.097 
0.161 
<0.001 

Blood gas interpretation** 
   Normal CBG 
   Metabolic alkalosis 
   Metabolic acidosis 
   Respiratory alkalosis 
   Respiratory acidosis 
   Mixed disorders 
   Compensated disorders 
   Indeterminate 
   Missing 

 
226 (43.5%) 
91(17.5%) 
5 (1.0%) 
44 (8.5%) 
2 (0.4%) 
4 (0.8%) 
117 (22.5%) 
24 (4.6%) 
6 (1.2%) 

 
104 (46.2%) 
48 (21.3%) 
- 
18 (8.0%) 
3 (1.3%) 
12 (5.%) 
35 (15.6%) 
16 (7.1%) 
1 (0.4%) 

 
122 (41.5%) 
43 (14.6%) 
5 (1.7%) 
26 (8.8%) 
2 (0.7%) 
1 (0.3%) 
82 (27.9%) 
8 (2.7%) 
5 (1.0%) 

0.003 
ns 
<0.05 
ns 
ns 
ns 
ns 
<0.05 
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7.4.2 Acid-base status 

Each blood gas results was interpreted using the automatic tool as described in Section 

4.3.2 and Appendix B. When the automatic tool provided an “unable to determine” result, 

the blood gas was interpreted manually following the Boston and the Steward 

approaches.  

The distribution of ABG results differed significantly when comparing subjects with CF 

with those with other respiratory conditions (Table 7.1) (p=0.014). In both cohorts, blood 

gas results were most often within normal limits. There was a higher prevalence of 

metabolic alkalosis among people with CF compared to the control cohort (21.3% vs 

14.6%, p<0.05). In addition, metabolic alkalosis was the most common disturbance of 

the acid-base status among people with CF, whereas subjects with other respiratory 

conditions more often presented with compensated acid-base disorders (Figure 7.2).  

 

Figure 7.2 Frequency of distribution of blood gas analysis results in the CF cohort and 

among individuals with other respiratory conditions. 

No cases of uncompensated metabolic acidosis or respiratory acidosis were noted 

among patients with CF, whereas these were observed in the non-CF cohort.  

No significant difference in age, sex or BMI were noted in either cohort depending on 

blood gas results. No difference was observed in the relative response to the hypoxic 

stimulus as measured by relative change in blood gas variables, depending on baseline 

acid-base status in the whole population and in either cohort.  
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However, the overall response to the HAST, according to BTS recommendation, differed 

depending on baseline acid-base balance and the prevalence of each acid-base disorder 

was different comparing negative and positive test (Table 7.2).  

In particular, among those who had a negative HAST, there was a higher prevalence of 

normal ABG (53.3%). This was significantly different compared to the most common 

disorders, consisting of compensated disturbances (18%) and metabolic alkalosis 

(15.7%). Conversely, among those requiring oxygen in flight following a positive HAST, 

normal ABG at baseline were observed in 35% of cases, with a higher prevalence of 

compensated disorders (33.9%) and metabolic alkalosis (23.9%). 

Similar results were observed within each cohort separately (Table 7.2). However in 

patients with CF, the only differences noted in the prevalence of blood gases results 

were for normal ABG and metabolic alkalosis. Subjects with normal ABG were more 

frequent among those with a negative HAST and those with metabolic alkalosis 

represented the higher proportion of positive tests.  

Table 7.2 Response to the HAST depending on acid-base status in the whole population, 

and in the two cohort (CF and non-CF) 

Acid-base  Negative HAST Positive HAST p 

Whole population 
  Normal CBG 
  Compensated disorder 
  Metabolic Alkalosis 
  Metabolic Acidosis 
  Respiratory Alkalosis 
  Mixed disorders 

 
163 (53.3%) 
55 (18%) 
48 (15.7%) 
3 (1%) 
35 (11.4%) 
2 (0.7%) 

 
63 (35%) 
61 (33.9%) 
43 (47.3%) 
2 (1.1%) 
9 (5%) 
2 (0.7) 

 
<0.05 
<0.05 
<0.05 
ns 
<0.05 
ns 

Cystic Fibrosis 
  Normal CBG 
  Compensated disorder 
  Metabolic Alkalosis 
  Respiratory Alkalosis 
  Mixed disorder 

 
94 (52.8%) 
32 (18%) 
33 (18.5%) 
17 (9.6%) 
2 (1.1%) 

 
10 (33.3%) 
3 (10%) 
15 (50%) 
1 (3.3%) 
1 (3.3%) 

 
<0.05 
ns 
<0.05 
ns 
ns 

Non-CF 
  Normal CBG 
  Compensated disorder 
  Metabolic Alkalosis 
  Respiratory Alkalosis 
  Metabolic Acidosis 

 
69 (53.9%) 
23 (18%) 
15 (11.7%) 
18 (14.1%) 
3 (2.3%) 

 
53 (35.3%) 
58 (38.7%) 
28 (18.7%) 
8 (5.3%) 
2 (1.2%) 

 
<0.05 
<0.05 
ns 
<0.05 
ns 

7.4.3 Raised bicarbonate 

Four groups were identified based on serum bicarbonate and partial pressure of carbon 

dioxide, as follows: 

1. Group 1: normal pCO2 and normal bicarbonate; 

2. Group 2: normal pCO2 and elevated bicarbonate; 

3. Group 3: elevated pCO2; 

4. Group 4: all others.  
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Table 7.3 Baseline characteristics for the groups based on arterial bicarbonate concentration. 

*indicates analysis completed on the whole population of 365 patients (124 CF and 241 non-CF); **indicates analysis completed on the population considering each 

individual test. Group 1: normal pCO2 and bicarbonate; group 2: normal pCO2 and elevated bicarbonate; Group 3: elevated pCO2; group 4: all others.  

BMI body mass index; CF, cystic fibrosis; ILD, interstitial lung disease; NMD, neuromuscular disease; OSA, obstructive sleep apnoea; OHS, obesity hypoventilation 

syndrome; CBG capillary blood gas.  

Baseline characteristics   Group 1 Group 2  Group 3 Group 4 p 

Male gender, n(%)* 90 (52.6%) 99 (55%) 17 (35.4%) 52 (45.6%) 0.065 

Age at test in years**  48.4 [28-68.3] 39 [27.5-65.6] 67.3 [58.9-71.8] 53.4 [29.3-70.7] <0.0001 

BMI, (kg/m2)** 24.7 [21.6-27.6] 24.3 [21.6-28.5] 26.8 [22.3-33.1] 24.5 [21.1-28.9] 0.632 

Diagnosis* 

   CF 

   COPD 

   ILD 

   NMD 

   OSA/OHS 

   Other  

 

78 (45.6%) 

20 (11.7%) 

44 (25.7%) 

6 (3.5%) 

1 (0.6%) 

22 (12.9%) 

 

90 (50%) 

41 (22.8%) 

20 (11.1%) 

10 (5.6%) 

8 (4.4%) 

11 (6.1%) 

 

6 (12.7%) 

17 (35.3%) 

3 (6.2%) 

4 (8.2%) 

9 (18.8%) 

9 (18.8%) 

 

50 (43.9%) 

10 (8.8%) 

39 (34.1%) 

2 (1.8%) 

1 (0.9%) 

12 (10.5%) 

<0.0001 

 

 

 

Baseline CBG** 

    pH 

    pCO2, kPa 

      pO2, kPa 

    HCO3
-, mmol/L 

    BE 

    SO2, % 

 

7.42 [7.41-7.44] 

4.9 [4.8-5.2] 

9.5 [8.7-10.5] 

24.6 [23.5-25.4] 

0.3 [-0.7-1.1] 

95 [93-96] 

 

7.45 [7.44-7.47] 

5.3 [5.1-5.6] 

9.2 [8-10.1] 

27.8 [26.9-29.2] 

3.5 [2.8-4.9] 

94 [92-96] 

 

7.42 [7.40-7.43] 

6.5 [6.2-6.9] 

7.7 [7-9] 

31.2 [28.8-33.3] 

5.9 [3.9-7.8] 

90 [87.5-93.1] 

 

7.44 [7.40-7.47] 

4.4 [4.2-4.5] 

9.9 [8.7-10.8] 

22.5 [21.4-23.5] 

-1.6 [-3.3 - -0.1] 

95 [93.1- 96] 

 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 
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7.4.3.1 Whole cohort 

Considering the whole population, most subjects fell in groups 1 and 2 (171 and 180, 

respectively), whereas only 48 had elevated daytime pCO2. The groups were similar for 

age and BMI, for the exception of group 3 which included older patients with a higher 

BMI. No differences in sex distribution were noted. Baseline blood gas was different 

across the four groups as excepted with the definition being based on partial pressure of 

carbon dioxide and bicarbonate concentration (Table 7.3).  

The response to the hypoxic stimulus represented by the HAST was different in the four 

groups, with more subjects in group 2 and 3 having a positive HAST, and conversely 

more subjects in cohort 1 and 4 having a negative response (Table 7.4).  

Table 7.4 Response to the HAST in the groups identified based on bicarbonate 

concentration across the whole population and the two cohorts (CF and non-CF). 

Group 1: normal pCO2 and bicarbonate; group 2: normal pCO2 and elevated bicarbonate; Group 

3: elevated pCO2; group 4: all others. 

Acid-base  Negative HAST Positive HAST p 

Whole population 

  Group 1 

  Group 2 

  Group 3 

  Group 4 

 

126 (38.9%) 

99 (30.6%) 

10 (3.1%) 

89 (27.5%) 

 

45 (23.9%) 

80 (42.6%) 

38 (20.2%) 

25 (13.3%) 

<0.001 

<0.05 

<0.05 

<0.05 

<0.05 

CF cohort 

  Group 1 

  Group 2 

  Group 3 

  Group 4 

 

70 (36.6%) 

6 (36.1%) 

4 (2.1%) 

48 (25.1%) 

 

8 (24.2%) 

21 (63.6%) 

2 (6.1%) 

2 (6.1%) 

0.005 

ns 

<0.05 

ns 

<0.05 

Non-CF cohort 

  Group 1 

  Group 2 

  Group 3 

  Group 4 

 

56 (42.1%) 

30 (22.6%) 

6 (4.5%) 

41 (30.8%) 

 

37 (23.9%) 

59 (38.1%) 

36 (23.2%) 

23 (14.8%) 

<0.001 

<0.05 

<0.05 

<0.05 

<0.05 

 

The relative change in partial pressure of oxygen was similar in the four groups 

(p=0.869), but the change in pCO2, HCO3
- and pH differed.  In particular, the response 

to the hypoxic stimulus in terms of ventilation as acid-base balance was different among 

subjects in group 3 compared to the other. In addition, those with raised bicarbonate but 

normal daytime pCO2 (group 2) had a similar response to group 1 for relative change in 

pCO2, and to group 3 for the relative change in HCO3
- (Figure 7.3, Table 7.5). 
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Figure 7.3 Relative change in blood gas variables after the HAST in groups identified based 

on arterial bicarbonate.  

Table 7.5 Relative change in blood gas results during HAST in groups identified based on 

arterial bicarbonate. Group 1: normal pCO2 and bicarbonate; group 2: normal pCO2 and 

elevated bicarbonate; Group 3: elevated pCO2; group 4: all others. 

 Group 1 Group 2 Group 3 Group 4 p 

Whole population 

  Delta pO2 

  Delta pCO2 

  Delta pH 

  Delta HCO3
- 

  Delta SpO2 

 

-2.3 

-0.2 

0.01 

-0.1 

-5.8 

 

-2.4 

-0.3 

0.02 

-0.45 

-5.0 

 

-2.4 

-0.55 

0.03 

-0.65 

-8.0 

 

-2.4 

-0.1 

0.01 

0 

-4.9 

 

0.869 

<0.001 

0.004 

<0.001 

0.002 

CF cohort 

  Delta pO2 

  Delta pCO2 

  Delta pH 

  Delta HCO3
- 

  Delta SpO2 

 

-2.5 

-0.2 

0.02 

-0.15 

-5 

 

-2.4 

-0.3 

0.02 

-0.6 

-5 

 

-2.4 

-0.5 

0.03 

-0.7 

-5 

 

-2.5 

0 

0.01 

0.15 

-4 

 

0.647 

<0.001 

0.318 

0.019 

0.051 

Non-CF cohort 

  Delta pO2 

  Delta pCO2 

  Delta pH 

  Delta HCO3
- 

  Delta SpO2 

 

-2.3 

-0.2 

0.01 

-0.1 

-6 

 

-2.5 

-0.3 

0.02 

-0.3 

-7 

 

-2.4 

-0.6 

0.03 

-0.6 

-9 

 

-2.1 

-0.1 

0.01 

0 

-5.7 

 

0.994 

0.009 

0.263 

0.072 

0.020 

      



 
 

131 

7.4.3.2 CF and non-CF cohorts 

The distribution of the four groups across the two cohorts was different, with less 

individuals in the CF cohorts presenting with elevated pCO2 compared to the non-CF 

cohort. Age and BMI distribution was similar across the four groups in the two cohorts.  

Conversely to what was observed in the whole population, the distribution of sex was 

different in the groups across the cohorts. In particular in the CF cohort a higher 

proportion of male was included in group 2 (elevated bicarbonate and normal partial 

pressure of carbon dioxide), and female in group 4. On the other hand, in the non-CF 

cohort, more male were included in group 1 and female in group 3.  

The response to the hypoxic stimulus represented by the HAST was different in the four 

groups among subjects with CF and the non-CF cohort. Subjects in group 2 represented 

a higher proportion of those with a positive test among patients with CF compared to the 

non-CF cohort (63.6% vs 36.1%) (Table 7.4) 

Within the CF cohort, no difference in the relative change of pO2 and SpO2 was observed 

across the four groups (p=0.752 and p=0.094, respectively). The relative change in pCO2 

was similar comparing group 2 with group 1 and 3, but differed in all other comparisons. 

Conversely, the change in bicarbonate differed in group 2 compared to group 1 and 4 

(Figure 7.4). 

Within the non-CF cohort, partial pressure of oxygen was similar across the groups 

(p=0.992), but SpO2 differed when comparing group 3 with the others. The relative 

change in pCO2 differed in all comparison, except for groups 1 and 2 (p=0.623). Similarly, 

the change in bicarbonate was similar in comparing group 2 with groups 1 and 3, but 

otherwise differed (Figure 7.4).  
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Figure 7.4 Relative change in blood gas variables across groups in the CF and non-CF cohorts.  

Boxplot represent median and IQR in each group, horizontal lines represent the median across the cohort.  

 



 
 

133 

7.4.4 HAST results 

Over the 5-years study period, 365 patients underwent a total of 519 hypoxic challenge 

tests. Of these 519 tests, 188 (36.6%) gave a positive result, as defined by a drop in pO2 

below 6.6 kPa, indicating the need for oxygen during air travel, whereas the rest (63.4%) 

were negative (pO2 at the end of the test >6,6 kPa).  

7.4.4.1 Model development 

As described in Section 7.3.3.2, a training and a validation set were identified a priori 

based on a temporal definition using the cut-off date of July 31, 2016 so that 

approximately 66% of tests were included in the derivation cohort.  

Table 7.6 shows the baseline characteristics of the training and validation sets, which 

included 335 and 184 tests, respectively. Sex and ethnicity distribution were comparable 

in the two sets . Subjects in the training set were older (59 vs 37 years), had a lower 

prevalence of cystic fibrosis (CF, 47.3% vs 33.3%, p<0.01). Capillary blood gas analysis 

results were different in the training and validation set for all parameters, except for pH.  

42.6% and 26.4% of tests were positive (pO2 <6.6 kPa at the end of the test) in the 

training and validation set, respectively (p<0.001).  

Table 7.6 Baseline characteristics in the training and validation cohorts. 

BMI, body mass index; CF, cyrstic fibrosis; COPD, chronic obstructive pulmonary disease; ILD, 

interstitial lung disease; NMD, neuromuscular disorder; OSA, obstructive sleep apnoea; OHS, 

obesity hypoventilation syndrome. Data are expressed as number (%) or median (IQR). 

 Training (n=335) Validation (n=184) p 

Age 59.2 [30.6-70.3] 36.9 [27.4-67.2] 0.001 

BMI 24.9 [21.7-29.3] 24.5 [21.5-27.7] 0.470 

Ethnicity 

  Caucasian 

  Asian 

  Black 

 

304 (90.7%) 

26 (7.8%) 

5 (1.5%) 

 

171 (92.9%) 

7 (3.8%) 

6 (3.3%) 

0.151 

Male sex  164 (49%) 97 (52.7%) 0.412 

Diagnosis 

   CF 

   COPD 

   ILD 

   NMD 

   OSA/OHS 

   Other 

 

124 (37%) 

69 (20.6%) 

68 (20.3%) 

16 (4.8%) 

15 (4.5%) 

43 (12.8%) 

 

101 (54.9%) 

22 (12.1%) 

38 (20.7%) 

6 (3.3%) 

4 (2.2%) 

13 (7.1%) 

0.015 

Baseline CBG 

  pH 

  pCO2, kPa 

  pO2, kPa 

  HCO3
-, mmol/L 

  BE 

  SO2, % 

 

7.44 [7.42-7.46] 

5.2 [4.8-5.6] 

9.1 [8-10.1] 

26.2 [24-28.4] 

2.0 [0-4.1] 

94 [92-96] 

 

7.43 [7.41-7.45] 

4.9 [4.6-5.4] 

9.7 [8.8-10.5] 

25 [23-26.9] 

0.9 [-1.5-2.9] 

95 [93-96] 

 

0.092 

0.003 

0.001 

<0.001 

<0.001 

0.024 

 



 
 

134 

7.4.4.1.1 Single variable predictors 

In the training cohort, patients with a positive HAST were older; more frequently had 

COPD or ILD and had worse lung function. Their baseline CBG showed lower 

oxygenation, higher pCO2 and bicarbonate (Table 7.7).  

Table 7.7 Characteristics for positive and negative HAST in the training set. 

BMI, body mass index; CF, cyrstic fibrosis; COPD, chronic obstructive pulmonary disease; ILD, 

interstitial lung disease; NMD, neuromuscular disorder; OSA, obstructive sleep apnoea; OHS, 

obesity hypoventilation syndrome. Data are expressed as number (%) or median (IQR). 

 Negative Positive p 

Age 40.5 [26.3-67.9] 64.8 [50.2-71.9] <0.001 

BMI 24 [21.7-27.5] 26.3 [21.7-31.8] 0.001 

Ethnicity 

  Caucasian 

  Asian 

  Black 

 

175 (91.1%) 

16 (8.3%) 

1 (0.5%) 

 

126 (90%) 

10 (7.1%) 

4 (2.9%) 

0.213 

Male sex  104 (54.2%) 58 (41.4%) 0.022 

Diagnosis 

   CF 

   COPD 

   ILD 

   NMD 

   OSA/OHS 

   Other 

 

98 (51%) 

17 (8.9%) 

37 (19.3%) 

14 (7.3%) 

1 (0.5%) 

25 (13%) 

 

26 (18.6%) 

50 (35.7%) 

31 (22.1%) 

2 (1.4%) 

13 (9.3%) 

18 (12.8%) 

<0.001 

Baseline CBG 

  pH 

  pCO2, kPa 

  pO2, kPa 

  HCO3
-, mmol/L 

  BE 

  SO2, % 

 

7.44 [7.42-7.46] 

4.9 [4.7-5.3] 

9.9 [9.1-10.7] 

25.2 [23.4-27.1] 

1.15 [-0.5-3.1] 

95 [94-96] 

 

7.44 [7.41-7.47] 

5.3 [4.9-6] 

8 [7.2-8.8] 

27.5 [25.3-29.9] 

3.2 [0.9-5.2] 

92 [89-93] 

 

0.641 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

 

Table 7.8 reports the ROC AUC of each variable to predict HAST results. The ROC 

curves were compared using the methods described by Delong et al [393], with pO2 

showing the highest single-variable discriminatory power.  

Table 7.8 ROC AUC for potential single variable predictors for HAST results. 

Variable ROC AUC 95% CI  p 

Age at test (yr) 0.661 0.602-0.719 <0.001 

BMI 0.586 0.522-0.650 0.008 

Best FEV1 (L) 0.688 0.623-0.753 <0.001 

Best FEV1 (%) 0.604 0.533-0.675 0.004 

Baseline CBG 

  pCO2 

  pO2 

  HCO3
- 

  SaO2 

  BE 

 

0.684 

0.877 

0.697 

0.859 

0.686 

 

0.625-0.724 

0.839-0.915 

0.639-0.756 

0.817-0.902 

0.628-0.745 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 
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Baseline pO2 was the best single variable predictor for negative HAST (ROC AUC 0.877 

[95% CI 0.839-0.915], p<0.001) (Figure 7.5).  

 

Figure 7.5 ROC curve for pO2 to predict results of HAST in the training set. 

7.4.4.1.2 Training set: regression analysis and multivariate model 

Statistically significant continuous variables were tested for multicollinearity prior to being 

entered in the binary logistic regression. pCO2, HCO3
- and BE had a high variance 

inflation factor (VIF) score, so as pO2 and SaO2. Therefore, no collinear variable was 

entered contemporaneously in the same multiple binary regression analyses. 

Table 7.9 shows the final regression coefficients, and odds ratios with 95% CI for each 

of the models, which passed the goodness of fit test. 

Each model was plotted in a ROC AUC against the HAST outcome (Figure 7.6, Panel 

A). ROC AUC were 0.888 (95%CI 0.851-0.924), 0.882 (95%CI 0.844-0.919) and 0.887 

(95%CI 0.850-0.950), respectively. No differences were observed between the three 

ROC AUC, and comparing the ROC AUC of the multivariable models with the pO2 

univariate model. Thresholds of predicted probability at 95% and 97.5% specificity for 

positive and negative outcomes were identified for each model, to then be applied in the 

validation cohort.  
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Table 7.9 Model derivation with binary logistic regression in the training set. 

HCO3-, bicarbonate, SaO2 arterial oxygen saturation, COPD, chronic obstructive pulmonary 

disease; ILD, interstitial lung disease. 

7.4.4.2 Model validation 

The validation cohort included 184 HAST, 26.4% of which were positive. The validation 

cohort differed in comparison to the training cohort as previously described (Table 7.6. 

section 7.4.4.1). 

ROC curves for pO2 and the 3 multivariable models were plotted against the HAST 

outcomes (Figure 7.6, Panel B). The ROC AUC were 0.888 (95%CI 0.824-0.951), 0.916 

(95%CI 0.871-0.961), 0.907 (95%CI 0.856-0.958) and 0.914 (95%CI 0.868-0.959) for 

the baseline pO2, Model 1, Model 2 and Model 3, respectively. No significant differences 

between the four curves were observed within the validation cohort. Similarly, no 

differences were observed with the ROC curves plotted for the training cohort (Figure 

7.6).  

Previously identified cut-off values at 95% and 97.5% were applied to each model. The 

best performing model was Model 1 with the following thresholds (Figure 7.7): 

• 97.5% thresholds  

o Output > 0.77: predicted positive HAST (in-flight oxygen requirement); 

o Output < 0.092: predicted negative HAST (no in-flight oxygen 

requirement); 

o Any other output: indeterminate prediction (in which case an actual HAST 

would need to be performed). 

• 95% thresholds 

o Output > 0.715: predicted positive HAST (in-flight oxygen requirement); 

Models and variables β p OR (95% CI) 

Model 1 

   Baseline HCO3
- 

   Baseline SaO2 

   COPD, N 

   ILD, N 

   Sex, F 

 

0.219 

- 0.589 

-0.917 

-1.315 

0.713 

 

<0.001 

<0.001 

0.032 

<0.001 

0.025 

 

1.245 [1.124-1.378] 

0.555 [0.474-0.650] 

0.400 [0.173-0.924] 

0.269 [0.124-0.584] 

2.039 [1.095-3.797] 

Model 2 

   Baseline pCO2 

   Baseline SaO2 

   COPD, N 

   ILD, N 

   Sex, F 

 

0.930 

-0.550 

-1.002 

-1.204 

0.799 

 

<0.001 

<0.001 

0.19 

0.002 

0.012 

 

2.535 [1.529-4.204] 

0.577 [0.493-0.675] 

0.367 [0.159-0.848] 

0.300 [0.140-0.643] 

2.223 [1.196-4.132] 

Model 3 

   Baseline BE 

   Baseline SaO2 

   COPD, N 

   ILD, N 

   Sex, F 

 

0.232 

-0.613 

-0.885 

-1.283 

0.659 

 

<0.001 

<0.001 

0.039 

0.001 

0.038 

 

1.261 [1.136-1.401] 

0.542 [0.461-0.636] 

0.413 [0.178-0.955] 

0.277 [0.128-0.600] 

1.932 [1.037-3.599] 
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o Output < 0.195: predicted negative HAST (no in-flight oxygen 

requirement); 

o Any other output: indeterminate prediction (in which case an actual HAST 

would need to be performed). 

These thresholds were applied to the validation cohort to assess how many HASTs could 

have been avoided, and the associated error rate.  

The 95% thresholds would have allowed a 65% reduction in number of HAST, with 6 

misclassifications. These would have been distributed as 3 wrongly identified as not 

requiring oxygen (3.5%) and 3 as needing in-flight oxygen (13%).   

The 97.5% thresholds would have reduced the HAST performed by 40.9%, with only 3 

misclassification, all as requiring in-flight oxygen (Figure 7.7).



 
 

138 

 

Figure 7.6 ROC Curve of the three models against a positive outcome of the HAST. Panel A shows the ROC curves in the training cohort and Panel B represents 

the ROC curves in the validation cohort.  
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Figure 7.7 Result of model prediction in the validation cohort. 

7.5 Discussion  

Recent data from University-affiliated hospitals and tertiary centres, including Leeds 

(Figure 7.1), have shown a progressive increase in number of HAST performed every 

year on patients with cystic fibrosis and other respiratory conditions [391,394].  

This provided me with an invaluable opportunity to explore the acid-base status in a large 

cohort of patients with underlying respiratory conditions, and to compare the distribution 

of acid-base disturbances between  patients with CF and those with other lung diseases.  



 
 

140 

Over 500 blood gas samples were analysed in this study, including 225 measurements 

in patients with CF. The majority of blood gases showed a normal acid-base status in 

people with CF. This may reflect the fact that the criteria of referral for CF patients was 

not restricted to those with severe disease but included a diverse group including those 

with relatively good lung function and exercise tolerance.  This notwithstanding, acid-

base disturbances were observed with metabolic alkalosis being the most frequently 

reported among people with CF. Metabolic alkalosis occurred more frequently in subjects 

with CF compared to those with other respiratory conditions (21.3% vs 14.6%), as 

previously described [216,217,223]. In addition, I confirmed that people with CF can 

present with elevated bicarbonate, and normal daytime pCO2 and pH. 

Metabolic alkalosis is a well-recognised CF complication, and is historically often 

attributed to Pseudo-Bartter syndrome [221,222,395], as previously discussed (Section 

2.5.1). In this retrospective study, data on serum electrolytes or renal function were not 

available. As such, in this cohort, association of metabolic alkalosis with electrolytes 

disturbances, dehydration and pseudo-Bartter syndrome cannot be ruled out. However, 

Pseudo-Bartter syndrome has, traditionally, been identified as a complication occurring 

during pulmonary exacerbations or in a hot climate. The requirement for clinical stability 

prior to a HAST, the climate at our latitude and data collected as part of a parallel study 

discussed in my thesis (Chapter 8) would suggest that Pseudo-Bartter is unlikely to be 

the cause of metabolic alkalosis in this context.  

Previous studies in patients with obesity hypoventilation syndrome suggest that isolated 

elevation of bicarbonate is on the spectrum of ventilatory failure [387]. Individuals with 

elevated bicarbonate and BE have a similar response to hypoxic and hypercapnic 

stimulus to individuals with daytime hypercapnia. In addition, bicarbonate has been 

shown to be an independent predictor of respiratory muscle weakness, hypercapnia, and 

survival in patients with neuromuscular disorders and COPD [274,384–386] 

While I did not assess the response to a hypercapnic stimulus, HAST is a variation of a 

hypoxic test. In the whole population, the response to HAST was different in the four 

groups identified on the basis of arterial bicarbonate, with those with high bicarbonate 

concentration showing an intermediate response compared with individuals with normal 

pCO2 and HCO3
- and people with elevated daytime pCO2. A similar trend was observed 

among patients with CF. In addition, more patients with elevated bicarbonate, with or 

without elevation of daytime pCO2, had a clinically significant drop in pO2 and a positive 

response to the HAST (Table 7.4), in both cohorts. This suggest that elevation of arterial 

bicarbonate, even in the presence of normal daytime pCO2, might be on the spectrum of 

chronic ventilatory failure.  

Despite the international recommendation and wide use of HAST in the assessment of 

patents with cardio-respiratory conditions prior to flying [178,182–184], there is a paucity 
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of data on the correlation between anticipated in-flight hypoxaemia and hypoxia-related 

symptoms during air travel [177,179,181]. HASTs need to be performed during clinical 

stability to mimic as closely as possible the time of travel, are time-consuming and 

expensive tests which require a dedicated-hospital appointment.  

As a result of this analysis, I combined oxygenation and ventilation variables to develop 

and independently validate a simple, clinically feasible algorithm (Figure 7.7) for pre-flight 

assessment in patients with any chronic lung disease, based on baseline CBG, diagnosis 

and sex. This predictive model shows how a combination of baseline oxygenation and 

ventilation variables (HCO3
- and SaO2), together with sex, and underlying respiratory 

disease, can reliably predict the response to the hypoxic stimulus in a high percentage 

of cases. This predictive model could be used as a practical clinical application to triage 

patients prior to referral for HAST, reducing the number of tests performed, with close to 

a nil error rate.  

It is well established that patients with hypercapnia have a blunted response to the 

hypoxic drive, and in this cohort, as discussed above, patients with raised bicarbonate 

appear to have a response to the hypoxic stimulus, at least in part, similar to that of 

patients with daytime hypercapnia. It is, therefore, conceivable that HCO3
- and BE could 

reflect the ventilatory component of gas exchange.  

Single variables, measured at sea-level, have been shown to correlate with in-flight 

oxygen saturation [396], but to be inadequate predictors of in-flight oxygen as they can 

under-detect individuals at risk of hypoxaemia at altitude [397,398]. In contrast, these 

results demonstrated that baseline capillary pO2 had good predictive value (Figure 7.5). It 

can however lead to an overestimation in the need for inflight oxygen likely because of 

the lower accuracy of capillary pO2 compared to arterial pO2 for mild hypoxaemia at rest 

conditions [163].  

Crucially, by combining oxygen saturation - the accuracy of which has recently been 

confirmed [399] - with measurements of HCO3, the predictive value of baseline pO2 alone 

was significantly improved. This approach further supports that hypothesis that arterial 

bicarbonate is a marker of ventilation irrespective of daytime pCO2 or pH.  

Compared to previous algorithms [400,401], the multivariable model proposed here 

depends solely on a single blood gas measurement, which can be performed during a 

clinic appointment, and appeared to be valid for respiratory patients irrespective of 

diagnosis.   

In view of the correlation between the aerobic capacity and in-flight hypoxaemia [402–

405], Edvardsen et al [400] proposed an algorithm which included SpO2 at rest and during 

the 6MWT to reduce the number of HASTs performed. Despite 6MWT distance, 

desaturation and cardio-pulmonary exercise test variables being good predictors of 

HAST outcomes in other respiratory conditions [401,402,406], the algorithm was only 
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validated in patients with COPD. The usefulness of 6MWT in discriminating the need for 

inflight oxygen remains unclear with many centres not routinely undertaking both 

procedures as part of a pre-flight assessment [182,394]. In the present study I was 

unable to include the 6MWT in the regression models as only 15.9% of patients had 

undergone the test.  

Some authors suggested that an advantage of HAST compared to predictive equations 

and pre-assessment algorithms is the possibility to titrate oxygen during the HAST [186]. 

However, international recommendations consider acceptable to prescribe supplemental 

oxygen at 2 L/min, or 2 L/min over usual flow rates for patients on long term oxygen 

therapy, for individual at risk of in-flight hypoxaemia [182,407]. In this context, the model 

proposed here can be used to identify a proportion (>50%) of patients who are fit to fly 

without oxygen and of those who need oxygen without the need to perform a HAST.  

7.5.1.1 Strengths and limitations 

The main strength of this study is the inclusion of a large number of consecutive blood 

gases collected during the HASTs performed by patients with a variety of respiratory 

conditions. This amount of data is invaluable to provide a large-scale assessment of the 

acid-base imbalance among patients with CF in comparison with those with other 

respiratory conditions. 

This large amount of data also allowed me  to develop and independently validate a 

multivariate predictive model, with training and validation cohorts defined a priori, in line 

with the TRIPOD statement. In this study, this algorithm appears to be applicable to 

patients irrespective of underlying primary respiratory diagnosis. The different 

characteristics of training and validation cohorts suggest, in fact, that the algorithm has 

the potential to be generalizable to respiratory patients in real-life setting.  

This study is limited by its retrospective and single-centre design. This led to the inability 

of retrieving contemporaneous serum electrolytes and bicarbonate measurements, and 

of accounting for comorbidities. In addition, with the Leeds Respiratory department being 

a tertiary centre for ILD and a regional referral centre for CF, there was 

overrepresentation of these two conditions in the present cohort, and a lower than 

expected frequency of COPD. Therefore, external prospective cross-sectional studies is 

needed to confirm these results.  

7.5.2 Conclusion 

In this large-scale retrospective study, metabolic alkalosis appears to be the most 

frequent disturbance in acid-base balance among people with CF in conditions of 

stability. In addition, it has a higher prevalence among individuals with CF compared to 

those with non-CF respiratory conditions.  
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More patients with CF are in the subgroup with raised serum bicarbonate and normal 

daytime CO2. In this group, the response to hypoxic stimulus is closer to that of people 

with daytime hypercapnia suggesting a blunt respiratory drive.  

To my knowledge, this is the first study combining variables of ventilation and 

oxygenation together with underlying diagnosis to create a simple score for the pre-flight 

evaluation of patients with respiratory conditions, irrespective of their diagnosis. The 

model proposed in this study could potentially reduce the number of hypoxic challenge 

tests that need to be performed, by correctly identifying the majority of patients with 

chronic lung diseases as fit to fly with or without oxygen on one blood gas test alone.  

Further external prospective cross-sectional studies will be needed to confirm these 

results, and their applicability using less invasive measurements, and to assess if 

different criteria could be chosen for specific diagnosis.  
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Chapter 8  

Renal involvement in acid-base balance in CF: 

a case-controlled pilot study 

8.1 Introduction 

Metabolic alkalosis is well recognised as a feature in infants and children with CF, who 

frequently present with Pseudo-Bartter syndrome (PBS) (Section 2.5.1). Over the last 

two decades, an increasing body of evidence has developed, suggesting that metabolic 

alkalosis is also commonly observed in adults with CF [216–218,223,408–411].  

As observed in previous studies and confirmed in the Leeds CF cohort (as discussed in 

Chapter 7), the prevalence of this acid-base disorder appears to be higher in people with 

CF compared to other lung diseases, both during pulmonary exacerbations as well as in 

conditions of stability. Metabolic alkalosis has also been suggested to be a contributing 

factor to the development of hypercapnic respiratory failure, due to hypoventilation in 

response to metabolic alkalosis itself [223].  

Cystic fibrosis is  a multi-system disease with CFTR being expressed throughout the 

body including the kidneys, where it interacts with multiple ion channels. While the 

handling of bicarbonate in the kidney may be an important co factor in driving metabolic 

alkalosis in CF, the aetiology remains unclear [241,242].  

We performed a case-controlled pilot study to further explore the role of the kidney in 

acid-base balance in CF. 

8.2 Aim of the study 

The aims of this study were: 

• To perform a preliminary, non-invasive assessment of renal involvement in acid-

base balance of people with CF.  

• To assess the feasibility of larger prospective trials assessing the acid-base 

status in people with CF compared to other chronic respiratory conditions; 

8.3 Methods 

A prospective, pilot, case-control study was performed in the Leeds Regional CF Unit 

and Respiratory Department.  

8.3.1 Study population 

Eligible participants were recruited on admission to the Department of Respiratory 

Medicine.  
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The inclusion criteria to be enrolled in this study included: 

• A baseline diagnosis of either: 

o cystic fibrosis (two confirmed mutations and/or sweat chloride >30 mmol/L 

with clinical manifestation of CF) for the cases, and  

o pneumonia, exacerbation of non-CF primary respiratory disorder 

(bronchiectasis, COPD, asthma, ILD), or other chest infection for control 

subjects;  

• Admission to the Department of Respiratory Medicine following a pulmonary 

exacerbation or lower respiratory tract infection;; 

• Being able to provide a urinary sample; 

• Having an age of 55 years or lower. 

The exclusion criteria were:  

• Primary reason for hospital admission being non-respiratory;  

• Being treated with diuretics;  

• Having uncontrolled diabetes,  

• Inability to provide consent.  

8.3.2 Data collection 

Blood gases, either arterial or arterialised capillary, and contemporaneous urine samples 

for urinary electrolytes were collected on admission (day 1), on day 7 and on day 14 or 

discharge if sooner.  

Urine samples for pH, HCO3
- and chloride were transferred immediately after collection 

in vacuum tubes, and hand-delivered to the laboratory for immediate analysis [412]. 

Baseline demographic data of comorbidities, use of supplemental oxygen and use of 

non-invasive ventilation, were collected from electronic medical notes (EMIS for patients 

with CF and PPM+ for controls), and collated with the remainder of the data set.  

The average lung function in the year preceding enrolment was also recorded whenever 

available.  

All arterial or arterialised capillary blood gases were interpreted using an automated 

reporting tool developed as part of this thesis (Section 4.3.2 and Appendix B). 

8.3.3 Study outcomes 

The study was designed to preliminary evaluate the renal handling of bicarbonate. 

Outcomes of the studies were distribution of acid-base disturbances and urinary 

concentration of bicarbonate and other electrolytes in people with and without CF.  
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The study also assessed the feasibility of performing a larger trial to evaluate the role of 

the kidney in acid-base status in people with CF, compared with those with other lung 

conditions. 

8.3.4 Statistical analysis 

No sample size calculation was performed for this pilot study. The aim was to to enrol at 

least 15 participants in each arm, over an expected study duration of 3 months.  

Normal distribution of measured variables was assessed by visual inspection and using 

the Shapiro-Wilks test. Results are expressed as number (percentage), means (standard 

deviation), when normally distributed, or median (IQR, 25 th-75th percentile) when not 

normally distributed.  

Unpaired t-test for parametrical data or Mann-Whitney test for non-parametric data was 

used to compare each variable in the two cohorts (CF and other diagnoses). Mean (95% 

CI) difference is presented. A p-value <0.05 was considered statistically significant.  

All analyses were performed with IBM SPSS v26.  

8.3.5 Ethics 

The study was approved by REC and HRA (14/NE/1197) and local R&I (RM14/11390), 

and was conducted in accordance with the Declaration of Helsinki. Written informed 

consent was obtained from all participants. 

8.3.6 Contribution 

This study was designed by Dr Giles Fitch and Prof Daniel Peckham. Dr Fitch and the 

research nurses in the Leeds Regional Adult CF Unit enrolled research participants. My 

contribution to the study consisted in the collection of data, auditing of participants’ notes 

and records to confirm accuracy, statistical analysis and critical interpretation.  

8.4 Results 

8.4.1 Study population 

Between February and September 2015, a total of 31 participants were enrolled to this 

study, of which 15 in the case cohort and 16 in the control cohort. Table 8.1 summarises 

the demographics of the two groups of patients. Among controls, the most common 

underlying respiratory diagnosis was asthma (n=9, 56.3%), followed by bronchiectasis 

(n=3, 18.8%) and pneumonia (n=3, 18.8%). One subject in the control group had ILD.  

Individuals with CF were younger and had lower lung function than those in the control 

arm. They also had a higher prevalence of liver disease, and a lower prevalence of 
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cardiovascular comorbidities, compared to the control group. Requirements for 

respiratory support at home were similar in the two cohorts.  

Table 8.1 Baseline characteristics of the CF and control cohorts. Data are presented as 

number (%) and median (IQR).  

 Cases (n=15) Controls (n=16) p 

Age 31 [26-35] 45 [33-59] 0.002 

Male Sex, n (%) 10 (66.7%) 7 (43.8%) 0.2 

BMI 22.5 [17.4-24.9] 27.8 [23-32] 0.007 

FEV1 % 36 [27-35] 61 [55-99] <0.001 

A&E admission, n(%) 0  13 (81.3%) <0.001 

Comorbidities 

  Cardiovascular 

  Liver disease 

  Diabetes  

 

1 (6.7%) 

10 (66.7%) 

4 (26.7%) 

 

5 (31.3%) 

1 (6.3%) 

1 (6.3%) 

 

0.083 

0.002 

0.061 

Respiratory support  

  Oxygen therapy 

  NIV 

 

2 (13.3%) 

0 

 

1 (6.3%) 

2 (12.5%) 

 

0.505 

0.157 

8.4.2 Trial feasibility outcomes 

The average recruitment rate was 3.75 subjects per month, but differed between 

participants both cohorts (3 subjects per month with CF vs 5 subject per month in 

controls). There were no dropouts from the study. 

Data completion rate was 100% for data collected on day 1, but dropped to 50% for data 

collected on day 7 and 14 or on discharge.  As a consequence of this, only baseline data 

could be analysed for the exploratory outcomes of interest.  

8.4.3 Exploratory outcomes of interest: blood gas analysis 

Table 8.2 summarises the arterial blood gas analyses of the participants in the CF and 

control group. Baseline blood gas was performed on room air in 13 (86.7%) subjects with 

CF, and in 9 (56.7%) in the control groups. All other blood gases were performed on 

supplemental conventional oxygen (nasal cannula or Venturi mask). No blood gas was 

done on NIV.  

Table 8.2 Blood gases results in the two cohorts. Data are presented as median (IQR).  

 Cases (n=15) Control (n=16) p 

ABG 

  pH 

  pCO2, kPa 

  pO2, kPa 

  HCO3
-, mmol/L 

  BE  

 

7.46 [7.41-7.49] 

5.25 [4.88-5.73] 

9.6 [9-10.2] 

27.8 [26.3-30] 

3 [2-7] 

 

7.43 [7.42-7.49] 

4.49 (0.42) 

11.29 [8.19-13.87] 

23.4 [22.1-24.5] 

-0.85 [-2.75-0.17] 

 

0.953 

<0.001 

0.281 

<0.001 

<0.001 

Oxygenation was similar across the two groups [mean difference -1.62 (95%CI -4.13-

0.88], whereas ventilation was significantly different as shown in Table 8.2 [mean 
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difference pCO2 1.25 (95%CI 0.47-1.95)]. Arterial bicarbonate was significantly higher 

among subjects with CF [difference of +5.33 (95%CI 3.55-7.11].  

Interpretation of the blood gas analyses showed that metabolic alkalosis occurred more 

frequently in individuals with CF (46.7% vs 7.1%).  

8.4.4 Exploratory outcomes of interest: serum bicarbonate 

Serum bicarbonate concentration was higher in subjects with CF compared to the control 

cohort [28 (25.5-28.5) vs 24 (23-24.75), p=0.004] ( 

Figure 8.1). In the cohort of subjects with CF, serum bicarbonate tended to be at the 

upper limit of normal, whereas in the control cohort the concentration was on average 

lower than the reference values, despite normal creatinine and renal function (Table 8.3).  

 

Figure 8.1 Serum bicarbonate concentration based on underlying diagnosis 

Table 8.3 Serum electrolyte concentration across the two cohorts. 

 Cases (n=15) Control (n=14) p 

Serum bicarbonate, mmol/L 28 (3) 24 (1) 0.001 

Serum chloride, mmol/L 101 (7) 105 (5) 0.067 

Serum sodium, mmol/L 138 (3) 141 (4) 0.108 

Serum potassium, mmol/L 4.1 (0.4) 4.0 (0.5) 0.892 

Urea, mmol/L 4.2 (3.2) 4.9 (2.2) 1.0 

Creatinine, umol/L 61 (46) 58 (15) 0.650 
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Serum bicarbonate correlated well with the results of the blood gas analysis (Figure 8.2), 

with a Pearson correlation coefficient of 0.494 (p=0.016).  

 

Figure 8.2 Scatter plot of serum bicarbonate and arterial bicarbonate. 

As subjects with CF were younger, had a lower BMI and FEV1 than those in the control 

cohort, correlation analyses were performed to assess the relationship of serum 

bicarbonate with these variables.  

Overall, there was a significant negative correlation between age and bicarbonate 

(Pearson coefficient -0.45, p=0.023). When assessing the two cohorts independently, a 

trend was observed among patients with CF (Pearson coefficient for CF -0.523, p=0.07), 

but no correlation was noted for other diagnosis (Pearson coefficient -0.117, p=0.717). 

No correlation was observed between serum bicarbonate and FEV1 in the whole 

population and in the two cohorts assessed separately.  

Serum chloride was within normal limits in both cohorts, but there was a trend towards a 

lower concentration among subjects with CF compared to the control cohorts. All other 

electrolytes showed a similar  serum concentration in the two cohorts, and within 

reference range (Table 8.3).  

No correlation was observed between the concentration of serum bicarbonate and any 

other serum electrolytes (Figure 8.3), either in the overall population or in the separate 

cohorts. 
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Figure 8.3 Scatter plots of bicarbonate with serum electrolytes in the whole population.
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8.4.5 Exploratory outcomes of interest: urinary electrolytes 

Table 8.4 reports the urinary electrolytes and pH in the CF and control cohorts.   

Table 8.4 Urinary electrolytes and analysis across the two cohorts. 

Data are presented as median (IQR). 

 Cases (n=15) Control (n=16) p 

Urinary pH (lab) 6 [5.75-6.5] 6 [5.25-6.87] 0.918 

Urinary pH (dipstick) 6 [5.38-6.13] 6 [5-7.75]  0.687 

Urinary bicarbonate mmol/L 3.5 [1.22-5] 2.5 [0-9.75] 0.982 

Urinary chloride, mmol/L 133 [65.25-174.75] 49.5 [37.5-117] 0.070 

Urinary sodium, mmol/L 99 [65.75-157.75] 51.5 [29-91] 0.056 

Urinary potassium, mmol/L 64 [25.75-80] 46.5 [24-66.5] 0.654 

Urinary urea, mmol/L 286.5 [199.75-345.75] 260.5 [125-392] 0.740 

Urinary creatinine, mmol/L 11 [5.27-12.25] 10.7 [4.72-16.95] 0.711 

Urinary magnesium, mmol/L 3.2 [1.82-6.12] 2.35 [1.4-4.64] 0.137 

Urinary calcium, mmol//L 4.8 [1.68-6.76] 2.6 [1.7-4.9] 0.412 

Urinary phosphate, mmol/L 22.6 [15.94-26.37] 10.7 [2.24-23.52] 0.033 

 

No differences were observed in renal excretion of bicarbonate, but there was a trend 

towards a higher urinary chloride and sodium concentration among subjects with CF 

(Figure 8.4).  

 

Figure 8.4 Urinary electrolytes in the two cohorts. No difference in the urinary excretion of 

bicarbonate was observed in CF (left) and control (right) cohorts. A trend towards a higher 

excretion of sodium and chloride was noted among subjects with CF.  

No correlation between serum concentration and urinary excretion of bicarbonate was 

observed in the overall group and in the two cohorts (Figure 8.5).  The correlation 

coefficient was 0.077 (p=0.833) for the subjects with CF and 0.046 (p=0.899) for subjects 

in the control cohort.  
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Figure 8.5 Scatter plot of urinary and serum bicarbonate in the whole population and 

across the cohorts.  
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Similarly no correlations between urinary excretion of chloride or sodium and serum 

bicarbonate were observed, both by visual inspections of the scatter plots and formal 

statistical analysis of the correlation coefficients.  

8.5 Discussion 

The increased prevalence of metabolic alkalosis in adults with CF compared to the 

general population is well known [216,218,223]. However, the aetiology of this acid-base 

imbalance in the CF population is not clear. 

To clarify the underlying mechanisms to this imbalance, this study assessed the renal 

handling of HCO3
- electrolytes in relation to acid-base status during pulmonary 

exacerbations. To the best of my knowledge, this is the first study exploring the 

contribution of the kidneys to the metabolic status in people with CF, by non-invasively 

assessing the urinary excretion of anion and cations involved in the process.  

This pilot study highlighted the complexity of having a procedure in place to collect and 

promptly process urinary samples for the assessment of bicarbonate and other 

electrolytes, while avoiding loss of CO2 for bicarbonate analysis [412]. This requires 

sample collection and processing to be completed within the stringent timeframes of one 

hour.  

Despite concerns around this element of the protocol, a larger-scale study seems 

feasible. However, design and recruitment strategies should be revisited. In our 

population, we had excellent data completion rate at day 1, including for urinary 

bicarbonates, but a poor one for data collected on day 7 and 14 or at discharge. This 

discrepancy cannot be attributed to the procedure of collecting urinary samples, but 

rather to the recruitment strategy. Patients enrolled in the control cohort were often 

discharged prior to the follow-up data collection dates, preventing data collection within 

the time frame of an admission. 

In a larger-scale, confirmatory study, follow-up reviews at day 7 and day 14 should be 

arranged in dedicated clinics, for all patients discharged prior to the date of follow up. 

Care should be taken for these clinics to be arranged within the same hospital where the 

laboratory for processing urinary samples is located, rather than in the community, where 

a laboratory would not be readily available.  

In addition, the distribution of data in our exploratory analysis suggests that a large 

sample size would be required to properly power a confirmation trial.  

Metabolic alkalosis and isolated elevation of serum bicarbonate occurred more 

frequently in people with CF compared to controls, but this did not appear to be 

associated with Pseudo-Bartter syndrome or to a post-hypercapnic status. The normal 
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serum electrolytes and increase in urinary sodium and chloride excretion all point to the 

presence of an alternative mechanism at play, including in particular defective  HCO3
- 

handling secondary to CFTR dysfunction.  

In the two cohorts, patients with CF presented with metabolic alkalosis more frequently 

than the control group (46.7% vs 7.1%), as previously described [223]. Compared to 

previous studies however, the control group in our trial included mostly patients with 

asthma, and no patients with COPD. While this might affect the acid-base profile of the 

control cohort, as patients with exacerbations of asthma frequently present with 

respiratory alkalosis, it should not affect the considerations related to CF cohort.  

Among patients with CF in this study, metabolic alkalosis does not appear to be 

associated with PBS. Serum electrolytes and renal function were in fact normal among 

subjects with CF, as well as in controls. In addition, within the CF cohorts electrolytes 

were within normal range irrespective of the acid-base status.  

Similarly, no differences in the urinary excretion of electrolytes were observed when 

comparing patients with metabolic alkalosis and those with a different metabolic status.  

An elevation in sodium and chloride urinary excretions usually reflects a 

mineralocorticoid excess, or the presence of a disorder that mimics it, including primary 

activation of ENaC [413]. Changes in ion transport in the renal tubules could be due to 

CFTR dysfunction and possible elevation in ENaC activity [414].  

Previous studies on patients with obesity-hypoventilation syndrome suggest that raised 

HCO3
- and BE may be part of the spectrum of chronic ventilatory failure even in the 

presence of normal pH and daytime pCO2 [387]. If the same were to apply to people with 

CF, transient hypoventilation with raised pCO2 levels may be the cause of the increased 

serum HCO3
- noted in the CF cohort. While the potential role of this compensatory 

mechanisms was not investigated in the present study, a post-hypercapnic status would 

usually be associated with low urinary excretion of chloride (<20 mmol/L) [413].   

Furthermore, increased serum concentration of  HCO3
- should result in increased urinary 

excretion, via process mediated by the hormone secretin. In this study, urinary excretion 

of HCO3
- was similar in the CF and control cohorts. In CF, serum HCO3

- levels do not 

correlate with urinary excretions as might have been expected.  

Renal handling of HCO3
- in CF appears to be defective, in line with earlier small studies 

which showed that people with CF excreted less HCO3
- than controls, despite having 

comparable serum levels and pCO2 [241]. This might well be a direct consequence of 

CFTR dysfunction, in view of the recent link proposed between CFTR, renal pendrin and 

metabolic alkalosis in knock-out murine models [243].  
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8.5.1 Limitations 

None of the participants in the CF group were retested on CFTR modulators to asses if 

treatment led to changes in urinary bicarbonate excretion.  

If we speculate a direct role of defective CFTR in determining the acid-base status in 

people with CF, a control group of patients treated with small molecule therapy able to 

restore the function of CFTR across all systems would be an ideal control cohort. This 

study was however carried out prior to the introduction of the newer modulators. 

In addition, the lack of sleep and/or exercise studies in patients with CF meant that we 

were unable to assess if subjects were experiencing any hypoventilation, albeit transient, 

that could affect their acid-balance status. In addition, the high proportion of patients with 

exacerbations of asthma in the control cohort could have led to an increase prevalence 

of hypocapnia and subsequent lower concentration of bicarbonate among the control 

subject.  

Finally, despite the inclusion criteria for the control cohort being quite narrow in terms of 

age, the two groups were different in demographics and baseline characteristics, with 

patients with CF being younger and having a more severe lung disease and systemic 

complications.  

8.6 Conclusion 

This study demonstrates that acid-balance differs in people with CF compared to 

individuals with other respiratory conditions at time of pulmonary exacerbations. Patients 

with CF tend to present more often with metabolic alkalosis during exacerbations 

compared to individuals with other respiratory conditions.  

The aetiology of these changes in acid-base and metabolic status of people with CF 

appears to be complex. Based on these exploratory outcomes, we speculate that 

respiratory and metabolic dysfunction are co-determinant for the altered metabolic status 

of people with CF.  

Patients with CF might experience transient hypoventilation with subsequent increase in 

partial pressure of carbon dioxide and bicarbonate concentration as a compensatory 

mechanism. CFTR dysfunction in the kidneys leads to loss of inhibition of ENaC with 

subsequent high excretion of chloride and sodium. Similarly, CFTR dysfunction at tubular 

level leads to defective upregulation of pendrin and lack of increase in urinary excretion 

of bicarbonate in response to high serum concentration or base load. 

A larger prospective study including subjects on highly effective CFTR modulators is 

needed to clarify if these drugs can modify urinary electrolyte excretion and  

hyperbicarbonatemia during exacerbations. 
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Chapter 9   

Hypoxic altitude simulation test in respiratory disease: 

 a prospective external validation study 

9.1 Introduction 

Metabolic alkalosis appears to be the most frequent acid-base disturbance in patients 

with cystic fibrosis, both in clinical stability and during pulmonary exacerbations (Chapter 

7 and Chapter 8) [215–217,223,359]. Similarly, isolated elevation of serum bicarbonate 

has been noted across the Leeds cohort of patients with CF during regular annual 

assessments (Chapter 5), where it appears to not to be exclusively associated with 

severe lung disease.  

I hypothesised (Chapter 4, Section 4.1.1) that isolated elevation of serum bicarbonate in 

patients with CF could either be the result of defective handling of bicarbonate in the 

kidney, or be on the spectrum of chronic ventilatory failure, as previously described for 

obesity hypoventilation syndrome [387,389].   

As previously described in Chapter 7, patients with raised bicarbonate had a response 

to the hypoxic stimulus similar to that of people with daytime hypercapnia. This was 

shown on a large cohort of patients with CF and other respiratory conditions, attending 

the Cardio-respiratory Department for a hypoxic altitude simulation test (HAST).  

Further, I showed that bicarbonate is a significant determinant of the response to the 

HAST, which allowed me to develop a predictive algorithm of HAST outcome, based 

solely on easy-to-measure variables of oxygenation and ventilation.  

To further validate the results presented in Chapter 7, we performed a prospective 

external validation study of the predictive value of this model.  

9.2 Aim of the study 

The aims of this study were to: 

• Confirm that metabolic alkalosis is the main acid-base disturbance observed in 

people with CF in a prospective cohort.  

• Further assess the level of serum bicarbonate in people with CF in comparison 

with those with other respiratory conditions, and evaluate the level of agreement 

between serum and arterial bicarbonate.  

• Validate the model previously developed in an external prospective cohort 

(Chapter 7, Section 7.4.4). 
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• Assess whether a simplified version of the model, that uses pulse oximetry and 

serum bicarbonate instead of arterial oxygen saturation and bicarbonate, is 

feasible and has comparable predictive value to the original model.  

9.3 Methods 

A single-centre, prospective observational study for external validation was performed at 

the Cardio-Respiratory Department of Leeds Teaching Hospital NHS Trust.  

9.3.1 Study population 

All patients attending the Department for a HAST were considered for eligibility to take 

part in the study.  

The inclusion criteria for the study were: 

• Age 18 years or older; 

• Conditions of clinical stability; 

• Background of chronic respiratory disease. 

No exclusion criteria were defined for this study. Patients unable to provide informed 

consent were excluded.  

9.3.2 Study procedures 

Patients who agreed to take part in the trial received clinical care in keeping with 

recognised clinical practice. HASTs were performed as per standard BTS guidance at 

the Cardio-Respiratory department at LTHT by qualified physiologists, and was 

considered positive if pO2 at the end of the test was lower than 6.6 kPa, or if a drop in 

oxygen saturation <85% with or without symptoms was noted during the test [182,391].  

In addition to what is standard procedure for HAST, subjects taking part in the study 

agreed to the following: 

• Measurement of respiratory rate (RR) and heart rate (HR) before and after the 

test; 

• Venepuncture to collect a 4 ml blood sample for serum bicarbonate; 

• Review of their medical notes by the study team.  

9.3.3 Data collection 

Results of HAST, RR and HR, as well as serum bicarbonate concentration were 

recorded.  

Electronic medical records (EMIS for patients with CF, PPM+ for all other individuals) 

were searched to collate demographics, and primary respiratory diagnosis. 

Demographics, and clinical baseline information were collected in anonymised form for 
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each subject. In addition, best FEV1, overnight oximetry and 6-minute walking test 

(6MWT) performed on the closest date within the 12 months prior the HAST were 

recorded, when available.  

9.3.4 Statistical analysis 

The statistical plan of this study, as well as the sample size calculation, were based on 

the validation of the previously defined model (Chapter 7). 

Based on the prevalence of positive HASTs observed in the retrospective cohort (36.2% 

during a 5-year period), and considering that previous studies have concluded that at 

least 100 event and 100 non-event (positive HAST) outcomes are required to confirm 

that a predictive model is well calibrated, a sample size of 280 subjects was calculated. 

However, in view of recent studies showing that smaller samples are often sufficient to 

externally validate scoring systems based on logistic regression models, multiple interim 

analyses were pre-planned (100, 150, 200 and 280 patients) with the aim to terminate 

the study early upon successful validation of the model.  

Demographics and baseline characteristics of patients were analysed on the whole 

population and by cohorts depending on the underlying diagnosis, the outcome of the 

HAST and the four groups previously identified based on bicarbonate levels (Chapter 7).  

Data distribution was assessed by visual inspection and using the Shapiro-Wilks test. 

Data are presented as mean and SD if normally distributed, median and IQR if 

distribution is non normal. Number and percentage was used to describe the frequency 

of distribution of acid-base status as defined by blood gas analysis interpretation.  

Parametric and non-parametric analyses were conducted as appropriate. The chi-square 

test was performed to assess different distribution in prevalence.  

The binary logistic regression model, developed as in Chapter 7, was applied to the 

external validation cohort. ROC curves were plotted to test the hypothesis that the 

proposed model is a good predictor of HAST outcomes. The accuracy of the results and 

error rate were subsequently computed, using the pre-identified cut-off criteria (Section 

7.4.4.1) against the results of the HAST.  

IBM SPSS statistics version 26 (IBM Corp, Armonk, NY, USA) was used for all the 

analyses. 

9.3.5 Ethical approval 

The study was approved by HRA (18/WS/0117) and local R&I (RM18/109075), and was 

conducted in accordance with the Declaration of Helsinki. Written informed consent was 

obtained from all participants. 
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9.4 Results 

9.4.1 Study population 

Between November 2018 and March 2020, 114 patients underwent a HAST of which 96 

were enrolled in the study. The study was paused in March 2020 due to the beginning of 

the COVID-19 pandemic. Because the number of enrolled patients at the time was really 

close to the first pre-planned interim analysis (n=100), a full interim analysis was 

conducted to assess if it was possible to terminate the study early as pre-planned.  

Table 9.1 shows the baseline characteristics of the study population, and of the cohorts 

of subjects with CF and other respiratory diagnoses. Thirty-six subjects had CF, 

representing the 37.5% of the whole population. Subjects with CF were younger, had a 

lower BMI and had a lower prevalence of cardiovascular comorbidities and pulmonary 

hypertension, but more frequently had diabetes and liver disease (p < 0.05).
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Table 9.1 Baseline characteristics for the whole population and the CF cohort 

BMI, body mass index; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; ILD, interstitial lung disease; CBG, capillary blood gas.  

Data are expressed as number (%) or median (IQR). 

Baseline characteristics of population  Whole population (n=96) CF cohort (n=36) Non-CF cohort (n=60) p 

Male gender, n(%) 54 (56.3%) 19 (52.8%) 35 (58.3%) 0.595 
Age at test in years 60 [31.5-72.4] 31.2 [26.1-37.3] 70.9 [62.8-75.6] <0.001 
BMI, (kg/m2) 25.6 [21.8-29.8] 22 [20.7-25.6] 27.6 [24.3-29] <0.001 
Ethnicity 
   Caucasian 
   Asian 

 
89 (92.7%) 
7 (7.3%) 

 
33 (91.7%) 
3 (8.3%) 

 
56 (93.3%) 
4 (6.7%) 

0.710 

Diagnosis 
   CF 
   COPD 
   ILD 
   Other  

 
36 (37.5%) 
22 (22.9%) 
30 (31.3%) 
8 (8.3%) 

 
36 (100%) 
- 
- 
- 

 
- 
22 (36.7%) 
30 (50%) 
8 (13.3%) 

<0.001 
 
 
 

Comorbidities 
   Diabetes 
   Liver diseases 
   Pulmonary hypertension 
   Cardiovascular 

 
25 (26%) 
35 (36.5) 
8 (8.3%) 
23 (24%) 

 
15 (41.7%) 
31 (86.1%) 
0 (0%) 
2 (5.6%) 

 
10 (16.7%) 
4 (6.7%) 
8 (13.3%) 
21 (35%) 

 
0.014 
<0.001 
0.035 
0.002 

Baseline CBG 
    pH 
    pCO2, kPa 

      pO2, kPa 
    HCO3

-, mmol/L 
    BE 
    SO2, % 

 
7.42 [7.4-7.44] 
4.7 [4.4-5.1] 
9.3 [8.5-10.4] 
23.8 [22.6-25.1] 
-0.8 [-2.3-0.8] 
93.6 [91.5-94.6] 

 
7.42 [7.4-7.44] 
4.7 [4.3-5.1] 
10.1 [9.3-10.1] 
23.6 [22.4-25] 
-1.2 [-2.5-0.8] 
94.8 [94-96] 

 
7.42 [7.4-7.44] 
4.7 [4.4-5.2] 
8.8 [7.8-9.4] 
23.8 [22.7-25.1] 
-0.8 [-2.1-0.8] 
93 [90-94] 

 
0.643 
0.421 
<0.001 
0.655 
0.660 
<0.001 

Serum HCO3
-, mmol/L 27 [24-29] 26.5 [24-28] 27 [24.25-29] 0.420 

Baseline SpO2, % 94 [92-95] 95 [94-96] 92 [91-94] <0.001 
Blood gas interpretation 
   Normal CBG 
   Metabolic alkalosis 
   Metabolic acidosis 
   Respiratory alkalosis 
   Respiratory acidosis 
   Mixed disorders 
   Compensated disorders 
   Missing 

 
51 (53.1%) 
2 (2.1%) 
- 
11 (11.5%) 
1 (1.0%) 
2 (2.1%) 
23 (23.9%) 
6 (6.3%) 

 
19 (52.8%) 
-  
- 
6 (16.7%) 
- 
2 (5.6%) 
9 (24.9%) 
- 

 
32 (53.3%) 
2 (3.3%) 
- 
5 (8.3%) 
1 (1.0%) 
- 
14 (23.3%) 
6 (10%) 

ns 
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9.4.2 Acid-base status 

Each blood gas results was interpreted using the automatic tool described in Section 

4.3.2 and Appendix B. 

The distribution of acid-base status was similar comparing subjects with CF and those 

with other respiratory conditions (Table 9.1). In both cohorts, blood gas results were most 

often within normal limits. The most common acid-base disturbance observed in both 

cohorts was compensated acid-base disorders. Metabolic alkalosis and acute 

uncompensated respiratory acidosis were not observed among people with CF, and 

appeared to be a rare occurrence within the control cohort (Figure 9.1). 

 

Figure 9.1 Frequency of distribution of blood gas analysis results in the CF cohort and 

among individuals with other respiratory conditions.  

In view of the small numbers of tests across the different groups based on the acid-base 

assessment, analysis on the response to the hypoxic stimulus depending on acid-base 

status was not performed.  

9.4.3 Arterial and serum bicarbonate 

As in the retrospective study (Chapter 7), four groups were identified based on serum 

bicarbonate and partial pressure of carbon dioxide, as follows: 

1. Group 1: normal pCO2 and normal bicarbonate; 

2. Group 2: normal pCO2 and elevated bicarbonate; 

3. Group 3: elevated pCO2; 

4. Group 4: all others.  

Within the whole population, most subjects were included in groups 1 and 4 (23 and 59, 

respectively), whereas only 7 had elevated daytime pCO2 and 1 had raised arterial 

%
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bicarbonate with normal pCO2. Within the CF cohort, no subject had daytime 

hypercapnia or isolated raised arterial bicarbonate. Considering this and the low number 

of subjects in the four subgroups, analysis of the different response to the hypoxic 

stimulus was not performed.  

While no difference overall was noted in arterial or serum bicarbonate concentration 

comparing people with CF and those with other respiratory conditions, a direct 

comparison of serum and arterial bicarbonate in both cohorts showed that serum 

bicarbonate level tended to be more elevated than arterial (Figure 9.2). 

 

Figure 9.2 Arterial and serum bicarbonate in the CF and non-CF cohort 

 

A good correlation was, however, noted in the overall population and in each cohort 

separately. This correlation was stronger in the CF cohort (Spearman rho 0.679, p<0.01) 

than in the non-CF cohort (Spearman rho 0.538, p<0.01) (Figure 9.3).  
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Figure 9.3 Correlation between serum and arterial bicarbonate in the CF and non-CF 

cohorts. The top panel represents the CF cohort with a Spearman rho=0.679, the bottom panel 

shows the non-CF cohort with a Spearman rho=0.538. 

A stronger correlation was observed between pCO2 and serum bicarbonate, but this was 

more significant in the non-CF cohort (Spearman’s rho 0.703, p<0.01) than in the CF 

group (Spearman’s rho 0.566, p<0.01) (Figure 9.4).  

 

Figure 9.4 Correlation between serum bicarbonate and pCO2 in the CF and non-CF 

cohorts. The top panel represents the CF cohort with a Spearman rho=0.566, the bottom panel 

shows the non-CF cohort with a Spearman rho=0.703. 

Se
ru

m
 b

ic
ar

b
o

n
at

e
 (

m
m

o
l/

L)
Se

ru
m

 b
ic

ar
b

o
n

at
e

 (
m

m
o

l/
L)

Arterial bicarbonate (mmol/L)

Se
ru

m
 b

ic
ar

b
o

n
at

e
 (

m
m

o
l/

L)
Se

ru
m

 b
ic

ar
b

o
n

at
e

 (
m

m
o

l/
L)

pCO2 (mmHg)



 
 

165 

9.4.4 Predictive model validation 

The cohort included in this study was used to validate the model developed and 

previously retrospectively validated in Chapter 7. 

The validation cohort included 96 HAST, 29.2% of which were positive. The validation 

cohort was different compared to the previous training cohort in terms of underlying 

diagnoses and baseline CBG (Table 9.2).  

Table 9.2 Baseline characteristics of the training and external validation cohorts.  

BMI, body mass index; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; ILD, 

interstitial lung disease; NMD, neuromuscular disorder; OSA, obstructive sleep apnoea; OHS, 

obesity hypoventilation syndrome. Data are expressed as number (%), and median (IQR).  

 Training External validation p 

Age 59.2 [30.6-70.3] 60.1 [31.5-72.4] 0.466 

BMI 24.9 [21.7-29.3] 25.6 [21.8-29.8] 0.792 

Ethnicity 

  Caucasian 

  Asian 

  Black 

 

304 (90.7%) 

26 (7.8%) 

5 (1.5%) 

 

88 (91.7) 

7 (7.3%) 

- 

0.502 

Male sex  164 (49%) 54 (56.3) 0.247 

Diagnosis 

   CF 

   COPD 

   ILD 

   NMD 

   OSA/OHS 

   Other 

 

124 (37%) 

69 (20.6%) 

68 (20.3%) 

16 (4.8%) 

15 (4.5%) 

43 (12.8%) 

 

36 (37.5%) 

22 (22.9%) 

30 (31.3%) 

- 

- 

8 (8.3%) 

0.022 

Baseline CBG 

  pH 

  pCO2 kPa 

  pO2, kPa 

  HCO3
-, mmol/L 

  BE 

  SO2, % 

 

7.44 [7.42-7.46] 

5.2 [4.8-5.6] 

9.1 [8-10.1] 

26.2 [24-28.4] 

2.0 [0-4.1] 

94 [92-96] 

 

7.42 [7.40-7.44] 

4.7 [4.4-5.1] 

9.3 [8.5-10.4] 

23.8 [22.6-25.1] 

-0.8 [-2.3-0.8] 

93.6 [92.2-95.2] 

 

0.001 

<0.001 

0.235 

<0.001 

<0.001 

0.634 

Serum HCO3
-, mmol/L n/a 25.6 [24-29]  

9.4.4.1 ROC Analyses in the prospective validation cohort 

ROC curves for pO2 and the 3 multivariable models were plotted against the HAST 

outcomes (Figure 9.5). The ROC AUC were 0.849 (95%CI 0.753-0.944), 0.854 (95%CI 

0.765-0.943), 0.842 (95%CI 0.750-0.933) and 0.840 (95%CI 0.742-0.937) for the 

baseline pO2 model, Model 1, Model 2 and Model 3, respectively.  

No significant differences between the four curves were observed within the validation 

cohort. Similarly, no differences were observed with the ROC curves plotted for the 

training cohort (Figure 9.5).  
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Figure 9.5 ROC Curve of the three models against a positive outcome of the HAST in the training and external validation cohort.  

Each panel present the ROC curve for one of the models in the training (blue) and validation (red) cohorts. No differences were observed between the ROC AUC for 

the training and validation cohorts.  
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9.4.4.2 Predicted probability in the external validation cohort 

The cut-off values at 95% and 97.5% (Chapter 7, Section 7.4.4.2) for Model 1, previously 

identified as the best performing, were applied to the output of this validation cohort. 

The 95% thresholds would have allowed a 56.3% reduction in number of HAST, with 7 

(7.3%) misclassification. These would have been distributed as 2 wrongly identified as 

not requiring oxygen (2.1%) and 5 as needing in-flight oxygen (5.2%). 

The 97.5% thresholds would have reduced the HAST performed by 32.3%, with 5 

misclassification. Of these, one subjects would have been wrongly identified as not 

requiring in-flight oxygen (1.0%), and 4 (4.2%) as requiring in-flight oxygen (Figure 9.6). 

 

Figure 9.6 Results of model prediction in the prospective validation cohort. 
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9.4.5 Simplified predictive model 

The output of Model 1 was recalculated on this validation cohort by replacing arterial 

oxygen measures with pulse-oximetry measures, and measures of bicarbonate with 

measures of serum bicarbonate. These are in theory one-for-one replaceable measures, 

thanks to the good correlation between arterial and serum bicarbonate, and arterial SO2 

and SpO2, although known to be less precise and less accurate than their counterparts. 

 

 

Figure 9.7 Results of model prediction with the simplified version of model 1in the 

prospective validation cohort. 

While the simplified model result in a ROC AUC of 0.836, the use of the previously 

identified threshold for the computation of this simplified model resulted in a significant 

loss of accuracy compared to the original model outputs, with a major increase in the 

number of misclassifications. In particular, the 95% thresholds would have allowed a 

71.8% reduction in number of HAST, but leading to 26 (27.1%) misclassification. The 
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97.5% thresholds would have reduced the HAST performed by 20.1%, with 6 

misclassification (6.25%). 

9.5 Discussion  

In this prospective study, the distribution of acid-base disturbances in people with CF is 

substantially different compared to what previously described in my large-scale cohorts 

(Chapter 7), and in the literature [216–218,359].  

Blood gases were in fact normal in the majority of cases, with metabolic alkalosis not 

being observed among subjects with CF. Similarly, levels of serum bicarbonate, which I 

had expected to be raised in people with CF based on my previous results (Chapter 5 

and Chapter 8), were similar in the two cohorts.  

While this could be a result of the small sample size of this prospective cohort (n=36 

patients with CF), it could also reflect the improved clinical stability and better overall 

health of patients with CF that attend for HASTs, compared to that of the historical Leeds 

CF cohort (Chapter 7). This improved stability and health is, in big part, due to the wider 

availability of better treatment, particularly CFTR modulators. Approximately a third 

(n=10) of the subjects with CF included in this study were on treatment with CFTR 

modulators (IVA n=1; TEZ/IVA n=6; or ELX/TEZ/IVA n=3).  

Recent studies suggest that individuals with CF might suffer from an impaired handling 

of bicarbonate in the kidneys as a result of defective CFTR [243]. The results presented 

in Chapter 8 are in accord to these recent findings, and support a contributing role of the 

kidney in causing metabolic alkalosis and raised bicarbonate in patients with cystic 

fibrosis. An increased expression of CFTR in renal tubules, caused by CFTR modulators, 

could therefore affect the acid-base status and serum bicarbonate levels, bringing them 

closer to normality.  Further studies are certainly warranted to understand the impact of 

highly effective CFTR modulators, now the gold standard in the treatment of CF, on the 

distribution of acid-base disturbances.  

In this study, HAST yielded negative results in the most cases, with only a third of the 

individuals undergoing the test requiring in-flight oxygen. This further supports the 

potential significant benefit of introducing an algorithm-based triage system to reduce the 

number of tests performed. HASTs are time-consuming, heavy on resources and require 

additional hospital appointments, and a significant reduction of tests performed would be 

very welcome, particularly in these times of high pressure to any healthcare system. 

The multivariable model developed and validated retrospectively in Chapter 7 based on 

a single blood gas combining variables of oxygenation and ventilation, was proven to be 

valid and accurate in this external cohort.  
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Were the predictor applied to this cohort of patients as a triaging algorithm, it would have 

resulted in a reduction of a least 30% in the number of HAST performed, with a minimal 

error rate, mostly consisting of over-conservative recommendations for inflight oxygen. 

Although the model was validated on a smaller than anticipated sample size, the results 

satisfy the pre-determined criteria for early termination.  

The three cohorts of derivation, retrospective and prospective validation were 

significantly different in terms of baseline characteristics of the patients and their 

underlying diagnosis. This notwithstanding, the predictive value of the multivariate score 

was unaffected. This confirms that the results are robust and widely generalisable. 

In view of the good correlation shown for arterial and serum bicarbonate and arterial SO2 

and SpO2, I attempted to use these simpler-to-measure pulse-oximetry variables in lieu 

of the original to compute the predictive score. The simplified version of the model 

proved, however, not viable due to reduced accuracy and increased number of 

misclassifications. 

9.6 Conclusion 

This study supports and confirms my previous results, that combining variables of 

ventilation and oxygenation with underlying diagnosis could allow for a simple, but 

effective triage of people with respiratory conditions who are planning to fly. Despite a 

good correlation of serum and arterial bicarbonate, and arterial saturation with pulse 

oximetry, these are not interchangeable in the model.  
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Chapter 10  

Non-invasive ventilation in CF: 

a retrospective study 

10.1  Introduction 

Approximately 20% of individuals with Cystic Fibrosis develop severe lung disease, 

defined as FEV1 <40%, by the age of 30 years [2,415]. As previously described in 

Chapter 2 (Sections 2.4 and 2.5) patients with CF and advanced lung disease can 

develop gas exchange abnormalities, presenting with nocturnal hypoxaemia and 

hypercapnia. These often precede daytime respiratory failure [66,416]. Chronic 

respiratory failure is associated with a poorer outcome, a more rapid decline in lung 

function, and is an indication for referral for lung transplantation [374,375].  

By slowing the rate of progression of respiratory failure, contributing to control of 

inflammation, and favouring expectoration thereby reducing the risk of atelectasis, NIV 

has the potential of improving prognosis in individuals with CF [330,417]. In addition, NIV 

is used where appropriate to treat acute respiratory failure during episodes of pulmonary 

exacerbations.  

By virtue of these, as well as of all the physiological effects described in Chapter 3, NIV 

could play a significant role in CF.  

Despite a strong pathophysiological rationale for using NIV in CF, a recent Cochrane 

review concluded that evidence on the use of this technique in CF is limited, with no data 

on its impact on disease progression [330]. This notwithstanding, NIV is used routinely 

in everyday clinical practice, and up to 10% of patients with CF have received NIV at 

least once in their life [229,332]. This is especially true in the context of advanced lung 

disease and chronic ventilatory failure where NIV can play a role in bridging patients to 

transplant and controlling pCO2 [339,341,343,418–420]. 

To increase the understanding of how NIV is used in patients with CF, to evaluate its 

impact on their outcomes, and to assess its impact on acid-base balance and serum 

bicarbonate, I conducted a single-centre, large-scale retrospective study of all patients 

with CF who received NIV in a 10-year period within the Leeds CF centre. 

10.2  Aim of this study 

The aims of this study were: 

• To assess the indications of NIV use in adults with cystic fibrosis attending the 

Leeds CF centre; 

• To assess any changes in blood gas and serum bicarbonate in response to the 

application of NIV in patients with CF; 
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• To describe the outcomes associated with NIV treatment; 

• To assess if any baseline factor could predict the patient’s response to NIV.  

10.3 Methods 

A retrospective analysis of data collected prospectively for standard clinical care on the 

Unit Electronic Patients Records (EPRs, EMIS) at the Leeds Regional Adult CF Centre 

between January 2008 and December 2018 was performed.  

All patients included in the study previously consented for clinical data stored on the 

EPRs to be used for research purposes (Appendix A).  

10.3.1 Study population 

The EMIS reporting tool was used to identify all patients who met the following inclusion 

and exclusion criteria for the study population: 

• A confirmed diagnosis of cystic fibrosis (defined as having two CF-causing 

mutations, and/or a sweat chloride test >30 mmol/L with clinical manifestations 

of CF); 

• Age of 17 years or older at time of the search; 

• At least one application of NIV for a duration of at least 12 hours. 

• Individuals who had NIV after having received lung transplantation, or specifically 

for obstructive sleep apnoea (OSA) or chest physiotherapy (CPT) only, were 

excluded from the study.  

A subsequent detailed reviewed of patients record allowed to confirm that all patients 

meeting the inclusion and exclusion criteria were correctly identified.  

To assess the medium-term outcomes of treatment with NIV, two groups were identified 

a priori based on the length of their follow up with the Unit: 

• Group 1: patients who had a follow up longer than 6 months; 

• Group 2: patients who had a follow up shorter than 6 months.  

Of the patients who had a follow up longer than 6 months, two sub-groups were identified 

based on the duration of NIV treatment: 

- Subgroup 1A: subjects who remained on NIV throughout their follow-up period; 

- Subgroup 1B: subjects who declined to continue treatment with NIV because of 

discomfort, despite continued clinical and/or blood gas indications for NIV.  

Subjects were considered part of the study for the whole duration of their follow-up with 

the CF unit, or until December 2019, depending on which occurred earlier.  
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10.3.2 Data collection 

The EPRs were searched for all the occurrences, starting dates and ending dates of 

each application of NIV. Baseline demographics, comorbidities and microbiology status 

at the starting date of each NIV session were recorded, as well as status on the lung 

transplant waiting list, date of termination of treatment with NIV, date of transplant and/or 

death.  

All available lung function results in the year before and after start of each NIV session 

were retrieved. FEV1 decline (slope) was computed in correspondence with each data 

point, through linear regression in the year preceding and in the year following start of 

treatment with NIV. Similarly, the rate of change in serum bicarbonate (bicarbonate 

slope) was computed for the period before and after the initiation of NIV. 

Number of days on IV antibiotic treatment and in-hospital stay in the year preceding and 

following NIV were also extracted. Electronic medical notes were reviewed to record self-

reported side effects and complications of NIV.  

Arterial or arterialised capillary blood gases collected prior to the start of NIV and for the 

month after treatment initiation were recorded, together with all serum bicarbonates in 

the three months preceding and following the start of NIV. ABG and CBG were reported 

automatically using the tool described in Appendix B. 

Computerised tomography (CT) scans performed within 12 months of the NIV start date 

were also retrieved and anonymised. The images were independently reviewed by two 

Consultant Chest Radiologists according to the modified Bhalla Score (Figure 10.1) 

(Appendix C)  [421].  

 

Figure 10.1 Modified Bhalla score, reproduced with permission from [421]. 
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10.3.3 Statistical analysis  

Comparison of variables before and after NIV sessions were performed with paired t-

tests for normally distributed data and with Wilcoxon Signed Ranks tests if data was not 

distributed normally.  

Unpaired t-test or Mann Whitney test were used for between-group comparisons of 

normally and non-normally distributed data, respectively. The chi-square test was used 

to assess differences in frequency distributions between groups.  

All tests were two-sided and significance level was set at p<0.05. Data are reported as 

mean and SD, if normally distributed, and as median and IQR if not.  

IBM SPSS statistics version 23 (IBM Corp, Armonk, NY, USA) was used for all the 

analyses.  

10.3.4 Ethics 

This study was discussed with the LTHT R&I and was deemed exempt from NHS 

Research Ethics Committee and Health Research Authority approval. It was approved 

by the local R&I (RM17/99996) and the Cardio-Respiratory CSU at Leeds Teaching 

Hospital NHS Trust. All patients had previously consented for their clinical data to be 

used for research purposes.  

10.4 Results 

10.4.1 Study population 

Over the study period, 68 out of a total of 629 adults with CF under follow up at the Unit 

were treated with NIV on at least one occasion. Eligibility criteria were met in 56 cases 

(Figure 10.2) with NIV being initiated on 64 occasions, with seven subjects receiving NIV 

more than once. Four subjects who recovered from a first episode of acute hypercapnic 

respiratory failure presented again with acute or chronic respiratory failure. Three 

subjects declined to continue with NIV but re-tried it during a subsequent admission. 

Table 10.1 summarises the baseline characteristics of patients at the time of starting NIV, 

overall and considering the two groups identified depending on duration of follow-up.  In 

31 (48.4%) instances of NIV initiation, patients were followed up longer than 6 months 

(FU>6 months). In the remaining 33 (51.6%) occurrences, follow-up was shorter than 6 

months (FU<6 months).  
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Figure 10.2 Flow-chart of patient selection. 
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Table 10.1 Baseline characteristics of patients included in the study. 

NIV, noninvasive ventilation; PTX, pneumothorax; NTM, non-tubercolosis mycobacterial; LTOT, 

long-term oxygen therapy; IV, intravenous antibiotics.  

Data are expressed as number (%) and median (IQR) and refer to number of subjects. As 

subjects, might have had more than one episode during which NIV was initiated, the number of 

episodes is also presented. 

 All  FU>6 months FU<6 months p 

No Subjects 56 28 33 n/a 

NIV episodes 64 31 33 n/a 

Age at start 28.8 [24.1-34.9] 28.3 [24.4-33] 29.3 [24-34.7] 0.664 

Male Sex, n (%) 25 (44.6) 14 (50) 15 (45.5) 0.723 

FEV1, % 

  Best in the 12 mo 

  Lowest in the 12 mo 

 

29.5 [23-35.7] 

17.0 [14-20] 

 

30 [27-39.5] 

17 [14-21.5] 

 

29 [23-35] 

17 [13.7-20] 

 

0.516 

0.435 

FEV1 slope prior to NIV  -0.16 [-0.47 - 0] -0.18 [-0.21- -0.15] 0.917 

FVC, % 

  Best in the 12 mo 

  Lowest in the 12 mo 

 

 

 

57 [42.5 - 66] 

30 [24 – 39.5] 

 

54.5 [46 - 61] 

30 [23 - 35] 

 

0.793 

0.446 

FEF 25-75% 

  Best in the 12 mo 

  Lowest in the 12 mo 

  

0.46  [0.33 – 0.68] 

0.22 [0.16 – 0.26] 

 

0.41 [0.28 – 0.61] 

0.19 [0.16 – 0.25] 

 

0.176 

0.426 

Transplant 

  Active list 

  Under assessment 

  Not yet considered 

  Rejected 

 

15 (26.8) 

22 (39.3) 

17 (30.4) 

2 (3.6) 

 

4 (14.3) 

9 (32.1) 

14 (50) 

1 (3.6) 

 

12 (36.4) 

15 (45.5) 

5 (15.2) 

1 (3) 

0.024 

Genotype 

  F508/F508 

  F508/- 

  Other 

 

35 (62.5) 

18 (32.1) 

3 (5.4) 

 

14 (50) 

11 (39.3) 

3 (10.7) 

 

24 (72.7) 

8 (24.2) 

1 (3) 

0.156 

Comorbidities 

  Diabetes 

  Liver disease 

  Sinus disease 

  Previous PTX 

  Previous Haemoptysis 

 

26 (46.4) 

36 (64.3) 

6 (10.7) 

9 (16.1) 

6 (10.7) 

 

12 (42.9) 

20 (71.4) 

3 (10.7) 

3 (10.7) 

1 (3.6) 

 

17 (51.5) 

20 (60.6) 

4 (12.1) 

6 (18.2) 

5 (15.2) 

 

0.448 

0.628 

1.0 

0.488 

0.205 

Microbiology status 

  P.aeruginosa 

  A. xylosoxidans 

  B. cepacia complex 

  S. maltophilia 

  NTM  

 

46 (82.1) 

4 (7.1) 

5 (8.9) 

10 (17.9) 

4 (7.1) 

 

23 (82.1) 

1 (3.6) 

2 (7.1) 

4 (14.3) 

3 (10.7) 

 

28 (84.8) 

3 (9.1) 

3 (9.1) 

7 (21.2) 

1 (3) 

 

0.776 

0.618 

1.0 

0.483 

0.325 

LTOT 10 (17.9) 3 (10.7) 10 (30.3) 0.115 

IV days, days 98 [51-174] 72 [41.5-124] 112 [71-265] 0.013 

Hospital stay, days 45 [25-74] 43 [14-73] 57 [33-96.5] 0.109 

The two groups were similar for demographics, comorbidities and microbiology. 

However, lung function tended to be lower among subjects in the group with follow-up 

<6 months, who required more IV antibiotic treatment in the year preceding the start of 

NIV treatment and appeared to be more often on long-term oxygen therapy.  



 
 

177 

More subjects in the group with follow-up <6 months were on the active transplant waiting 

list or under consideration for lung transplantation (Table 10.1).  

The inter-observer agreement for the Bhalla score appeared to be fair or good for the 

majority of the data scored, with the exception of sacculation (Kappa value 0.094), 

mosaic perfusion (Kappa 0.072) and air trapping (Kappa 0.095). No differences in the 

radiological patterns according to the Bhalla score were observed among the two groups 

(total score 17 vs 14, p=0.9). 

Baseline blood gases at start of treatment among the two cohorts appeared similar with 

no significant difference in oxygenation or ventilation (Table 10.2).  

Table 10.2 Baseline blood gas analyses and serum bicarbonate in the two groups identified 

based on duration of follow-up. 

 FU>6 months FU<6 months p 

No Subjects 28 33  

Blood gas results 

  pH 

  pCO2, kPa 

  pO2, kPa 

   HCO3
-, mmol/L 

  BE 

 

7.37  [7.33-7.43] 

8.23 [7.29-9.50] 

8.15 [7.52-9.65] 

32.5 [28.9-42.2] 

8 [4.9-16] 

 

7.39 [7.32-7.45] 

8.51 [7.54-9.71] 

8.05 [6.91-8.83] 

37.35 [30.1-43.6] 

13 [6.4-18.8] 

 

0.337 

0.639 

0.263 

0.184 

0.145 

Serum bicarbonate, mmol/L 32.5 [29.3-36] 34.5 [31.0 -40.5] 0.07 

Slope bicarbonate, pre 9.49 [-0.93 – 21.48] 13.32 [0.2 – 33.8] 0.296 

 

Serum bicarbonate was overall high, and tended to be lower at start of NIV among 

patients who had a longer follow-up [32.5 (IQR 7) vs 34.5 (IQR 10), p=0.07] (Figure 10.3). 

 

Figure 10.3 Serum bicarbonate concentration before starting NIV in the two groups 

identified based on duration of follow-up. 
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The rate of change in serum bicarbonate concentration, computed through linear 

regression as a slope, did not differ across the two groups identified based on the 

duration of follow-up (Table 10.2). The concentration of serum bicarbonate showed a 

high degree of variability in the studied population. 

10.4.2 NIV courses: indications to start 

NIV was started during a hospital stay in all but one case. Symptoms suggestive of CO2 

retention, such as morning headaches, lethargy, and drowsiness or dyspnoea, and signs 

of increased work of breathing (tachypnoea and use of accessory muscle) were 

assessed on admission and daily. Blood gas analyses were performed in presence of 

such symptoms or signs, and NIV was started accordingly.  

Chronic type-II respiratory failure was the most common indication to start NIV (n=31/64, 

48.5%), followed by acute hypercapnic respiratory failure (n=21/64, 32.8%). Other 

indications to start NIV treatment were symptomatic nocturnal hypoventilation (n=4/64, 

6.25%), hypoxemia (n=5/64, 7.8%) and increased work of breathing (n=3/64, 4.7%).  

At the time of starting NIV, most subjects complained of increased dyspnoea (67.2%) 

and morning headaches (64.1%). Table 10.3 summarises the distribution of symptoms, 

results of baseline arterial blood gases, and inflammatory markers on admission 

depending on the indication for initiation of NIV. Arterial carbon dioxide and pH were 

significantly different depending on the indication to commence NIV, whereas arterial 

and serum bicarbonate did not show any significant difference (Table 10.3 and Figure 

10.4).  

Headaches, lethargy, and drowsiness were most common among those subjects who 

commenced NIV due to acute or chronic hypercapnic respiratory failure. 

 

Figure 10.4 Serum and arterial bicarbonate concentration depending on the indication to 

start NIV. AHRF, acute hypercapnic respiratory failure (n=21); CHRF, chronic hypercapnic 

respiratory failure (n=31); hypoventilation (n=4); hypoxia (n=4); WOB, increased work of breathing 

(n=3).   

The interval time between admission and initiation of NIV treatment was variable: less 

than 12 hours in 11 cases (17.2%), between 12 and 24 hours in 12 cases (18.8%), and 

more than 24 hours [6.5 (1.5-88) days] in 40 cases (62.5%). No differences were 
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observed in the interval time to start NIV depending on the indication for treatment. 

However, subjects who had a follow-up longer than 6 months 
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Table 10.3 Indication for NIV and baseline blood gas analysis 

AHRF, acute hypercapnic respiratory failure; CHRF, chronic hypercapnic respiratory failure; WOB, increased work of breathing.  

Data are expressed as number (%) and median (IQR). 

 
 AHRF CHRF Hypoventilation Hypoxemia WOB p 

NIV episodes 21 31 4 5 3  

Male sex 9 (42.9%) 17 (54.8%) 1 (25%) 2 (40%) 1 (33.3%)  0.734 

Age at start 29.6 [24.0-37.4] 29.5 [23.4-34.4] 29.3 [22.3-40] 22.4 [20.1-27.4] 27.6 [27-29.6] 0.249 

Baseline ABG 

  pH 

  pCO2, kPa 

  pO2, kPa 

  HCO3
-, mmol/L 

 

7.31 [7.28-7.33] 

9.5 [8.1-11.1] 

8.1 [6.9-9.7] 

30.3 [27.3-35] 

 

7.39 [7.37-7.45] 

8.47 [7.77-9.26] 

8.2 [7.4-8.85] 

38.9 [32-43.7] 

 

7.44 [7.43-7.52] 

7.23 [5.14-8.28] 

7.84 [7.3-8.1] 

43 [25.4-45.1] 

 

7.53 [7.47-7.58] 

5.89 [5.22-8.32] 

7.6 [6.65-7.95] 

36.1 [29-58.8] 

 

7.49 [7.40-7.54] 

6.18 [6.0-6.2] 

10.3 [9.6-11] 

36 [29-39.2] 

 

0.000 

0.001 

 0.083 

0.077 

Headaches 14 (66.7%) 22 (71%) 4 (100%) 1 (20%) 0 (0) 0.006 

Dyspnea 14 (66.7%) 20 (64.5%) 2 (50%) 5 (100%) 2 (66.7%) 0.333 

Sleep disturbances 3 (14.3%) 13 (41.9%) 4 (100%) 1 (20%) 0 (0) 0.031 

Lethargy/drowsiness 9 (42.9%) 10 (32.3%) 0 (0) 2 (40%) 1 (33.3%) 0.386 

Increased WOB 7 (33.3%) 13 (41.9%) 0 (0) 4 (80%) 3 (100%) 0.010 

C-reactive protein 82 [29-147] 61.5 [46.3-107.5] 23.5 [15-28.5] 176 [84.5-288.5] 149 [34-232] 0.019 

sHCO3
- 36.5 [32.2-39] 36 [33-39] 30.5 [26.7-38.7] 37.5 [27-47.25] 31 [30-32] 0.386 
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were started on NIV earlier during their admission compared to those who had a shorter 

follow up (Group with follow-up<6 months) (p=0.004). 

10.4.3 NIV setting  

NIV treatment was set up by senior respiratory physiotherapists with the support of the 

sleep and NIV service as required. Treatment was started using a number of ventilators, 

all of which were designed for home treatment.  

NIV was set either in pressure control or pressure support mode. Median IPAP at start 

was 14 cmH2O, then gradually increased to 17 cmH2O, median EPAP remained stable 

at 5 cmH2O. The process of pressure titration was performed over variable time (from a 

few hours to a few days) to facilitate tolerance. In 61 cases, supplemental oxygen was 

required through the NIV at a median flow-rate of 2L/min (range: 0-8L/min) to target 

oxygen saturation depending on the baseline diagnosis at 88-92% for subjects with 

hypercapnia and >94% for hypoxemic subjects. Pressure settings were similar in the two 

groups identified based on follow-up duration, but subjects with a follow-up shorter than 

6 months required higher flow rates of oxygen (Table 10.4).  

No difference in setting was observed depending on baseline bicarbonate concentration 

or indication to start NIV.  

Table 10.4 NIV setting in the two groups identified based on follow-up duration 

IPAP, inspiratory positive airway pressure; EPAP, expiratory positive airway pressure.  

Data are reported as median (IQR).  

 FU>6 

months 

FU<6 

months 

p 

IPAP (cmH2O), at start 15 [12-16] 14 [11-16] 0.394 

IPAP (cmH2O), final 20 [16-23] 17 [14-20] 0.873 

EPAP (cmH2O), initial 4 [4-5] 5 [3.5- 5] 0.675 

EPAP (cmH2O), final 5 [5-6] 5 [4-6] 0.749 

O2 (L/min) at start  2 [1-3] 2 [2-4.5] 0.023 

O2 (L/min) final 2 [1-3] 3 [2-4] 0.027 

Commercially-available full-face masks were the interface of choice in 56 out of 64 cases 

with nasal mask or nasal pillows being preferred in 3 patients. In 5 subjects a rotational 

strategy was used, with the patient alternating between face mask and nasal pillow. 

Active humidification was added in 50 cases (78.1%) using either an external (n=28, 

43.7%) or an integrated (n=22, 34.3%) humidifier. No differences in the choice of 

interface or use of humidification were noted between groups.  

10.4.4 Follow-up and outcomes 

Median duration of treatment with NIV was 58 [7-266] days over a follow-up period of 

156 [26-531] days. No differences in duration of treatment were noted depending on the 

status on transplant waiting list at NIV initiation (Figure 10.5).  
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Figure 10.5 Duration of treatment with NIV depending on status on transplant waiting list. 

A total of 18 patients received a lung transplantation, with NIV being discontinued at time 

of transplant; 31 patients died without transplant and NIV was continued until the day of 

death in 17 cases.  

Among those with a longer follow-up, the median duration of follow up was 537 [302-

728] days. In this group, duration of NIV treatment varied very significantly ranging from 

1 to 1145 days (median: 268 [13-601] days). Thus, two sub-groups were identified: 

nineteen patients continued using NIV for the whole duration of follow-up (Subgroup 1A), 

while 12 subjects stopped using it within 6 months from start of treatment due to poor 

tolerance (Subgroup 1B).  

The two subgroups were similar for demographics and comorbidities, but those in 

Subgroup 1A had lower baseline FEV1 and spent longer time on IV antibiotics at 

baseline.  No differences in the modified Bhalla score were observed. In the year 

preceding the start of NIV, best FEV1 was lower (0.87 [0.79-1.21] L vs 1.34 [1.07-1.49] 

L, p=0.048 and 28 [22-31]% vs 38 [20.3-49.5]%, p=0.036) and IV antibiotic requirements 

higher (90 [50-154] vs 55 [25-77] d/yr, p=0.048) among those who continued NIV 

throughout their follow up. No differences in setting, interface and use of humidification 

were observed in the two subgroups.   

In the group with a follow up shorter than 6 months (33/64, 51.6%), the median duration 

of observation was 36 [16-102] days, and duration of NIV treatment was 24 [4.5-80] days.  

In this time frame, 24 (72.8%) patients died, 8 (24.2%) received lung transplantation and 

one (3%) relocated and transferred to another CF Unit.  
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10.4.4.1 Blood gases and bicarbonate 

Only a minority of patients included in the study had serial blood gases or assessment 

of ventilation through overnight oximetry or TOSCA performed in the first three months 

after starting treatment. As such, analysis of these variables was not possible.  

The rate of change in serum bicarbonate concentration, as computed by the slope of 

bicarbonate concentration through linear regression, showed that after NIV initiation 

there was a reduction in serum bicarbonate concentration (Figure 10.6).  

 

 

Figure 10.6 Comparison of bicarbonate slope before and after NIV initiation in the whole 

population. The slope of bicarbonate concentration became negative after NIV initiation in the 

overall population suggesting a reduction in the serum concentration of bicarbonate compared to 

before NIV set-up.  

 

The rate of change of bicarbonate was +10.8 mmol/L/y before starting NIV, and declined 

to –8.39 mmol/L/y after NIV (p=0.046). This change was driven mainly by the group with 

a longer follow-up, as among those who had a shorter period of observation no change 

in rate of change of bicarbonate was observed (Figure 10.7) 
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Figure 10.7 Comparison of bicarbonate slope before and after NIV initiation in the groups 

identified based on follow-up duration. Panel A shows the slope of bicarbonate concentration 

becoming negative after NIV initiation in the group with longer follow-up. Panel B represents the 

slope of bicarbonate before and after NIV initiation in the group with follow-up less than 6 months: 

no difference was observed.  

Among patients with longer follow-up, those who used NIV for the whole duration of 

follow-up (Subgroup 1A) had a significant reduction in the rate of change of bicarbonate 

concentration (Figure 10.8). A meaningful analysis of the rate of change of bicarbonate 

in Subgroup 1B was not possible due to the high percentage of missing data (60%).  
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Figure 10.8 Comparison of bicarbonate slope before and after NIV initiation in the 

subgroup using NIV throughout follow-up.  

10.4.4.2 Lung function 

Within the first 12 months of starting treatment, FEV1 decline did not change in those 

who stopped using NIV (Subgroup 1B, pre: - 0.04 [-0.35 - +0.03] L/y vs post: -0.07 [-0.35 

- +0.01] L/y, p=0.508), but it improved in the other subgroup (Subgroup 1A, pre: -0.25 [-

0.52 - -0.02] L/y vs post: -0.07 [-0.13 - +0.16] L/y, p=0.006) (Figure 10.9).  

 

Figure 10.9 FEV1 decline before and after NIV treatment depending on its use. 

In subgroup 1A, no difference in number of hospital day was observed before and after 

NIV initiation (Subgroup 1A, pre 47.5 [11.75-80.26] d vs post 62 [39-100] d, p=0.107), 

but IV antibiotic requirement increased after NIV Initiation (156 [113-252]d) compared to 
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before (90 [50.25-154.75] d, p=0.014). In subgroup 1B both hospital stay (pre: 42 [16.75-

70]d vs post 82[47.75-109.25]d, p=0.008) and IV requirement increased after NIV 

initiation (pre 54.5 [25.5-77] d vs 76 [52.75-103.25], p=0.012).  

10.4.5 Complications 

Ten subjects had complications after using NIV. In particular, pneumothorax requiring 

the insertion of chest drain while on NIV occurred in 4 cases (4/64, 6.3%), one of whom 

had a known history of PTX. Similarly, moderate-massive haemoptysis requiring 

temporary interruption of treatment was observed in 4 occurrences (6.3%), two with 

previous history. No exacerbations of sinus disease or pressure ulcers were recorded.  

Failure of NIV was observed in 10 patients. This led to early termination of treatment in 

6 cases, the remaining 4 underwent unsuccessful endotracheal intubation and invasive 

mechanical ventilation.  

10.5  Discussion 

Over the last three decades, non-invasive ventilation has been routinely used in clinical 

practice to treat individuals with CF. While the use of NIV has been based on a sound 

pathophysiological rationale, clinical evidence to support its use so far has been scarce, 

especially with regards to outcomes of treatment.  

At the Leeds Regional Adult CF centre, over a 10-year period, approximately 10% of 

adults received NIV on at least one occasion, with 60% of episodes occurring over the 

last 5 years. This frequency of use is in line with UK CF registry data collected between 

2007 and 2015 (10.0%), but is significantly higher than French surveys collected in 2008 

(5.0%) [229,332]. 

Presently, there is insufficient data to define clear criteria for initiation of treatment, as 

only a small number of randomized controlled trials of NIV have been undertaken in the 

CF population. In clinical practice, the rationale and indications for using NIV in CF often 

rely on evidence borrowed from other chronic respiratory diseases, such as COPD and 

chest wall restrictive disorders.  

In this cohort, the indications for starting NIV were consistent with those previously 

reported in the literature [331,333], and the criteria for using NIV were similar those used 

for a wide range of other respiratory conditions (Chapter 3). The most common 

indications were chronic (48.5%) and acute (32.8%) hypercapnic respiratory failure, 

associated with symptoms typical of CO2 retention such as early morning headaches 

and drowsiness. A significant minority of individuals were treated with NIV due to 

hypoxaemia, in keeping with previous reports [229,333]. This use is in contrast with the 

latest guidelines from the American Thoracic Society and the European Respiratory 

Society on the use of NIV in the acute setting, which do not recommend NIV in 
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hypoxaemic patients other than as a trial in the ICU under close monitoring to avoid 

delaying intubation [263].  

Individuals with CF and advanced lung disease can be difficult to ventilate invasively due 

to severe airflow obstruction and high burden of secretions [188]. Endotracheal 

intubation and IMV are in fact historically associated with poor outcomes, adding 

justification to the use of non-invasive treatment in their lieu. In this analysis only a 

handful of patients who experienced NIV failure underwent subsequent care in ITU with 

IMV and they all had a fatal outcome, in keeping with the literature [422,423]. As a result, 

severely hypoxaemic patients with CF who do not improve with conventional oxygen 

treatment have limited options for escalation of respiratory support. Recent advances 

proposing the use of nasal high flow therapy in severe hypoxaemia provide a potential 

alternative to NIV, but evidence is still insufficient to support its routine use in CF 

[258,315,354]. 

The majority of individuals with CF receiving NIV were on the transplant waiting list or 

under consideration for lung transplantation. In the era of ECMO [424], treatment with 

NIV remains a successful means to bridge CF patients to lung transplantation 

[339,341,343,425], as its long-term use contributes to the stabilisation of lung function 

[328,339,341,343,425,426]. Access to ECMO remains limited, and this technique is 

associated with risks and complications [373,427].  

These data support the use of NIV as a bridge to lung transplantation, as 18 subjects 

successfully underwent transplant while receiving long-term NIV support. However, in 

this cohort NIV was started in most cases in patients who had not yet been considered, 

or had been declined transplant due to comorbidities. This highlights how the approach 

to the use of NIV has been changing over time.  

The follow-up period was relatively short as lost individuals had either received a lung 

transplant or died within 6 months of starting NIV. This begs the question as to whether 

or not earlier intervention with NIV could have been more beneficial and improved 

survival for those awaiting lung transplantation.  

In this cohort, individuals who had a shorter follow-up were similar in baseline 

characteristics and comorbidities to those who remained under follow-up in the unit for a 

longer period of time. Baseline arterial blood gas analysis or indication to initiate 

treatment with NIV did not differ either. However, among those with a shorter follow-up, 

baseline serum bicarbonate tended to be more elevated with no difference in the rate of 

change in serum bicarbonate concentration.  

Following NIV initiation, serum bicarbonate concentration decreased significantly among 

those individuals with a longer follow-up, especially those who use NIV throughout the 

period, whereas no difference in the rate of change (increase) was noted among those 

with a shorter follow-up. This suggest that serum bicarbonate can be used as a marker 
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of the ventilatory response to NIV treatment, and supports the hypothesis that 

bicarbonate concentration is a negative prognostic marker among individuals with CF 

(Chapter 5 and Chapter 6). 

Individuals using regular NIV for a period longer than 6 months showed significant benefit 

from it, with a clear stabilisation of lung function. A significant reduction in the rate of 

FEV1 decline after NIV was seen compared to that before to NIV among subjects 

compliant with long-term treatment. This was despite patients having lower lung function 

and increased exacerbations prior to starting treatment. The use of NIV did not however 

lead to reductions in IV antibiotic requirements or frequency of hospitalisations. 

One advantage of using EPR data was being able to include as many clinical data points 

as available, in contrast to sporadic yearly measurements recorded by registries [332]. 

Data extraction from registries, however, has the benefit of including larger populations, 

and diverse clinical care settings. These results are limited by the retrospective and 

single centre nature of the study. Despite all data being collected prospectively in real 

time, the data collection was driven by clinical need, resulting in a lack of systematic 

collection of blood gas analysis at specific time points and of data on quality of life.  

With the recent introduction of highly-effective CFTR modulator therapies, the predicted 

outcomes of NIV, and in general the natural evolution of the CF disease may significantly 

change from what assessed in this study. In any case, improving quality of life and 

controlling symptoms remains an essential part of treatment. In this cohort, NIV was also 

used successfully as part of the end of life care to reduce the burden of symptoms, an 

indication recommended by Society of Critical Care Medicine [269].  

The use of NIV in certain clinical scenarios including pneumothorax, haemoptysis and 

severe sinus disease can be challenging, especially when options are limited. It was 

reassuring to find that the occurrence of these complications was low over the 10 year 

period and that a prior history of pneumothorax and haemoptysis resulted in low 

recurrence rate. None of the patients included in this analysis experienced significant 

mucus impaction, atelectasis or exacerbation of sinus disease, most likely as a result of 

the use of active humidification in most cases. In France, many centres reports using a 

combination of custom-made and commercially-available interfaces to optimise patients’ 

tolerance of the treatment [229]. In the Leeds CF centre, only commercially-available 

interfaces are used. These are carefully selected by experienced respiratory 

physiotherapists to optimise comfort. A rotational strategy was adopted in a handful of 

cases, mostly in patients who required NIV for prolonged period of time during the day 

as well. With this practice, no pressure ulcers were recorded.   

Changes on chest CT could not predict the likely benefit of NIV with the modified Bhalla 

score showing no correlation with outcomes, tolerance and complications in this cohort 

of patients. 
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10.6  Conclusions 

NIV is used as an adjunct therapy in the management of people with CF and advanced 

lung disease in a manner similar to other chronic respiratory conditions. The long term 

use of NIV leads to a stabilisation in serum bicarbonate concentration and lung function, 

but does not affect the frequency of exacerbations and intravenous antibiotics use.  

Further large scale studies are needed to define disease-specific criteria for initiation of 

NIV and appropriate settings, and to assess effectiveness of treatment. Critically, 

because this intervention is predominantly used by patients with severe and end-stage 

lung disease, an assessment of the impact on quality of life, symptoms relief and 

improvements in clinical outcomes is needed.  
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Chapter 11  

Gas exchange and use of NHFT as an adjunct during 

exercise: a pilot cross-over randomized controlled trial 

11.1 Introduction 

Aerobic exercise is an integral part of the management of people with cystic fibrosis, and 

is associated with a reduction of the rate of decline in lung function, and with improved 

bone mineralisation and quality of life [248–252]. However, progression of the CF 

disease and its resulting structural damage to the lungs (Section 1.4) result in increased 

airway resistance, static and dynamic hyperinflation, hypoventilation and ventilation-

perfusion mismatch.  

All these factors contribute to reduce the tolerance to physical exercise in patients with 

CF [202,203,205,428]. Patients can be easily fatigued and dyspnoeic during exercise, 

with exercise-induced hypoxaemia or desaturation occurring in 15 to 30% of cases 

[429,430]. This severely limits the amount of physical exercise that patients with CF can 

incorporate in their routine, and therefore its benefits. 

Short-term oxygen has been shown to improve SpO2 during or immediately after an 

exercise bout, with a subsequent increase in end-tidal CO2 when compared to not 

receiving short-term oxygen. However, it has also been shown not to improve exercise 

tolerance, dyspnoea or fatigue [211]. 

As presented in Chapter 3 Section 3.2, nasal high-flow therapy (NHFT) delivers heated, 

humidified, and oxygenated gas with flow rates up to 60 L/min with a controllable F IO2 

between 0.21 and 1.0. Gases are provided to the patient via soft, loose fitting, large-bore 

nasal prongs.  

NHFT has been shown to wash out nasopharyngeal dead space, thereby minimizing 

CO2 rebreathing and providing a reservoir for fresh air. In addition, NHFT has been 

shown to reduce respiratory rate and increase tidal volume and, by delivering high flow 

of humidified gas, it more closely matches the patient's inspiratory flow rate and reduces 

airway dryness [258,350]. By virtue of all these pathophysiological mechanisms, NHFT 

has been proven to be an effective alternative to NIV or conventional oxygen therapy in 

a variety of clinical scenarios [258,350].  

NHFT was recently shown to increase exercise tolerance in patients with COPD, 

improving oxygen saturation and dyspnoea [431,432]. In view of the pathophysiological 

mechanisms underlying exercise limitation in people with CF, described above and in 

Section 3.2.1, it is reasonable to hypothesise that NHFT could be beneficial in this 

context.   
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In this pilot cross-over randomized controlled trial, gas exchanges during exercise in 

patients with CF and severe lung disease and the viability and effects of NHFT as an 

adjunct therapy to exercise in this cohort are assessed.  

11.2 Aims of the study 

The aims of this study were: 

• To describe gas exchanges during exercise in patients with CF and severe lung disease; 

• To assess the feasibility of using NHFT as an adjunct therapy during exercise in 

patients with CF and advanced lung disease; 

• To evaluate the effects of this therapy on respiratory and subjective variables 

during a treadmill 6-minute walking test (TWT).  

This trial was designed as a pilot study to investigate gas exchanges during exercise in 

patients with CF and to assess the feasibility of performing larger trials. Evaluation of trial 

feasibility included study recruitment rate, data completeness for exploratory outcome 

measures, drop-out rate, and participants’ feedback regarding participation in future 

trials.  

Exploratory outcomes of interest were the 6-minute walking distance (WD), mean and 

nadir oxygen saturation during exercise, mean transcutaneous carbon dioxide (tcCO2), 

SpO2 recovery time, dyspnoea, fatigue and comfort.  

11.3 Methods 

An open, single-centre, short-term, pilot feasibility trial with a randomized cross-over 

design comparing NHFT to baseline conditions during a TWT was performed in the 

Leeds Regional Adult CF Centre (Leeds, UK). 

11.3.1 Study population 

All patients attending the Leeds CF Unit were considered for eligibility to take part in the 

study.  

The inclusion criteria for the study were: 

• Age 18 years or older; 

• A confirmed diagnosis of cystic fibrosis (defined as having two CF-causing 

mutations, and/or a sweat chloride test >30 mmol/L with clinical manifestations 

of CF); 

• Known advanced lung disease (defined as FEV1 <40% in the 6 months prior the 

admission.  

The exclusion criteria for the study were: 
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• Acute viral illness with positive viral PCR on nose and throat swab in the 5 

preceding days prior to the participation,  

• Need for 6 L/min or more of oxygen at rest; 

• Decompensated type-2 respiratory failure; 

• Pneumothorax in the 6 preceding weeks; 

• Any of the usual contraindications to a 6 min walking test (as defined in [255]) 

• Inability to provide consent. 

Consecutive patients admitted to the Unit who met the inclusion and exclusion criteria 

were approached to assess eligibility in study participation during hospital admission for 

pulmonary exacerbation, and if they agreed to take part, were recruited during the 

second week of treatment once deemed clinically stable by the clinical team. 

11.3.2 Study procedures 

Upon enrolment, all subjects underwent a baseline arterialised capillary blood gas 

(CBG). 

Subjects performed two treadmill walking tests (TWT), one with NHFT (NHFT-test) and 

one without (control-test). To minimize bias due to the study unblinded design, and to 

reduce the potential effects to the recovery from a pulmonary exacerbation, the two 

TWTs were performed in a random order at an interval time of 24 to 48h. Randomization 

was done in a masked fashion and performed in permuted blocks of 10 with a computer 

generated random-number sequence, with a 1:1 allocation. 

Subjects were familiarized on how to use the treadmill and instructed prior to beginning 

study procedures. No warm-up period before the test was performed, but subjects were 

asked to rest sitting in a chair for 30 min (acclimation period). 

During the treadmill walking test, participants were directed as per American Thoracic 

Society (ATS) guidelines [255]. The initial speed of the treadmill was set at 2.5 km/h, and 

subjects were subsequently allowed to adjust the speed as they wished. The control test 

was performed on room air or conventional supplemental oxygen, delivered via nasal 

cannulae or Venturi mask, according to each subject's habitual prescription. NHFT was 

delivered through nasal cannulae (Optiflow+, Fisher&Paykel Healthcare NZ) using the 

Airvo 2 (Fisher&Paykel Healthcare, NZ), with size chosen based on manufacturer 

recommendations. 

On the day of the NHFT-test, as part of the acclimation period, subjects were first started 

on NHFT for 15 min at 30 L/min, 37 C, and subsequently increased at 45 L/min for 15 

more minutes. During the TWT, flow-rate was maintained at 45 L/min and FIO2 was set 

to match what usually prescribed during exercise for each subject. During the resting 

period, subjects were asked to continue using the NHFT for 30 min. 
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The distance walked (WD) on the treadmill was recorded, as well as the highest and 

lowest speed reached. Throughout the study, subjects were continuously monitored for 

oxygen saturation and transcutaneous carbon dioxide using a Sentec Digital Monitor V-

sign sensor (Sentec AG, Switzerland). Furthermore, blood pressure (BP), respiratory 

rate (RR), Borg scale for dyspnoea (Borg-D), and leg fatigue (Borg-F) and comfort score 

were recorded every 15 min during the acclimation period, and every two minutes both 

during the TWT and in the 10 min after its end. 

Spirometry was performed according to the ERS guidelines, 30 min before and after the 

TWT, to allow for a rest period, using an Alpha Touch Spirometer (Vitalograph, UK). 

Figure 11.1 schematises the study procedures. 

 

Figure 11.1 Schematics of the methodology during each session of the trial. The order the 
two conditions were delivered was randomized. Interval time between tests was 24–48 
h. 

11.3.3 Data collection 

Baseline demographic data, comorbidities, use of supplemental oxygen or non-invasive 

ventilation, and status on the lung transplant waiting list were collected from medical 

notes. Lung function on admission and baseline blood gas results were also recorded. 

11.3.4 Patient and public involvement 

The study design and protocol were discussed in a face-to-face meeting with a patient 

representative of the group included in the study. The research questions were deemed 

of interest for individuals with CF and the methods used during the study were 

considered not too intrusive or burdensome. 

11.3.5 Statistical analysis 

Due to the pilot nature of the study, no formal sample size calculation was performed. 

Based on expected capability of recruitment within the unit and previous studies on 

respiratory support during exercise [433] and on NHFT in CF [354], I planned to enrol up 

to 25 subjects, in order to achieve a full data set on 20 subjects, expecting a drop-out 

rate of up to 20%. 
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Normal distribution of each measured variable was assessed by visual inspection and 

using the Shapiro-Wilks test. Results are expressed as number (percentage), means 

(standard deviation) when normally distributed, or median (25th-75th percentile) when 

not normally distributed.  

Paired t-test for parametrical data or Wilcoxon test for non-parametric data was used to 

compare each variable in the two walking tests (NHFT- and control-test). Estimates of 

effect size are provided with 95% confidence interval (95% CI). A p-value < 0.05 was 

considered statistically significant.  

All analyses were performed with IBM SPSS v26. 

11.3.6 Ethical approvals 

The study received approval by NHS Research Ethics Committee and Health Research 

Authority (19/LO/0571), and local R&I (RM19/121,917). It was conducted in accordance 

with the Declaration of Helsinki. Written informed consent was obtained from all 

participants. 

The study was included on NIHR Portfolio and was registered on clinicaltrials.gov 

(NCT03965832). 

11.3.7 Funding 

The study was partially funded by Fisher&Paykell Healthcare (Auckland, NZ). The funder 

also provided all the equipment used in the study, but had no involvement in the planning 

or conduct of the trial and in the data analysis.  

11.4 Results 

11.4.1 Subjects 

Between June 2019 and February 2020, 155 patients were admitted to the Cystic 

Fibrosis Unit at Leeds Teaching Hospital, thirty of whom met the inclusion criteria for the 

study and were screened for participation. Twenty-three patients gave consent to take 

part in the study, one was withdrawn by the study team as FEV1 had transiently increased 

above 40%. Figure 11.2 provides a flow chart of the patients’ screening and recruitment.  
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Figure 11.2 Flow-chart of patient recruitment and inclusion in the study and analysis. 

Despite the initial plan to enrol up to 25 subjects, in view of the start of the COVID-19 

pandemic, enrolment was closed after enrolling 23 patients. 

The study population was slightly female predominant (n = 12, 54.5%), with a median 

age at 34 years. Most participants (n = 15, 68.2%) were on CFTR modulator therapy and 

were under consideration for lung transplantation (n = 8, 36.4%) or on the active waiting 

list for lung transplant (n = 7, 31.8%) (Table 11.1). 
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Table 11.1 Baseline characteristics of study population. 

LTOT, long term oxygen therapy; NIV, noninvasive ventilation; CBG, capillary blood gas. 

Data are reported as number (%) and median (IQR).  

 N=22 

Age 34 [29.5-39] 

Male sex, n (%) 10 (45.5%) 

BMI 20.9 [18.6 -22.1] 

Genotype 

   F508del/F508del 

   F508del/- 

   Other 

 

12 (54.5%) 

9 (41%) 

1 (4.5%) 

CFTR modulator 

   Ivacaftor 

   Double therapy (LUM/IVA or TEZ/IVA) 

   Triple therapy (ELX/TEZ/IVA) 

   none 

 

3 (13.6%) 

11 (50%) 

1 (4.5%) 

7 (31.8%) 

Transplant 

   Not yet considered 

   Under consideration 

   Declined  

   Active list 

 

7 (31.8%) 

8 (36.4%) 

4 (18.2%) 

3 (13.6%) 

Comorbidities 

   Diabetes 

   Liver disease 

   Low bone mineral density 

   Arthritis 

 

4 (18.2%) 

9 (41%) 

14 (63.6%) 

4 (18.2%) 

Microbiology 

   Chronic P.aeruginosa 

   MRSA 

   M. Abscessus 

   B. cepacian complez 

 

16 (72.7%) 

2 (9.1%) 

4 (18.2%) 

2 (9.1%) 

Respiratory support 

   LTOT 

   Nocturnal oxygen 

   Ambulatory oxygen 

   NIV 

 

5 (22.7%) 

3 (13.6%) 

3 (13.6%) 

5 (22.7%) 

FEV1 on admission, l 0.83 [0.65-1.06] 

FEV1 on admission, % 25 [26-31] 

CBG at baseline 

   pH 

   pCO2, kPa 

   pO2, kPa 

   HCO3
-, mmol/L 

 

7.43 [7.41-7.46] 

5.48 [4.8 – 6.03] 

9.2 [8.6 – 9.7] 

27 [23.7 – 28.5] 

11.4.2 Respiratory variables during exercise in CF 

Respiratory variables, and in particular respiratory rate (RR), oxygen saturation and 

carbon dioxide, were assessed during the TWT on baseline conditions.  

All subjects had an increase in RR during the test [22 (20-24) vs 30 (26-34), p <0.05 ]. A 

drop in oxygen saturation was observed. Mean SpO2 during the TWT was lower than that 

recorded before the test, although the difference was not statistically significant 
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(p=0.095). The nadir of SpO2 during the TWT was significantly lower than mean oxygen 

saturation before and after the test, but the drop was not always clinically significant. 

Similarly, an increase in CO2 was noted during and immediately after exercise. The 

highest CO2 levels were always reached within 2 minutes of exercise termination, before 

CO2 started dropping to baseline, and was significantly different compared to mean 

tcCO2 before and after the walking test (Figure 11.3).  

 

Figure 11.3 TOSCA during study visit. The TOSCA recording during a full study visit at baseline 

shows that CO2 (top row) remains stable at baseline, and starts rising during the treadmill walk 

test, to reach the peak in the few minutes after its completion, before returning to baseline. 

Oxygen saturation (second row) drops during exercise and returns to baseline at rest.  

11.4.3 Trial feasibility 

The recruitment rate was on average 2.4 subjects per month, with screening to 

randomization ratio of 1.3:1 (76.7%). One subject was withdrawn as no longer meeting 

the inclusion criteria on day 1 of the study (baseline lung function transiently increased 

above 40%). Two subjects completed the walking tests on both conditions but dropped 

out before the recovery phase of the NHFT-test as they did not tolerate the device. Data 

completion rate was 100% for the twenty subjects who completed the study. 

Tolerability was good. All but two subjects expressed a positive experience about 

participating in this research study and indicated that they would take part in longer term 

studies on the use of HFNT during exercise. The two subjects who reported negative 

experience required reduction in the temperature during NHFT-test and asked to stop 

using the device after completion of data collection of the walking test 15 min in the 

resting period. 
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One subject, who did not tolerate the device, reported chest pain during the TWT on 

NHFT. This was not associated with any change in vital signs and, on history review, 

was not deemed to be caused by NHFT. 

Lung function was not adversely affected when using NHFT, with no episode of 

bronchoconstriction secondary to the use of NHFT. 

11.4.4  Exploratory clinical outcomes of interest 

To meet the exploratory aims, clinical outcomes of interests were assessed on the 91% 

of subjects (n = 20 out of 22) who tolerated the device and completed the study in full. 

Table 11.2 summarises the results of the exploratory outcomes of interest. 

Table 11.2 Exploratory clinical outcomes of interest of the pilot trial. 

 Control test (n=20) NHFT-test (n=20) p 

Walking distance, m 430 [352-537] 450 [360-550] 0.013 

Recovery time, sec 51.5 [0-114] 54.5 [10-75] 0.7 

SpO2, % 

   Mean 

   Nadir 

 

93 [91-95] 

89 [86-92.75] 

 

92.75 [90-95] 

88 [83-93] 

 

0.138 

0.255 

Mean tcCO2, kPa 5.35 [4.99-5.44] 4.89 [4.56-5.47] 0.03 

Respiratory rate 

   At start 

   At end 

 

22 [20-24] 

30 [26-34] 

 

16 [13-18] 

26 [20-30] 

 

<0.001 

0.003 

Borg – Dyspnea 

   At start 

   At 2 minutes 

   At 4 minutes 

   At end 

 

0 [0-0.875] 

2 [0.5-2.875] 

3 [1-3.875] 

3 [1.275-4.75] 

 

0.25 [0-1.75] 

1.5 [1-2.875] 

3 [1.25-3] 

3 [1.25-4] 

 

0.07 

0.88 

0.38 

0.33 

Borg – Fatigue 

   At start 

   At 2 minutes 

   At 4 minutes 

   At end 

 

0 [0-0] 

0.75 [0-2] 

1.5 [0-2.375] 

2 [0.125-3.625] 

 

0 [0-1] 

1 [0.5-2] 

1.25 [0.125-2.375] 

2 [0.5-4] 

 

0.246 

0.916 

0.759 

0.905 

Comfort score 

   At start 

   At 2 minutes 

   At 4 minutes 

   At end 

 

10 [9-10] 

9 [8-9.75] 

8 [6-9] 

8 [5-9] 

 

8 [6.125-10] 

8 [7-8.75] 

7.75 [6.25-8] 

7 [5.25-8] 

 

0.003 

0.03 

0.426 

0.566 

All subjects completed both the NHFT- and control-tests with no interruptions. WD was 

significantly higher on NHFT than on baseline conditions (mean difference = 19 m [95% 

CI 4.8 - 33.1], p = 0.01). No differences in highest or lowest speed recorded during the 

test were observed. 

Mean and nadir SpO2, as well as recovery time for SpO2 were similar for the control and 

NHFT conditions both before and during the TWT (Table 11.2). 

Respiratory rate at the end of the TWT was significantly lower on NHFT than during the 

control test (mean difference = −3.9 breaths/min [95% CI −5.9 - −1.9], p = 0.001). Mean 
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transcutaneous CO2 was also lower on NHFT compared to the control test (mean 

difference = −0.22 kPa [95% CI −0.4 – 0.04], p = 0.019). 

Comfort score was better at the start of the test on control condition, but Borg-D was 

similar. When comparing the same scores at the end of each TWT, no differences were 

observed in comfort, Borg-D and Borg-F across the whole dataset (Table 11.2). 

Figure 11.4 shows the relative change in comfort and dyspnoea during the TWT. A lesser 

reduction in comfort was observed during NHFT-test compared to control test (mean 

difference in delta comfort = 1.3 [95% CI 0.2 – 2.5], p = 0.024). 

 

Figure 11.4 Change in comfort and dyspnoea score during the TWT on baseline conditions 

and on NHFT. Individual data are presented in grey lines, mean data are presented in red lines. 

11.5 Discussion 

People with CF, especially those with severe lung disease, often have a limited exercise 

capacity due to dyspnoea and desaturation. Ventilatory response to exercise in people 

with CF and severe lung disease appears to be differ from people with other respiratory 

conditions and healthy controls. The participants in this study retained CO2 during 

exercise despite an increase in respiratory rate (Figure 11.3), a feature previously 

reported in children [416,434] and in a small study undertaken in adults [435,436], This 

elevation in CO2 is likely to reflect the inability to maintain adequate alveolar ventilation 

due to  excessive dead space ventilation and a failure to increase tidal volume 

appropriately [204,428]. As CO2 retention during exercise is a negative prognostic 

marker [416], and exercise is an integral part of the treatment, a fine balance is needed 

to ensure that individuals continue to exercise but that the impact does not result in 

clinical deterioration in people with CF and severe lung disease. The use of respiratory 

support techniques to improve ventilation can help support exercise in this patient cohort.   
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In this pilot study, the use of NHFT in the context of clinical trials during exercise in people 

with CF appears feasible. Exploratory outcomes of interests for efficacy indicated that 

NHFT might improve 6MWD amongst individuals with CF and advanced lung disease, 

and reduce respiratory rate and carbon dioxide during exercise. Dyspnoea, comfort and 

oxygen saturation were stable throughout exercise on NHFT. 

Recruitment target was achieved within 9 months from starting the study, 10 months 

ahead of scheduled time. Screening failure rate was low, and screening to randomization 

rate was good, suggesting suitability of the recruitment strategies and eligibility criteria. 

Two subjects dropped out during the recovery phase of the NHFT-test, providing a 9% 

of drop-out rate, much lower than the planned 20%. 

Participants provided positive feedback and remained interested in participating in future 

trials. This highlighted that the study procedures were acceptable to the majority of 

patients, and that recruitment to future trials exploring the role of NHFT during longer 

training programmes would be feasible. Such trials could also be performed remotely 

with participants exercising in their home environment to reduce their risk of cross-

infection. 

Two participants (9%) were unable to tolerate the device and were therefore unwilling to 

participate in similar trials in the future. On visual inspection of their characteristics, these 

patients had marked reduction of the FVC (< 1 L) and were significantly underweight. As 

FVC correlates with peak inspiratory flow, it is conceivable that the flow-rates delivered 

by NHFT are disproportionate for patients with significant reduction in FVC. 

In planning future trials, inclusion criteria should be adapted in light of this finding. In 

particular, a dropout rate of at least 10% should be considered to account for participants 

who might not tolerate the device, decide to stop participation due to the longer nature 

of a study in the home environment and/or experience clinical deterioration. In addition, 

subjects with FVC < 1 L who, in this pilot study, reported significant discomfort and 

disliked the device, could be excluded or, alternatively, a pre-specified stratification 

based on FVC should be planned to further explore tolerability in the subgroup with 

significant reduction in FVC. 

This pilot study was not designed to assess intervention efficacy. Exploratory outcomes, 

however, showed improvement in distance walked during the TWT. While CPET is the 

gold standard to assess globally the response to exercise [253], its use in CF is limited 

and most patients are routinely assessed with 6-minute walking test, which has been 

shown to have good correlation with the peak oxygen uptake in patients with severe lung 

disease, to be reliable and repeatable [437–439]. In this study, a treadmill walking test 

was preferred to a standard 6MWT, as commonly done in previous trials in this 

population [402,433], in view of infection control policies to reduce the risks of cross-

infection. 
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Currently, no threshold for minimally clinically important difference (MCID) for change in 

treadmill or over-grounds 6-minute walking distance is defined for people with CF [255]. 

Previous studies on patients with COPD and pulmonary hypertension showed a variable 

correlation between the TWD and 6MWD, but consistently more favourable results when 

the walking test was performed on grounds rather than on the treadmill [440–442]. A 

recent systematic review proposed that any change in 6MWD on grounds between 14 

and 30.5 m should be considered a MCID across multiple patients’ group [443]. The 

improvement in WD observed in this study is statistically significant and within this 

proposed range (19 m mean difference) and well above the mean difference observed 

for repeated test (8 m) in people with CF [439]. 

The intra-test comparison showed that respiratory rate before and after the TWT 

increased at similar magnitude during both the NHFT and the control tests. However, 

respiratory rate was lower on NHFT compared to baseline conditions across the whole 

study, starting from acclimation period to the end of the walking test. The change in RR 

was of the same magnitude of what observed in a recent crossover trial comparing NHFT 

to NIV and baseline conditions in stabilised patients with CF admitted with pulmonary 

exacerbation [354]. This, in association with the observed reduction in carbon dioxide 

level, suggest the NHFT could contribute to a change in breathing pattern and minute 

ventilation as previously observed during exercise on NHFT in people with severe 

COPD, and in patients with CF recovering from exacerbations [354,431]. 

NHFT has been reported to improve comfort in various scenarios compared to both 

baseline conditions and NIV [258,316,320]. In keeping with what reported in [354], 

participants reported lower comfort when started on NHFT at rest. However, comfort at 

end of exercise was comparable in the two conditions, and decreased more during the 

control test. Similarly, dyspnoea measured with the Borg scale was similar at the start of 

the test in both conditions but increased to a lesser extent during the NHFT test. These 

findings suggest that relatively stable patients might not benefit from NHFT delivered at 

flowrates at 30 L/min or higher, as they are not in any respiratory distress. However, 

once their respiratory demands increased during exercise, the additional support 

provided by NHFT might be beneficial. 

The main limitation of this study, similarly to any trial using NHFT, is the lack of blinding, 

as no sham device is available for the control-test. However, none of the participants had 

used NHFT ahead of their participation in the trial. In addition, minute ventilation during 

exercise could not be measured accurately due to the inability to use a 

pneumotachograph on NHFT, and inductive plethysmography would lead to artefacts by 

movement. However, while the absence of measurements of breathing pattern can limit 

the interpretation of some of the exploratory outcomes with regards to ventilation, it does 

not affect the effect observed for this treatment. 
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Finally, while the exploratory outcome of interest provided positive results, the study was 

not powered for efficacy outcomes given the pilot nature and changes in WD are best 

observed after a training programme. As such, these findings need to be confirmed and 

further investigated in adequately powered trials to assess the longer-term effects of 

NHFT during exercise training programme in people with CF. 

11.6 Conclusion 

This pilot study showed that individuals with CF and advanced lung disease retain CO2 

even during short exercise bout such as a treadmill walking test. This increase reaches 

the peak after completion of exercise before returning to baseline. NHFT appears to be 

beneficial in improving gas exchange, while increasing walking distance, reducing 

respiratory rate, and achieving a better control of dyspnoea and comfort compared to 

baseline conditions. 

Further studies are proved to be feasible and are needed to explore the use of NHFT 

during a longer-term physical training programme in people with cystic fibrosis and 

severe lung disease are warranted by the results of this pilot. 
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Chapter 12  

Sleep disordered breathing and bicarbonate 

12.1 Introduction 

As discussed in Chapter 2 Section 2.2, the HCO3
-/CO2 buffer is the main driver to 

maintain acid-base homeostasis. As such, I hypothesised that serum bicarbonate could 

be a viable marker of hypoventilation, and could act in clinical practice as the equivalent 

of an HbA1C for diabetes, but for ventilation. This concept has previously been 

investigated in obesity hypoventilation syndrome (OHS), where the diagnosis of OHS 

could be excluded in a cohort of subjects with normal serum bicarbonate levels 

[388,444].  

Patients with CF, including children, experience nocturnal hypoxemia with 

hypoventilation during REM sleep, irrespective of age, weight and lung function (Section 

2.4.1.1). It is therefore conceivable that increased bicarbonate levels in patients with 

cystic fibrosis could be secondary to increased nocturnal CO2, compensated by changes 

in ventilation pattern when awake.  

To establish whether bicarbonate could be used as a marker of sleep-disordered 

breathing and nocturnal hypoventilation, I designed a retrospective study to analyse the 

level of serum bicarbonate in patients referred to the sleep clinic, followed by a second 

prospective study to investigate if raised serum bicarbonate was associated with 

increased CO2 overnight in people with CF.  

12.2 Serum bicarbonate in the sleep clinic: a retrospective 

study 

12.2.1 Background and rationale 

Sleep-disordered breathing (SDB) encompasses a range of conditions characterised by 

abnormal breathing during sleep, ranging from intermittent obstruction of the airways 

(obstructive sleep apnoea, OSA) to cessation of breathing without airways obstruction 

(central sleep apnoea, CSA) and reduction of breathing during sleep associated with 

obesity (obesity hypoventilation syndrome, OHS) [445].  

Obstructive sleep apnoea and OHS affect up to the 25% and 0.3%-2.3% of the 

population respectively with approximately 20% of people with OSA having OHS.  

Patients with OHS have higher mortality and morbidity, lower quality of life and higher 
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healthcare-associated expenses and usage compared to eucapnic obese subjects with 

and without OSA.  

The majority of patients with OHS are diagnosed in their 40s or 50s, with the most 

common presentation being acute admission for decompensated type II respiratory 

failure. More rarely, diagnosis of OHS follows a routine assessment in a sleep centre 

due to symptoms such as snoring, morning headaches and daytime sleepiness. With the 

global obesity epidemic, the prevalence of OHS is expected to rise further.  

Currently, the diagnosis of OHS follows a daytime ABG demonstrating hypercapnia in 

obese patients. However, ABG can cause discomfort and routine testing is not always 

available in sleep laboratories. In addition, a one-off ABG does not account for the 

variability of pCO2 and could be an overly restrictive diagnostic criterium [389].  

Further, overnight oximetry output, such as nadir SpO2, mean SpO2 or time spent with 

SpO2 <90%, have all been proven to be good predictors of OHS. To gather such data 

however, referral to a sleep clinic and an overnight assessment are required.  

Based on all these considerations, there is scope for a simpler, more readily available 

alternative diagnostic tool to facilitate the screening and diagnosis of OHS. 

12.2.2 Hypothesis and aim 

An increase in bicarbonate reabsorption and production in the kidney is likely to happen 

in response to an increase in carbon dioxide (Section 2.2.2). As such, I hypothesised 

that serum bicarbonate could be used as a simple screening tool for OHS, acting as a 

predictor of increased overnight CO2.  

The aim of this retrospective study was to assess if serum bicarbonate could be used as 

a screening tool to identify patients to be referred to sleep centre for suspected OHS.  

12.2.3 Methods 

I performed a retrospective analysis of data collected prospectively as part of a service 

development project in the Leeds Sleep Centre.  

The service development project included all obese patients (BMI ≥ 30) who attended 

the Leeds Sleep Centre over a 15-month period (July 2016-December 2017) and 

underwent a sleep study. A venepuncture was performed to measure serum bicarbonate 

and renal function.  

Demographic data, blood results and overnight oximetry variables were collected from 

the medical notes, and anonymised for analysis.  

12.2.4 Statistical analysis 
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Continuous data are presented as mean and standard deviation if normally distributed 

and median and IQR if not normally distributed. Categorical data is presented as number 

and percentages. 

ROC curves were constructed to determine if sHCO3
- could predict three overnight 

oximetry variables indicating OHS: ODI>15, mean SpO2 < 90%, and time spent with 

SpO2 <90% being >10%. Thresholds were selected to optimise the Youden’s J index 

combining sensitivity with specificity. A subsequent cohort analysis was performed 

including only subjects with moderate-severe obesity (BMI >35). 

All analyses were performed using SPSS v26.  

12.2.5 Results 

Over the 15-month period of this study, 162 eligible patients attended the Sleep Centre 

and underwent a sleep study.  

Table 12.1 summarises the baseline characteristics of the whole population, and of those 

with a BMI >35 (n=100, 61.7%). The two groups were similar for age, smoking history 

and comorbidities. Median serum HCO3
- was 29 in both cohorts, with normal renal 

function and electrolytes.  

Table 12.1 Baseline characteristics of the whole cohort and patients with moderate-severe 

obesity. COPD, chronic obstructive pulmonary disease; ILD, interstitial lung disease; CAD, 

coronary artery disease; AF, atrial fibrillation; T2DM, type 2 diabetes.  

Data are expressed as number (%), mean (SD), median (IQR). 

Characteristic BMI ≥30 

(n=162) 

BMI ≥ 35 

(n=100) 

Age at test, yrs 50±12 48±12 

BMI 38.2±6.3 41.7±5.5 

Female sex, n (%) 58 (35.8%) 43 (43%) 

Smoking history 

  Current smoker 

  Ex-smoker 

  Never smoker   

 

29 (17.9%) 

31 (19.1%) 

102 (63%) 

 

20 (20%) 

19 (19%) 

61 (61%) 

Comorbidities 

  COPD 

  ILD 

  Asthma 

  Hypertension 

  CAD 

  AF 

  T2DM 

 

9 (5.6%) 

1 (0.6%) 

25 (15.4%) 

49 (30.2%) 

8 (4.9%) 

8 (4.9%) 

27 (16.7%) 

 

7 (7%) 

1 (1%) 

18 (18%) 

31 (31%) 

4 (4%) 

5 (5%) 

17 (17%) 

Blood results 

  Bicarbonate, mmol/L 

  Potassium, mmol/L 

  Creatinine, umol/L 

  Urea, mmol/L 

 

29 [3] 

4.5 [0.5] 

76 [18] 

5.5 [2] 

 

29 [4] 

4.5 [0.4] 

76 [22] 

5.5 [1.95] 
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Overnight oximetry variables showed a mean oxygen desaturation index of 35.8±29.3, 

with 130 (62.8%) patients having a ODI>15. Mean SpO2 was 91±3.5%, being <90% in 

53 (25.6%) cases. Time spent with SpO2<90% was 26±28% and was >10% in 94 (45.4%) 

studies (Table 12.2).  

Table 12.2 Sleep studies variable in the whole cohort and patients with moderate-severe 

obesity. AHI, apnoea-hypopnoea index; ODI, oxygen desaturation index; TST, time with SpO2 

<90%. 

Variable BMI ≥30 (n=162) BMI ≥ 35 (n=100) 

AHI, events/hr 36.4±31.3 45.3±34.2 

ODI, events/hr 35.8±29.3 43.1±31.5 

ODI>15, n (%) 130 (62.8%) 73 (73%) 

Mean SpO2 91±3.5 90.3±4 

Mean SpO2<90%, n (%) 53 (25.6%) 41 (41%) 

TST<90% 26.3±28.8 31.7±29.5 

TST90 >10% 94 (45.4%) 60 (60%) 

The area under the ROC curve for sHCO3
- to predict ODI>15, mean SpO2<90% and time 

with SpO2<90% >10% were 0.643, 0.650 and 0.655 (all p<0.01), respectively (Figure 

12.1).  

ROC AUC in patients with BMI>35 (n=100) were higher, but not significantly different, at 

0.684, 0.710 and 0.662 (all p<0.01), respectively. Optimal threshold was 29 mmol/L for 

all three measures in both cohorts. 
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Figure 12.1 ROC curve analyses of serum bicarbonate to predict sleep study variables in 

obese patients. 

12.2.6 Discussion 

In this study, serum bicarbonate appears to be a predictor of nocturnal hypoxaemia. I 

showed that serum bicarbonate can predict mean oxygen saturation <90%, ODI >15, 

and time with SpO2 <90% greater or equal than 10%. All of these sleep variables have 

been associated with OHS. In this analysis, I identified as optimal cut-off level a serum 

bicarbonate concentration of 29 mmol/L. This was established using the Youden-J to 

optimize sensitivity and specificity.  

Serum bicarbonate being a predictor of nocturnal hypoventilation is in keeping with 

previous studies. In an observational study, Mokhlesi and colleagues determined and 

validated a threshold for arterial bicarbonate to identify people with OHS among patients 

referred for evaluation for OSA. Serum bicarbonate within normal limits can practically 

rule out OHS in obese patients, and increased serum bicarbonate is associated with 

daytime hypercapnia in 50% of cases [388]. These results were replicated by Macavei 
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and colleagues in a retrospective analysis on a large number of patients attending the 

sleep clinic. In their cohort a cut-off at 27 mmol/L for arterial bicarbonate had over 85.7% 

sensitivity and 89.5% specificity with a negative predictive value at 95.9% for OHS [446].  

These studies identified a lower cut-off value compared to what I found in my study. 

However, in this study the 29 mmol/L threshold was established by using the Youden-J 

index, which optimises a combination of both sensitivity and specificity. As OHS is 

associated with significant morbidity, a different approach could be taken in optimising 

only sensitivity. This different index would have led to the cut-off of 27 mmol/L in this 

cohort, exactly in line with previous studies.  

An attempt at validating these results in a prospective study in unselected obese subjects 

was also performed. However, despite an initial screening of over 1000 subjects, the 

combination of a significant number of drop-outs and the lower than expected prevalence 

of OHS, reduced the analysis to 114 identified OHS subjects where serum bicarbonate 

levels were 27 mmol/L or greater in all patients with OHS [444].  

Based on these results, the current practical definition of OHS based on a single 

measurement of CO2 appears to be restrictive. As such, a call to change such definition 

to add serum bicarbonate concentration as a marker for ventilation was recently made 

[389]. Many patients with nocturnal hypoventilation in OHS have normal daytime CO2, 

but raised arterial bicarbonate and/or BE, and behave in response to hypoxic and 

hypercapnic stimulus similarly to hypercapnic obese patients [387]. It is therefore 

conceivable that measuring serum bicarbonate could allow for a screening of patients 

with hypoventilation, and specifically OHS, as bicarbonate could be the equivalent for 

ventilation as HbA1C is for diabetes[389].  

This study, as well as those previously investigating the role of bicarbonate as a 

screening tool for OHS, was limited to patients already under assessment or referred for 

assessment in the Sleep Clinic. Furthermore, dataset in this service development project 

did not include an arterial blood gas which currently is the gold standard to diagnose 

OHS. Conversely, previous results were based on arterial rather than serum bicarbonate 

[388,446].  

To overcome these limitations, a prospective cohort study to identify the best threshold 

to screen for OHS in obese patients in unselected setting is needed. I estimated that 

serum bicarbonate level greater than 28 mmol/L would be an appropriate threshold for 

screening OHS in obese patients. Based on an estimated prevalence of OHS in this 

population of 3 to 5%, a sample size of 1475 patients would be needed.   

A feasibility assessment for such a study was conducted and concluded that it would not 

have been feasible to perform this prospective study as a single-centre trial in the context 

of this PhD programme.  
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12.2.7 Conclusion 

Serum bicarbonate appears to be a good predictor of OHS, and could potentially act as 

a long-term marker for ventilation.  

Prospective studies would be required to assess the use of serum bicarbonate as a 

screening tool for OHS in obese patients in settings other than sleep centres. Such 

studies would require large sample sizes and should be performed as multi-centre due 

to the anticipated difficulties in enrolling subjects, as previously demonstrated by others 

[444,446].  

12.3 Hypoventilation and bicarbonate in CF – a pilot study 

People with CF often present with sleep fragmentation and daytime fatigue and/or 

sleepiness [189,200,447,448]. However, sleep disordered breathing is rarely diagnosed 

in people with CF [190,197,449]. These disorders would normally be treated using 

oxygen therapy or NIV. Both these techniques are widely used also in patients with CF, 

but evidence on their effectiveness in reducing pulmonary exacerbations, disease 

progression and mortality remains unclear [211,330]. It is possible that the lack of 

significant response to treatment is due to respiratory support being initiated too late. If 

this was confirmed, starting respiratory support earlier on in the progression of disease 

could contribute to more stabilisation and/or improvement.  

I hypothesized that raised serum bicarbonate levels in CF are partly a consequence of 

transient nocturnal hypercapnia, as I (Section 12.2) and others described in people with 

OHS.  

Therefore, I planned a pilot study to investigate if increased serum bicarbonate levels 

could be explained with sleep disturbances, and in particular hypoventilation or flow-

limitations.  

12.3.1 Aim and objectives 

The aims of this study are:  

• To assess if there is any correlation between daytime concentration of serum 

bicarbonate, and overnight CO2 in patients with CF. 

• To explore if the results of an overnight TOSCA correlate with oximetry, or 

whether the use of TOSCA could provide any advantage over standard 

monitoring in patients with CF. 

• To rule out that respiratory events during sleep (such as central or obstructive 

sleep apnoea, hypopnoea, flow-limitation, etc.) play any role in the nocturnal 

levels of CO2 and daytime serum bicarbonate in patients with CF.  
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• To explore if there is any correlation between the respiratory rate overnight and 

the results of the TOSCA comparing patients with normal and raised serum 

bicarbonate.  

Further exploratory outcomes of interests are: 

• To assess if any correlation between CO2 monitoring overnight and morning 

blood gas is present; 

• To assess the frequency of respiratory events overnight; 

• To explore differences between overnight oximetry, TOSCA and respiratory 

polygraphy. 

12.3.2 Methods and study design 

A single-centre, short-term, open pilot study was designed to investigate the potential 

correlation between sleep disorders and carbon dioxide by performing overnight TOSCA 

and blood gases in patients with CF and different levels of serum bicarbonate.  

12.3.2.1 Subjects 

Inclusions criteria for this study are as follows:  

o Age of 18 or more; 

o Confirmed diagnosis of cystic fibrosis (abnormal sweat test and/or presence 

of two CF-causing mutations). 

Exclusion criteria for the study are:: 

o Colonisation with BCC; 

o Use of NIV or CPAP at night; 

o Inability to provide consent; 

o BMI >30.  

 

12.3.2.2 Data collection 

All subjects meeting the inclusion and exclusion criteria should be approached by a 

member of the research team during a hospital stay. Those agreeing to take part in the 

study are to undergo an assessment of their oxygen level with overnight oximetry. 

Treatment including oxygen therapy or NIV is initiated, if required, following the results 

of this test.  

In addition, subjects are asked to complete the Epworth Sleepiness Scale, and to 

undergo a transcutaneous monitoring of CO2, a respiratory polygraphy to monitor airflow 

and respiratory effort during sleep and to rule out any SDB, and a morning blood gas. 
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Demographic data, microbiology status, medications, and lung function results are 

collected from the medical notes.  

12.3.2.3 Statistical analysis 

No sample size calculation was performed for this pilot study. I planned for a full dataset 

on 40 subjects (10 per each subgroup).  

Normal distribution of measured variables will be assessed by visual inspection and 

using the Shapiro-Wilks test. Results will be expressed as number and percentage, 

mean and standard deviation (SD) when normally distributed or medians and 

interquartile range when not normally distributed. 

Estimates of differences will be provided with 95% confidence intervals. Inferential 

statistics might be used for strengthening preliminary results, however this is not 

intended to be part of the outcomes of this pilot trial. Paired t-test or non-parametric 

alternative will be used as appropriate for comparison.  

Magnitude of outcomes, confidence intervals and other measures of statistical variability 

will be used to power future prospective larger studies, if appropriated.  

12.3.2.4 Ethics and funding 

ResMed provided equipment for the study to be carried out, but had no involvement in 

study design. The research protocol received HRA approval via the Yorkshire and 

Humber REC (19/YH/0305) and local CSU and R&I approval.  

12.3.3 Conclusion 

Ethical approval and equipment (NOX) for the study were obtained just before the first 

wave of the COVID-19 pandemic hit the United Kingdom in February 2020. As such, the 

study was temporarily halted in line with HRA, PHE and NHS England guidance as this 

was not a COVID- or drug trial.  

Subjects that would have been eligible to take part in the study were included in the 

Clinically Extremely Vulnerable group for COVID-19, as such reducing their attendance 

to hospital and minimising their contact in hospital and at home with other individuals 

was of the utmost importance during the pandemic.  

Therefore, even when resumption of non-COVID priority studies was allowed, I decided 

to keep this pilot study on hold, with the aim of starting it later on when the pandemic is 

better controlled. Amendments will also be required to improve feasibility in view of the 

change of circumstances, secondary to the pandemic itself and the introduction of 

Kaftrio. These amendment might include the enrolment of subjects at home, with home 

visit to set-up and collect the equipment, and having a comparison group, including those 

patients who are not receiving Kaftrio due to their genotype.  
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12.4 Conclusion 

Serum bicarbonate correlates and appears to be a good predictor of hypoventilation in 

obese patients who are referred to the sleep clinic with possible sleep-disordered 

breathing.  

Further studies to assess if serum bicarbonate level rises in other conditions, including 

CF, are required. In light of this, I have HRA approval to conduct a study in people with 

CF which I am planning to commence after a temporary stop caused by COVID-19. 

Results of this study in CF would also help in understanding whether nocturnal 

respiratory support might be indicated earlier on in the course of the disease.  
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Part 3 

General discussion and conclusions 
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Chapter 13  

General discussion 

The aim of this research project was to characterise acid-base disturbances in people 

with CF, and to understand the clinical relevance and aetiology of elevated serum 

bicarbonate in this complex multisystem disease.  

Five core research questions were identified as described in detail in Chapter 4. These 

were:  

1. Is the concentration of serum bicarbonate elevated in people with CF, even in 

absence of metabolic alkalosis? 

2. Is the raised serum bicarbonate concentration clinically relevant? 

3. What is the distribution of acid-base disturbances in patients with CF, and is it 

different from that of the general population? 

4. What is the cause of raised serum bicarbonate in patients with CF? 

5. If there is a ventilatory component leading to increased concentration of serum 

bicarbonate and, if so, can it be modified by non-invasive ventilatory support? 

A series of eight research studies were designed to address these overarching 

questions, and both their methodology and results are discussed in each respective 

chapter.  

In this general discussion, I provide a holistic overview of the outcomes of the studies 

and how the overall results help answer the five core research questions described 

above.  

13.1 Is serum bicarbonate raised in CF? 

At the start of this project, I hypothesised that the concentration of serum bicarbonate 

was raised in people with CF compared to individuals with non CF respiratory disorders 

and the general population. I postulated that CF-specific comorbidities, such as 

pancreatic insufficiency, osteoporosis, recurrent courses of antibiotics, certain genotypes 

and diabetes, could be independently associated with increased serum bicarbonate and 

acid-base disturbances.  

In this thesis, I have shown that the average concentration of serum bicarbonate in 

individuals with CF is at the upper limit of the normal range (ULN), with a sizeable fraction 

(>20%) of measurements above the ULN. Levels are also higher in the CF population 

when compared to those reported for the general population, and non-CF respiratory 

conditions. 

In Chapter 5, I analysed a large dataset of 2,800 regular annual assessments and 

showed that serum bicarbonate concentration in clinical stable CF patients is on average 
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27 mmol/L (Table 5.1), with over 20% of measurements being >28 mmol/L. These levels 

are significantly higher than those reported in healthy adults (the NHANES III cohort) 

where mean serum bicarbonate of 24.9 mmol/L were observed in the general population 

[360,361]. 

In Chapter 8, I further characterised the impact of acute pulmonary exacerbations on 

serum bicarbonate and showed that pulmonary exacerbations in individuals with CF 

are associated with higher serum bicarbonate levels when compared to patients with 

other respiratory disorders (28 vs 24 mmol/L) (Table 8.3,  

Figure 8.1). 

I identified a high degree of variability in serum bicarbonate levels in people with CF, with 

levels varying according to age and sex. A correlation was also seen between serum 

levels, disease severity and several CF related comorbidities.  

Serum bicarbonate levels were elevated in individuals in the 12 months before death, 

increasing significantly the closer the patient was to death (Chapter 6). These findings 

suggest that respiratory failure is likely to play an important role in elevating serum 

bicarbonate and that levels could potentially be used as a biomarker of disease severity. 

Thanks to the large-scale data sets available, a number of factors independently 

associated with changes in serum bicarbonate in patients with CF were identified. 

13.1.1 Age and sex 

Serum bicarbonate increases more rapidly with age in people with CF compared to the 

general population. On average, serum bicarbonate increased at a rate of 1.56 mmol/L 

every 10 years in patients with CF (Chapter 5), compared to the 0.24 mmol/L in healthy 

adults [360,361].  

The age related increase in bicarbonate was present in both female and male individuals 

with CF, in line with what has been previously reported in the general population. Serum 

bicarbonate levels were more elevated in males compared to females with CF, with a 

difference in the medians of 0.9 mmol/L (Chapter 5, Figure 5.3) 

Bicarbonate levels, as previously described, were higher in the 12 months before death, 

the rate increasing  to 1.27 mmol/L per month in the last six months of life. By restricting 

the analysis to the last 12 months of life, males with CF no longer had higher serum 

bicarbonate levels compared to females (Figure 6.5). However, the rate of increase when 

approaching death was steeper in female patients.  

A “gender gap” in CF is well established, whereby female patients have a faster decline 

and more severe illness [450–454]. In conditions of advanced and severe disease, serum 

bicarbonate tends to increase in a more pronounced way in female patients, who are 

known to be more at risk of decline [450]. 
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13.1.2 CF-related comorbidities 

To understand how much age and sex are genuine independent factors associated with 

different levels of bicarbonate, and how much serum bicarbonate concentration is a 

proxy of disease severity, each CF-related comorbidity was modelled independently, and 

in a full-variable model (Chapter 5, Section 5.4.2.4) 

Due to the progressive life-limiting nature of CF, older patients are bound to have more 

complications and worsening overall health. A link between age and decline in lung 

function is well established in the literature [102,364,366,450,455,456]. 

CF liver disease, and especially cirrhosis, was associated with increased concentration 

of serum bicarbonate. Similar findings have been reported in the general population and 

may reflect a role of the liver in the regulation of acid-base balance [367].  

Similarly, bone metabolism may be linked to acid-base balance, with metabolic acidosis 

and low serum concentration of bicarbonate being linked to osteoporosis in the general 

population. These changes in acid-base balance appear to promote bone reabsorption 

and prevent bone formation [368,457]. This contrasts with the results of the study in 

Chapter 5, which demonstrated higher, rather than lower, serum bicarbonate 

concentration in individual with CF related osteoporosis. This may be partially explained 

by the relationship between low bone mineral density, reduced lung function and 

increased disease severity [458–460], and further supports the fact that serum 

bicarbonate may be a useful biomarker of disease severity. 

In the general population, diabetes and impaired glucose tolerance, irrespective of 

chronic renal disease, are associated with lower concentrations of serum bicarbonate 

[360,369]. In contrast, I found the opposite, with CFRD being linked to increased 

bicarbonate levels. As discussed in Section 1.5.3.2, diabetes occurs in a large proportion 

of adults with CF, and is a marker of poor prognosis, especially when uncontrolled. While 

post-hoc analysis on the basis of glycaemic control, as assessed by HbA1C, was not 

performed, it is conceivable that people with abnormal glucose tolerance may have more 

severe disease than those with normal glucose tolerance. 

When controlling for all CF-related comorbidities, the independent impact of age was 

reduced to 0.03 mmol/L per year (0.30 mmol/L every 10 years), in line with the general 

population. 

13.1.3 Genotype and CFTR modulators  

CFTR is primarily an anion channel responsible for the transport of chloride and 

bicarbonate, and it also acts as a regulator for other anion exchangers and cation 

channels (Chapter 1, Section 1.1.1). While the genotype/phenotype correlation in CF is 
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influenced by gene modifiers and environmental factors, the expression and activity of 

CFTR vary depending on how each specific mutation affects the transcription of the 

protein (Section 1.1.2). This led to the hypothesis that the specific genotype could affect 

the concentration of serum bicarbonate in people with CF (Chapter 4, Section 4.1.1).  

However, no difference in serum bicarbonate concentration was observed between the 

different genotypes (Figure 5.4). As part of this analysis, the population was arbitrarily 

subdivided into three cohorts: F508del homozygous, F508del heterozygous, and all 

others. These categories have been previously reported in the literature and were 

chosen for simplicity. However this classification of highly heterogeneous mutations may 

have missed subtle differences. For example, individuals in the “heterozygous” and 

“others” groups can present genotypes that result in widely different expressions of 

CFTR. Some might have mutations that result in reduced expression of WT-CFTR or 

decreased channel activity, such as gating or residual function mutations, whereas 

others might have genotype which cause complete absence of CFTR, as class I 

mutations. Unfortunately, a more granular classification was not possible due to small 

sample sizes in certain groups. 

To further assess the role of genotype on serum bicarbonate levels, I looked at the effects 

of treatment with CFTR modulators. If serum bicarbonate concentration were dependent 

on CFTR dysfunction, then treatment should theoretically reduce bicarbonate levels. 

Treatment with small molecule therapy was associated with a higher concentration of 

bicarbonate, but this is likely a reflection of disease severity rather than alteration in 

CFTR function (Figure 5.5, Chapter 5). For most of the study period (2007-2020), the 

majority of individuals treated with CFTR modulators were receiving it via the 

compassionate use scheme, with the entry criteria requiring the presence of severe lung 

disease. Therefore, most of the patients on CFTR modulators had advanced lung 

disease, oxygen or respiratory support requirement, and were under consideration for 

lung transplantation. When looking at the cohort of people with CF being treated with 

CFTR treatment, it is likely that this simply reflect a proxy of disease severity. In addition, 

in most cases the CFTR modulators prescribed during the study period resulted in a 

relatively modest improvement in lung function and reduction in sweat test. This 

contrasts with the recent introduction of ELX/TEZ/IVA which has proved much more 

efficacious both in vitro and in vivo, and theoretically is more likely to correct CFTR 

function in the kidney.  

This was confirmed by the full factor model presented in Chapter 5 Section 5.4.2.4, 

showing that, once correcting for all comorbidities, age, sex, and other prognostic factors, 

the role of CFTR modulators on serum bicarbonate was statistically significant, but 

clinically and physiologically negligible.  
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In the prospective HAST study, which included a small but more homogeneous cohort 

of patients (Chapter 9), a third of individuals were on CFTR modulators. Treatment, at 

this time, was available through clinical trials or as part of standard of care and patients 

were therefore more clinically stable and had less comorbidities compared to the 

retrospective historical analysis.  

In this group, concentrations of serum bicarbonate were lower compared to the historic 

cohort. This may in part due to the improved overall health achieved with treatment with 

CFTR modulators, but may also reflect the normalisation of renal bicarbonate handling 

following the partial systemic correction of CFTR function [242]. 

Further studies to explore the impact of CFTR modulators on serum bicarbonate 

concentration before and after the initiation of treatment are needed. These should be 

performed taking into consideration the other confounding factors which have described 

above.  

13.1.4 Lung function 

Lung disease is one of the main clinical manifestation of CF and is characterised by 

mucus plugging, progressive lung damage and chronic bacterial infection, interspersed 

with clinical decline following acute pulmonary exacerbations (Section 1.4). CF-related 

lung disease and end stage respiratory failure remain the main cause of morbidity and 

mortality in this population.  

In routine clinical practice, lung function is used to monitor disease progression. 

Traditionally, FEV1 has been considered a primary marker of disease severity and 

prognosis in CF, although normal results do not equate to an absence of underlying 

parenchymal lung disease [102,103]. In the early 1990s, it was shown that patients with 

advanced lung disease and FEV1 <30% had a 50% mortality rate at 2 years [372].  

Currently, thanks to radical improvements in the multidisciplinary care of people with CF, 

those with FEV1 <30% have an improved average survival time which is now greater 

than 5 years [103,370,371], and the accuracy of FEV1 <30% as a predictor of death is 

much more debatable, with rate of decline being probably more relevant. This 

notwithstanding, a significant reduction in lung function remains an important negative 

prognostic marker, with the cut-off of FEV1 <40% being routinely used to define 

advanced lung disease [105], and FEV1<30% remaining an important criterium for 

referral to lung transplant services [375]. 

In Chapter 5, serum bicarbonate was shown to correlate with lung function, mainly due 

to the strong negative correlation in patients with an FEV1 ≤ 40% (Figure 5.10). When the 

analysis is controlled for the presence of age and CF related comorbidities, the general 

independent correlation of FEV1 and bicarbonate, although statistically significant, is 

clinically negligible (0.15 mmol/L for every 10% points of FEV1 reduction).  
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Crucially, when assessing the rate of change in bicarbonate and known prognostic 

factors in the 12 months prior to death, a significant and visible increase in serum 

bicarbonate was observed despite only a minimal worsening in lung function (Chapter 

6).  

This highlights the poor prognostic value of FEV1<30%, and supports the observation 

that elevation in serum bicarbonate is associated with severe disease, and that an 

upward trend in bicarbonate levels may provide a more accurate biomarker of 

progression to end-stage disease. 

13.1.5 Apparent inconsistencies in serum bicarbonate collected at 

HASTs  

The historical analysis demonstrated that the concentration of serum bicarbonate is 

higher in people with CF compared to the general healthy population. Higher bicarbonate 

levels are also associated with known prognostic markers of disease, increased with age 

and disease severity, and concentration further spikes in the six months preceding death.  

However, I had conflicting result in one study which found similar serum bicarbonate 

levels in individuals with CF and other chronic respiratory conditions (26.5 vs 27 mmol/L, 

p=0.420) (Chapter 9). In order to interpret this discrepancy, one has to look at the 

inclusion criteria for the study population. 

Data was collected on individuals with CF or other respiratory diseases seeking to be 

cleared to fly without supplemental oxygen. As a result, these patients are not only 

clinically stable, but also deemed fit to fly (>60% negative HAST outcomes). All patients 

with CF attending the Leeds Unit, are in general referred for a flight test, irrespective of 

lung function. Most patients would have been deemed fit enough to fly and were most 

likely fitter than the control group. In contrast, the historic cohort included people with 

severe CF, advanced lung disease and serious comorbidities. 

Therefore, I attribute the lower average level of serum bicarbonate seen in Chapter 9 to 

the clinical stability of this cohort of patients, further confirming my interpretation of serum 

bicarbonate as a prognostic predictor. 

13.2 Is the raised concentration of serum bicarbonate 

clinically significant? 

As discussed in Section 13.1, serum bicarbonate concentration in individuals with CF is 

independently associated with several CF-specific comorbidities, sex, age and advanced 

lung disease, confirming the hypothesis that serum bicarbonate can be a marker of 

severity of the CF disease. This is further supported by data from the studies summarised 

in Chapter 6 and Chapter 8. 
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In the cohort discussed in Chapter 8, serum bicarbonate concentrations were higher 

during CF exacerbations compared to patients with other lung diseases who were 

admitted with a primary acute respiratory conditions [28 (25.5-28.5) vs 24 (23-24.75), 

p=0.004] ( 

Figure 8.1). 

Serum bicarbonate levels were also significantly higher in those needing lung 

transplantation (Figure 5.8). As advanced lung disease and respiratory failure are the 

main criteria for referral for lung transplantation [374], elevation in bicarbonate may be 

the result, in part, of the compensation for hypercapnia. 

The sole study available in the literature looking at a potential prognostic role of serum 

bicarbonate in people with CF requiring lung transplantation, failed to identify serum 

bicarbonate as a predictor of outcome or clinical deterioration [381]. In this study, patients 

referred for lung transplantation had variable serum bicarbonate levels between 24 and 

40 mmol/L, and elevated values of serum bicarbonate appeared to be equally distributed 

in individuals with a survival greater than two years, or lower than one year. In this study, 

sample collection in the last years before a lung transplantation was punctual and 

sporadic in terms of chronology and the methodology did not equate to monitoring the 

trend in serum levels over time.  

Contrary to the study by Doershuk and Stern [381], the historical analysis on the cohort 

presented in Chapter 6, was performed in a much larger cohort of patients, all of whom 

had multiple measurements of serum bicarbonate over a period of 12 months prior to 

death.  

Serum bicarbonate concentration was significantly elevated in individuals with CF close 

to their death compared to a matched clinically stable cohort [38 (33-41) mmol/L vs 27 

(25-29) mmol/L, p<0.001] (Figure 6.2). This was the results of a progressive and rapid 

increase in levels observed in the 12 months preceding the death (Figure 6.8). The mean 

serum concentration of bicarbonate increased from a mean value of 29.6 mmol/L at 12 

months before death, to an average of 37.57 mmol/L in the month preceding death. 

Bicarbonate appeared to rise, on average, gradually (0.79 mmol/L per month) in the year 

prior to death, with the rate of increase being significantly more pronounced in the last 

six months preceding death (1.27 mmol/L per month), compared to months 7-12 (0.39 

mmol/L per month). In contrast, lung function tended to remain stable albeit very low 

(FEV1 <30%) throughout the 12 months preceding death of people with CF (Figure 6.6).  

These outcomes strongly support the idea that serum bicarbonate and its rate of change 

over time might be used as a biomarker of clinical severity, as previously observed in 

other chronic respiratory conditions [274,384–386].  
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13.3 What is the acid-base balance status in people with CF? 

At the start of this research project, I hypothesised that the distribution of acid-base 

disturbances was different in CF, compared to individuals with other respiratory 

conditions, both at a time of clinical stability and during pulmonary exacerbations.  

The studies which make up this thesis demonstrated an increased prevalence of 

metabolic alkalosis in CF compared to other respiratory conditions, both in clinical 

stability (on average 20% of ABGs in CF) and during pulmonary exacerbations (46.7% 

of ABGs in CF). In this latter case, metabolic alkalosis might also favour secondary 

hypercapnia, as previously described [223]. 

In Chapter 7, a large number of capillary blood gases (over 500) performed in clinically 

stable patients with CF and other respiratory conditions was assessed. The vast majority 

of blood gases yielded a normal acid-base balance, which was confirmed in a 

prospective confirmatory trial (Chapter 9). Clinically stable people with CF did however 

have a higher rate of metabolic alkalosis compared to patients with other respiratory 

conditions (21.3% vs 14.6%) (Table 7.1).  

13.4 What is the cause of raised serum bicarbonate? 

At the beginning of this research project, I hypothesised that serum bicarbonate 

concentration might be elevated in patients with CF in part as a response to 

hypoventilation, and that it could be a useful marker of respiratory failure, as has been 

observed in other respiratory conditions [274,384–386].  

As discussed in Chapter 2 Section 2.5.2, impaired bicarbonate excretion has been 

recently observed in murine CF models, as well as in people with CF as a result of the 

interactions between defective CFTR and pendrin [240,242,243], a result conflicting with 

antecedent literature but which supports an important mechanism proposed in this 

thesis.  

Thanks to the multiple studies conducted in this thesis, the genesis of raised bicarbonate 

in patients with CF can be better clarified.  

I believe that the combined output these studies demonstrate that the raised 

concentration of serum bicarbonate in patients with CF is not solely due to advanced 

lung disease, or to a primary effect of CFTR dysfunction in the kidneys, but rather to a 

combination of both mechanisms.  

13.4.1 Is raised bicarbonate a consequence of ventilatory failure? 
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Previous studies in patients with obesity hypoventilation syndrome suggest that isolated 

elevation of bicarbonate is part of the spectrum of ventilatory failure [387,389].  

Obese subjects with elevated bicarbonate (and BE) have a response to hypoxic and 

hypercapnic stimulus similar to the individuals with daytime hypercapnia [387]. In 

addition, bicarbonate is an independent predictor of respiratory muscle weakness, 

hypercapnia, and survival in patients with neuromuscular disorders and COPD 

[274,384–386].  

In this research work, I initially confirmed that elevated serum bicarbonate, above the 

ULN for the biochemistry laboratory at LTHT, appears to be a good predictor of OHS, 

and could potentially act as a biomarker for ventilation in a similar way to HbA1C in 

diabetes, at least in this cohort (Chapter 12, Section 12.2). I therefore aimed to explore 

if the same concept was applicable to people with CF, where bicarbonate could rise in 

response to hypoventilation.  

In Chapter 11, average serum bicarbonate concentration among individuals with CF and 

severe lung disease was 28.6 mmol/L, despite normal daytime pCO2 in all but one case. 

However, subjects in the study had transient hypoventilation and raised CO2 levels 

during exercise (Figure 11.3), despite an increased RR, as previously shown in children 

[416,434], and in small reports in adults [435,436].  

This effect is likely to be a consequence of the inability of people with CF to maintain 

adequate alveolar ventilation, as a result of excessive dead space ventilation and failure 

to increase tidal volume appropriately [204,428]. If this pattern repeats throughout the 

day, it is conceivable that increased bicarbonate reabsorption and reduced secretion in 

the kidney could be elicited to compensate for the raised pCO2. 

In addition, further supporting data can be drawn from Chapter 7. Individuals with CF 

who presented with high bicarbonate concentration, but normal CO2, had a response to 

the hypoxic stimulus which was intermediate between those with normal blood gases, 

and people with daytime hypercapnia. In addition, more patients with elevated 

bicarbonate, with or without elevation of daytime pCO2, had a clinically significant drop 

in pO2 and a positive response to the hypoxic test (Table 7.4). As hypercapnic patients 

have a blunted response to the hypoxic drive, an elevation of arterial bicarbonate, even 

in the presence of normal daytime pCO2, might be on the spectrum of chronic ventilatory 

failure in a similar fashion to OHS [387].  

Finally, while in Chapters 5, 6 and 10, the mechanisms underlying the elevation in serum 

bicarbonate concentration were not explicitly explored, serum bicarbonate concentration 

was lower in individuals on treatment with NIV. As NIV was previously shown to stabilise 

pCO2 in individuals with CF and severe lung disease [262,330,339], it is conceivable that, 

at least in part, serum bicarbonate concentration increases to compensate for 

hypercapnia, and could therefore be an indirect marker of ventilation.  
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As previous studies have shown that people with CF often present with sleep 

fragmentation and daytime fatigue and/or sleepiness [189,200,447,448], I planned to 

investigate the link between these disturbances and transient nocturnal hypoventilation 

(Chapter 12, Section 12.3). A single-centre, short-term study was designed. This aimed 

at defining whether individuals with different serum bicarbonate concentration and lung 

function results had different ventilatory pattern at night, which would elicit an increase 

in serum bicarbonate as compensatory mechanisms. This would have helped to clarify 

whether isolated elevated bicarbonate is in the spectrum of ventilatory failure. The study 

received approvals, but could not be completed due to the COVID pandemic. Once 

resumed, I believe it will provide very valuable data to further interpret the relation 

between serum bicarbonate and ventilatory patterns in people with CF. 

13.4.2 Is raised bicarbonate caused by defective renal handling? 

A renal cause of raised serum bicarbonate and metabolic alkalosis in individuals with CF 

is often presumed to be due to electrolyte imbalance in the context of Pseudo-Bartter 

syndrome (Chapter 2, Section 2.5.1). It is only recently that a potential role of defective 

CFTR in driving this anomaly as a result of lack of regulation of pendrin activity has been 

hypothesised (Chapter 2, Section 2.5.2).  

In Chapter 8, I studied the renal response to acid-balance disturbances and increased 

serum bicarbonate in individuals with CF. Urinary bicarbonate excretion was similar in 

individuals with CF and those with other respiratory conditions, despite the higher serum 

concentration and the increased prevalence of metabolic alkalosis. This was not 

associated with dyselectrolaemia, suggesting that Pseudo-Bartter syndrome is not 

responsible for the increased bicarbonate concentration.  

If serum bicarbonate was increased as a compensatory mechanism for transient 

hypoventilation, as discussed above in Section 13.4.1, urinary excretion of bicarbonate 

and other electrolytes should be similar to that observed in post-hypercapnic status, 

thereby showing a low urinary chloride (<20 mmol/L) [413]. In this cohort, conversely, I 

observed a high, rather than low, urinary excretion of chloride, excluding this as the sole 

cause for hyperbircabonataemia. 

These results therefore suggest that a primary role of defective CFTR in the renal 

handling of bicarbonate, due to dysfunction in the CFTR, pendrin and secretin link, is 

very possible.  

In healthy conditions, urinary bicarbonate concentration should increase in response to 

increased serum levels via a mechanisms mediated by interaction of CFTR, pendrin and 

secretin [149]. Conversely, murine models and individuals with CF do not have the 

expected response of up-regulation of pendrin when exposed to acute blood 

alkalinization, despite adequate increase in secretin [242,243]. This suggest therefore a 
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primary role of defective CFTR, as confirmed by preliminary (n=4) data showing 

increased urinary excretion of bicarbonate following partial correction of CFTR with 

LUM/IVA [242].  

13.4.3 Summary  

Taken in isolation, abnormal ventilation and disease severity as discussed in Sections 

13.4.1 and 13.4.2 cannot fully explain why serum bicarbonate concentration is elevated 

in people with CF. Thanks to our additional findings on the renal involvement in serum 

bicarbonate of people with CF, I have shown the potential presence of a parallel 

mechanism involved. 

Serum bicarbonate increases in people with CF as a response of transient 

hypoventilation, or as a result of worsening overall health with CF-related comorbidities 

playing an additional role (Section 13.1). In healthy people, an increase in serum 

bicarbonate concentration would be compensated in the kidneys via increased 

bicarbonate excretion in the CCD. Defective CFTR, however, does not allow for an 

increased expression of pendrin, thereby preventing the normal increase in urinary 

concentration of bicarbonate.  

Further studies addressing ventilation and renal response in people with CF on and off 

treatment with highly effective CFTR modulators able to restore CFTR function more 

efficiently than LUM/IVA, would help confirming such conclusion.  

13.5 Could ventilatory support affect serum bicarbonate? 

In people with CF, serum bicarbonate concentration is raised, at least in part, as a result 

of compensation for alveolar hypoventilation.  

This prompted me to assess whether techniques that provide ventilatory support, such 

as NIV and NHFT, could reduce serum bicarbonate levels, and in general be effective in 

people with CF. NIV and NHFT increase alveolar ventilation and reduce work of 

breathing, affecting thereby gas exchange leading to improved oxygenation and 

reduction in carbon dioxide levels (Chapter 3).  

13.5.1 Non-invasive ventilation 

In Chapter 5, mean serum bicarbonate appeared to be lower in individuals who were on 

treatment with NIV at the time of the measurement being performed. Similarly, in the 

year before death (Chapter 6), serum bicarbonate was stable, despite being higher than 

normal, in individuals on treatment with NIV, whereas it increased steeply in subject who 

did not receive NIV (Figure 6.11). 

This effect was further confirmed in Chapter 10. Before starting treatment with NIV, 

serum bicarbonate concentration was overall raised in the cohort. However, following 
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initiation of NIV, the concentration of serum bicarbonate decreased among those 

individuals had a prolonged treatment of NIV, showing a pre-treatment rate of change 

+10.8 mmol/L/y compared to –8.39 mmol/L/y after NIV (p=0.046) (Figure 10.8).  

As discussed in Section 13.1.4, the correlation between bicarbonate and lung function is 

strong only when FEV1 < 40%. While in the cohort on NIV a significant reduction in the 

rate of decline of lung function was described, this resulted in stabilisation of FEV1 rather 

than improvement (Figure 10.9). This suggests that changes in lung function are unlikely 

to be the cause of reduced bicarbonate levels after NIV. Rather, the rate of change in 

serum bicarbonate concentration is most likely the consequence of improved alveolar 

ventilation with stabilisation in pCO2, which has been previously shown in CF 

[328,339,341,426].  

These results further suggest that serum bicarbonate concentration is, at least in part, 

driven by ventilatory failure and can be used as a marker of the ventilatory response to 

NIV treatment. In addition, it supports the hypothesis that bicarbonate concentration is a 

negative prognostic marker among individuals with CF. 

13.5.2 Nasal high-flow therapy 

Nasal high-flow therapy has several beneficial effects by virtue of providing high flows 

(up to 60 L/min) with varying FIO2, heated at body temperature and humidified to full 

saturation [212,258]. Its use in clinical practice in CF is widespread [351–353], albeit the 

limited evidence in clinical or physiological trials [354]. 

In view of the positive effects shown by the use of NIV to improve ventilation during 

exercise in CF [433], and considering the afore mentioned mechanisms of NHFT 

[212,258] (Chapter 3, Section 3.2.1), I explored its effect during exercise.  

In the pilot randomized cross-over trial, presented in Chapter 11, NHFT led to reduced 

carbon dioxide levels, and respiratory rate in people with CF and advanced lung disease, 

when undergoing a 6MWT. However, by the nature of the study being short-term, the 

effects on bicarbonate following this intervention were not explored. It is conceivable that, 

as hypoventilation appear to be one of the determinants of raised serum bicarbonate 

levels, improving ventilation and reducing carbon dioxide during exercise could have an 

effect on bicarbonate concentration as well.  

13.6 Strengths of the thesis 

The extensive and diverse series of studies conducted as part of this research thesis 

helps increasing the understanding of both the prevalence and the influencing factors 

which drive elevated serum bicarbonate in CF. The results also provide key data to help 

explain the clinical significance and pathophysiological mechanisms underlying these 

changes.  
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In addition, the data collected provide the opportunity to characterise the acid-base 

balance status of patients with CF in conditions of clinical stability, and during pulmonary 

exacerbations. This new knowledge will allow to further improve care and treatment of 

people with CF. 

The outcomes of the studies included in this thesis address all the key questions 

identified at the start of the research project. The use of different cohorts and of a 

combination of retrospective and prospective studies has proven useful in the context of 

a rare condition as CF, by allowing inclusion of different sub-set of patients in each study,  

The retrospective studies focusing on a well characterised historical cohort of patients 

with CF enabled me to include large numbers of people with CF with a wide spectrum of 

disease and complications (Chapter 5), and to perform longitudinal assessments both 

before and in proximity to death (Chapter 6). This latter aspect is of particular importance 

in the context of CF where, without the use of retrospective data, meaningful longitudinal 

evaluation of prognostic factors would require prolonged prospective observations that 

are not compatible with the time frame of a PhD programme.  

All prospective studies conducted were successful in either confirming results from 

retrospective analyses, or providing preliminary data which can be used to assess the 

viability of larger-scale prospective, potentially multi-centric, follow-up trials. 

Overall the studies described in this thesis allowed to explore both the ventilatory and 

renal aspects of serum bicarbonate and acid-base regulation, and provide a plausible 

explanation for the disturbances noted in CF.  

Further studies are needed to clarify and confirm the newly formulated hypothesis.  

13.7 Limitations of the thesis 

Specific limitations of each individual study are discussed in each Chapter. In general, 

the main limitations are related to the nature of the studies.  

All studies, both retrospective and prospective, are single-centre, limiting the 

generalizability of the results. Despite the care provided in the Leeds Regional Adult CF 

Centre being in line with the recommendations of the ECFS and UK CF Standard of 

cares [244,245], as in all other centres in the UK, confounding factors intrinsic to the 

Leeds population and the treatment received cannot be excluded. This is particular 

relevant for what concerns areas less covered by national and international guidance, 

such as the use of NIV, and the access to the new highly-effective CFTR modulation via 

the managed access programme. While the practice in the Leeds CF Centre in these 

scenarios was similar to what previously described, it is possible that across the world 

other indications are used, and access to medications might be different.  
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In addition, while retrospective studies have several benefits as described above, they 

are limited to the use of data collected for clinical purpose without full standardization. 

This has resulted in a lack of regular blood gas monitoring (as in Chapter 10), or lack of 

contemporaneous serum bicarbonate and ABG measures (as in Chapter 5).  

Unfortunately, one prospective study planned for this project (Chapter 12, Section 12.3) 

was not completed as a result of the impact of the COVID-19 pandemic. This would have 

helped in further clarifying whether transient hypoventilation can occur before patients 

being symptomatic and be a possible cause of raised bicarbonate. 

Finally, a study covering both the aspects of ventilation and renal handling of bicarbonate 

simultaneously, would have helped confirm my hypothesis that both mechanisms are 

inextricably linked  to the increased in serum bicarbonate levels. As such, I am planning 

an amendment of the currently approved study to take this into account when 

investigating hypoventilation during sleep. 

13.8 Future work  

Future work should explore the role of transient hypoventilation in the daily activity of 

people with CF, and further characterise the subgroup of patients with high serum 

bicarbonate despite clinical stability.  

A combined approach looking at variable of ventilation, by monitoring transcutaneously 

and with blood gases the carbon dioxide levels, and of renal compensation should be 

considered.  

The effects of highly effective CFTR modulators should also be studied in the population 

with advanced and stable lung disease.  

13.9 Conclusion 

In this thesis, I have shown that serum bicarbonate concentration is higher in individuals 

with CF than in the general population. This is particularly relevant during period of 

deterioration and progression of the disease. The rate of increase in bicarbonate 

concentration appears to be a biomarker of decline and poor prognosis.  

While this could be linked to serum bicarbonate being an indicator for chronic and acute 

on chronic ventilatory failure, I showed that compensation for raised CO2 is not the only 

mechanism involved. Serum bicarbonate concentration appears to be linked with chronic 

or transient hypoventilation, as demonstrated by the stabilisation of bicarbonate on NIV 

and the observation of raised CO2 during exercise. However, the role of defective CFTR 

in the kidney leading to altered bicarbonate excretion was also shown, and could be the 

consequence of lack of upregulation of pendrin in the CF kidney.  

  



 
 

231 

References 

[1] Elborn JS. Cystic fibrosis. Lancet 2016;388:2519–31. 
https://doi.org/10.1016/S0140-6736(16)00576-6. 

[2] Charman S, McClenaghan E, Cosgriff R, Lee A, Carr S. UK Cystic Fibrosis 
Registry Annual data report 2018 2018. 

[3] Andersen DH. Cystic fibrosis of the pancreas and its relation to celiac disease. 
Am J Dis Child 1938;56:344. 
https://doi.org/10.1001/archpedi.1938.01980140114013. 

[4] Farber S. Pancreatic insufficiency and the celiac syndrome. N Engl J Med 
1943;229:682–7. 

[5] Andersen DH, Hodges RG. Celiac Syndrome. Genetics of Cystic Fibrosis of the 
Pancreas with a Codnsideration of Etiology,. Am J Dis Child 1946;72:62. 
https://doi.org/10.1001/archpedi.1946.02020300069004. 

[6] Tsui LC, Buchwald M, Barker D, Braman JC, Knowlton R, Schumm JW, et al. 
Cystic fibrosis locus defined by a genetically linked polymorphic DNA marker. 
Science 1985;230:1054–7. 

[7] Wainwright BJ, Scambler PJ, Schmidtke J, Watson EA, Law H-Y, Farrall M, et al. 
Localization of cystic fibrosis locus to human chromosome 7cen–q22. Nature 
1985;318:384–5. https://doi.org/10.1038/318384a0. 

[8] Kerem B, Rommens JM, Buchanan JA, Markiewicz D, Cox TK, Chakravarti A, et 
al. Identification of the cystic fibrosis gene: genetic analysis. Science 
1989;245:1073–80. 

[9] Klein I, Sarkadi B, Váradi A. An inventory of the human ABC proteins. Biochim 
Biophys Acta - Biomembr 1999;1461:237–62. https://doi.org/10.1016/S0005-
2736(99)00161-3. 

[10] Dean M, Rzhetsky A, Allikmets R. The human ATP-binding cassette (ABC) 
transporter superfamily. Genome Res 2001;11:1156–66. 
https://doi.org/10.1101/gr.184901. 

[11] Chen T-Y, Hwang T-C. CLC-0 and CFTR: Chloride Channels Evolved From 
Transporters. Physiol Rev 2008;88:351–87. 
https://doi.org/10.1152/physrev.00058.2006. 

[12] Ostedgaard LS, Baldursson O, Welsh MJ. Regulation of the cystic fibrosis 
transmembrane conductance regulator Cl- channel by its R domain. J Biol Chem 
2001;276:7689–92. https://doi.org/10.1074/jbc.R100001200. 

[13] Gadsby DC, Vergani P, Csanády L. The ABC protein turned chloride channel 
whose failure causes cystic fibrosis. Nature 2006;440:477–83. 
https://doi.org/10.1038/nature04712. 

[14] Rogan MP, Stoltz DA, Hornick DB. Cystic Fibrosis Transmembrane Conductance 
Regulator Intracellular Processing, Trafficking, and Opportunities for Mutation-
Specific Treatment. Chest 2011;139:1480–90. https://doi.org/10.1378/CHEST.10-
2077. 

[15] Quinton PM. Cystic fibrosis: impaired bicarbonate secretion and mucoviscidosis. 
Lancet 2008;372:415–7. https://doi.org/10.1016/S0140-6736(08)61162-9. 

[16] Kunzelmann K, Schreiber R, Boucherot A. Mechanisms of the inhibition of 
epithelial Na+ channels by CFTR and purinergic stimulation. Kidney Int 
2001;60:455–61. https://doi.org/10.1046/j.1523-1755.2001.060002455.x. 

[17] Schwiebert EM, Benos DJ, Egan ME, Stutts MJ, Guggino WB. CFTR Is a 



 
 

232 

Conductance Regulator as well as a Chloride Channel. Physiol Rev 
1999;79:S145–66. https://doi.org/10.1152/physrev.1999.79.1.S145. 

[18] Peckham D, Scambler T, Savic S, McDermott MF. The burgeoning field of innate 
immune-mediated disease and autoinflammation. J Pathol 2017;241:123–39. 
https://doi.org/10.1002/path.4812. 

[19] Scambler T, Holbrook J, Savic S, McDermott MF, Peckham D. Autoinflammatory 
disease in the lung. Immunology 2018;154:563–73. 
https://doi.org/10.1111/imm.12937. 

[20] Polverino F, Lu B, Quintero JR, Vargas SO, Patel AS, Owen CA, et al. CFTR 
regulates B cell activation and lymphoid follicle development. Respir Res 2019;20. 
https://doi.org/10.1186/s12931-019-1103-1. 

[21] Rosenstein BJ, Cutting GR. The diagnosis of cystic fibrosis: A consensus 
statement. J Pediatr 1998;132:589–95. https://doi.org/10.1016/S0022-
3476(98)70344-0. 

[22] https://www.cftr2.org/ n.d. https://www.cftr2.org/. 

[23] Sosnay PR, Raraigh KS, Gibson RL. Molecular Genetics of Cystic Fibrosis 
Transmembrane Conductance Regulator: Genotype and Phenotype. Pediatr Clin 
North Am 2016;63:585–98. https://doi.org/10.1016/j.pcl.2016.04.002. 

[24] O’Neal WK, Knowles MR. Cystic Fibrosis Disease Modifiers: Complex Genetics 
Defines the Phenotypic Diversity in a Monogenic Disease. Annu Rev Genomics 
Hum Genet 2018;19:201–22. https://doi.org/10.1146/annurev-genom-083117-
021329. 

[25] Terlizzi V, Lucarelli M, Salvatore D, Angioni A, Bisogno A, Braggion C, et al. 
Clinical expression of cystic fibrosis in a large cohort of Italian siblings. BMC Pulm 
Med 2018;18:196. https://doi.org/10.1186/s12890-018-0766-6. 

[26] Shanthikumar S, Neeland MN, Saffery R, Ranganathan S. Gene modifiers of 
cystic fibrosis lung disease: A systematic review. Pediatr Pulmonol 2019;54:1356–
66. https://doi.org/10.1002/ppul.24366. 

[27] Sharma N, Cutting GR. The genetics and genomics of cystic fibrosis. J Cyst Fibros 
2020;19:S5–9. https://doi.org/10.1016/j.jcf.2019.11.003. 

[28] Paranjapye A, Ruffin M, Harris A, Corvol H. Genetic variation in CFTR and 
modifier loci may modulate cystic fibrosis disease severity. J Cyst Fibros 
2020;19:S10–4. https://doi.org/10.1016/j.jcf.2019.11.001. 

[29] De Boeck K, Amaral MD. Progress in therapies for cystic fibrosis. Lancet Respir 
Med 2016;4:662–74. https://doi.org/10.1016/S2213-2600(16)00023-0. 

[30] Zielenski J. Genotype and phenotype in cystic fibrosis. Respiration 2000;67:117–
33. https://doi.org/10.1159/000029497. 

[31] De Boeck K, Zolin A, Cuppens H, Olesen H V, Viviani L. The relative frequency of 
CFTR mutation classes in European patients with cystic fibrosis. J Cyst Fibros 
2014;13:403–9. https://doi.org/10.1016/j.jcf.2013.12.003. 

[32] Thursfield RM, Davies JC. Cystic Fibrosis: Therapies targeting specific gene 
defects. Paediatr Respir Rev 2012;13:215–9. 
https://doi.org/10.1016/j.prrv.2012.04.003. 

[33] Wainwright CE, Elborn JS, Ramsey BW, Marigowda G, Huang X, Cipolli M, et al. 
Lumacaftor-ivacaftor in patients with cystic fibrosis homozygous for phe508del 
CFTR. N Engl J Med 2015;373:220–31. https://doi.org/10.1056/NEJMoa1409547. 

[34] Taylor-Cousar JL, Munck A, McKone EF, Van Der Ent CK, Moeller A, Simard C, 
et al. Tezacaftor–ivacaftor in patients with cystic fibrosis homozygous for 



 
 

233 

Phe508del. N Engl J Med 2017;377:2013–23. 
https://doi.org/10.1056/NEJMoa1709846. 

[35] Davies JC, Moskowitz SM, Brown C, Horsley A, Mall MA, McKone EF, et al. VX-
659-tezacaftor-ivacaftor in patients with cystic fibrosis and one or two Phe508del 
alleles. N Engl J Med 2018;379:1599–611. 
https://doi.org/10.1056/NEJMoa1807119. 

[36] Heijerman HGM, McKone EF, Downey DG, Van Braeckel E, Rowe SM, Tullis E, 
et al. Efficacy and safety of the elexacaftor plus tezacaftor plus ivacaftor 
combination regimen in people with cystic fibrosis homozygous for the F508del 
mutation: a double-blind, randomised, phase 3 trial. Lancet 2019;394:1940–8. 
https://doi.org/10.1016/S0140-6736(19)32597-8. 

[37] Accurso FJ, Rowe SM, Clancy JP, Boyle MP, Dunitz JM, Durie PR, et al. Effect of 
VX-770 in persons with cystic fibrosis and the G551D-CFTR mutation. N Engl J 
Med 2010;363:1991–2003. https://doi.org/10.1056/NEJMoa0909825. 

[38] Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Dřevínek P, et al. A 
CFTR potentiator in patients with cystic fibrosis and the G551D mutation. N Engl 
J Med 2011;365:1663–72. https://doi.org/10.1056/NEJMoa1105185. 

[39] Habib A-RR, Kajbafzadeh M, Desai S, Yang CL, Skolnik K, Quon BS. A 
Systematic Review of the Clinical Efficacy and Safety of CFTR Modulators in 
Cystic Fibrosis. Sci Rep 2019;9:7234. https://doi.org/10.1038/s41598-019-43652-
2. 

[40] Spoletini G, Shaw N, Wood A, Gillgrass L, Etherington C, Whitaker P, et al. P253 
Use of ivacaftor (IVA) in patients heterozygous for R117H mutation: real-life 
experience in a large UK adult CF centre. J Cyst Fibros 2019;18:S128. 
https://doi.org/10.1016/s1569-1993(19)30546-6. 

[41] Spoletini G, Shaw N, Etherington C, Clifton I, Whitaker P, Peckham D. P255 
Clinical stabilisation following ivacaftor in patients with cystic fibrosis, severe lung 
disease and rare CFTR mutation: a report of two cases. J Cyst Fibros 
2019;18:S129. https://doi.org/10.1016/s1569-1993(19)30548-x. 

[42] Farrell P, Joffe S, Foley L, Canny GJ, Mayne P, Rosenberg M, et al. Diagnosis of 
Cystic Fibrosis in the Republic of Ireland: Epidemiology and Costs. vol. 100. 2007. 

[43] Kere J, Estivill X, Chillón M, Morral N, Numes V, Norio R, et al. Cystic fibrosis in a 
low-incidence population: two major mutations in Finland. Hum Genet 
1994;93:162–6. https://doi.org/10.1007/BF00210603. 

[44] Audrézet MP, Munck A, Scotet V, Claustres M, Roussey M, Delmas D, et al. 
Comprehensive CFTR gene analysis of the French cystic fibrosis screened 
newborn cohort: Implications for diagnosis, genetic counseling, and mutation-
specific therapy. Genet Med 2015;17:108–16. 
https://doi.org/10.1038/gim.2014.113. 

[45] Castellani C, Picci L, Tridello G, Casati E, Tamanini A, Bartoloni L, et al. Cystic 
fibrosis carrier screening effects on birth prevalence and newborn screening. 
Genet Med 2016;18:145–51. https://doi.org/10.1038/gim.2015.68. 

[46] Skov M, Bækvad-Hansen M, Hougaard DM, Skogstrand K, Lund AM, Pressler T, 
et al. Cystic fibrosis newborn screening in Denmark: Experience from the first 2 
years. Pediatr Pulmonol 2020;55:549–55. https://doi.org/10.1002/ppul.24564. 

[47] David J, Chrastina P, Pešková K, Kožich V, Friedecký D, Adam T, et al. 
Epidemiology of rare diseases detected by newborn screening in the Czech 
Republic. Cent Eur J Public Health 2019;27:153–9. 
https://doi.org/10.21101/cejph.a5441. 

[48] Massie RJH, Curnow L, Glazner J, Armstrong DS, Francis I. Lessons learned from 



 
 

234 

20 years of newborn screening for cystic fibrosis. Med J Aust 2012;196:67–70. 
https://doi.org/10.5694/mja11.10686. 

[49] Lilley M, Christian S, Hume S, Scott P, Montgomery M, Semple L, et al. Newborn 
screening for cystic fibrosis in Alberta: Two years of experience. Paediatr Child 
Health (Oxford) 2010;15:590–4. https://doi.org/10.1093/pch/15.9.590. 

[50] Sanders DB, Fink AK. Background and Epidemiology. Pediatr Clin North Am 
2016;63:567–84. https://doi.org/10.1016/j.pcl.2016.04.001. 

[51] Mirtajani S, Farnia P, Hassanzad M, Ghanavi J, Farnia P, Velayati A. 
Geographical distribution of cystic fibrosis; The past 70 years of data analyzis. 
Biomed Biotechnol Res J 2017;1:105. https://doi.org/10.4103/bbrj.bbrj_81_17. 

[52] Scotet V, L’hostis C, Férec C. The changing epidemiology of cystic fibrosis: 
Incidence, survival and impact of the CFTRGene discovery. Genes (Basel) 
2020;11. https://doi.org/10.3390/genes11060589. 

[53] De Boeck K, Wilschanski M, Castellani C, Taylor C, Cuppens H, Dodge J, et al. 
Cystic fibrosis: terminology and diagnostic algorithms. Thorax 2006;61:627–35. 
https://doi.org/10.1136/thx.2005.043539. 

[54] Castellani C, Cuppens H, Macek M, Cassiman JJ, Kerem E, Durie P, et al. 
Consensus on the use and interpretation of cystic fibrosis mutation analysis in 
clinical practice. J Cyst Fibros 2008;7:179–96. 
https://doi.org/10.1016/j.jcf.2008.03.009. 

[55] Burgel PR, Bellis G, Olesen H V., Viviani L, Zolin A, Blasi F, et al. Future trends 
in cystic fibrosis demography in 34 European countries. Eur Respir J 
2015;46:133–41. https://doi.org/10.1183/09031936.00196314. 

[56] Southern KW, Munck A, Pollitt R, Travert G, Zanolla L, Dankert-Roelse J, et al. A 
survey of newborn screening for cystic fibrosis in Europe. J Cyst Fibros 
2007;6:57–65. https://doi.org/10.1016/j.jcf.2006.05.008. 

[57] Dequeker E, Stuhrmann M, Morris MA, Casals T, Castellani C, Claustres M, et al. 
Best practice guidelines for molecular genetic diagnosis of cystic fibrosis and 
CFTR-related disorders - Updated European recommendations. Eur J Hum Genet 
2009;17:51–65. https://doi.org/10.1038/ejhg.2008.136. 

[58] Farrell PM, Rosenstein BJ, White TB, Accurso FJ, Castellani C, Cutting GR, et al. 
Guidelines for Diagnosis of Cystic Fibrosis in Newborns through Older Adults: 
Cystic Fibrosis Foundation Consensus Report. J Pediatr 2008;153. 
https://doi.org/10.1016/j.jpeds.2008.05.005. 

[59] De Boeck K, Wilschanski M, Castellani C, Taylor C, Cuppens H, Dodge J, et al. 
Cystic fibrosis: Terminology and diagnostic algorithms. Thorax 2006;61:627–35. 
https://doi.org/10.1136/thx.2005.043539. 

[60] Gilljam M, Ellis L, Corey M, Zielenski J, Durie P, Tullis DE. Clinical manifestations 
of cystic fibrosis among patients with diagnosis in adulthood. Chest 
2004;126:1215–24. https://doi.org/10.1378/chest.126.4.1215. 

[61] Alton E, Currie D, Logan-Sinclair R, Warner J, Hodson M, Geddes D. Nasal 
potential difference: a clinical diagnostic test for cystic fibrosis. Eur Respir J 
1990;3. 

[62] Wilschanski M, Famini H, Strauss-Liviatan N, Rivlin J, Blau H, Bibi H, et al. Nasal 
potential difference measurements in patients with atypical cystic fibrosis. Eur 
Respir J 2001;17:1208–15. https://doi.org/10.1183/09031936.01.00092501. 

[63] Cohen-Cymberknoh M, Yaakov Y, Shoseyov D, Shteyer E, Schachar E, Rivlin J, 
et al. Evaluation of the intestinal current measurement method as a diagnostic test 
for cystic fibrosis. Pediatr Pulmonol 2013;48:229–35. 



 
 

235 

https://doi.org/10.1002/ppul.22586. 

[64] Derichs N, Sanz J, Von Kanel T, Stolpe C, Zapf A, Tümmler B, et al. Intestinal 
current measurement for diagnostic classification of patients with questionable 
cystic fibrosis: Validation and reference data. Thorax 2010;65:594–9. 
https://doi.org/10.1136/thx.2009.125088. 

[65] De Boeck K, Derichs N, Fajac I, de Jonge HR, Bronsveld I, Sermet I, et al. New 
clinical diagnostic procedures for cystic fibrosis in Europe. J Cyst Fibros 
2011;10:S53–66. https://doi.org/10.1016/S1569-1993(11)60009-X. 

[66] Flume PA. Pulmonary complications of cystic fibrosis. Respir Care 2009;54:618–
27. 

[67] Adam RJ, Michalski AS, Bauer C, Alaiwa MHA, Gross TJ, Awadalla MS, et al. Air 
trapping and airflow obstruction in newborn cystic fibrosis piglets. Am J Respir Crit 
Care Med 2013;188:1434–41. https://doi.org/10.1164/rccm.201307-1268OC. 

[68] Grasemann H, Ratjen F. Early lung disease in cystic fibrosis. Lancet Respir Med 
2013;1:148–57. https://doi.org/10.1016/S2213-2600(13)70026-2. 

[69] Bonfield TL, Panuska JR, Konstan MW, Hilliard KA, Hilliard JB, Ghnaim H, et al. 
Inflammatory cytokines in cystic fibrosis lungs. Am J Respir Crit Care Med 
1995;152:2111–8. https://doi.org/10.1164/ajrccm.152.6.8520783. 

[70] Lara-Reyna S, Holbrook J, Jarosz-Griffiths HH, Peckham D, McDermott MF. 
Dysregulated signalling pathways in innate immune cells with cystic fibrosis 
mutations. Cell Mol Life Sci 2020;1:3. https://doi.org/10.1007/s00018-020-03540-
9. 

[71] Khan TZ, Wagener JS, Bost T, Martinez J, Accurso FJ, Riches DWH. Early 
pulmonary inflammation in infants with cystic fibrosis. Am J Respir Crit Care Med 
1995;151:1075–82. https://doi.org/10.1164/ajrccm/151.4.1075. 

[72] Keown K, Brown R, Doherty DF, Houston C, McKelvey MC, Creane S, et al. 
Airway inflammation and host responses in the era of CFTR modulators. Int J Mol 
Sci 2020;21:1–21. https://doi.org/10.3390/ijms21176379. 

[73] Scambler T, Jarosz-Griffiths HH, Lara-Reyna S, Pathak S, Wong C, Holbrook J, 
et al. ENaC-mediated sodium influx exacerbates NLRP3-dependent inflammation 
in cystic fibrosis. Elife 2019;8. https://doi.org/10.7554/eLife.49248. 

[74] Hisert KB, Schoenfelt KQ, Cooke G, Grogan B, Launspach JL, Gallagher CG, et 
al. Ivacaftor-induced proteomic changes suggest monocyte defects may 
contribute to the pathogenesis of cystic fibrosis. Am J Respir Cell Mol Biol 
2016;54:594–9. https://doi.org/10.1165/rcmb.2015-0322le. 

[75] Jarosz-Griffiths HH, Scambler T, Wong CH, Lara-Reyna S, Holbrook J, Martinon 
F, et al. Different CFTR modulator combinations downregulate inflammation 
differently in cystic fibrosis. Elife 2020;9. https://doi.org/10.7554/eLife.54556. 

[76] McDermott MF, Aksentijevich I. The autoinflammatory syndromes. Curr Opin 
Allergy Clin Immunol 2002;2:511–6. https://doi.org/10.1097/00130832-
200212000-00006. 

[77] Fibrosis Foundation C. 2018 PATIENT REGISTRY ANNUAL DATA REPORT. 
n.d. 

[78] Kahl BC. Impact of Staphylococcus aureus on the pathogenesis of chronic cystic 
fibrosis lung disease. Int J Med Microbiol 2010;300:514–9. 
https://doi.org/10.1016/j.ijmm.2010.08.002. 

[79] Goss CH, Muhlebach MS. Review: Staphylococcus aureus and MRSA in cystic 

fibrosis ☆ 2011. https://doi.org/10.1016/j.jcf.2011.06.002. 



 
 

236 

[80] Lo DKH, Muhlebach MS, Smyth AR. Interventions for the eradication of meticillin-
resistant Staphylococcus aureus (MRSA) in people with cystic fibrosis. Cochrane 
Database Syst Rev 2018;2018. 
https://doi.org/10.1002/14651858.CD009650.pub4. 

[81] Langton Hewer SC, Smyth AR. Antibiotic strategies for eradicating Pseudomonas 
aeruginosa in people with cystic fibrosis. Cochrane Database Syst Rev 
2017;2017. https://doi.org/10.1002/14651858.CD004197.pub5. 

[82] Lee TWR, Brownlee KG, Conway SP, Denton M, Littlewood JM. Evaluation of a 
new definition for chronic Pseudomonas aeruginosa infection in cystic fibrosis 
patients. J Cyst Fibros 2003;2:29–34. https://doi.org/10.1016/S1569-
1993(02)00141-8. 

[83] Somayaji R, Yau Y, Tullis E, LiPuma J, Ratjen F, Waters V. Clinical Outcomes 
Associated with Burkholderia cepacia Complex Infection in Patients with Cystic 
Fibrosis. Ann Am Thorac Soc 2020. https://doi.org/10.1513/AnnalsATS.202003-
204OC. 

[84] Lobo LJ, Noone PG. Respiratory infections in patients with cystic fibrosis 
undergoing lung transplantation. Lancet Respir Med 2014;2:73–82. 
https://doi.org/10.1016/S2213-2600(13)70162-0. 

[85] Horsley A, Webb K, Bright-Thomas R, Govan J, Jones A. Can early Burkholderia 
cepacia complex infection in cystic fibrosis be eradicated with antibiotic therapy? 
Front Cell Infect Microbiol 2011;1:18. https://doi.org/10.3389/fcimb.2011.00018. 

[86] Bilton D, Canny G, Conway S, Dumcius S, Hjelte L, Proesmans M, et al. 
Pulmonary exacerbation: Towards a definition for use in clinical trials. Report from 
the EuroCareCF Working Group on outcome parameters in clinical trials. J Cyst 
Fibros 2011;10. https://doi.org/10.1016/S1569-1993(11)60012-X. 

[87] Collaco JM, Green DM, Cutting GR, Naughton KM, Mogayzel PJ. Location and 
duration of treatment of cystic fibrosis respiratory exacerbations do not affect 
outcomes. Am J Respir Crit Care Med 2010;182:1137–43. 
https://doi.org/10.1164/rccm.201001-0057OC. 

[88] Chirico V, Lacquaniti A, Leonardi S, Grasso L, Rotolo N, Romano C, et al. Acute 
pulmonary exacerbation and lung function decline in patients with cystic fibrosis: 
High-mobility group box 1 (HMGB1) between inflammation and infection. Clin 
Microbiol Infect 2015;21:368.e1-368.e9. 
https://doi.org/10.1016/j.cmi.2014.11.004. 

[89] Waters V, Stanojevic S, Atenafu EG, Lu A, Yau Y, Tullis E, et al. Effect of 
pulmonary exacerbations on long-term lung function decline in cystic fibrosis. Eur 
Respir J 2012;40:61–6. https://doi.org/10.1183/09031936.00159111. 

[90] Espel JC, Palac HL, Cullina JF, Clarke AP, McColley SA, Prickett MH, et al. 
Antibiotic duration and changes in FEV1 are not associated with time until next 
exacerbation in adult cystic fibrosis: A single center study. BMC Pulm Med 
2017;17. https://doi.org/10.1186/s12890-017-0503-6. 

[91] Flume PA, Yankaskas JR, Ebeling M, Hulsey T, Clark LL. Massive hemoptysis in 
cystic fibrosis. Chest 2005;128:729–38. https://doi.org/10.1378/chest.128.2.729. 

[92] MacDuff A, Tweedie J, McIntosh L, Innes JA. Pneumothorax in cystic fibrosis: 
Prevalence and outcomes in Scotland. J Cyst Fibros 2010;9:246–9. 
https://doi.org/10.1016/j.jcf.2010.04.005. 

[93] De Jong PA, Nakano Y, Hop WC, Long FR, Coxson HO, Paré PD, et al. Changes 
in airway dimensions on computed tomography scans of children with cystic 
fibrosis. Am J Respir Crit Care Med 2005;172:218–24. 
https://doi.org/10.1164/rccm.200410-1311OC. 



 
 

237 

[94] Loeve M, Gerbrands K, Hop WC, Rosenfeld M, Hartmann IC, Tiddens HA. 
Bronchiectasis and pulmonary exacerbations in children and young adults with 
cystic fibrosis. Chest 2011;140:178–85. https://doi.org/10.1378/chest.10-1152. 

[95] Tepper LA, Utens EMWJ, Caudri D, Bos AC, Gonzalez-Graniel K, Duivenvoorden 
HJ, et al. Impact of bronchiectasis and trapped air on quality of life and 
exacerbations in cystic fibrosis. Eur Respir J 2013;42:371–9. 
https://doi.org/10.1183/09031936.00137612. 

[96] Terheggen-Lagro S, Truijens N, van Poppel N, Gulmans V, van der Laag J, van 
der Ent C. Correlation of six different cystic fibrosis chest radiograph scoring 
systems with clinical parameters. Pediatr Pulmonol 2003;35:441–5. 
https://doi.org/10.1002/ppul.10280. 

[97] Terheggen-Lagro SWJ, Arets HGM, van der Laag J, van der Ent CK. Radiological 
and functional changes over 3 years in young children with cystic fibrosis. Eur 
Respir J 2007;30:279–85. https://doi.org/10.1183/09031936.00051406. 

[98] de Jong PA, Nakano Y, Lequin MH, Mayo JR, Woods R, Paré PD, et al. 
Progressive damage on high resolution computed tomography despite stable lung 
function in cystic fibrosis. Eur Respir J 2004;23:93–7. 
https://doi.org/10.1183/09031936.03.00006603. 

[99] De Jong PA, Ottink MD, Robben SGF, Lequin MH, Hop WCJ, Hendriks JJE, et al. 
Pulmonary Disease Assessment in Cystic Fibrosis: Comparison of CT Scoring 
Systems and Value of Bronchial and Arterial Dimension Measurements. 
Radiology 2004;231:434–9. https://doi.org/10.1148/radiol.2312021393. 

[100] Woods JC, Wild JM, Wielpütz MO, Clancy JP, Hatabu H, Kauczor HU, et al. 
Current state of the art MRI for the longitudinal assessment of cystic fibrosis. J 
Magn Reson Imaging 2019. https://doi.org/10.1002/jmri.27030. 

[101] VanDevanter DR, Wagener JS, Pasta DJ, Elkin E, Jacobs JR, Morgan WJ, et al. 
Pulmonary outcome prediction (POP) tools for cystic fibrosis patients. Pediatr 
Pulmonol 2010;45:1156–66. https://doi.org/10.1002/ppul.21311. 

[102] Kerem E, Viviani L, Zolin A, MacNeill S, Hatziagorou E, Ellemunter H, et al. 
Factors associated with FEV1 decline in cystic fibrosis: analysis of the ECFS 
Patient Registry. Eur Respir J 2014;43:125–33. 
https://doi.org/10.1183/09031936.00166412. 

[103] George PM, Banya W, Pareek N, Bilton D, Cullinan P, Hodson ME, et al. Improved 
survival at low lung function in cystic fibrosis: cohort study from 1990 to 2007. BMJ 
2011;342:d1008. https://doi.org/10.1136/bmj.d1008. 

[104] Perrem L, Rayment JH, Ratjen F. The lung clearance index as a monitoring tool 
in cystic fibrosis. Curr Opin Pulm Med 2018;24:579–85. 
https://doi.org/10.1097/MCP.0000000000000515. 

[105] Kapnadak SG, Dimango E, Hadjiliadis D, Hempstead SE, Tallarico E, Pilewski 
JM, et al. Cystic Fibrosis Foundation consensus guidelines for the care of 
individuals with advanced cystic fibrosis lung disease. J Cyst Fibros 2020;0. 
https://doi.org/10.1016/j.jcf.2020.02.015. 

[106] Cohn JA, Strong T V, Picciotto MR, Francis S Collins AC, Gregory Fitz J. 
Localization of the Cystic Fibrosis Transmembrane Conductance Regulator in 
Human Bile Duct Epithelial. vol. 105. 1993. 

[107] Lewindon PJ, Pereira TN, Hoskins AC, Bridle KR, Williamson RM, Shepherd RW, 
et al. The role of hepatic stellate cells and transforming growth factor-beta(1) in 
cystic fibrosis liver disease. Am J Pathol 2002;160:1705–15. 
https://doi.org/10.1016/S0002-9440(10)61117-0. 

[108] Bartlett JR, Friedman KJ, Ling SC, Pace RG, Bell SC, Bourke B, et al. Genetic 



 
 

238 

Modifiers of Liver Disease in Cystic Fibrosis. JAMA 2009;302:1076. 
https://doi.org/10.1001/jama.2009.1295. 

[109] Debray D, Kelly D, Houwen R, Strandvik B, Colombo C. Best practice guidance 
for the diagnosis and management of cystic fibrosis-associated liver disease. J 
Cyst Fibros 2011;10:S29–36. https://doi.org/10.1016/S1569-1993(11)60006-4. 

[110] Lindblad A, Glaumann H, Strandvik B. Natural history of liver disease in cystic 
fibrosis. Hepatology 1999;30:1151–8. https://doi.org/10.1002/hep.510300527. 

[111] Colombo C, Battezzati PM, Crosignani A, Morabito A, Costantini D, Padoan R, et 
al. Liver disease in cystic fibrosis: A prospective study on incidence, risk factors, 
and outcome. Hepatology 2002;36:1374–82. 
https://doi.org/10.1002/hep.1840360613. 

[112] Cystic Fibrosis Foundation. 2016 Patient Registry Annual Data Report. 2017. 

[113] Davison S. Assessment of liver disease in cystic fibrosis. Paediatr Respir Rev 
2018;27:24–7. https://doi.org/10.1016/J.PRRV.2018.05.010. 

[114] Robinson NB, DiMango E. Prevalence of gastroesophageal reflux in cystic fibrosis 
and implications for lung disease. Ann Am Thorac Soc 2014;11:964–8. 
https://doi.org/10.1513/AnnalsATS.201401-044FR. 

[115] Sathe M, Houwen R. Meconium ileus in Cystic Fibrosis. J Cyst Fibros 
2017;16:S32–9. https://doi.org/10.1016/j.jcf.2017.06.007. 

[116] Colombo C, Ellemunter H, Houwen R, Munck A, Taylor C, Wilschanski M. 
Guidelines for the diagnosis and management of distal intestinal obstruction 
syndrome in cystic fibrosis patients. J Cyst Fibros 2011;10. 
https://doi.org/10.1016/S1569-1993(11)60005-2. 

[117] Uc A, Giriyappa R, Meyerholz DK, Griffin M, Ostedgaard LS, Tang XX, et al. 
Pancreatic and biliary secretion are both altered in cystic fibrosis pigs. Am J 
Physiol - Gastrointest Liver Physiol 2012;303:G961. 
https://doi.org/10.1152/ajpgi.00030.2012. 

[118] Singh VK, Schwarzenberg SJ. Pancreatic insufficiency in Cystic Fibrosis. J Cyst 
Fibros 2017;16:S70–8. https://doi.org/10.1016/j.jcf.2017.06.011. 

[119] Sun X, Yi Y, Xie W, Liang B, Winter MC, He N, et al. CFTR influences beta cell 
function and insulin secretion through non-cell autonomous exocrine-derived 
factors. Endocrinology 2017;158:3325–38. https://doi.org/10.1210/en.2017-
00187. 

[120] Granados A, Chan CL, Ode KL, Moheet A, Moran A, Holl R. Cystic fibrosis related 
diabetes: Pathophysiology, screening and diagnosis. J Cyst Fibros 2019;18:S3–
9. https://doi.org/10.1016/j.jcf.2019.08.016. 

[121] Chan CL, Ode KL, Granados A, Moheet A, Moran A, Hameed S. Continuous 
glucose monitoring in cystic fibrosis – A practical guide. J Cyst Fibros 
2019;18:S25–31. https://doi.org/10.1016/j.jcf.2019.08.025. 

[122] Chamnan P, Shine BSF, Haworth CS, Bilton D, Adler AI. Diabetes as a 
determinant of mortality in cystic fibrosis. Diabetes Care 2010;33:311–6. 
https://doi.org/10.2337/dc09-1215. 

[123] Lewis C, Blackman SM, Nelson A, Oberdorfer E, Wells D, Dunitz J, et al. Diabetes-
related mortality in adults with cystic fibrosis: Role of genotype and sex. Am J 
Respir Crit Care Med 2015;191:194–200. https://doi.org/10.1164/rccm.201403-
0576OC. 

[124] Terliesner N, Vogel M, Steighardt A, Gausche R, Henn C, Hentschel J, et al. 
Cystic-fibrosis related-diabetes (CFRD) is preceded by and associated with 
growth failure and deteriorating lung function. J Pediatr Endocrinol Metab 



 
 

239 

2017;30:815–21. https://doi.org/10.1515/jpem-2017-0005. 

[125] Clarke EA, Watson P, Freeston JE, Peckham DG, Jones AM, Horsley A. 
Assessing arthritis in the context of cystic fibrosis. Pediatr Pulmonol 2019;54:770–
7. https://doi.org/10.1002/ppul.24290. 

[126] Roehmel JF, Kallinich T, Staab D, Schwarz C. Clinical manifestations and risk 
factors of arthropathy in cystic fibrosis. Respir Med 2019;147:66–71. 
https://doi.org/10.1016/j.rmed.2019.01.003. 

[127] Horsley A, Helm J, Brennan A, Bright-Thomas R, Webb K, Jones A. Gout and 
hyperuricaemia in adults with cystic fibrosis. J R Soc Med Suppl 2011;104. 
https://doi.org/10.1258/jrsm.2011.s11106. 

[128] McCoy K, Hamilton S, Johnson C. Effects of 12-week administration of dornase 
alfa in patients with advanced cystic fibrosis lung disease. Chest 1996;110:889–
95. https://doi.org/10.1378/chest.110.4.889. 

[129] Konstan MW, Ratjen F. Effect of dornase alfa on inflammation and lung function: 
Potential role in the early treatment of cystic fibrosis. J Cyst Fibros 2012;11:78–
83. https://doi.org/10.1016/j.jcf.2011.10.003. 

[130] Wark P, Mcdonald VM. Nebulised hypertonic saline for cystic fibrosis. Cochrane 
Database Syst Rev 2018;2018. 
https://doi.org/10.1002/14651858.CD001506.pub4. 

[131] Etherington C, Hall M, Conway S, Peckham D, Denton M. Clinical impact of 
reducing routine susceptibility testing in chronic Pseudomonas aeruginosa 
infections in cystic fibrosis. J Antimicrob Chemother 2007;61:425–7. 
https://doi.org/10.1093/jac/dkm481. 

[132] Nick JA, St. Clair C, Jones MC, Lan L, Higgins M. Ivacaftor in cystic fibrosis with 
residual function: Lung function results from an N-of-1 study. J Cyst Fibros 
2020;19:91–8. https://doi.org/10.1016/j.jcf.2019.09.013. 

[133] Sawicki GS, McKone EF, Pasta DJ, Millar SJ, Wagener JS, Johnson CA, et al. 
Sustained benefit from ivacaftor demonstrated by combining clinical trial and 
cystic fibrosis patient registry data. Am J Respir Crit Care Med 2015;192:836–42. 
https://doi.org/10.1164/rccm.201503-0578OC. 

[134] Burgel PR, Durieu I, Chiron R, Mely L, Prevotat A, Murris-Espin M, et al. Clinical 
response to lumacaftor-ivacaftor in patients with cystic fibrosis according to 
baseline lung function. J Cyst Fibros 2020;0. 
https://doi.org/10.1016/j.jcf.2020.06.012. 

[135] Middleton PG, Mall MA, Dřevínek P, Lands LC, McKone EF, Polineni D, et al. 
Elexacaftor–Tezacaftor–Ivacaftor for Cystic Fibrosis with a Single Phe508del 
Allele. N Engl J Med 2019;381:1809–19. 
https://doi.org/10.1056/NEJMoa1908639. 

[136] Wagner PD. The physiological basis of pulmonary gas exchange: Implications for 
clinical interpretation of arterial blood gases. Eur Respir J 2015;45:227–43. 
https://doi.org/10.1183/09031936.00039214. 

[137] Hsia CCW, Hyde DM, Weibel ER. Lung structure and the intrinsic challenges of 
gas exchange. Compr Physiol 2016;6:827–95. 
https://doi.org/10.1002/cphy.c150028. 

[138] Petersson J, Glenny RW. Gas exchange and ventilation-perfusion relationships in 
the lung. Eur Respir J 2014;44:1023–41. 
https://doi.org/10.1183/09031936.00037014. 

[139] Ruffin V, Salameh A, Boron W, Parker M. Intracellular pH regulation by acid-base 
transporters in mammalian neurons. Front Physiol 2014;5. 



 
 

240 

https://doi.org/10.3389/FPHYS.2014.00043. 

[140] Hamm LL, Nakhoul N, Hering-Smith KS. Acid-Base Homeostasis. Clin J Am Soc 
Nephrol 2015;10:2232–42. https://doi.org/10.2215/CJN.07400715. 

[141] Wagner PD, Laravuso RB, Uhi RR, West JB. Continuous Distributions of 
Ventilation-Perfusion Ratios in Normal Subjects Breathing Air and 100% O2. J 
Clin Invest 1974;54:54. https://doi.org/10.1172/JCI107750. 

[142] Lamba T, Sharara R, Singh A, Balaan M. Pathophysiology and Classification of 
Respiratory Failure. Crit Care Nurs Q 2016;39:85–93. 
https://doi.org/10.1097/CNQ.0000000000000102. 

[143] Roussos C, Koutsoukou A. Respiratory failure. Eur Respir J 2003;22:3s-14s. 
https://doi.org/10.1183/09031936.03.00038503. 

[144] Purkerson J, Schwartz G. The role of carbonic anhydrases in renal physiology. 
Kidney Int 2007;71:103–15. https://doi.org/10.1038/SJ.KI.5002020. 

[145] McMurtrie HL, Cleary HJ, Alvarez B V., Loiselle FB, Sterling D, Morgan PE, et al. 
Mini Review. Https://DoiOrg/101080/14756360410001704443 2008;19:231–6. 
https://doi.org/10.1080/14756360410001704443. 

[146] Hamm LL, Hering-Smith KS, Vehaskari VM. Control of bicarbonate transport in 
collecting tubules from normal and remnant kidneys. Am J Physiol - Ren Fluid 
Electrolyte Physiol 1989;256. 
https://doi.org/10.1152/AJPRENAL.1989.256.4.F680. 

[147] Wall SM, Lazo-Fernandez Y. The Role of Pendrin in Renal Physiology. 
Http://DxDoiOrg/101146/Annurev-Physiol-021014-071854 2015;77:363–78. 
https://doi.org/10.1146/ANNUREV-PHYSIOL-021014-071854. 

[148] Wall SM, Verlander JW, Romero CA. The Renal Physiology of Pendrin-Positive 
Intercalated Cells. Https://DoiOrg/101152/Physrev000112019 2020;100:1119–
47. https://doi.org/10.1152/PHYSREV.00011.2019. 

[149] Soleimani M. The multiple roles of pendrin in the kidney. Nephrol Dial Transplant 
2015;30:1257–66. https://doi.org/10.1093/NDT/GFU307. 

[150] Soleimani M, Greeley T, Petrovic S, Wang Z, Amlal H, Kopp P, et al. Pendrin: an 
apical Cl−/OH−/HCO3 −exchanger  in the kidney cortex. 
Https://DoiOrg/101152/Ajprenal20012802F356 2001;280. 
https://doi.org/10.1152/AJPRENAL.2001.280.2.F356. 

[151] Berend K, de Vries APJ, Gans ROB. Physiological Approach to Assessment of 
Acid–Base Disturbances. N Engl J Med 2014;371:1434–45. 
https://doi.org/10.1056/NEJMra1003327. 

[152] Lindinger MI, Heigenhauser GJF. Effects of Gas Exchange on Acid-Base Balance. 
Compr. Physiol., vol. 2, Hoboken, NJ, USA: John Wiley & Sons, Inc.; 2012, p. 
2203–54. https://doi.org/10.1002/cphy.c100055. 

[153] Adrogué HJ, Madias NE. Secondary responses to altered acid-base status: the 
rules of engagement. J Am Soc Nephrol 2010;21:920–3. 
https://doi.org/10.1681/ASN.2009121211. 

[154] Skelton LA, Boron WF, Zhou Y. Acid-base transport by the renal proximal tubule. 
J Nephrol 2010;23 Suppl 1:S4-18. 

[155] Hodgkin JE, Soeprono FF, Chan DM. Incidence of metabolic alkalemia in 
hospitalized patients. Crit Care Med 1980;8:725–8. 

[156] Campbell EJM. Blood gas measurements in clinical practice 1961;37:10. 
https://doi.org/10.1136/pgmj.37.423.10. 

[157] Chauvin A, Javaud N, Ghazali A, Curac S, Altar A, Ali T, et al. Reducing pain by 



 
 

241 

using venous blood gas instead of arterial blood gas (VEINART): a multicentre 
randomised controlled trial. Emerg Med J 2020;37:756–61. 
https://doi.org/10.1136/EMERMED-2019-209287. 

[158] Dar K, Williams T, Aitken R, Woods KL, Fletcher S. Arterial versus capillary 
sampling for analysing blood gas pressures. BMJ 1995;310:24–5. 
https://doi.org/10.1136/BMJ.310.6971.24. 

[159] Byrne AL, Bennett M, Chatterji R, Symons R, Pace NL, Thomas PS. Peripheral 
venous and arterial blood gas analysis in adults: are they comparable? A 
systematic review and meta-analysis. Respirology 2014;19:168–75. 
https://doi.org/10.1111/resp.12225. 

[160] Kelly A-M. Can VBG analysis replace ABG analysis in emergency care? Emerg 
Med J 2016;33:152–4. https://doi.org/10.1136/emermed-2014-204326. 

[161] Kelly A-M. Review article: Can venous blood gas analysis replace arterial in 
emergency medical care. Emerg Med Australas 2010;22:493–8. 
https://doi.org/10.1111/j.1742-6723.2010.01344.x. 

[162] McKeever TM, Hearson G, Housley G, Reynolds C, Kinnear W, Harrison TW, et 
al. Using venous blood gas analysis in the assessment of COPD exacerbations: 
a prospective cohort study. Thorax 2016;71:210–5. 
https://doi.org/10.1136/thoraxjnl-2015-207573. 

[163] Zavorsky GS, Cao J, Mayo NE, Gabbay R, Murias JM. Arterial versus capillary 
blood gases: A meta-analysis. Respir Physiol Neurobiol 2007;155:268–79. 
https://doi.org/10.1016/j.resp.2006.07.002. 

[164] Heidari K, Hatamabadi H, Ansarian N, Alavi-Moghaddam M, Amini A, Safari S, et 
al. Correlation between capillary and arterial blood gas parameters in an ED. Am 
J Emerg Med 2013;31:326–9. https://doi.org/10.1016/j.ajem.2012.08.025. 

[165] Kurtz I, Kraut J, Ornekian V, Nguyen MK. Acid-base analysis: a critique of the 
Stewart and bicarbonate-centered approaches. Am J Physiol Renal Physiol 
2008;294:F1009-31. https://doi.org/10.1152/ajprenal.00475.2007. 

[166] Schwartz WB, Relman AS. A Critique of the Parameters Used in the Evaluation 
of Acid-Base Disorders. N Engl J Med 1963;268:1382–8. 
https://doi.org/10.1056/NEJM196306202682503. 

[167] Kishen R, Honoré PM, Jacobs R, Joannes-Boyau O, De Waele E, De Regt J, et 
al. Facing acid-base disorders in the third millennium - the Stewart approach 
revisited. Int J Nephrol Renovasc Dis 2014;7:209–17. 
https://doi.org/10.2147/IJNRD.S62126. 

[168] Siggaard-Andersen O. Acid-Base Balance. Encycl. Respir. Med., 1970. 

[169] Story DA. Bench-to-bedside review: a brief history of clinical acid-base. Crit Care 
2004;8:253–8. https://doi.org/10.1186/cc2861. 

[170] Collins J-A, Rudenski A, Gibson J, Howard L, O’Driscoll R. Relating oxygen partial 
pressure, saturation and content: the haemoglobin-oxygen dissociation curve. 
Breathe 2015;11:194–201. https://doi.org/10.1183/20734735.001415. 

[171] Jubran A. Pulse oximetry. Crit Care 2015;19. https://doi.org/10.1186/s13054-015-
0984-8. 

[172] Kocher S, Rohling R, Tschupp A. Performance of a digital PCO2/SPO2 ear 
sensor. J Clin Monit Comput 2004;18:75–9. 

[173] Huttmann SE, Windisch W, Storre JH. Techniques for the Measurement and 
Monitoring of Carbon Dioxide in the Blood. Ann Am Thorac Soc 2014;11:645–52. 
https://doi.org/10.1513/AnnalsATS.201311-387FR. 



 
 

242 

[174] Bolliger D, Steiner LA, Kasper J, Aziz OA, Filipovic M, Seeberger MD. The 
accuracy of non-invasive carbon dioxide monitoring: A clinical evaluation of two 
transcutaneous systems. Anaesthesia 2007;62:394–9. 
https://doi.org/10.1111/j.1365-2044.2007.04987.x. 

[175] Conway A, Tipton E, Liu W-H, Conway Z, Soalheira K, Sutherland J, et al. 
Accuracy and precision of transcutaneous carbon dioxide monitoring: a 
systematic review and meta-analysis. Thorax 2019;74:157–63. 
https://doi.org/10.1136/thoraxjnl-2017-211466. 

[176] Humpreys S, Deyermond R, Deyermond R, Bali I, Stevenson M, Fee JPH. The 
effect of high altitude commercial air travel on oxygen saturation. Anaesthesia 
2005;60:458–60. 

[177] Muhm JM, Rock PB, Mcmullin DL, Jones SP, Lu ILL, Eilers KD, et al. Effect of 
Aircraft-Cabin Altitude on Passenger Discomfort. N Engl J Med 2007;357:18–27. 
https://doi.org/10.1056/NEJMoa062770. 

[178] Nicholson TT, Sznajder JI. Fitness to Fly in Patients with Lung Disease. Ann Am 
Thorac Soc 2014;11:1614–22. https://doi.org/10.1513/AnnalsATS.201406-
234PS. 

[179] Howard LS. Last call for the flight simulation test? Eur Respir J 2013;42:1175–7. 
https://doi.org/10.1183/09031936.00037813. 

[180] Peterson DC, Martin-Gill C, Guyette FX, Tobias AZ, McCarthy CE, Harrington ST, 
et al. Outcomes of Medical Emergencies on Commercial Airline Flights. N Engl J 
Med 2013;368:2075–83. https://doi.org/10.1056/NEJMoa1212052. 

[181] Edvardsen A, Ryg M, Akerø A, Christensen CC, Skjønsberg OH. COPD and air 
travel: Does hypoxia-altitude simulation testing predict in-flight respiratory 
symptoms? Eur Respir J 2013;42:1216–23. 
https://doi.org/10.1183/09031936.00157112. 

[182] Ahmedzai S, Balfour-Lynn IM, Bewick T, Buchdahl R, Coker RK, Cummin  a R, et 
al. Respiratory disease. Managing passengers with stable respiratory disease 
planning air travel: British Thoracic Society recommendations. Thorax 2011;66 
Suppl 1:i1-30. https://doi.org/10.1136/thoraxjnl-2011-200295. 

[183] Lien D, Turner M. Recommendations for patients with chronic respiratory disease 
considering air travel: a statement from the Canadian Thoracic Society. Can 
Respir J n.d.;5:95–100. 

[184] Aerospace Medical Association Medical Guidelines Task Force. Medical 
Guidelines for Airline Travel, 2nd ed. Aviat Space Environ Med 2003;74:A1-19. 

[185] Hirche TO, Bradley J, d’Alquen D, De Boeck K, Dembski B, Elborn JS, et al. 
Travelling with cystic fibrosis: Recommendations for patients and care team 
members. J Cyst Fibros 2010;9:385–99. https://doi.org/10.1016/j.jcf.2010.08.013. 

[186] Martin SEE, Bradley JMM, Buick JBB, Bradbury I, Elborn JSS. Flight assessment 
in patients with respiratory disease: Hypoxic challenge testing vs. predictive 
equations. Qjm 2007;100:361–7. https://doi.org/10.1093/qjmed/hcm033. 

[187] Taylor-Cousar JL. Hypoventilation in cystic fibrosis. Semin Respir Crit Care Med 
2009;30:293–302. https://doi.org/10.1055/s-0029-1222442. 

[188] King CS, Brown AW, Aryal S, Ahmad K, Donaldson S. Critical Care of the Adult 
Patient With Cystic Fibrosis. Chest 2019;155:202–14. 
https://doi.org/10.1016/j.chest.2018.07.025. 

[189] Fauroux B, Pepin J-L, Boelle P-Y, Cracowski C, Murris-Espin M, Nove-Josserand 
R, et al. Sleep quality and nocturnal hypoxaemia and hypercapnia in children and 
young adults with cystic fibrosis. Arch Dis Child 2012;97:960–6. 



 
 

243 

https://doi.org/10.1136/archdischild-2011-300440. 

[190] Paranjape SM, McGinley BM, Braun AT, Schneider H. Polysomnographic Markers 
in Children With Cystic Fibrosis Lung Disease. Pediatrics 2015;136:920–6. 
https://doi.org/10.1542/peds.2015-1747. 

[191] White DP, Weil J V., Zwillich CW. Metabolic rate and breathing during sleep. J 
Appl Physiol 1985;59:384–91. https://doi.org/10.1152/jappl.1985.59.2.384. 

[192] Douglas NJ, White DP, Pickett CK, Weil J V., Zwillich CW. Respiration during 
sleep in normal man. Thorax 1982;37:840–4. 
https://doi.org/10.1136/thx.37.11.840. 

[193] Muller NL, Francis PW, Gurwitz D, Levison H, Bryan AC. Mechanism of 
hemoglobin desaturation during rapid-eye-movement sleep in normal subjects 
and in patients with cystic fibrosis. Am Rev Respir Dis 1980;121:463–9. 
https://doi.org/10.1164/arrd.1980.121.3.463. 

[194] Tepper RS, Skatrud JB, Dempsey JA. Ventilation and oxygenation changes 
during sleep in cystic fibrosis. Chest 1983;84:388–93. 
https://doi.org/10.1378/chest.84.4.388. 

[195] Ballard RD, Sutarik JM, Clover CW, Suh BY. Effects of non-REM sleep on 
ventilation and respiratory mechanics in adults with cystic fibrosis. Am J Respir 
Crit Care Med 1996;153:266–71. https://doi.org/10.1164/ajrccm.153.1.8542127. 

[196] Milross MA, Piper AJ, Norman M, Willson GN, Grunstein RR, Sullivan CE, et al. 
Night-to-night variability in sleep in cystic fibrosis. Sleep Med 2002;3:213–9. 
https://doi.org/10.1016/S1389-9457(02)00030-8. 

[197] Milross MA, Piper AJ, Dobbin CJ, Bye PTP, Grunstein RR. Sleep disordered 
breathing in cystic fibrosis. Sleep Med Rev 2004;8:295–308. 
https://doi.org/10.1016/j.smrv.2004.03.004. 

[198] Milross MA, Piper AJ, Norman M, Willson GN, Grunstein RR, Sullivan CE, et al. 
Predicting Sleep-Disordered Breathing in Patients With Cystic Fibrosis. Chest 
2001;120:1239–45. https://doi.org/10.1378/CHEST.120.4.1239. 

[199] Fauroux B. Why, when and how to propose noninvasive ventilation in cystic 
fibrosis? Minerva Anestesiol 2011;77:1108–14. 

[200] de Castro-Silva C, de Bruin VMS, Cavalcante AGM, Bittencourt LRA, de Bruin 
PFC. Nocturnal hypoxia and sleep disturbances in cystic fibrosis. Pediatr 
Pulmonol 2009;44:1143–50. https://doi.org/10.1002/ppul.21122. 

[201] Stern RC, Borkat G, Hirschfeld SS, Boat TF, Matthews LW, Liebman J, et al. Heart 
Failure in Cystic Fibrosis: Treatment and Prognosis of Cor Pulmonale With Failure 
of the Right Side of the Heart. Am J Dis Child 1980;134:267–72. 
https://doi.org/10.1001/archpedi.1980.02130150025007. 

[202] Stevens D. Static hyperinflation is associated with ventilatory limitation and 
exercise tolerance in adult cystic fibrosis. Clin Respir J 2018;12:1949–57. 
https://doi.org/10.1111/crj.12763. 

[203] Thin AG, Dodd JD, Gallagher CG, Fitzgerald MX, Mcloughlin P. Effect of 
respiratory rate on airway deadspace ventilation during exercise in cystic fibrosis. 
Respir Med 2004;98:1063–70. 

[204] Savi D, Di Paolo M, Simmonds NJ, Pascucci C, Quattrucci S, Palange P. Is daily 
physical activity affected by dynamic hyperinflation in adults with cystic fibrosis? 
BMC Pulm Med 2018;18:60. https://doi.org/10.1186/s12890-018-0623-7. 

[205] Hernandez Gonzalez C, Iscar Urrutia M, García Clemente M, Perez Martinez L, 
Orellana Gonzalez A, Enríquez Rodríguez AI, et al. Dynamic hyperinflation 
causes exercise limitation in patients with cystic fibrosis. 7.3 Cyst. Fibros., vol. 48, 



 
 

244 

European Respiratory Society; 2016, p. PA4866. 
https://doi.org/10.1183/13993003.congress-2016.PA4866. 

[206] Karapanagiotis S, Gambazza S, Brivio A, D’Abrosca F, Colombo C. Ventilatory 
limitation and dynamic hyperinflation during exercise testing in Cystic Fibrosis. 
Pediatr Pulmonol 2017;52:29–33. https://doi.org/10.1002/ppul.23572. 

[207] Laveneziana P, Guenette JA, Webb KA, O’Donnell DE. New physiological insights 
into dyspnea and exercise intolerance in chronic obstructive pulmonary disease 
patients. Expert Rev Respir Med 2012;6:651–62. 
https://doi.org/10.1586/ers.12.70. 

[208] Chetta A, Pisi G, Zanini A, Foresi A, Grzincich GL, Aiello M, et al. Six-minute 
walking test in cystic fibrosis adults with mild to moderate lung disease: 
comparison to healthy subjects 2001. https://doi.org/10.1053/rmed.2001.1194. 

[209] Ziegler B, Rovedder PME, Oliveira CL, Schuh SJ, Silva FA e, Dalcin P de TR. 
Preditores da dessaturação do oxigênio no teste da caminhada de seis minutos 
em pacientes com fibrose cística. J Bras Pneumol 2009;35:957–65. 
https://doi.org/10.1590/S1806-37132009001000003. 

[210] Ruf K, Hebestreit H. Exercise-induced hypoxemia and cardiac arrhythmia in cystic 
fibrosis 2008. https://doi.org/10.1016/j.jcf.2008.09.008. 

[211] Elphick HE, Mallory G. Oxygen therapy for cystic fibrosis. In: Elphick HE, editor. 
Cochrane Database Syst. Rev., Chichester, UK: John Wiley & Sons, Ltd; 2013. 
https://doi.org/10.1002/14651858.CD003884.pub4. 

[212] Lim WY, Etherington C, Whitaker P, Clifton I, Spoletini G, Peckham D. ePS2.03 
Diagnosis and treatment of pulmonary embolismin adult patients with cystic 
fibrosis. J Cyst Fibros 2019;18:S42. https://doi.org/10.1016/s1569-
1993(19)30251-6. 

[213] Sood N, Paradowski LJ, Yankaskas JR. Outcomes of intensive care unit care in 
adults with cystic fibrosis. Am J Respir Crit Care Med 2001;163:335–8. 
https://doi.org/10.1164/ajrccm.163.2.2003076. 

[214] Geara AS, Parikh A, Rekhtman Y, Rao MK. The Case ∣ Metabolic alkalosis in a 
patient with cystic fibrosis. Kidney Int 2012;81:421–2. 
https://doi.org/10.1038/ki.2011.400. 

[215] Sweetser LJ, Douglas JA, Riha RL, Bell SC. Clinical presentation of metabolic 
alkalosis in an adult patient with cystic fibrosis. Respirology 2005;10:254–6. 
https://doi.org/10.1111/j.1440-1843.2005.00650.x. 

[216] Al-Ghimlas F, Faughnan ME, Tullis E. Metabolic alkalosis in adults with stable 
cystic fibrosis. Open Respir Med J 2012;6:59–62. 
https://doi.org/10.2174/1874306401206010059. 

[217] Baird JS, Walker P, Urban A, Berdella M. Metabolic alkalosis and cystic fibrosis. 
Chest 2002;122:755–6. https://doi.org/10.1378/chest.122.2.755-a. 

[218] Pollard K, Daniels TE, Etherington C, Conway SP, Elliott M, Peckham DG. 
Capillary blood gas sampling at annual assessment – a service review. J Cyst 
Fibros 2010;9:S85. https://doi.org/10.1016/S1569-1993(10)60329-3. 

[219] Beckerman RC, Taussig LM. Hypoelectrolytemia and metabolic alkalosis in 
infants with cystic fibrosis. Pediatrics 1979;63:580–3. 

[220] Mauri S, Pedroli G, Rüdeberg A, Laux-End R, Monotti R, Bianchetti MG. Acute 
metabolic alkalosis in cystic fibrosis: prospective study and review of the literature. 
Miner Electrolyte Metab 1997;23:33–7. 

[221] Yalcin E, Kiper N, Dogru D, Ozcelik U, Aslan AT. Clinical features and treatment 
approaches in cystic fibrosis with pseudo-Bartter syndrome. Ann Trop Paediatr 



 
 

245 

2005;25:119–24. https://doi.org/10.1179/146532805X45719. 

[222] Dahabreh M, Najada A. Pseudo-bartter syndrome, pattern and correlation with 
other cystic fibrosis features. Saudi J Kidney Dis … 2013;24:292–6. 

[223] Holland AE, Wilson JW, Kotsimbos TC, Naughton MT. Metabolic alkalosis 
contributes to acute hypercapnic respiratory failure in adult cystic fibrosis. Chest 
2003;124:490–3. 

[224] Wine JJ. Cystic fibrosis: The “bicarbonate before chloride” hypothesis. Curr Biol 
2001;11:R463-6. https://doi.org/10.1016/S0960-9822(01)00282-2. 

[225] Choi JY, Muallem D, Kiselyov K, Lee MG, Thomas PJ, Muallem S. Aberrant 
CFTR-dependent HCO3- transport in mutations associated with cystic fibrosis. 
Nature 2001;410:94–7. https://doi.org/10.1038/35065099. 

[226] Morales MM, Falkenstein D, Lopes AG. The cystic fibrosis transmembrane 
regulator (CFTR) in the kidney. An Da Acad Bras Ciências 2000;72:399–406. 

[227] Bradley S, Solin P, Wilson J, Johns D, Walters EH, Naughton MT. Hypoxemia and 
Hypercapnia During Exercise and Sleep in Patients With Cystic Fibrosis. Chest 
1999;116:647–54. https://doi.org/10.1378/chest.116.3.647. 

[228] Noone PG. Non-invasive ventilation for the treatment of hypercapnic respiratory 
failure in cystic fibrosis. Thorax 2008;63:5–7. 
https://doi.org/10.1136/thx.2007.086710. 

[229] Fauroux B, Burgel P-R, Boelle P-Y, Cracowski C, Murris-Espin M, Nove-
Josserand R, et al. Practice of noninvasive ventilation for cystic fibrosis: a 
nationwide survey in France. Respir Care 2008;53:1482–9. 

[230] Kleta R, Bockenhauer D. Bartter Syndromes and Other Salt-Losing 
Tubulopathies. Nephron Physiol 2006;104:p73–80. 
https://doi.org/10.1159/000094001. 

[231] Cunha T da S, Heilberg IP. Bartter syndrome: Causes, diagnosis, and treatment. 
Int J Nephrol Renovasc Dis 2018;11:291–301. 
https://doi.org/10.2147/IJNRD.S155397. 

[232] Zietse R, Zoutendijk R, Hoorn EJ. Fluid, electrolyte and acid-base disorders 
associated with antibiotic therapy. Nat Rev Nephrol 2009;5:193–202. 
https://doi.org/10.1038/nrneph.2009.17. 

[233] Chrispal A, Boorugu H, Prabhakar AT, Moses V. Amikacin-induced type 5 Bartter-
like syndrome with severe hypocalcemia. J Postgrad Med 2009;55:208–10. 
https://doi.org/10.4103/0022-3859.57407. 

[234] Chen YS, Fang HC, Chou KJ, Lee PT, Hsu CY, Huang WC, et al. Gentamicin-
Induced Bartter-like Syndrome. Am J Kidney Dis 2009;54:1158–61. 
https://doi.org/10.1053/j.ajkd.2009.07.016. 

[235] Tabish M, Mahendran M, Ray A, Vikram NK. Colistin-induced acquired Bartter-
like syndrome: An unusual cause of meltdown. BMJ Case Rep 2020;13. 
https://doi.org/10.1136/bcr-2019-232630. 

[236] Cakir U, Alan S, Zeybek C, Erdeve O, Atasay B, Yalcinkaya F, et al. Acquired 
bartter-like syndrome associated with colistin use in a preterm infant. Ren Fail 
2013;35:411–3. https://doi.org/10.3109/0886022X.2012.761084. 

[237] Sojo A, Rodriguez-Soriano J, Vitoria JC, Vazquez C, Ariceta G, Villate A. Chloride 
deficiency as a presentation or complication of cystic fibrosis. Eur J Pediatr 
1994;153:825–8. https://doi.org/10.1007/BF01972891. 

[238] Scurati-Manzoni E, Fossali EF, Agostoni C, Riva E, Simonetti GD, Zanolari-
Calderari M, et al. Electrolyte abnormalities in cystic fibrosis: systematic review of 



 
 

246 

the literature. Pediatr Nephrol 2014;29:1015–23. https://doi.org/10.1007/s00467-
013-2712-4. 

[239] Kunzelmann K, Schreiber R, Hadorn HB. Bicarbonate in cystic fibrosis. J Cyst 
Fibros 2017;16:653–62. https://doi.org/10.1016/J.JCF.2017.06.005. 

[240] Berg P, Svendsen SL, Sorensen MV, Schreiber R, Kunzelmann K, Leipziger J. 
The molecular mechanism of CFTR- and secretin-dependent renal bicarbonate 
excretion. J Physiol 2021;599:3003–11. https://doi.org/10.1113/JP281285. 

[241] Bretscher D, Schneider A, Hagmann R, Hadorn B, Howald B, Lüthi C, et al. 
Response of renal handling of sodium (Na) and bicarbonate (HCO3-) to secretin 
(S) in normals and patients with cystic fibrosis (CF). Pediatr Res 1974;8:899–899. 
https://doi.org/10.1203/00006450-197411000-00031. 

[242] Berg P, Svendsen S, Sorensen M, Larsen C, Andersen J, Jensen-Fangel S, et al. 
Impaired Renal HCO 3 - Excretion in Cystic Fibrosis. J Am Soc Nephrol 
2020;31:1711–27. https://doi.org/10.1681/ASN.2020010053. 

[243] Berg P, Svendsen SL, Hoang TTL, Praetorius HA, Sorensen M V., Leipziger J. 
Impaired renal HCO 3 − secretion in CFTR deficient mice causes metabolic 
alkalosis during chronic base‐loading. Acta Physiol 2020:e13591. 

https://doi.org/10.1111/apha.13591. 

[244] Smyth AR, Bell SC, Bojcin S, Bryon M, Duff A, Flume P, et al. European Cystic 
Fibrosis Society Standards of Care: Best Practice guidelines. J Cyst Fibros 
2014;13:S23–42. https://doi.org/10.1016/J.JCF.2014.03.010. 

[245] UK CF Trust. Standard of Care and Good Clinical Practice for the Physiotherapy 
Management of Cystic Fibrosis. Fourth Edition 2020. 

[246] Tiffany J. Dwyer MREPT p. B. The role of exercise in maintaining health in cystic 
fibrosis. Curr Opin Pulm Med 2011;17:455–60. 
https://doi.org/10.1097/mcp.0b013e32834b6af4. 

[247] Hind K, Truscott JG, Conway SP. Exercise during childhood and adolescence: a 
prophylaxis against cystic fibrosis-related low bone mineral density? Exercise for 
bone health in children with cystic fibrosis. J Cyst Fibros 2008;7:270–6. 
https://doi.org/10.1016/j.jcf.2008.02.001. 

[248] Orenstein DM, Franklin BA, Doershuk CF, Hellerstein HK, Germann KJ, Horowitz 
JG, et al. Exercise Conditioning and Cardiopulmonary Fitness in Cystic Fibrosis: 
The Effects of a Three-month Supervised Running Program. Chest 1981;80:392–
8. https://doi.org/10.1378/CHEST.80.4.392. 

[249] Schneiderman-Walker J, Pollock SL, Corey M, Wilkes DD, Canny GJ, Pedder L, 
et al. A randomized controlled trial of a 3-year home exercise program in cystic 
fibrosis. J Pediatr 2000;136:304–10. https://doi.org/10.1067/MPD.2000.103408. 

[250] Radtke T, Nolan SJ, Hebestreit H, Kriemler S. Physical exercise training for cystic 
fibrosis. Cochrane Database Syst Rev 2015. 
https://doi.org/10.1002/14651858.CD002768.pub3. 

[251] Nixon PA, Orenstein DM, Kelsey SF, Doershuk CF. The Prognostic Value of 
Exercise Testing in Patients with Cystic Fibrosis. N Engl J Med 1992;327:1785–
8. https://doi.org/10.1056/NEJM199212173272504. 

[252] Tejero García S, Giráldez Sánchez MA, Cejudo P, Quintana Gallego E, Dapena 
J, García Jiménez R, et al. Bone health, daily physical activity, and exercise 
tolerance in patients with cystic fibrosis. Chest 2011;140:475–81. 
https://doi.org/10.1378/chest.10-1508. 

[253] Radtke T, Crook S, Kaltsakas G, Louvaris Z, Berton D, Urquhart DS, et al. ERS 
statement on standardisation of cardiopulmonary exercise testing in chronic lung 



 
 

247 

diseases. Eur Respir Rev 2019;28:1901441. 
https://doi.org/10.1183/16000617.0101-2018. 

[254] Tomlinson OW, Trott J, Williams CA, Withers NJ, Oades PJ. Challenges in 
Implementing Routine Cardiopulmonary Exercise Testing in Cystic Fibrosis 
Clinical Practice: a Single-Centre Review. SN Compr Clin Med 2020;2:327–31. 
https://doi.org/10.1007/S42399-020-00239-7. 

[255] ATS Statement Guidelines for the Six-minute Walk Test. Am J Respir Crit Care 
Med 2002;166:111–7. https://doi.org/10.1164/ajrccm.166.1.at1102. 

[256] Heffner JE. The story of oxygen. Respir Care 2013;58:18–31. 
https://doi.org/10.4187/respcare.01831. 

[257] Corrado A, Gorini M, Villella G, De Paola E. Negative pressure ventilation in the 
treatment of acute respiratory failure: an old noninvasive technique reconsidered. 
Eur Respir J 1996;9:1531–44. 

[258] Spoletini G, Alotaibi M, Blasi F, Hill NS. Heated Humidified High-Flow Nasal 
Oxygen in Adults. Chest 2015;148:253–61. https://doi.org/10.1378/chest.14-
2871. 

[259] Nava S, Hill N. Non-invasive ventilation in acute respiratory failure. Lancet 
(London, England) 2009;374:250–9. https://doi.org/10.1016/S0140-
6736(09)60496-7. 

[260] Brochard L. Mechanical ventilation: invasive versus noninvasive. Eur Respir J 
2003;22:31s-37s. https://doi.org/10.1183/09031936.03.00050403. 

[261] Ozyilmaz E, Ugurlu AO, Nava S. Timing of noninvasive ventilation failure: causes, 
risk factors, and potential remedies. BMC Pulm Med 2014;14:19. 
https://doi.org/10.1186/1471-2466-14-19. 

[262] Hill NS, Spoletini G, Schumaker G, Garpestad E. Noninvasive ventilatory support 
for acute hypercapnic respiratory failure. Respir Care 2019;64:647–57. 
https://doi.org/10.4187/respcare.06931. 

[263] Rochwerg B, Brochard L, Elliott MW, Hess D, Hill NS, Nava S, et al. Official 
ERS/ATS clinical practice guidelines: noninvasive ventilation for acute respiratory 
failure. Eur Respir J 2017;50:1602426. https://doi.org/10.1183/13993003.02426-
2016. 

[264] Elliott MW. Non-invasive ventilation: Established and expanding roles. Clin Med J 
R Coll Physicians London 2011;11:150–3. 
https://doi.org/10.7861/clinmedicine.11-2-150. 

[265] Masa JF, Corral J, Caballero C, Barrot E, Terán-Santos J, Alonso-Álvarez ML, et 
al. Original article: Non-invasive ventilation in obesity hypoventilation syndrome 
without severe obstructive sleep apnoea. Thorax 2016;71:899. 
https://doi.org/10.1136/THORAXJNL-2016-208501. 

[266] Meduri UG, Fox RC, Abou-Shala N, Leeper K V, Wunderink RG. Noninvasive 
mechanical ventilation via face mask in patients with acute respiratory failure who 
refused endotracheal intubation. Crit Care Med 1994;22:1584–90. 

[267] Antonelli M, Conti G, Esquinas A, Montini L, Maggiore SM, Bello G, et al. A 
multiple-center survey on the use in clinical practice of noninvasive ventilation as 
a first-line intervention for acute respiratory distress syndrome. Crit Care Med 
2007;35:18–25. https://doi.org/10.1097/01.CCM.0000251821.44259.F3. 

[268] Levy M, Tanios M a, Nelson D, Short K, Senechia A, Vespia J, et al. Outcomes of 
patients with do-not-intubate orders treated with noninvasive ventilation. Crit Care 
Med 2004;32:2002–7. https://doi.org/10.1097/01.CCM.0000142729.07050.C9. 

[269] Curtis JR, Cook DJ, Sinuff T, White DB, Hill N, Keenan SP, et al. Noninvasive 



 
 

248 

positive pressure ventilation in critical and palliative care settings: Understanding 
the goals of therapy. Crit Care Med 2007;35:932–9. 
https://doi.org/10.1097/01.CCM.0000256725.73993.74. 

[270] Crimi C, Noto A, Princi P, Cuvelier A, Masa JF, Simonds A, et al. Domiciliary 
noninvasive ventilation (NIV) in severe COPD patients: A European survey about 
indications and practices. vol. 44. ERS Journals; 2014. 

[271] Crimi C, Noto A, Princi P, Cuvelier A, Masa JF, Simonds A, et al. Domiciliary Non-
invasive Ventilation in COPD: An International Survey of Indications and 
Practices. COPD J Chronic Obstr Pulm Dis 2016;13:483–90. 
https://doi.org/10.3109/15412555.2015.1108960. 

[272] Murphy PB, Rehal S, Arbane G, Bourke S, Calverley PMA, Crook AM, et al. Effect 
of Home Noninvasive Ventilation With Oxygen Therapy vs Oxygen Therapy Alone 
on Hospital Readmission or Death After an Acute COPD Exacerbation. JAMA 
2017;317:2177. https://doi.org/10.1001/jama.2017.4451. 

[273] Duiverman ML. Noninvasive ventilation in stable hypercapnic COPD: what is the 
evidence? ERJ Open Res 2018;4:00012–2018. 
https://doi.org/10.1183/23120541.00012-2018. 

[274] Budweiser S, Jörres R, Riedl T, Heinemann F, Hitzl A, Windisch W, et al. 
Predictors of survival in COPD patients with chronic hypercapnic respiratory 
failure receiving noninvasive home ventilation. Chest 2007;131:1650–8. 
https://doi.org/10.1378/CHEST.06-2124. 

[275] Ng L, Khan F, Young CA, Galea M. Symptomatic treatments for amyotrophic 
lateral sclerosis/motor neuron disease. Cochrane Database Syst Rev 
2017;1:CD011776. https://doi.org/10.1002/14651858.CD011776.pub2. 

[276] Piepers S, Berg JP Van Den, Kalmijn S, Van Der Pol WL, Wokke J, Lindeman E, 
et al. Effect of non-invasive ventilation on survival, quality of life, respiratory 
function and cognition: A review of the literature. Amyotroph Lateral Scler 
2006;7:195–200. https://doi.org/10.1080/14660820500514974. 

[277] Crimi C, Noto A, Princi P, Esquinas A, Nava S. A European survey of noninvasive 
ventilation practices. Eur Respir J 2010;36:362–9. 
https://doi.org/10.1183/09031936.00123509. 

[278] Khamankar N, Coan G, Weaver B, Mitchell CS. Associative Increases in 
Amyotrophic Lateral Sclerosis Survival Duration With Non-invasive Ventilation 
Initiation and Usage Protocols. Front Neurol 2018;9:578. 
https://doi.org/10.3389/fneur.2018.00578. 

[279] Turkington PM, Elliott MW. Rationale for the use of non-invasive ventilation in 
chronic ventilatory failure. Thorax 2000;55:417–23. 
https://doi.org/10.1136/THORAX.55.5.417. 

[280] Confalonieri M, Garuti G, Cattaruzza MS, Osborn JF, Antonelli M, Conti G, et al. 
A chart of failure risk for noninvasive ventilation in patients with COPD 
exacerbation. Eur Respir J 2005;25:348–55. 
https://doi.org/10.1183/09031936.05.00085304. 

[281] Nava S, Navalesi P, Gregoretti C. Interfaces and humidification for noninvasive 
mechanical ventilation. Respir Care 2009;54:71–84. 

[282] BaHammam AS, Singh TD, Gupta R, Pandi-Perumal SR. Choosing the Proper 
Interface for Positive Airway Pressure Therapy in Subjects With Acute Respiratory 
Failure. Respir Care 2018;63:227–37. 
https://doi.org/10.4187/RESPCARE.05787. 

[283] Pisani L, Mega C, Vaschetto R, Bellone A, Scala R, Cosentini R, et al. Oronasal 
mask versus helmet in acute hypercapnic respiratory failure. Eur Respir J 



 
 

249 

2015;45:691–9. https://doi.org/10.1183/09031936.00053814. 

[284] Patel BK, Wolfe KS, Pohlman AS, Hall JB, Kress JP. Effect of Noninvasive 
Ventilation Delivered by Helmet vs Face Mask on the Rate of Endotracheal 
Intubation in Patients With Acute Respiratory Distress Syndrome. JAMA 
2016;315:2435. https://doi.org/10.1001/jama.2016.6338. 

[285] British Thoracic Society Standards of Care Committee. Non-invasive ventilation 
in acute respiratory failure. Thorax 2002;57:192–211. 

[286] Elliott MW, Confalonieri M, Nava S. Where to perform noninvasive ventilation? 
Eur Respir J 2002;19:1159–66. https://doi.org/10.1183/09031936.02.00297202. 

[287] Cuquemelle E, Pham T, Papon J-F, Louis B, Danin P-E, Brochard L. Heated and 
humidified high-flow oxygen therapy reduces discomfort during hypoxemic 
respiratory failure. Respir Care 2012;57:1571–7. 
https://doi.org/10.4187/respcare.01681. 

[288] Nishimura M. High-flow nasal cannula oxygen therapy in adults. J Intensive Care 
2015;3:15. https://doi.org/10.1186/s40560-015-0084-5. 

[289] Parke R, McGuinness S, Eccleston M. Nasal high-flow therapy delivers low level 
positive airway pressure. Br J Anaesth 2009;103:886–90. 
https://doi.org/10.1093/bja/aep280. 

[290] Parke RL, Bloch A, McGuinness SP. Effect of Very-High-Flow Nasal Therapy on 
Airway Pressure and End-Expiratory Lung Impedance in Healthy Volunteers. 
Respir Care 2015;60:1397–403. https://doi.org/10.4187/respcare.04028. 

[291] Braunlich J, Beyer D, Mai D, Hammerschmidt S, Seyfarth H-J, Wirtz H. Effects of 
Nasal High Flow in Ventilation in Volunteers, COPD and Idiopathic Pulmonary 
Fibrosis Patients. Respiration 2012. 

[292] Groves N, Tobin A. High flow nasal oxygen generates positive airway pressure in 
adult volunteers. Aust Crit Care 2007;20:126–31. 
https://doi.org/10.1016/j.aucc.2007.08.001. 

[293] Riera J, Pérez P, Cortés J, Roca O, Masclans JR, Rello J. Effect of high-flow nasal 
cannula and body position on end-expiratory lung volume: a cohort study using 
electrical impedance tomography. Respir Care 2013;58:589–96. 
https://doi.org/10.4187/respcare.02086. 

[294] Braunlich J, Beyer D, Mai D, Hammerschmidt S, Seyfarth H-J, Wirtz H, et al. 
Effects of Nasal High Flow in Ventilation in Volunteers, COPD and Idiopathic 
Pulmonary Fibrosis Patients. Respiration 2012;85:319–25. 
https://doi.org/10.1159/000342027. 

[295] Bräunlich J, Wirtz H. Nasal Highflow (NHF) reduces PCO2 in a sheep lung model 
via airway wash-out. Pneumologie 2016;70:P10. https://doi.org/10.1055/s-0036-
1583501. 

[296] Frizzola M, Miller TL, Rodriguez ME, Zhu Y, Rojas J, Hesek A, et al. High-flow 
nasal cannula: impact on oxygenation and ventilation in an acute lung model. 
Pediatr Pulmonol 2011;46:67–74. https://doi.org/10.1002/ppul.21326. 

[297] Bräunlich J, Mauersberger F, Wirtz H. Effectiveness of nasal highflow in 
hypercapnic COPD patients is flow and leakage dependent. BMC Pulm Med 
2018;18:14. https://doi.org/10.1186/s12890-018-0576-x. 

[298] Mauri T, Alban L, Turrini C, Cambiaghi B, Carlesso E, Taccone P, et al. Optimum 
support by high-flow nasal cannula in acute hypoxemic respiratory failure: effects 
of increasing flow rates. Intensive Care Med 2017;43:1453–63. 
https://doi.org/10.1007/s00134-017-4890-1. 

[299] Sim MAB, Dean P, Kinsella J, Black R, Carter R, Hughes M. Performance of 



 
 

250 

oxygen delivery devices when the breathing pattern of respiratory failure is 
simulated. Anaesthesia 2008;63:938–40. https://doi.org/10.1111/j.1365-
2044.2008.05536.x. 

[300] Mundel T, Feng S, Tatkov S, Schneider H, Mündel T, Feng S, et al. Mechanisms 
of nasal high flow on ventilation during wakefulness and sleep. J Appl Physiol 
2013;114:1058–65. https://doi.org/10.1152/japplphysiol.01308.2012. 

[301] Fraser JF, Spooner AJ, Dunster KR, Anstey CM, Corley A. Nasal high flow oxygen 
therapy in patients with COPD reduces respiratory rate and tissue carbon dioxide 
while increasing tidal and end-expiratory lung volumes: a randomised crossover 
trial. Thorax 2016;71:759–61. https://doi.org/10.1136/thoraxjnl-2015-207962. 

[302] Pisani L, Fasano L, Corcione N, Comellini V, Musti MA, Brandao M, et al. Change 
in pulmonary mechanics and the effect on breathing pattern of high flow oxygen 
therapy in stable hypercapnic COPD. Thorax 2017;72:373–5. 
https://doi.org/10.1136/thoraxjnl-2016-209673. 

[303] Chanques G, Riboulet F, Molinari N, Carr J, Jung B, Prades A, et al. Comparison 
of three high flow oxygen therapy delivery devices: a clinical physiological cross-
over study. Minerva Anestesiol 2013;79:1344–55. 

[304] Ritchie JE, Williams AB, Gerard C, Hockey H. Evaluation of a humidified nasal 
high-flow oxygen system, using oxygraphy, capnography and measurement of 
upper airway pressures. Anaesth Intensive Care 2011;39:1103–10. 

[305] Wanner A, Salathé M, O’Riordan TG. Mucociliary clearance in the airways. Am J 
Respir Crit Care Med 1996;154:1868–902. 
https://doi.org/10.1164/ajrccm.154.6.8970383. 

[306] Houtmeyers E, Gosselink R, Gayan-Ramirez G, Decramer M. Regulation of 
mucociliary clearance in health and disease. Eur Respir J 1999;13:1177–88. 

[307] Kilgour E, Rankin N, Ryan S, Pack R. Mucociliary function deteriorates in the 
clinical range of inspired air temperature and humidity. Intensive Care Med 
2004;30:1491–4. https://doi.org/10.1007/s00134-004-2235-3. 

[308] Lellouche F, Maggiore SM, Lyazidi A, Deye N, Taillé S, Brochard L. Water content 
of delivered gases during non-invasive ventilation in healthy subjects. Intensive 
Care Med 2009;35:987–95. https://doi.org/10.1007/s00134-009-1455-y. 

[309] Lellouche F, L’Her E, Abroug F, Deye N, Rodriguez PO, Rabbat A, et al. Impact 
of the humidification device on intubation rate during noninvasive ventilation with 
ICU ventilators: results of a multicenter randomized controlled trial. Intensive Care 
Med 2014;40:211–9. https://doi.org/10.1007/s00134-013-3145-z. 

[310] Chidekel A, Zhu Y, Wang J, Mosko JJ, Rodriguez E, Shaffer TH. The effects of 
gas humidification with high-flow nasal cannula on cultured human airway 
epithelial cells. Pulm Med 2012;2012:380686. 
https://doi.org/10.1155/2012/380686. 

[311] Hasani A, Chapman TH, McCool D, Smith RE, Dilworth JP, Agnew JE. Domiciliary 
humidification improves lung mucociliary clearance in patients with 
bronchiectasis. Chron Respir Dis 2008;5:81–6. 
https://doi.org/10.1177/1479972307087190. 

[312] Rea H, McAuley S, Jayaram L, Garrett J, Hockey H, Storey L, et al. The clinical 
utility of long-term humidification therapy in chronic airway disease. Respir Med 
2010;104:525–33. https://doi.org/10.1016/j.rmed.2009.12.016. 

[313] Storgaard LH, Hockey H, Laursen BS, Weinreich UM. Long-term effects of 
oxygen-enriched high-flow nasal cannula treatment in COPD patients with chronic 
hypoxemic respiratory failure. Int J Chron Obstruct Pulmon Dis 2018;Volume 
13:1195–205. https://doi.org/10.2147/COPD.S159666. 



 
 

251 

[314] Roca O, Riera J, Torres F, Masclans JR. High-flow oxygen therapy in acute 
respiratory failure. Respir Care 2010;55:408–13. 

[315] Frat J-P, Thille AW, Mercat A, Girault C, Ragot S, Perbet S, et al. High-flow oxygen 
through nasal cannula in acute hypoxemic respiratory failure. N Engl J Med 
2015;372:2185–96. https://doi.org/10.1056/NEJMoa1503326. 

[316] Ricard JD, Roca O, Lemiale V, Corley A, Braunlich J, Jones P, et al. Use of nasal 
high flow oxygen during acute respiratory failure. Intensive Care Med 
2020;46:2238–47. https://doi.org/10.1007/S00134-020-06228-7. 

[317] Hernández G, Vaquero C, González P, Subira C, Frutos-Vivar F, Rialp G, et al. 
Effect of Postextubation High-Flow Nasal Cannula vs Conventional Oxygen 
Therapy on Reintubation in Low-Risk Patients: A Randomized Clinical Trial. JAMA 
2016;315:1354–61. https://doi.org/10.1001/jama.2016.2711. 

[318] Hernández G, Vaquero C, González P, Subira C, Frutos-Vivar F, Rialp G, et al. 
Effect of Postextubation High-Flow Nasal Cannula vs Conventional Oxygen 
Therapy on Reintubation in Low-Risk Patients. JAMA 2016;315:1354–61. 
https://doi.org/10.1001/jama.2016.2711. 

[319] Lemiale V, Resche-Rigon M, Mokart D, P?ne F, Argaud L, Mayaux J, et al. High-
Flow Nasal Cannula Oxygenation in Immunocompromised Patients With Acute 
Hypoxemic Respiratory Failure. Crit Care Med 2017;45:e274–80. 
https://doi.org/10.1097/CCM.0000000000002085. 

[320] Spoletini G, Mega C, Pisani L, Alotaibi M, Khoja A, Price LL, et al. High-flow nasal 
therapy vs standard oxygen during breaks off noninvasive ventilation for acute 
respiratory failure: A pilot randomized controlled trial. J Crit Care 2018;48:418–25. 
https://doi.org/10.1016/J.JCRC.2018.10.004. 

[321] Peters SG, Holets SR, Gay PC. High-flow nasal cannula therapy in do-not-
intubate patients with hypoxemic respiratory distress. Respir Care 2013;58:597–
600. https://doi.org/10.4187/respcare.01887. 

[322] Spoletini G, Pisani L, Idrees N, Tien T, Mega C, Khoja A, et al. Treatment of 
dyspnea in do-not-intubate ( DNI ) patients : is NIV a sensible option ? Eur Respir 
J Suppl 2017:10–1. 

[323] NOTT study group. Continuous or nocturnal oxygen therapy in hypoxemic chronic 
obstructive lung disease: a clinical trial. Nocturnal Oxygen Therapy Trial Group. 
Ann Intern Med 1980;93:391–8. 

[324] NOTT Study group. Is 12-hour oxygen as effective as 24-hour oxygen in advanced 
chronic obstructive pulmonary disease with hypoxemia? (The nocturnal oxygen 
therapy trial--NOTT). Chest 1980;78:419–20. 

[325] Long term domiciliary oxygen therapy in chronic hypoxic cor pulmonale 
complicating chronic bronchitis and emphysema. Report of the Medical Research 
Council Working Party. Lancet (London, England) 1981;1:681–6. 

[326] Góreka D, Gorzelak K, Tobiasz M, Zielin´ski J, Zielin´ski Z. Effect of long term 
oxygen therapy on survival in patients with chronic obstructive pulmonary disease 
with moderate hypoxaemia. Thorax 1997;52:674–9. 

[327] Spier S, Rivlin J, Hughes D, Levison H. The effect of oxygen on sleep, blood 
gases, and ventilation in cystic fibrosis. Am Rev Respir Dis 1984;129:712–8. 
https://doi.org/10.1164/arrd.1984.129.5.712. 

[328] Milross MA, Piper AJ, Dwyer TJ, Wong K, Bell SC, Bye PTP, et al. Non-invasive 
ventilation versus oxygen therapy in cystic fibrosis: A 12-month randomized trial. 
Respirology 2019;24:1191–7. https://doi.org/10.1111/resp.13604. 

[329] Zinman R, Corey M, Coates AL, Canny GJ, Connolly J, Levison H, et al. Nocturnal 



 
 

252 

home oxygen in the treatment of hypoxemic cystic fibrosis patients. J Pediatr 
1989;114:368–77. 

[330] Moran F, Bradley JM, Piper AJ. Non‐invasive ventilation for cystic fibrosis. 

Cochrane Database Syst Rev 2017. 
https://doi.org/10.1002/14651858.CD002769.PUB5. 

[331] Fauroux B, Cracowski C, Stremler N, Rt LD, Rt PG. Practice of Noninvasive 
Ventilation for Cystic Fibrosis : A Nationwide Survey in France of the French 
National Cystic Fibrosis Federation 2008:1482–9. 

[332] Archangelidi O, Carr SB, Simmonds NJ, Bilton D, Banya W, Cullinan P. Non-
invasive ventilation and clinical outcomes in cystic fibrosis: Findings from the UK 
CF registry. J Cyst Fibros 2018. https://doi.org/10.1016/j.jcf.2018.11.006. 

[333] Zuffo S, Gambazza S, Capra A. Noninvasive ventilation in cystic fibrosis: The 
Italian physiotherapists’ point of view. Eur Respir J 2012;39:1539–40. 
https://doi.org/10.1183/09031936.00184411. 

[334] Maggie : McIlwaine, Brenda : Button, Kerry : Dwan. : Positive expiratory pressure 
physiotherapy for airway clearance in people with cystic fibrosis SO-: Cochrane 
Database of Systematic Reviews YR-: 2015 NO-: 6 2005. 
https://doi.org/10.1002/14651858.CD003147.pub4.www.cochranelibrary.com. 

[335] Rodriguez Hortal MC, Nygren-Bonnier M, Hjelte L. Non-invasive Ventilation as 
Airway Clearance Technique in Cystic Fibrosis. Physiother Res Int 2017;22. 
https://doi.org/10.1002/PRI.1667. 

[336] Stanford G, Parrott H, Bilton D, Agent P, Banya W, Simmonds N. Randomised 
cross-over trial evaluating the short-term effects of non-invasive ventilation as an 
adjunct to airway clearance techniques in adults with cystic fibrosis. BMJ Open 
Respir Res 2019;6:e000399. https://doi.org/10.1136/BMJRESP-2018-000399. 

[337] Holland A, Denehy L, Ntoumenopoulos G. Non-invasive ventilation assists chest 
physiotherapy in adults with acute exacerbations of cystic fibrosis. Thorax 
2003;58:880–4. https://doi.org/10.1136/thorax.58.10.880. 

[338] van der Schans CP, van der Mark TW, de Vries G, Piers DA, Beekhuis H, Dankert-
Roelse JE, et al. Effect of positive expiratory pressure breathing in patients with 
cystic fibrosis. Thorax 1991;46:252–6. 

[339] Madden BP, Kariyawasam H, Siddiqi AJ, Machin A, Pryor JA, Hodson ME. 
Noninvasive ventilation in cystic fibrosis patients with acute or chronic respiratory 
failure. Eur Respir J 2002;19:310–3. 
https://doi.org/10.1183/09031936.02.00218502. 

[340] Young AC, Wilson JW, Kotsimbos TC, Naughton MT. Randomised placebo 
controlled trial of non-invasive ventilation for hypercapnia in cystic fibrosis. Thorax 
2008;63:72–7. https://doi.org/10.1136/thx.2007.082602. 

[341] Flight WG, Shaw J, Johnson S, Webb AK, Jones AM, Bentley AM, et al. Long-
term non-invasive ventilation in cystic fibrosis - Experience over two decades. J 
Cyst Fibros 2012;11:187–92. https://doi.org/10.1016/j.jcf.2011.11.006. 

[342] Efrati O, Kremer MR, Barak A, Augarten A, Reichart N, Vardi A, et al. Improved 
survival following lung transplantation with long-term use of bilevel positive 
pressure ventilation in cystic fibrosis. Lung 2007;185:73–9. 
https://doi.org/10.1007/s00408-006-0036-x. 

[343] Hodson ME, Madden BP, Steven MH, Tsang VT, Yacoub MH. Non-invasive 
mechanical ventilation for cystic fibrosis patients--a potential bridge to 
transplantation. Eur Respir J 1991;4:524–7. 

[344] Caronia CG, Silver P, Nimkoff L, Gorvoy J, Quinn C, Sagy M. Use of Bilevel 



 
 

253 

Positive Airway Pressure (BIPAP) in End-stage Patients with Cystic Fibrosis 
awaiting Lung Transplantation. Clin Pediatr (Phila) 1998:555–9. 

[345] Dobbin CJ, Milross MA, Piper AJ, Sullivan C, Grunstein RR, Bye PTP. Sequential 
use of oxygen and bi-level ventilation for respiratory failure in cystic fibrosis. J Cyst 
Fibros 2004;3:237–42. https://doi.org/10.1016/j.jcf.2004.07.002. 

[346] Hill ATT, Edenborough’ FP, Cayton+ RM, Stableforth DEE, Edenborough FP, 
Cayton RM, et al. Long-term nasal intermittent positive pressure ventilation in 
patients with cystic fibrosis and hypercapnic respiratory failure (1991–1996). 
Respir Med 1998;92:523–6. https://doi.org/10.1016/S0954-6111(98)90302-X. 

[347] Milross MA, Piper AJ, Norman M, Becker HF, Willson GN, Grunstein RR, et al. 
Low-flow oxygen and bilevel ventilatory support: Effects on ventilation during 
sleep in cystic fibrosis. Am J Respir Crit Care Med 2001;163:129–34. 
https://doi.org/10.1164/ajrccm.163.1.2005130. 

[348] Gozal D. Nocturnal ventilatory support in patients with cystic fibrosis: Comparison 
with supplemental oxygen. Eur Respir J 1997;10:1999–2003. 
https://doi.org/10.1183/09031936.97.10091999. 

[349] Fauroux B, Nicot F, Essouri S, Hart N, Clément  a, Polkey MI, et al. Setting of 
noninvasive pressure support in young patients with cystic fibrosis. Eur Respir J  
Off J Eur Soc Clin Respir Physiol 2004;24:624–30. 
https://doi.org/10.1183/09031936.04.0000137603. 

[350] Spoletini G, Cortegiani A, Gregoretti C. Physiopathological rationale of using high-
flow nasal therapy in the acute and chronic setting: A narrative review. Trends 
Anaesth Crit Care 2019;26–27. https://doi.org/10.1016/j.tacc.2019.02.001. 

[351] Lloyd EA, Park J, Churchyard K, Greenwood J, Walshaw M. 227 The use of nasal 
high flow humidification with cystic fibrosis patients – A pilot. J Cyst Fibros 
2013;12:S106. https://doi.org/10.1016/S1569-1993(13)60368-9. 

[352] Muggeridge N, Lloyd EA, Walshaw MJ, Greenwood J. 169 The use of AirvoTM high 
flow humidification with cystic fibrosis patients – development of the service. J 
Cyst Fibros 2015;14:S101. https://doi.org/10.1016/S1569-1993(15)30346-5. 

[353] Biglia C, Clivati E, Tria R Di, Demichelis S, Ferrero C, Trovato PM, et al. P227 
Ventilation with High Flow Nasal Cannula in adult cystic fibrosis patients with 
advanced lung disease complicated by pneumothorax. J Cyst Fibros 
2019;18:S121. https://doi.org/10.1016/S1569-1993(19)30520-X. 

[354] Sklar MC, Dres M, Rittayamai N, West B, Grieco DL, Telias I, et al. High-flow nasal 
oxygen versus noninvasive ventilation in adult patients with cystic fibrosis: a 
randomized crossover physiological study. Ann Intensive Care 2018;8:85. 
https://doi.org/10.1186/s13613-018-0432-4. 

[355] Novak I. Keeping up with bicarbonate. J Physiol 2000;528 Pt 2:235. 
https://doi.org/10.1111/J.1469-7793.2000.00235.X. 

[356] Borowitz D. CFTR, bicarbonate, and the pathophysiology of cystic fibrosis. Pediatr 
Pulmonol 2015;50:2S4-S30. https://doi.org/10.1002/ppul.23247. 

[357] Pedroli G, Liechti-Gallati S, Mauri S, Birrer P, Kraemer R, Foletti-J&auml;ggi C, et 
al. Chronic Metabolic Alkalosis: Not Uncommon in Young Children with Severe 
Cystic Fibrosis. Am J Nephrol 1995;15:245–50. 
https://doi.org/10.1159/000168839. 

[358] Beckerman RC, Taussig LM. Hypoelectrolytemia and Metabolic Alkalosis in 
Infants With Cystic Fibrosis. Pediatrics 1979;63. 

[359] Holland A, Wilson J, Kotsimbos T, Naughton M. Metabolic Alkalosis and Cystic 
Fibrosis. Chest 2004;125:1169–70. https://doi.org/10.1016/S0012-



 
 

254 

3692(15)31970-X. 

[360] Raphael KL, Zhang Y, Wei G, Greene T, Cheung AK, Beddhu S. Serum 
bicarbonate and mortality in adults in NHANES III. Nephrol Dial Transplant 
2013;28:1207–13. https://doi.org/10.1093/ndt/gfs609. 

[361] Raphael KL, Murphy RA, Shlipak MG, Satterfield S, Huston HK, Sebastian A, et 
al. Bicarbonate Concentration, Acid-Base Status, and Mortality in the Health, 
Aging, and Body Composition Study. Clin J Am Soc Nephrol 2016;11:308–16. 
https://doi.org/10.2215/CJN.06200615. 

[362] Commissioning Statement Ivacaftor, tezacaftor/ivacaftor, lumacaftor/ivacaftor and 
elexacaftor/tezacaftor/ivacaftor for licensed and off-label use in patients with cystic 
fibrosis who have named mutations Commissioning position (version: 10 May 
2021) n.d. 

[363] Szwed A, John A, Goździk-Spychalska J, Czaiński W, Czerniak W, Ratajczak J, 
et al. Survival of Patients with Cystic Fibrosis Depending on Mutation Type and 
Nutritional Status. Adv Exp Med Biol 2018;1023:65–72. 
https://doi.org/10.1007/5584_2017_66. 

[364] Abbott J, Morton A, Hurley M, Conway S. Longitudinal impact of demographic and 
clinical variables on health-related quality of life in cystic fibrosis. BMJ Open 
2015;5. https://doi.org/10.1136/BMJOPEN-2014-007418. 

[365] Forte G, Barni G, Perin C, Casarotto F, Fagondes S, Dalcin T. Relationship 
Between Clinical Variables and Health-Related Quality of Life in Young Adult 
Subjects With Cystic Fibrosis. Respir Care 2015;60:1459–68. 
https://doi.org/10.4187/RESPCARE.03665. 

[366] ER B, Çelebioglu E, Yalcin E, Dogru D, AkiI ÖE, Uzun Ö, et al. Factors associated 
with severe lung disease in an adult population with cystic fibrosis:a single-center 
experience. Turkish J Med Sci 2020;50:945. https://doi.org/10.3906/SAG-1912-
101. 

[367] Häussinger D, Steeb R, Gerok W. Ammonium and bicarbonate homeostasis in 
chronic liver disease. Klin Wochenschr 1990;68:175–82. 
https://doi.org/10.1007/BF01649081. 

[368] Chen W, Melamed ML, Abramowitz MK. Serum Bicarbonate and Bone Mineral 
Density in US Adults. Am J Kidney Dis 2015;65:240. 
https://doi.org/10.1053/J.AJKD.2014.07.007. 

[369] Amodu A, Abramowitz MK. Dietary acid, age, and serum bicarbonate levels 
among adults in the United States. Clin J Am Soc Nephrol 2013;8:2034–42. 
https://doi.org/10.2215/CJN.03600413. 

[370] Ramos KJ, Quon BS, Heltshe SL, Mayer-Hamblett N, Lease ED, Aitken ML, et al. 
Heterogeneity in Survival in Adult Patients With Cystic Fibrosis With FEV1 < 
30% of Predicted in the United States. Chest 2017;151:1320–8. 
https://doi.org/10.1016/j.chest.2017.01.019. 

[371] Dodge JA, Lewis PA, Stanton M, Wilsher J. Cystic fibrosis mortality and survival 
in the UK: 1947–2003. Eur Respir J 2007;29:522–6. 
https://doi.org/10.1183/09031936.00099506. 

[372] Kerem E, Reisman J, Corey M, Canny GJ, Levison H. Prediction of Mortality in 
Patients with Cystic Fibrosis. N Engl J Med 1992;326:1187–91. 
https://doi.org/10.1056/NEJM199204303261804. 

[373] Weill D, Benden C, Corris PA, Dark JH, Davis RD, Keshavjee S, et al. A 
consensus document for the selection of lung transplant candidates: 2014 - An 
update from the Pulmonary Transplantation Council of the International Society 
for Heart and Lung Transplantation. J Hear Lung Transplant 2015;34:1–15. 



 
 

255 

https://doi.org/10.1016/j.healun.2014.06.014. 

[374] Ramos KJ, Smith PJ, McKone EF, Pilewski JM, Lucy A, Hempstead SE, et al. 
Lung transplant referral for individuals with cystic fibrosis: Cystic Fibrosis 
Foundation consensus guidelines. J Cyst Fibros 2019;18:321–33. 
https://doi.org/10.1016/j.jcf.2019.03.002. 

[375] Lynch JP, Sayah DM, Belperio JA, Weigt SS. Lung transplantation for cystic 
fibrosis: Results, indications, complications, and controversies. Semin Respir Crit 
Care Med 2015;36:299–320. https://doi.org/10.1055/s-0035-1547347. 

[376] Transplant activity report - NHS Organ Donation n.d. 
https://www.organdonation.nhs.uk/helping-you-to-decide/about-organ-
donation/statistics-about-organ-donation/transplant-activity-report/ (accessed 
May 15, 2021). 

[377] Eurotransplant - Statistics n.d. 
https://statistics.eurotransplant.org/index.php?search_type=&search_organ=lung
&search_region=by+country&search_period=2020&search_characteristic=&sear
ch_text= (accessed May 15, 2021). 

[378] Liou TG, Adler FR, Fitzsimmons SC, Cahill BC, Hibbs JR, Marshall BC. Predictive 
5-year survivorship model of cystic fibrosis. Am J Epidemiol 2001;153:345–52. 

[379] Rosenbluth DB, Wilson K, Ferkol T, Schuster DP. Lung Function Decline in Cystic 
Fibrosis Patients and Timing for Lung Transplantation Referral. Chest 
2004;126:412–9. https://doi.org/10.1378/chest.126.2.412. 

[380] Belkin RA, Henig NR, Singer LG, Chaparro C, Rubenstein RC, Xie SX, et al. Risk 
Factors for Death of Patients with Cystic Fibrosis Awaiting Lung Transplantation 
Richard. Am J Respir Crit Care Med 2006;173:659–66. 
https://doi.org/10.1164/rccm.200410-1369OC. 

[381] Doershuk CF, Stern RC. Timing of referral for lung transplantation for cystic 
fibrosis: overemphasis on FEV1 may adversely affect overall survival. Chest 
1999;115:782–7. 

[382] Hayes D, Kirkby S, Whitson BA, Black SM, Sheikh SI, Tobias JD, et al. Mortality 
Risk and Pulmonary Function in Adults With Cystic Fibrosis at Time of Wait Listing 
for Lung Transplantation. Ann Thorac Surg 2015;100:474–9. 
https://doi.org/10.1016/j.athoracsur.2015.04.022. 

[383] McShane P, Garrity E. Impact of the lung allocation score. Semin Respir Crit Care 
Med 2013;34:275–80. https://doi.org/10.1055/S-0033-1348461. 

[384] Raveling T, Bladder G, Vonk JM, Nieuwenhuis JA, Verdonk-Struik FM, Wijkstra 
PJ, et al. Improvement in hypercapnia does not predict survival in COPD patients 
on chronic noninvasive ventilation. Int J Chron Obstruct Pulmon Dis 
2018;13:3625. https://doi.org/10.2147/COPD.S169951. 

[385] Seneviratne J, Mandrekar J, EFM W, AA R. Noninvasive Ventilation in Myasthenic 
Crisis. Arch Neurol 2008;65:54–8. 

[386] S H, CM W. Venous serum chloride and bicarbonate measurements in the 
evaluation of respiratory function in motor neuron disease. QJM 2001;94:491–5. 
https://doi.org/10.1093/QJMED/94.9.491. 

[387] Manuel ARGG, Hart N, Stradling JR. Is a raised bicarbonate, without hypercapnia, 
part of the physiologic spectrum of obesity-related hypoventilation? Chest 
2015;147:362–8. https://doi.org/10.1378/chest.14-1279. 

[388] Mokhlesi B, Tulaimat A, Faibussowitsch I, Wang Y, Evans AT, Piper A, et al. 
Obesity hypoventilation syndrome: prevalence and predictors in patients with 
obstructive sleep apnea. Sleep Breath 2007;11:117–24. 



 
 

256 

https://doi.org/10.1007/s11325-006-0092-8. 

[389] Hart N, Mandal S, Manuel A, Mokhlesi B, Pépin J-L, Piper A, et al. Obesity 
hypoventilation syndrome: does the current definition need revisiting? Thorax 
2014;69:83–4. https://doi.org/10.1136/thoraxjnl-2013-204298. 

[390] Robson AG, Hartung TK, Innes JA. Laboratory assessment of fitness to fly in 
patients with lung disease: a practical approach. Eur Respir J 2000;16:214–9. 

[391] Mohr LC. The hypoxia altitude simulation test: an increasingly performed test for 
the evaluation of patients prior to air travel. Chest 2008;133:839–42. 
https://doi.org/10.1378/chest.08-0335. 

[392] Kelly PT, Swanney MP, Frampton C, Seccombe LM, Peters MJ, Beckert LE. 
Normobaric Hypoxia Inhalation Test vs. Response to Airline Flight in Healthy 
Passengers. Aviat Space Environ Med 2006;77:1143–7. 

[393] DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or 
more correlated receiver operating characteristic curves: a nonparametric 
approach. Biometrics 1988;44:837–45. 

[394] Horgan L, Townson M, Sutherland T. Who should have a hypoxic challenge test? 
Eur Respir J, vol. 50, European Respiratory Society; 2017, p. PA2249. 
https://doi.org/10.1183/1393003.congress-2017.PA2249. 

[395] Devlin J, Beckett NS, David TJ. Elevated sweat potassium, hyperaldosteronism 
and pseudo-Bartter’s syndrome: a spectrum of disorders associated with cystic 
fibrosis. J R Soc Med 1989:38–43. 

[396] Kelly PT, Swanney MP, Seccombe LM, Frampton C, Peters MJ, Beckert LE. 
Predicting the response to air travel in passengers with non-obstructive lung 
disease: Are the current guidelines appropriate? Respirology 2009;14:567–73. 
https://doi.org/10.1111/j.1440-1843.2009.01520.x. 

[397] Akerø A, Christensen CC, Edvardsen A, Skjønsberg OH, Akero A, Christensen 
CC, et al. Hypoxaemia in chronic obstructive pulmonary disease patients during a 
commercial flight. Eur Respir J 2005;25:725–30. 
https://doi.org/10.1183/09031936.05.00093104. 

[398] Mestry N, Thirumaran M, Tuggey JM, Macdonald W, Elliott MW. Hypoxic 
challenge flight assesments in patients with severe chest wall deformity or 
neuromuscular disease at risk for nocturnal hypoventilation. Thorax 2009;64:532–
4. https://doi.org/10.1136/thx.2008.099143. 

[399] Mollard P, Bourdillon N, Letournel M, Herman H, Gibert S, Pichon A, et al. Validity 
of arterialized earlobe blood gases at rest and exercise in normoxia and hypoxia. 
Respir Physiol Neurobiol 2010;172:179–83. 
https://doi.org/10.1016/J.RESP.2010.05.017. 

[400] Edvardsen A, Akerø A, Christensen CC, Ryg M, Skjønsberg OH. Air travel and 
chronic obstructive pulmonary disease: a new algorithm for pre-flight evaluation. 
Thorax 2012;67:964–9. https://doi.org/10.1136/thoraxjnl-2012-201855. 

[401] Barratt SL, Shaw J, Jones R, Bibby A, Adamali H, Mustfa N, et al. Physiological 
predictors of Hypoxic Challenge Testing (HCT) outcomes in Interstitial Lung 
Disease (ILD). Respir Med 2018;135:51–6. 
https://doi.org/10.1016/J.RMED.2017.12.015. 

[402] Peckham D, Watson A, Pollard K, Etherington C, Conway SP. Predictors of 
desaturation during formal hypoxic challenge in adult patients with cystic fibrosis. 
J Cyst Fibros 2002;1:281–6. https://doi.org/10.1016/S1569-1993(02)00100-5. 

[403] Ling IT, Singh B, James AL, Hillman DR. Vital capacity and oxygen saturation at 
rest and after exercise predict hypoxaemia during hypoxic inhalation test in 



 
 

257 

patients with respiratory disease. Respirology 2013;18:507–13. 

[404] Christensen C, Ryg M, Refvem O, Skjùnsberg O. Development of severe 
hypoxaemia in chronic obstructive pulmonary disease patients at 2,438 m (8,000 
ft) altitude Development of severe hypoxaemia in chronic obstructive pulmonary 
disease patients at 2,438m (8,000 ft) altitude. Eur Respir J 2000;15:635–9. 

[405] Chetta A, Castagnetti C, Aiello M, Sergio F, Fabiano N, Tzani P, et al. Walking 
capacity and fitness to fly in patients with chronic respiratory disease. Aviat Sp 
Environ Med 2007;78:789–92. 

[406] Edvardsen E, Akerø A, Skjønsberg OH, Skrede B. Pre-flight evaluation of adult 
patients with cystic fibrosis: a cross-sectional study. BMC Res Notes 2017;10:84. 
https://doi.org/10.1186/s13104-017-2386-2. 

[407] Johnson AOC. Chronic obstructive pulmonary disease * 11: fitness to fly with 
COPD. Thorax 2003;58:729–32. https://doi.org/10.1136/THORAX.58.8.729. 

[408] Kurlandsky L. Failure to recognize the association of cystic fibrosis and metabolic 
alkalosis. Clin Pediatr (Phila) 2002;41:715–9. https://doi.org/57447. 

[409] Bates CM, Baum M, Quigley R. Cystic fibrosis presenting with hypokalemia and 
metabolic alkalosis in a previously healthy adolescent. J Am Soc Nephrol 1997;8. 

[410] Augusto JF, Sayegh J, Malinge MC, Illouz F, Subra JF, Ducluzeau PH. Severe 
episodes of extra cellular dehydration: An atypical adult presentation of cystic 
fibrosis. Clin Nephrol 2008;69:302–5. https://doi.org/10.5414/CNP69302. 

[411] Davé S, Honney S, Raymond J, Flume PA. An unusual presentation of cystic 
fibrosis in an adult. Am J Kidney Dis 2005;45:e41–4. 
https://doi.org/10.1053/j.ajkd.2004.11.009. 

[412] Gamble L. Carbonic Acid and Bicarbonate in Urine 1922. 

[413] Gillion V, Jadoul M, Devuyst O, Pochet JM. The patient with metabolic alkalosis. 
Acta Clin Belgica Int J Clin Lab Med 2019;74:34–40. 
https://doi.org/10.1080/17843286.2018.1539373. 

[414] Berdiev BK, Qadri YJ, Benos DJ. Assessment of the CFTR and ENaC association. 
Mol Biosyst 2009;5:123–7. https://doi.org/10.1039/b810471a. 

[415] Cystic Fibrosis Foundation. 2017 Patient Registry Annual Data Report. n.d. 

[416] Javadpour S, Selvadurai H, Wilkes D, Schneiderman-Walker J, Coates A. Does 
carbon dioxide retention during exercise predict a more rapid decline in FEV1 in 
cystic fibrosis? Arch Dis Child 2005;90:792–5. 
https://doi.org/10.1136/ADC.2004.070110. 

[417] Dmytriiev K, Dmytriiev D, Nazarchuk O, Katilov O. Influence of effective 
noninvasive positive pressure ventilation on inflammatory biomarkers in pediatric 
patients with cystic fibrosis. Eur. Respir. J., vol. 54, European Respiratory Society 
(ERS); 2019, p. OA3830. https://doi.org/10.1183/13993003.congress-
2019.oa3830. 

[418] Wadsworth L, Belcher J, Bright-Thomas R. Non-invasive ventilation is associated 
with long-term improvements in lung function and gas exchange in cystic fibrosis 
adults with hypercapnic respiratory failure. J Cyst Fibros 2021;0. 
https://doi.org/10.1016/J.JCF.2021.05.011. 

[419] Almeida S, Gil J, Nunes T, Barreto C, Pereira L. Non-invasive ventilation in cystic 
fibrosis. J Cyst Fibros 2013;12:S101. 

[420] Efrati O, Modan-Moses D, Barak A, Boujanover Y, Augarten A, Szeinberg A, et 
al. Long-term non-invasive positive pressure ventilation among Cystic Fibrosis 
patients awaiting lung transplantation. Imaj 2004;6:527–30. 



 
 

258 

[421] Judge EP, Dodd JD, Masterson JB, Gallagher CG. Pulmonary abnormalities on 
high-resolution CT demonstrated more rapid decline than FEV1 in adults with 
cystic fibrosis. Chest 2006;130:1424–32. 
https://doi.org/10.1378/chest.130.5.1424. 

[422] Sheikh HS, Tiangco ND, Harrell C, Vender RL. Severe hypercapnia in critically ill 
adult cystic fibrosis patients. J Clin Med Res 2011;3:209–12. 
https://doi.org/10.4021/jocmr612w. 

[423] Rosenthal M. Patients with cystic fibrosis should not be intubated and ventilated. 
J R Soc Med Suppl 2010;103:S25. https://doi.org/10.1258/jrsm.2010.s11006. 

[424] Chiumello D, Coppola S, Froio S, Colombo A, Del Sorbo L. Extracorporeal life 
support as bridge to lung transplantation: A systematic review. Crit Care 
2015;19:19. https://doi.org/10.1186/s13054-014-0686-7. 

[425] Piper AJ, Parker S, Torzillo PJ, Sullivan CE, Bye PT. Nocturnal nasal IPPV 
stabilizes patients with cystic fibrosis and hypercapnic respiratory failure. Chest 
1992;102:846–50. 

[426] Wadsworth L, Belcher J, Bright-Thomas RJ. Non-invasive ventilation is associated 
with long-term improvements in lung function and gas exchange in cystic fibrosis 
adults with hypercapnic respiratory failure. . J Cyst Fibros 2021. 
https://doi.org/10.1016/j.jcf.2021.05.011. 

[427] Czapran A, Steel M, Barrett NA. Extra-corporeal membrane oxygenation for 
severe respiratory failure in the UK. J Intensive Care Soc 
2019;11:175114371987008. https://doi.org/10.1177/1751143719870082. 

[428] Hart N, Polkey MI, Clément A, Boulé M, Moxham J, Lofaso F, et al. Changes in 
pulmonary mechanics with increasing disease severity in children and young 
adults with cystic fibrosis. Am J Respir Crit Care Med 2002;166:61–6. 
https://doi.org/10.1164/rccm.2112059. 

[429] Quon BS, Wilkie SS, Ramsook AH, Schaeffer MR, Puyat JH, Wilcox PG, et al. 
Qualitative dimensions of exertional dyspnea in adults with cystic fibrosis. J Appl 
Physiol 2016;121:449–56. https://doi.org/10.1152/japplphysiol.00391.2016. 

[430] Lebecque P, Lapierre J-G, Lamarre A, Coates AL. Diffusion Capacity and Oxygen 
Desaturation Effects on Exercise in Patients with Cystic Fibrosis. Chest 
1987;91:693–7. https://doi.org/10.1378/CHEST.91.5.693. 

[431] Cirio S, Piran M, Vitacca M, Piaggi G, Ceriana P, Prazzoli M, et al. Effects of 
heated and humidified high flow gases during high-intensity constant-load 
exercise on severe COPD patients with ventilatory limitation. Respir Med 
2016;118:128–32. https://doi.org/10.1016/j.rmed.2016.08.004. 

[432] Vitacca M, Paneroni M, Zampogna E, Visca D, Carlucci A, Cirio S, et al. High-
Flow Oxygen Therapy During Exercise Training in Patients With Chronic 
Obstructive Pulmonary Disease and Chronic Hypoxemia: A Multicenter 
Randomized Controlled Trial. Phys Ther 2020;100. 
https://doi.org/10.1093/ptj/pzaa076. 

[433] Lima CA, De Andrade ADFD, Campos SL, Brand??o DC, Fregonezi G, Mourato 
IP, et al. Effects of noninvasive ventilation on treadmill 6-min walk distance and 
regional chest wall volumes in cystic fibrosis: Randomized controlled trial. Respir 
Med 2014;108:1460–8. https://doi.org/10.1016/j.rmed.2014.04.006. 

[434] Bongers BC, Werkman MS, Takken T, Hulzebos EHJ. Ventilatory response to 
exercise in adolescents with cystic fibrosis and mild-to-moderate airway 
obstruction. Springerplus 2014;3:696. https://doi.org/10.1186/2193-1801-3-696. 

[435] Parazzi P, Marson F, Ribeiro M, de Almeida C, Martins L, Paschoal I, et al. 
Ventilatory abnormalities in patients with cystic fibrosis undergoing the 



 
 

259 

submaximal treadmill exercise test. BMC Pulm Med 2015;15. 
https://doi.org/10.1186/S12890-015-0056-5. 

[436] Coates A, Canny G, Zinman R, Grisdale R, Desmond K, Roumeliotis D, et al. The 
effects of chronic airflow limitation, increased dead space, and the pattern of 
ventilation on gas exchange during maximal exercise in advanced cystic fibrosis. 
Am Rev Respir Dis 1988;138:1524–31. 
https://doi.org/10.1164/AJRCCM/138.6.1524. 

[437] Singh SJ, Puhan MA, Andrianopoulos V, Hernandes NA, Mitchell KE, Hill CJ, et 
al. An official systematic review of the European Respiratory Society/American 
Thoracic Society: measurement properties of field walking tests in chronic 
respiratory disease. Eur Respir J 2014;44:1447–78. 
https://doi.org/10.1183/09031936.00150414. 

[438] Satake M, Shioya T, Takahashi H, Kawatani M. Ventilatory Responses to Six-
minute Walk Test, Incremental Shuttle Walking Test, and Cycle Ergometer Test 
in Patients with Chronic Obstructive Pulmonary Disease. Biomed Res 
2003;24:309–16. https://doi.org/10.2220/biomedres.24.309. 

[439] Balfour-Lynn IM, Prasad SA, Laverty A, Whitehead BF, Dinwiddie R. A step in the 
right direction: Assessing exercise tolerance in cystic fibrosis. Pediatr Pulmonol 
1998;25:278–84. https://doi.org/10.1002/(SICI)1099-
0496(199804)25:4<278::AID-PPUL8>3.0.CO;2-G. 

[440] de Camargo VM, Martins B do C dos S, Jardim C, Fernandes CJC, Hovnanian A, 
Souza R. Validation of a treadmill six-minute walk test protocol for the evaluation 
of patients with pulmonary arterial hypertension. J Bras Pneumol 2009;35:423–
30. https://doi.org/10.1590/s1806-37132009000500006. 

[441] de Almeida FG, Victor EG, Rizzo JA. Hallway Versus Treadmill 6-Minute-Walk 
Tests in Patients With Chronic Obstructive Pulmonary Disease. Respir Care 
2009;54. 

[442] Lenssen AF, Wijnen LC a. m., Vankan DG, Eck BHV, Berghmans DP, Roox GM. 
Six-minute walking test done in a hallway or on a treadmill: How close do the two 
methods agree? Eur J Prev Cardiol 2010;17:713–7. 
https://doi.org/10.1097/HJR.0b013e32833a1963. 

[443] Bohannon RW, Crouch R. Minimal clinically important difference for change in 6‐
minute walk test distance of adults with pathology: a systematic review. J Eval 
Clin Pract 2017;23:377–81. https://doi.org/10.1111/jep.12629. 

[444] Borel J-C, Guerber F, Jullian-Desayes I, Joyeux-Faure M, Arnol N, Taleux N, et 
al. Prevalence of obesity hypoventilation syndrome in ambulatory obese patients 
attending pathology laboratories. Respirology 2017;22:1190–8. 
https://doi.org/10.1111/resp.13051. 

[445] Simonds AK. Chronic hypoventilation and its management. Eur Respir Rev 
2013;22:325–32. https://doi.org/10.1183/09059180.00003113. 

[446] Macavei VM, Spurling KJ, Loft J, Makker HK. Diagnostic predictors of obesity-
hypoventilation syndrome in patients suspected of having sleep disordered 
breathing. J Clin Sleep Med 2013;9:879–84. https://doi.org/10.5664/jcsm.2986. 

[447] Jankelowitz L, Reid KJ, Wolfe L, Cullina J, Zee PC, Jain M. Cystic Fibrosis 
Patients Have Poor Sleep Quality Despite Normal Sleep Latency and Efficiency. 
Chest 2005;127:1593–9. https://doi.org/10.1378/chest.127.5.1593. 

[448] Katz ES. Cystic fibrosis and sleep. Clin Chest Med 2014;35:495–504. 
https://doi.org/10.1016/j.ccm.2014.06.005. 

[449] Cohen-Cymberknoh M, Atia O, Gileles-Hillel A, Kerem E, Reiter J. ePS2.02 
Comparison of sleep disorders between patients with primary ciliary dyskinesia 



 
 

260 

and cystic fibrosis with and without pancreatic insufficiency. J Cyst Fibros 
2019;18:S42. https://doi.org/10.1016/S1569-1993(19)30250-4. 

[450] Caley L, Smith L, White H, Peckham DG. Average rate of lung function decline in 
adults with cystic fibrosis in the United Kingdom: Data from the UK CF registry. J 
Cyst Fibros 2021;20:86–90. https://doi.org/10.1016/J.JCF.2020.04.008. 

[451] Konstan MW, Wagener JS, VanDevanter DR, Pasta DJ, Yegin A, Rasouliyan L, 
et al. Risk factors for rate of decline in FEV1 in adults with cystic fibrosis. J Cyst 
Fibros 2012;11:405–11. https://doi.org/10.1016/J.JCF.2012.03.009. 

[452] Sweezey N, Ratjen F. The cystic fibrosis gender gap: potential roles of estrogen. 
Pediatr Pulmonol 2014;49:309–17. https://doi.org/10.1002/PPUL.22967. 

[453] Harness-Brumley CL, Elliott AC, Rosenbluth DB, Raghavan D, Jain R. Gender 
Differences in Outcomes of Patients with Cystic Fibrosis. J Women’s Heal 
2014;23:1012. https://doi.org/10.1089/JWH.2014.4985. 

[454] Barr HL, Britton J, Smyth AR, Fogarty AW. Association between socioeconomic 
status, sex, and age at death from cystic fibrosis in England and Wales (1959 to 
2008): cross sectional study. BMJ 2011;343. https://doi.org/10.1136/BMJ.D4662. 

[455] Taylor-Robinson D, Whitehead M, Diderichsen F, Olesen HV, Pressler T, Smyth 
RL, et al. Understanding the natural progression in %FEV1 decline in patients with 
cystic fibrosis:a longitudinal study. Thorax 2012;67:1–8. 
https://doi.org/10.1136/thoraxjnl-2011-200953. 

[456] Welsh L, Robertson C, Ranganathan S. Increased rate of lung function decline in 
Australian adolescents with cystic fibrosis. Pediatr Pulmonol 2014;49:873–7. 
https://doi.org/10.1002/PPUL.22946. 

[457] Lemann J, Bushinsky D, Hamm L. Bone buffering of acid and base in humans. 
Am J Physiol Renal Physiol 2003;285. 
https://doi.org/10.1152/AJPRENAL.00115.2003. 

[458] Robinson C, Hofer M, Benden C, Schmid C. Evaluation of bone disease in patients 
with cystic fibrosis and end-stage lung disease. J Bras Pneumol 2019;45. 
https://doi.org/10.1590/1806-3713/E20170280. 

[459] Conway SP, Morton AM, Oldroyd B, Truscott JG, White H, Smith AH, et al. 
Osteoporosis and osteopenia in adults and adolescents with cystic fibrosis: 
Prevalence and associated factors. Thorax 2000;55:798–804. 
https://doi.org/10.1136/THORAX.55.9.798. 

[460] Paccou J, Zeboulon N, Combescure C, Gossec L, Cortet B. The prevalence of 
osteoporosis, osteopenia, and fractures among adults with cystic fibrosis: A 
systematic literature review with meta-analysis. Calcif Tissue Int 2010;86:1–7. 
https://doi.org/10.1007/S00223-009-9316-9. 



 
 

261 

Appendix A  

EMIS Patient information sheet and Consent 

 



 
 

262 

 

  



 
 

263 

Appendix B  

Automated reporting tool for blood gas analyses 

This research project relied in part on the analysis of large data sets of arterial or 

arterialised capillary blood gas analysis, which had to be interpreted in terms of acid-

base status for the purposes of my analyses.  

The manual interpretation of ABG measures is time-consuming and prone to errors. 

When used in scientific research, it would be recommended, if not required, that these 

interpretations are repeated by at least two independent clinicians in order to evaluate 

their consistency and degree of concordance. 

Because of the nature of this research work, following this standard approach would 

have prevented the majority of my quantitative analyses performed on historical 

datasets, due to the sheer volume of ABG to be interpreted. 

As such, in the initial phases on this research, I explored the possibility to develop an 

automated algorithm for the interpretation of ABG measures. Multiple approaches to the  

algorithms for the interpretation of blood gas analyses have been developed, as 

presented in Chapter 4, Section 4.3.2. 

B.1 Algorithm Development 

Among these approaches, the Boston method is the most simple to reliably transpose 

into a simple static algorithm that can be expanded in a logical calculation. Because of 

this, an implementation of the Boston method can be easily integrated as a static 

computation in popular software for data manipulation and analysis, such as Microsoft 

Excel (as a ‘Formula’), or SPSS (as a ‘Computed Variable’).  

The algorithm used is presented below. 
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B.2 Algorithm Validation 

The algorithm was validated in a two-step approach. The tool was initially tested for 

accuracy by myself by reviewing a random sample of 50 blood gas analyses. Further 

independent validation was performed by asking two respiratory physicians experienced 

in ABG interpretation (one Consultant and one registrar) to manually interpret a collection 

50 blood gases. The manual interpretation was consistent between the two observers 

and compared to the automated tool.  

B.3 Implementations 

I developed two implementations of the algorithm. Both implementations can be 

accessed and used for free at https://abg.giuliaspoletini.com/. 

# ABG interpretation based on the Boston method 

# 

# ph: pH [adimensional] 

# hco3: HCO3- [mmol/L] 

# co2: pCO2 [mmHg] 

 

# 0: "Acute Respiratory Acidosis" 

# 1: "Compensated Respiratory Alkalosis" 

# 2: "Compensated Metabolic Acidosis" 

# 3: "Compensated Metabolic Acidosis or Compensated Respiratory Alkalosis" 

# 4: "Acute Respiratory Alkalosis" 

# 5: "Compensated Metabolic Alkalosis" 

# 6: "Compensated Respiratory Acidosis" 

# 7: "Compensated Respiratory Acidosis or Compensated Metabolic Alkalosis" 

# 8: "Acute Metabolic Acidosis" 

# 9: "Partly Compensated Metabolic Acidosis" 

#10: "Acute Metabolic Alkalosis" 

#11: "Partly Compensated Metabolic Alkalosis" 

#12: "Normal ABG" 

#13: "Partly Compensated Respiratory Acidosis" 

#14: "Partly Compensated Respiratory Alkalosis" 

#15: "Unable to determine" 

 

If ((ph < 7.35) && (co2 > 45) && (hco3 >= 22 && hco3 <= 26))  

    return 0; 

Else If (((co2 - 35) < (hco3 - 22)) && (ph >= 7.35 && ph <= 7.45) && (co2 < 35) && (hco3 < 22))  

    return 1; 

Else If (((co2 - 35) > (hco3 - 22)) && (ph >= 7.35 && ph <= 7.45) && (co2 < 35) && (hco3 < 22))  

    return 2; 

Else If (((co2 - 35) == (hco3 - 22)) && (ph >= 7.35 && ph <= 7.45) && (co2 < 35) && (hco3 < 22))  

    return 3; 

Else If ((ph > 7.45) && (co2 < 35) && (hco3 >= 22 && hco3 <= 26))  

    return 4; 

Else If (((co2 - 45) < (hco3 - 26)) && (ph >= 7.35 && ph <= 7.45) && (co2 > 45) && (hco3 > 26))  

    return 5; 

Else If (((co2 - 45) > (hco3 - 26)) && (ph >= 7.35 && ph <= 7.45) && (co2 > 45) && (hco3 > 26))  

    return 6; 

Else If (((co2 - 45) == (hco3 - 26)) && (ph >= 7.35 && ph <= 7.45) && (co2 > 45) && (hco3 > 26))  

    return 7; 

Else If ((ph < 7.35) && (co2 >= 35 && co2 <= 45) && (hco3 < 22))  

    return 8; 

Else If ((ph < 7.35) && !(ph == 0) && (co2 < 35) && (hco3 < 22))  

    return 9; 

Else If ((ph > 7.45) && (co2 >= 35 && co2 <= 45) && (hco3 > 26))  

    return 10; 

Else If ((ph > 7.45) && (co2 > 45) && (hco3 > 26))  

    return 11; 

Else If ((ph >= 7.35 && ph <= 7.45) && (co2 >= 35 && co2 <= 45) && (hco3 >= 22 && hco3 <= 26))  

    return 12; 

Else If ((ph < 7.35) && (co2 > 45) && (hco3 > 26))  

    return 13; 

Else If ((ph > 7.45) && (co2 < 35) && (hco3 < 22))  

    return 14; 

Else  

    return 15; 

Algorithm 1. Static implementation of the Boston method for ABG interpretation. 

https://abg.giuliaspoletini.com/
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A first implementation of this Algorithm was developed as an HTML5 web application, 

which can be accessed at https://abg.giuliaspoletini.com/web_app/. This simple web 

application allows to evaluate a single ABG measure based on the Boston approach, 

and can be used from any web browser without a download or installation, including from 

mobile devices. 

A second implementation of this Algorithm was developed as an Excel formula. This 

implementation was used throughout this work to automatically evaluate multiple ABG 

measures by simply adding this formula to the original database, and linking the correct 

columns. A template spreadsheet based on this implementation is also available at 

https://abg.giuliaspoletini.com/. 

The Boston approach is not always capable of providing an interpretation of an ABG 

measure. In such rare cases, a value of “Unable to determine” is returned by the 

algorithm. This requires a manual interpretation by a clinician. In the context of this thesis 

this was performed by myself, by applying the Boston Methods and as required 

introducing the base excess results as an additional aid. 

B.4 Source code and licensing 

These tools are released as Free and Open-Source Software (FOSS), subject to the MIT 

Licence (https://en.wikipedia.org/wiki/MIT_License), a permissive software licence 

allowing virtually any use and modification of the software. 

The web application tool is available to the public at 

https://abg.giuliaspoletini.com/web_app/ subject to the Creative Commons CC BY-NC-

SA licence (https://creativecommons.org/licenses/by-nc-sa/2.0/). 

  

https://abg.giuliaspoletini.com/web_app/
https://abg.giuliaspoletini.com/
https://en.wikipedia.org/wiki/MIT_License
https://abg.giuliaspoletini.com/web_app/
https://creativecommons.org/licenses/by-nc-sa/2.0/).
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Appendix C  

The modified Bhalla score 

Structural lung changes are a typical feature in CF and can be quite variable in each 

individual (Section 1.4.3).  

Radiological findings can help to differentiate between different phenotypes in CF, and 

especially to determine the presence of a predominant bronchiectasis pattern or small 

airways disease with air trapping and mosaic pattern.  

Computed tomography is an extremely useful tool to monitor the progression of lung 

disease in CF, as it allows to identify the extension and severity of the lung involvement 

in CF.  

A CT scoring system allows to describe the findings and abnormalities in a semi-

quantitative way. Over the years, multiple scoring systems have been developed, with 

the most commonly used being the modified Bhalla score [421]. This scoring system 

allows to identify various abnormalities, including bronchiectasis, peri-bronchial 

thickening, consolidations, air trapping, ground glass, mosaic pattern, and assess their 

severity (Fig 1). 

 

 

Figure A.1 The modified Bhalla score.  
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Appendix D  

TRIPOD Checklist 

Section/Topic  Checklist Item Page 

Title D;V 
Identify the study as developing and/or validating a multivariable 
prediction model, the target population, and the outcome to be predicted. 

n/a 

Abstract D;V 
Provide a summary of objectives, study design, setting, participants, 
sample size, predictors, outcome, statistical analysis, results, and 
conclusions. 

n/a 

Background 
and 
objectives 

D;V 
Explain the medical context (including whether diagnostic or prognostic) 
and rationale for developing or validating the multivariable prediction 
model, including references to existing models. 

119 

D;V 
Specify the objectives, including whether the study describes the 
development or validation of the model or both. 

119 157 

Source of 
data 

D;V 
Describe the study design or source of data (e.g., randomized trial, cohort, 
or registry data), separately for the development and validation data sets, 
if applicable. 

120 158 

D;V 
Specify the key study dates, including start of accrual; end of accrual; and, 
if applicable, end of follow-up.  

120 158 

Participants 

D;V 
Specify key elements of the study setting (e.g., primary care, secondary 
care, general population) including number and location of centres. 

120 158 

D;V Describe eligibility criteria for participants.  120 158 

D;V Give details of treatments received, if relevant.  n/a 

Outcome 
D;V 

Clearly define the outcome that is predicted by the prediction model, 
including how and when assessed.  

119 157 

D;V Report any actions to blind assessment of the outcome to be predicted.  n/a 

Predictors 

D;V 
Clearly define all predictors used in developing or validating the 
multivariable prediction model, including how and when they were 
measured. 

122 159 

D;V 
Report any actions to blind assessment of predictors for the outcome and 
other predictors.  

n/a 

Sample size D;V Explain how the study size was arrived at. 121 159 

Missing data D;V 
Describe how missing data were handled (e.g., complete-case analysis, 
single imputation, multiple imputation) with details of any imputation 
method.  

121 

Statistical 
analysis 
methods 

D Describe how predictors were handled in the analyses.  122 

D Specify type of model, all model-building procedures (including any 
predictor selection), and method for internal validation. 

122 

V For validation, describe how the predictions were calculated.  122 159 

D;V 
Specify all measures used to assess model performance and, if relevant, to 
compare multiple models.  

122 

V 
Describe any model updating (e.g., recalibration) arising from the 
validation, if done. 

n/a 

Risk groups D;V Provide details on how risk groups were created, if done.  n/a 
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Developmen
t vs. 
validation 

V 
For validation, identify any differences from the development data in 
setting, eligibility criteria, outcome, and predictors.  

136 165 

Participants 

D;V 
Describe the flow of participants through the study, including the number 
of participants with and without the outcome and, if applicable, a 
summary of the follow-up time. A diagram may be helpful.  

124 160 

D;V 
Describe the characteristics of the participants (basic demographics, 
clinical features, available predictors), including the number of 
participants with missing data for predictors and outcome.  

133 160  

V 
For validation, show a comparison with the development data of the 
distribution of important variables (demographics, predictors and 
outcome).  

Table 7.6 
Table 9.2 

Model 
developmen
t  

D Specify the number of participants and outcome events in each analysis.  
Table 7.6 
Table 9.2 

D If done, report the unadjusted association between each candidate 
predictor and outcome. 

Table 7.8 

Model 
specification 

D 
Present the full prediction model to allow predictions for individuals (i.e., 
all regression coefficients, and model intercept or baseline survival at a 
given time point). 

Table 7.9 

D Explain how to the use the prediction model. Figure 7.7 

Model 
performanc
e 

D;V Report performance measures (with CIs) for the prediction model. 165 

Model-
updating 

V 
If done, report the results from any model updating (i.e., model 
specification, model performance). 

n/a 

Limitations D;V 
Discuss any limitations of the study (such as nonrepresentative sample, 
few events per predictor, missing data).  

142 169 

Interpretati
on 

V For validation, discuss the results with reference to performance in the 
development data, and any other validation data.  

139 169 

D;V 
Give an overall interpretation of the results, considering objectives, 
limitations, results from similar studies, and other relevant evidence.  

139 169 

Implications D;V 
Discuss the potential clinical use of the model and implications for future 
research.  

139 169 

Supplementa
ry 
information 

D;V 
Provide information about the availability of supplementary resources, 
such as study protocol, Web calculator, and data sets.  

n/a 

Funding 
D;V 

Give the source of funding and the role of the funders for the present 
study.  

n/a 
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Appendix E  

Borg and Comfort scales 

In Chapter 11, participants were asked to rate their dyspnoea and fatigue using the Borg scale 

(Figure E.1 and Figure E.2), and the comfort they were experiencing (Figure E.3). 

 

 

Figure E.1 Borg scale for Dyspnoea 
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Figure E.2 Borg Scale for fatigue 

 

 

Figure E.3 Comfort visual analogue scale 
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