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Abstract 

Background and rationale: Chronic Pseudomonas aeruginosa (P. aeruginosa) lung infections are 

difficult to eradicate with existing therapies. Iron has been shown to play an important role in P. 

aeruginosa infections and raised iron levels in cystic fibrosis (CF) airways may promote P. aeruginosa 

lung infections in CF patients. Studies in vitro and in animals provide compelling evidence for 

improved P. aeruginosa clearance by disrupting iron utilisation. Acidic pH in the CF airways has also 

been proposed to contribute to survival and virulence of pathogens. Modulation of airway surface 

liquid (ASL) pH has been proposed as a therapy for CF, however, evidence that ASL pH is reduced in 

CF is limited and conflicting. 

Research objectives and aims:  

To study the safety and efficacy of combination of inhaled CaEDTA and tobramycin as an add-on 

therapy to standard treatment of pulmonary exacerbations in CF patients with chronic P. 

aeruginosa infection.   

To determine the changes in hemoglobin, serum iron and serum ferritin during acute 

pulmonary exacerbations and following treatment.  

To study the effect of concurrent use of intravenous and inhaled tobramycin on renal function. 

To determine if ASL pH is reduced in young children with CF. 

 

Summary of methods: We undertook a double-blind randomised placebo-controlled trial in patients 

with CF ≥ 6 years old with chronic P. aeruginosa lung infection admitted to hospital for treatment of 

pulmonary exacerbation. Active drug (75 mg Tris-buffered CaEDTA, n=12) or placebo (Tris-buffered 

0.9% normal saline, n=12) was nebulised along with 250mg tobramycin twice daily for 6 weeks 

(additional two doses of CaEDTA or placebo during first 2 weeks while on intravenous antibiotics). 

Serial monitoring of the clinical status, sputum load of P. aeruginosa, lung function and serum 

creatinine were performed prior to commencing the study drug, 2 weeks, 6 weeks and 10 weeks 

later.  Lower airway pH measurements were performed trans-bronchoscopically in separate cohort 

of children one to six years of age, 30 without CF and 37 with CF using novel luminescent 

technology-based fibre-optic probes.  

Key results: There was trend towards improved sputum clearance of P. aeruginosa as determined by 

sputum pathogen load (log10 CFU/g) in the CaEDTA group, compared to placebo group; Mean (SD) 

reduction in P. aeruginosa by  2.05 (2.57) vs. 0.82 (2.71) at 2 weeks in the CaEDTA and placebo 

groups, respectively. There was also greater improvement in lung function (ppFEV1) in CaEDTA group 
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compared to placebo group; Mean (SD) improvement in ppFEV1 in CaEDTA and placebo groups 

respectively were 16 (22) vs. 5 (10.6) at 2 weeks (n=11 in each group, p=0.16), 11 (20.24) vs. 2 (13.7) 

at 6 weeks (n=10 in each group, p=0.28), and 6 (13.93) vs. 2 (9.1) points at 10 weeks (n=9 in CaEDTA 

group and 11 in placebo group, p=0.47).  There was an increase in serum iron level at 2 weeks 

(p=0.004) in response to treatment of pulmonary exacerbation even in the absence of iron 

supplements; Mean (SD) iron levels were 11.4µmol/L (6.8) and 19.8µmol/L (7.4) at admission and 2 

weeks after treatment respectively.  

Concurrent use of intravenous and inhaled tobramycin did not adversely affect serum creatinine 

levels. Mean (SD) change in serum creatinine from admission to 2 weeks, 6 weeks and 10 weeks 

respectively were 2.5 (8.2) µmol/L (n=19, p=0.19), 1.1 (15.3) µmol/L (n=17, p=0.78), and 1.0 (11.6) 

µmol/L (n=16, p=0.73). Lower airway pH was similar in control subjects and children with CF, with 

median (range) pH 6.99 (6.72–7.26) and 7.00 (6.72–7.28) respectively, p=0.62.  Airway pH was 

unaltered by the presence of airway pathogens or raised level of inflammatory markers in clinically 

stable children with and without CF.  

Principal conclusions: Adding CaEDTA to nebulised tobramycin appears to be safe, improves sputum 

clearance of P. aeruginosa, and leads to greater improvement in lung function compared to patients 

on inhaled tobramycin alone. Treatment of pulmonary exacerbations are associated with 

improvement in serum iron levels. Concurrent use of intravenous and inhaled tobramycin does not 

appear to adversely affect renal function as measured by serum creatinine levels. Airway pH is 

similar in young children with and without in CF and is unaffected by the extent of airway 

inflammation and presence of infection in clinically stable children.  
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Chapter 1 General Introduction  

1.1 The Research Opportunity 

Cystic fibrosis (CF) is an autosomal recessive genetic disorder caused by mutations in the genes 

coding for cystic fibrosis transmembrane conductance regulator (CFTR) protein.1 CF affects multiple 

organ systems, with predominant involvement of the respiratory and gastrointestinal systems.2,3 The 

improved management of pancreatic insufficiency has resulted in reduced gastrointestinal 

complications, and majority of children with CF now have normal growth.4 However, lung infections 

and bronchiectasis leading to progressive lung disease and respiratory failure continue to contribute 

to morbidity and mortality in patients with CF.5  

Pseudomonas aeruginosa (P. aeruginosa) is a commonly isolated  pathogen from respiratory tract 

specimens of CF patients.6 P. aeruginosa is a leading cause of morbidity and mortality in patients 

with CF.7,8 While isolated P. aeruginosa infections in the early years of life can be treated effectively 

with aggressive antibiotic therapy,9 recurrent infections soon become chronic, with the prevalence 

of chronic infection increasing from 10-30% in children at 5 years of age to nearly 80% in adults 

above the age of 18 years.8-10 Once established, chronic P. aeruginosa lung infections are almost 

impossible to eradicate with existing antibiotic therapies.11 

The present model of the pathophysiology of CF, lung disease is mainly attributed to impaired 

mucociliary clearance that results from dehydrated airway surface liquid (ASL).12 However, this alone 

does not entirely account for the severity and unique pattern of CF lung disease. There are many 

other factors that have been implicated in the morbidity and mortality of patients with CF: Intrinsic 

hyperinflammatory nature of CF airways, as demonstrated by raised neutrophil elastase and other 

pro-inflammatory cytokines;13,14 altered mucins contributing to dysregulation of inflammatory 

responses in CF airways;15 decrease in the level of antioxidants such as glutathione;16 alteration in 

systemic immune responses;17 and raised airway iron levels in CF airways.18-20 There is also evidence 

that impaired CFTR-related bicarbonate transport in CF, may result in reduced ASL pH in CF.21,22  

The current approach to treatment of lung infections is mainly based on use of mucolytic agents to 

improve airway clearance and antibiotics to treat infections. However, P. aeruginosa has developed 

number of sophisticated protective mechanisms, including phenotypical changes to produce biofilm, 

production of antibiotic-neutralising enzymes (proteases), genetic changes resulting in down 

regulation of central metabolism, up regulation of genes affecting membrane permeability, and 
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antibiotic efflux pumps.23,24 25,26 These protective mechanisms increase antibacterial resistance to a 

level where it is virtually impossible to eradicate with existing antibiotic therapies.11 

P. aeruginosa has been shown to have an absolute requirement for iron and iron has been shown to 

play a vital role in P. aeruginosa growth, multiplication, biofilm formation and structural integrity of 

the biofilm and cell wall.19,27-29 Ethylene diamine tetra-acetate (EDTA) is a chelating agent with 

several antimicrobial properties mediated by its ability to bind various divalent cations including 

iron. Combined use of EDTA along with antibiotics has been shown to potentiate the antibacterial 

effect of antibiotics by depriving P. aeruginosa of its essential nutrient, iron. This effect is well 

demonstrated when P. aeruginosa is exposed to EDTA, leading to reduced biofilm formation, 

reduced minimum inhibitory concentration (MIC) of antibiotics, and increased killing of P. 

aeruginosa by concomitant antibiotic 29-33 both in vitro, and in animals with chronic P. aeruginosa-

associated otitis, sinusitis and endometritis.34-38 EDTA could potentially have additional benefits in 

clearing P. aeruginosa through its ability to bind zinc and magnesium that may also play an 

important role in survival of P. aeruginosa through their role in stabilising the lipopolysaccharide 

outer layer of P. aeruginosa.39 

P. aeruginosa lung infection in CF is a complex disease and requires a multi-faceted approach to 

improve CF disease outcomes. Based on in vitro studies and the veterinary success in improving 

treatment of P. aeruginosa by adding EDTA as an adjuvant to antibiotics, we hypothesised that 

adding EDTA to tobramycin would improve treatment of P. aeruginosa lung infections and clinical 

outcomes in CF patients. We tested this hypothesis by conducting a randomised double-blind 

placebo-controlled trial to determine the safety and efficacy of combining CaEDTA with tobramycin 

in CF patients with chronic P. aeruginosa lung infection undergoing treatment of pulmonary 

exacerbation. The calcium salt of EDTA was chosen over the disodium salt of EDTA (Na2EDTA) due to 

concerns of calcium chelation causing adverse effects on the heart.40 

As ferritin, an iron binding protein, is also an acute inflammatory protein, the iron profile may be 

altered during acute pulmonary exacerbation. However, information regarding changes in iron 

profile during acute pulmonary exacerbations and changes that occur during and after treatment of 

pulmonary exacerbations are unclear. As part of the study on determining the safety and efficacy of 

CaEDTA, we also studied the iron indices (serum iron, serum ferritin, serum transferrin, and 

transferrin saturation) at the beginning of admission to hospital for treatment of pulmonary 

exacerbation, and serially thereafter at two weeks, six weeks and ten weeks from admission. We 

hypothesized that the reduced density of P. aeruginosa in CF airways following treatment of 
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pulmonary exacerbation would be associated with an increase in serum iron and haemoglobin and a 

decrease in serum ferritin.  

Intravenous (IV) tobramycin is widely used during inpatient treatment of acute pulmonary 

exacerbations in patients with CF with P. aeruginosa infections.41 Due to the high doses required to 

achieve MIC in the CF lung, and the increased incidence of systemic side effects with IV use, there is 

an increasing trend towards use of inhaled (IH) tobramycin, particularly on an outpatient basis.42-45 In 

our study involving CaEDTA vs. placebo, the study drug was nebulised with IH tobramycin in addition 

to the standard treatment of pulmonary exacerbations that commonly involves treatment with two 

anti-pseudomonal antibiotics including IV tobramycin. Due to the narrow therapeutic index of 

tobramycin, there is increased concern for renal safety with concurrent use of IV and IH tobramycin. 

To determine the effect of concurrent use of IV and IH tobramycin on renal function, we measured 

serum creatinine at admission, after two weeks of treatment with IV and IH tobramycin, after six 

weeks (Initial two weeks of IV tobramycin followed by four weeks of inhaled tobramycin) and at ten 

weeks (four weeks after stopping IH tobramycin).  

The survival and virulence of P. aeruginosa is also thought to be influenced by an acidic pH of the 

ASL in CF airways.  Low pH has been shown to play a an important role in increasing the pro-

inflammatory properties of the lipopolysaccharide (LPS) component of P. aeruginosa.46 There is also 

evidence for reduced bactericidal activity of aminoglycosides at low pH.47 Lung infections in turn may 

reduce the airway pH further, giving rise to a vicious cycle of infection and altered pH balance.47 

There is accumulating indirect evidence for low ASL pH in CF in vitro, but limited evidence for this in 

vivo.  

Iron shuttles between two thermodynamically stable oxidation states, the ferrous (Fe2+) and ferric 

(Fe3+) state that underpin the biological utility of iron.48 Ferrous iron is soluble in an aqueous 

solution, and it is this form of iron that is transported across the membranes of mammalian cells. 

However, in biological solutions within living organisms, ferrous iron is readily oxidised to the ferric 

form, which is highly insoluble at physiological pH.  Whereas ferric iron is relatively non-toxic, 

ferrous iron can catalyse reactions (such as the Fenton reaction), leading to the production of highly 

reactive oxygen radicals. The pH also affects EDTA as EDTA has been shown to form supramolecular 

aggregates at alkaline pH.49    

CFTR, in addition to being a chloride channel, is also believed to be a HCO3
- channel and may thus 

play an important role in buffering the airway pH.50,51 Tight regulation of ASL pH has been implicated 

in epithelial cell and ciliary function, mucin formation, optimal function of antimicrobial peptides and 
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leucocyte-mediated bacterial killing.21,52 Acidic ASL pH may trigger infections by increasing pro-

inflammatory properties of bacterial cell wall components and decreasing bactericidal activity of 

antibiotics. 47,53  

Accurate determination of lower airway pH has several implications for patients with CF in general, 

and for treatment of P. aeruginosa lung infections. Knowledge of ASL pH in CF is critical for variety of 

reasons: 1) for an improved understanding of the pathophysiology of CF lung disease 2) due to the 

potential role for increased susceptibility and increased severity of lung infections including P. 

aeruginosa, and 3) potential for pH altering treatments, if ASL pH is low in CF.  

To ensure accurate pH measurements of ASL in vivo in humans, we developed novel pH sensitive 

luminescent dye-based fibre-optic probes. These optical probes have a high signal to noise ratio, 

which allowed pH to be measured with greater precision than has previously been possible.54-57 To 

determine if the ASL pH is reduced in CF, we measured the ASL pH in children with CF and without 

CF (control). To avoid the potential bias of progressive lung disease that occurs with increasing age, 

we measured pH in children between one to six years of age. This decision was based on the results 

of some studies which showed the potential for reduced pH in the presence of inflammation.47 We 

also determined inflammation and infection in the lung contemporaneously by analysing 

inflammatory markers from bronchoalveolar lavage collected at the same time as pH measurements.  

1.2 Global Research Objective 

The overall objective of the research presented in this thesis was to improve the treatment of P. 

aeruginosa lung infections through evaluating novel treatments and through studying the airway 

surface environment where P. aeruginosa colonises and proliferates.  

Research objectives and aims:  

1. To study the safety and efficacy of combination of inhaled CaEDTA and 

tobramycin as an add-on therapy to intravenous antibiotics in patients with CF 

with chronic P. aeruginosa infection undergoing treatment for pulmonary 

exacerbation. 

2. To determine the changes in haemoglobin, serum iron and serum ferritin during 

acute pulmonary exacerbations and study the relationship between iron and P. 

aeruginosa infection. 

3. To study the safety of the concurrent use of intravenous and inhaled tobramycin 

by investigating possible effect on renal function. 
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4. To determine if ASL pH is reduced in young children with cystic fibrosis. 

1.3 Structure of this Thesis 

This thesis is organised in a series of publications, to address gaps in the treatment of chronic P. 

aeruginosa infections and better understand the pathophysiology of CF lung disease.  

Chapter 1 begins with an overview of the research generated during the current research.  

Chapter 2 provides a detailed literature review related to the current research, providing the 

context, and identifying gaps in the knowledge which the current research sought to address.   

Chapter 3 includes details on the use of chelating agents, namely CaEDTA, and compares the safety 

and efficacy of combining tobramycin with CaEDTA vs. placebo in CF patients with chronic P. 

aeruginosa infections undergoing treatment of pulmonary exacerbations.  

Chapter 4 includes longitudinal assessment of iron indices at the beginning of pulmonary 

exacerbation, during treatment of pulmonary exacerbation and after stopping treatment. Chapter 4 

also details the association between serum iron and P. aeruginosa lung infection.   

Chapter 5 includes details on concurrent use of IV and IH tobramycin during pulmonary 

exacerbations, with a focus on renal function. 

Finally, Chapter 6 on the study of ASL pH, includes details on the rationale for lower airway pH 

measurements, detailed methodology on novel pH probes employed in the study and the pH 

measurements in children with and without CF. Chapter 6 also includes information on the 

relationship between airway pH and presence of pathogens and level of inflammatory markers.  

Given the contrasting findings of our lower airway pH measurements in vivo showing that ASL pH 

was not acidic in CF, while previous studies in vitro and animal experiments showed evidence in 

contrary, my supervisors conducted further experiments in vitro along with our collaborators. The 

combined results have been published in Nature Communications (article attached in appendix). The 

in vitro experiments by my supervisors also showed no difference in ASL pH between CF and non-CF 

cultures using fibre-optic probes and using conventional i.e., non-optical, micro-pH probes. 

In summary, the current research consists of a detailed literature review and 4 research chapters 

(one published and three as manuscripts) with references included at the end of each chapter. This 

research has been formatted for consistency of style. The overall effects of my work and directions 

for further research in this field are discussed in Chapter 7, General Discussion.  
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1.3.1 Manuscripts arising from this thesis 

Chapter 6 on lower airway pH measurements has been externally reviewed and published in Nature 

Communications in October 2017. Chapter 6 contains details of my work on lower airway pH 

measurements in vivo. The published article with the supplementary information provided for 

Chapter 6 has been provided in the Appendices. Chapter 4, Chapter 5 and Chapter 6 are included as 

manuscripts with an aim to publish the articles soon.  

1.3.2 Conference abstracts and presentations 

During this project, our research was presented at two international conferences, two national 

conferences and several local meetings. My research was reported in two local CF publications.  

1.3.2.1 International conferences 

• Abstract titled “Airway surface liquid pH in children with cystic fibrosis and its relation with 

infection and inflammation” has been presented as poster at North American Cystic Fibrosis 

Conference in October 2015.  

• Abstract titled “EDTA combined with nebulised tobramycin improves bacterial clearance 

and lung function in cystic fibrosis patients with chronic Pseudomonas aeruginosa infection” 

was chosen as the “Top Five for Judging During the Junior Investigator Best Abstract 

Award Session” at the North American Cystic Fibrosis Conference in November 2019.  

1.3.2.2 National conferences 

• Presentation titled “Airway surface liquid pH in children with cystic Fibrosis and its 

association with infection and inflammation” was nominated as “Finalist for best poster 

prize” at the Australasian Cystic Fibrosis conference in August 2015. 

•  Presentation titled “CaEDTA in combination with inhaled tobramycin improves 

Pseudomonas clearance and lung function in cystic fibrosis patients with chronic 

Pseudomonas Infection” was awarded “Best Presentation in the Category 

Infection/Microbiology/Immunology” at the 13th Australasian Cystic Fibrosis Conference” 

Perth 2019. 

 



7 

 

1.3.2.3 List of local presentations 

• Child & Adolescent Health Research Symposium, Princess Margaret Hospital for Children, 

Perth, Australia; oral presentation. 

• Rottnest Island Conference, Joint Meeting of the Department of Respiratory Medicine, 

Princess Margaret Hospital for Children; School of Paediatrics and Child Health, The 

University of Western Australia; Division of Clinical Sciences, Telethon Institute for Child 

Health Research; oral presentation. 

• Telethon Institute for Child Health Research, Perth, Australia: Division of Clinical Sciences 

Presentation Series, PhD Proposal; oral presentation:  

1.4 Grants and Scholarships  

• 2014: Telethon Channel 7 Fellowship  

• 2013: PMH Foundation research grant  

• 2013: Cystic Fibrosis Western Australia PhD Scholarship  
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Chapter 2 Literature Review 

2.1 Overview of Cystic Fibrosis 

Cystic fibrosis (CF) is a life-limiting autosomal recessive genetic condition caused by mutations in the 

gene coding for the cystic fibrosis transmembrane conductance regulator (CFTR) protein.1 The CFTR 

gene was characterized by Riordan et al. in 1989. CF affects multiple organ systems, with 

predominant involvement of the respiratory and gastrointestinal systems.2,3 In countries where 

newborn screening is routinely performed, individuals with CF are picked up through newborn 

screening i.e., elevated immune-reactive trypsinogen test. Diagnostic criteria for CF include 

establishment of CFTR dysfunction with positive sweat test with sweat chloride ≥60mmol/L and/or 

two known CF causing CFTR mutations and meconium ileus at birth or clinical features of CF 

including, but not restricted to, diffuse bronchiectasis, positive sputum cultures for a CF associated 

pathogen (especially P. aeruginosa), exocrine pancreatic insufficiency, salt loss syndrome and 

azoospermia.2,4-7 

The improved management of pancreatic insufficiency has resulted in reduced gastrointestinal 

complications. The majority of children with CF have normal growth.8  Lung infections and 

bronchiectasis leading to progressive lung disease and respiratory failure are now the predominant 

causes of morbidity and mortality.9,10 Many bacterial species have been identified as major 

respiratory pathogens in CF, including Staphylococcus aureus, Haemophilus influenzae, P. 

aeruginosa, and Burkholderia cepacia complex.  Although Staphylococcus aureus, is the most 

frequently isolated bacterial pathogen in young children, P. aeruginosa becomes the dominant 

pathogen with increasing age.11,12 P. aeruginosa is the dominant pathogen in end-stage CF lung 

disease, and chronic infection with P. aeruginosa is associated with accelerated decline in lung 

function.13  

2.2 Pulmonary Exacerbations in CF 

Although pulmonary exacerbations are well recognised by clinicians involved in treating CF patients, 

there is no consensual definition. Modified Fuchs criteria have been recently used to define a 

pulmonary exacerbation, which includes the need for additional antibiotic treatment and a recent 

change in at least two of the following six criteria: change in sputum volume or color; increased 

cough; increased fatigue; malaise or lethargy; anorexia or weight loss; decrease in pulmonary 

function by 10% or more or radiographic changes; and increased dyspnea.14 The modified Fuchs 
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criteria have been criticised due to the inclusion of the decision to treat, which is clinician 

dependent, and lung function, that is difficult to ascertain in young subjects.  

Recent paediatric trial on Early Pseudomonas Infection Control (EPIC) defined pulmonary 

exacerbation as one that meets one major criteria, or has two of the minor signs, and fulfills 

symptom duration (duration of sign/symptoms ≥5 days or significant symptom severity). Major 

criteria include: decrease in FEV1 >10% from best baseline within past  6 months; oxygen saturation 

<90% in room air or >5% decline from previous baseline; new lobar infiltrate(s) or atelectasis(e)s on 

chest radiograph; or hemoptysis (more than streaks on more than one occasion in past one week). 

Minor criteria include: increased work of breathing or respiratory rate; new or increased adventitial 

sounds on lung exam; weight loss > 5% of body weight or decrease across 1 major percentile for age 

in past 6 months; increased cough; decreased exercise tolerance or level of activity; increased chest 

congestion or change in sputum.15 Besides sputum volume and treatment characteristics, individuals 

with three or more exacerbations had the highest risk of subsequent pulmonary exacerbation.16  

Viral respiratory tract infections have been implicated in approximately 50% of pulmonary 

exacerbations.17-20 Pulmonary exacerbations treated with oral antibiotics are considered to be milder 

events compared to those treated with IV antibiotics, although labelling a pulmonary exacerbation 

based on route of antibiotic treatment is of limited value and may underestimate severity. 15,21  

Presence of P. aeruginosa is an important risk factor for the failure of lung function to return to 

baseline.22 Pulmonary exacerbations associated with P. aeruginosa are typically treated with inhaled 

therapy (tobramycin) or a combination of oral and inhaled therapy (oral ciprofloxacin and inhaled 

colistin or tobramycin) or intravenous antibiotics (aminoglycoside and an antipseudomonal 

antibiotic). The choice of antibiotic is based on the susceptibility patterns of the microorganism and 

the occurrence of previous side effects. For intravenous therapy, the standard length of treatment is 

approximately 14 days, which may be prolonged in special cases, i.e., in severe exacerbations or 

incomplete recovery.23 Suggested end points for treatment are respiratory function, weight, overall 

clinical state and inflammatory markers. 24  

The primary goal of the treatment of pulmonary exacerbations is to improve symptoms and regain 

lung function in the short term, while preventing recurrences and preserving lung function in the 

long term.20 Based on Cystic Fibrosis Foundation (CFF) recommendations, pulmonary exacerbations 

are treated with a combination of two antipseudomonal antibiotics to enhance bactericidal activity 

and minimise resistance among all age groups.25  
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P. aeruginosa is intrinsically resistant to antibiotics, making infections difficult to treat. 26,27 In 

addition to intrinsic resistance, long-term antibiotic therapies create evolutionary pressure for the 

acquisition of adaptive mutations by P. aeruginosa. These factors increase resistance to P. 

aeruginosa, which in turn can contribute to a poorer patient prognosis. 28 P. aeruginosa can also 

acquire plasmids that contain antibiotic resistance genes through horizontal transfer from other 

bacteria, which have been shown to result in aminoglycoside and β-lactam resistance. 27 

While initial P. aeruginosa infections can be effectively treated with aggressive antibiotic therapy, 

recurrent infections, particularly with the mucoid phenotype, become more common with increasing 

age. The chronically colonised mucoid form of P. aeruginosa is rarely, if ever, cleared from the 

sputum of CF patients despite intense antibiotic therapy. In addition, despite clinical improvement 

with a course of treatment, the reduction in the colony count itself is often less than would be 

anticipated, and usually reverts to pre-treatment levels soon after ceasing treatment.  Increased 

antibiotic resistance also invariably develops over time, making it further difficult to treat. Despite 

several advances in CF care and the discovery of new CFTR modulators that have shown some 

promise in halting the progression of CF lung disease, P. aeruginosa continues to cause severe and 

progressive lung disease in CF patients.  

2.3 Pseudomonas aeruginosa lung Infections in CF 

P. aeruginosa is a gram-negative bacterium with exceptional survival capabilities in the environment. 

The defective function of CFTR, thick viscid secretions and altered airway microenvironment that 

occurs in CF airways provide a suitable environment for P. aeruginosa lung infections.29-31 32  

Although the prevalence of P. aeruginosa has decreased over the last few decades, the prevalence 

of multidrug-resistant P. aeruginosa has remained constant.33 P. aeruginosa is commonly identified 

from sputum, bronchoalveolar lavage or throat swabs. P. aeruginosa is easily identified by standard 

colony morphology and standard microbiological methods. P. aeruginosa infection can be 

contracted either from patient to patient contact or from the environment.34  

The prevalence of P. aeruginosa in CF respiratory tract cultures have been shown to vary from 10 to 

30% in children under the age of five years to nearly 80% in adults  ≥ 18 years.35 The presence of P. 

aeruginosa in the airways and the inflammatory responses elicited by the pathogen are an important 

contributor to progressive lung disease and mortality.29 Early age of acquisition of P. aeruginosa is a 

strong predictor of a worse prognosis.36 Female gender, number of ΔF508 alleles, decreased lung 

function, and lack of S. aureus on recent sputum culture were shown to be important risk factors for 

early detection of mucoid P. aeruginosa.37 
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2.3.1 Chronic Pseudomonas aeruginosa infections 

When P. aeruginosa moves from the environment to the CF airways, P. aeruginosa is faced with 

number of challenges with respect to nutritional and physio-chemical changes that impact on its 

survival and subsequent evolution. The immune system and the intermittent presence of antibiotics 

are challenges that must be met effectively before colonisation can develop into chronic infection. In 

addition, competition from other resident microorganisms and the osmotic stress resulting from the 

high viscosity of the CF mucus are important factors that might influence adaptation. Another 

challenge for P. aeruginosa is that the CF airway changes over time as the infection progresses.  

When P. aeruginosa is faced with antibiotics or oxidative stress that are detrimental to its survival, a 

fundamental transition in the gene expression profile occurs. Many of the changes are specific to the 

stress, but there is also a common theme that is shared between the responses to several different 

antibiotics and to environmental stresses such as osmotic shock and magnesium starvation.38 The 

changes in gene expression of P. aeruginosa that occur under cell envelope stress lead to a 

coordinated down regulation of central metabolism, motility and virulence, with a concurrent up 

regulation of genes affecting membrane permeability and efflux.39-42 The mucoid phenotype and 

increasing levels of specific anti-Pseudomonas antibodies are risk factors for the development of 

chronic P. aeruginosa infection.42 

Chronic P. aeruginosa infections are infections that persist despite antibiotic therapy and the innate 

immune and inflammatory responses of the host, and are characterized by immune response and 

persisting pathology.43 Chronic infection is characterized by continuous growth of P. aeruginosa in 

airway secretions and by the development of P. aeruginosa specific antibodies.24,44  Chronic airway 

infection with P. aeruginosa is usually preceded by a period of recurrent, intermittent colonisation of 

the airway.29 Initial or recurrent infections in the early years can be effectively treated with 

aggressive antibiotic therapy, and this can substantially delay the onset of subsequent chronic 

infection.44 However, CF patients are re-infected later with the same genotype. This occurs in 

approximately 25% of cases, either from a persistent environmental source or an undetected 

reservoir in the patient, or from a new strain in the environment.45-47 

P. aeruginosa in the chronically infected lung leads to immune complex-mediated chronic 

inflammation, which is dominated by polymorphonuclear leucocytes. This is a major cause of lung 

tissue damage and decreased lung function, in addition to the damage that is actively caused by the 

bacteria.48 
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There are several definitions for chronic P. aeruginosa infections. According to the Copenhagen 

definition, whose authors obtained sputum cultures on monthly basis with an average of 10 sputum 

samples per year, P. aeruginosa was considered to be persistent, when P. aeruginosa was isolated 

from respiratory tract specimens for at least 6 consecutive months, or less when combined with the 

presence of two or more P. aeruginosa precipitating antibodies. Intermittent colonisation was 

defined as a culture of P. aeruginosa for at least once and the presence of normal levels of 

precipitating antibodies against P. aeruginosa.49  

Ballmann et al. defined chronic infection as one where >50% of cultures in a 12-month period were 

positive for P. aeruginosa. In this study patients were reviewed one to four times a year with 

collection of sputum sample or a deep throat swab at each visit.50  

According to Lee T.W et al. chronic infection is defined as one in which more than 50% of samples 

taken were P. aeruginosa culture positive. Intermittent infection is defined as one in which 50% or 

less  samples  taken were P. aeruginosa culture positive, while patients were deemed to be free of 

infection when no growth occurred over the previous twelve months, having previously been P. 

aeruginosa culture positive.48 Patients were defined as ‘never infected’ when sputum or cough 

swabs were never positive. Lee T.W et al. recommended sampling of sputum or cough swabs at least 

every three months with at least four evaluable months in the preceding 12 months for the 

definition to be applied. 

Proesmans et al. studied clinical and biochemical parameters in addition to the levels of P. 

aeruginosa specific antibodies and confirmed Lee’s definition of the agreement between P. 

aeruginosa status, and both clinical status and levels of antibodies. Diagnosis of P. aeruginosa 

acquisition is often carried out by cough swabs in young children, who are unable to expectorate 

sputum. However, the utility of cough swabs are limited due to the poor correlation of cough swabs 

results with bronchoalveolar lavage results.51 

2.3.2  P. aeruginosa biofilm 

A biofilm is a structured consortium of bacteria embedded in a self-produced polymer matrix, 

consisting of polysaccharide, protein, and DNA. The matrix contains polysaccharides, proteins and 

extracellular DNA originating from the microbes.52 Compounds from the host, such as 

immunoglobulins, may also be present, and the consortium can consist of one or more species living 

in symbiosis.  P. aeruginosa can produce a mature biofilm in 5-7 days. The initial step involves free 

living bacteria attaching reversibly to a surface when they are susceptible to antibiotics.  The next 

step is irreversible binding to the surface, multiplication of the bacteria and microcolony formation, 
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and production of a polymer matrix around the microcolony. The biofilm becomes thick and 

mushroom-like or tower-like structures are observed as a characteristic feature of the mature in 

vitro biofilm. The subsequent biofilm stage involves focal dissolution, liberating bacterial cells that 

can then spread to other locations, where new biofilms can be formed. This liberation process may 

be caused by bacteriophage activity within the biofilm.53  

Bacterial biofilms play an important role in chronic infections, due to their ability to confer increased 

tolerance to antibiotics and disinfectant chemicals, and their ability to resist phagocytosis and other 

components of the body’s defense system. Biofilm growing bacteria exhibit increased tolerance 

against antibiotics, disinfectants, and innate and adaptive host immune mechanisms. The minimal 

inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of antibiotics to biofilm 

growing bacteria may be up to 100–1000 fold higher than that of planktonic bacteria. These 

conventional resistance mechanisms are coupled with stationary phase physiology, slow growth in 

the centre of the biofilm, and possible matrix mediated antibiotic binding and diffusion retardation. 

The overall result may at least partially explain the resistance of biofilms and by extension, the 

characteristic persistence and recurrence of the clinical signs of inflammation in cases of antibiotic 

treated biofilm infections. Biofilm-growing bacteria cause chronic infections and persisting 

inflammation and tissue damage.43  

2.3.3 Iron dependency of P. aeruginosa 

Iron is an essential bacterial nutrient necessary for bacterial growth, multiplication and biofilm 

formation.54,55 Iron also contributes to the structural integrity of the biofilm by cross-linking 

exopolysaccharide strands.56 P. aeruginosa has developed highly complex mechanisms to acquire 

iron for its survival and biofilm formation.  P. aeruginosa is dependent on cell–cell communication, 

also called quorum sensing, a form of communication deployed by bacteria for the synthesis of key 

regulator proteins integral to all activities of the bacterial community, including biofilm formation.  

P. aeruginosa has three quorum sensing systems each of which are iron responsive.57-59 Under 

conditions of limited iron availability, biofilm formation is interrupted.60   

The ability of P. aeruginosa to cause chronic infections in CF patients also depends on iron-

scavenging systems.  P. aeruginosa is known to scavenge iron from the human host by both 

siderophore-based systems and heme acquisition systems.61 Siderophores are low-molecular-weight 

molecules secreted by bacteria. The strong association of iron to siderophores enables them to 

remove iron from the human iron storage proteins, whereupon the siderophore-iron complex can be 

taken up by receptors at the bacterial surface. The major siderophores secreted by P. aeruginosa are 
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pyoverdine and pyochelin.61 Alternatively, iron contained in the haem group of haemoglobin can be 

taken up by either of two haem uptake systems in P. aeruginosa. The two haem uptake systems are 

the Pseudomonas heme utilization (Phu) system and the haem assimilation system (Has).62 

Furthermore, P. aeruginosa can take up ferrous iron through the Feo system or ferric iron through 

the Fec system. 63 It is not clear in which way the different iron uptake systems in P. aeruginosa play 

a role for survival in the lungs of CF patients.  

2.3.4 Increased iron in CF airways 

Along with oxygen in the inspired air, the lung is exposed to unbound iron in the atmosphere, which 

has a potential to catalyse the formation of reactive oxygen species, as can ferrous and ferric iron in 

ASL.64 Lung homeostatic mechanisms normally keep extracellular iron level as close to zero as 

possible.65 Airway cells rapidly sequester iron to prevent the generation of damaging free radicals 

and withhold this key nutrient from inhaled pathogens. This is achieved through uptake of 

nonprotein-bound iron by divalent metal-ion transporter-1 on the apical surface of bronchial 

epithelial cells and by the secretion of the iron chelating proteins, lactoferrin and transferrin into 

ASL.66  

The CF sputum is a complex mixture that may provide numerous sources of iron, including haem 

from hemorrhage, plasma leakage, and potentially epithelial cell iron loss related to the CFTR 

mutation itself.67 The P. aeruginosa siderophores and extracellular enzymes also liberate iron from 

ferritin with relative ease. The milieu found within anaerobic biofilms, such as a low redox potential 

and acidic pH, may also facilitate iron acquisition.63 

Most of the excess iron in the CF lung is bound to the host’s iron-binding protein, ferritin. Levels of 

iron in the lung environment of individuals without CF are very low and relatively inaccessible, but 

the iron concentration of ASL from CF airways demonstrate unexpectedly high levels of extracellular 

iron in respiratory tract secretions.56,68-70 Patients with CF who had no detectable P. aeruginosa 

presence also had elevated sputum iron and ferritin levels, compared with normal controls56, 

suggesting altered iron homeostasis in CF patients. There is also evidence for further increase in 

airway iron levels in those with P. aeruginosa and those experiencing pulmonary 

exacerbations.56,68,71  

Increased extracellular iron in the CF lung is likely to adversely affect the CF host’s ability to clear P. 

aeruginosa infection. The very strong correlation between sputum iron and ferritin suggests that 

most of the iron is associated with this protein, but ferritin readily releases its iron core in the 

presence of proteases, H2O2 and free radicals produced by activated neutrophils.65  
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2.3.5 Chelating agents to limit iron availability to P. aeruginosa 

Due to the lack of progress in the development of new antibiotics in the last few decades and the 

rapid development of resistance to existing antibiotics, there is an urgent need to develop new 

strategies to combat infections. Depriving P. aeruginosa of its essential nutrient, iron, by removing 

the excess iron through chelating agents is one such strategy. Exposure of P. aeruginosa to EDTA 

(and other iron chelators) has been shown to reduce biofilm production, reduce MIC of various 

antibiotics (specifically tobramycin), and result in greater killing of P. aeruginosa.72-76 

Ethylenediamine tetraacetate (EDTA) is a chelating agent which, when dissolved in water or normal 

saline, can be inhaled, or administered to humans intravenously. Given intravenously, EDTA will 

chelate heavy metal ions such as iron, lead, zinc, and mercury. It is mainly used in humans for 

treating patients with an excess of these ions, such as in iron overload (which occurs in thalassemia) 

and accidental lead poisoning. Once chelated, the ions are rendered non-toxic and can be renally 

excreted. The plain form of EDTA is also able to chelate calcium ions, and therefore if given too 

rapidly intravenously can result in hypocalcemia, with possible cardiac side effects and even death.77-

79  For this reason, only the calcium salt of EDTA (CaEDTA) is approved for intravenous use by the 

FDA. 

CaEDTA has also been administered for chelation therapy as an aerosol, with limited systemic 

absorption and no reported local respiratory or systemic side effects. In the past, EDTA has been 

frequently tried for decorporation of excess toxic metal ions in exposed lead smelter workers.80,81 

Despite the massive doses used in these studies, no adverse local or systemic side effects were 

reported. Later, Beasley et al. raised concerns regarding the risk of bronchospasm caused by inhaling 

EDTA in a study performed in extremely sensitive asthmatics who had demonstrated paradoxical 

bronchoconstriction following inhalation of a bronchodilator containing excipients, chlorhexidine 

and EDTA.82 A subsequent study by Beasley et al. showed no adverse effects of inhaled EDTA in 

regular asthmatic individuals, and indeed, other studies reporting bronchospasm are limited.83  

In addition, experiments on Benji dogs indicated that the mechanism for triggering bronchospasm 

was related to calcium chelation by EDTA, and bronchospasm has not been reported when the 

calcium form of EDTA (CaEDTA) has been used.84 There was risk of cardiac arrythmias with Na2EDTA 

due to chelation of calcium.85 Due to this reason, CaEDTA is now the preferred choice for inhalation, 

and is the only form of EDTA approved by the FDA for intravenous use in the treatment of systemic 

metal poisoning. 
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2.3.5.1 Antibacterial activity of EDTA and adjuvant role with antibiotics 

Ethylene diamine tetra-acetate (EDTA) is a chelating agent with several antimicrobial properties. 

These properties are mediated by its ability to bind various divalent cations, (including iron as well as 

zinc and magnesium) making them unavailable for use by pathogens such as P. aeruginosa. This led 

to what has been called the “nutritional immunity” effect. This effect is demonstrated when EDTA is 

exposed to P. aeruginosa, which leads to reduced biofilm formation, reduced MIC of antibiotics, and 

increased killing of P. aeruginosa by concomitant antibiotic67,74,75,86,87, both in vitro and in animals 

with chronic P. aeruginosa-associated otitis, sinusitis and endometritis.88-92 Given the success in the 

combined use of EDTA and antibiotics in treating P. aeruginosa infections, the combination is now 

the standard best practice in veterinary practice.88,89,93  

The ability of CaEDTA to inhibit metallo-beta-lactamase may also play an important role in increasing 

the efficacy of antibiotics against resistant β-lactamase producing bacteria and contribute to 

neutralising tissue-damaging effects of metalloproteases in P. aeruginosa infections.92 Due to the 

ability of chelating agents to act alone or as antibiotic adjuvants in preventing biofilm formation and 

disrupting biofilms, EDTA has also been used in antimicrobial lock solutions.55,94,95 Treatment of P. 

aeruginosa with combination of EDTA and gentamicin in Tris-buffer (buffering agent)  in vitro 

increased bacterial killing by 1000 fold compared to gentamicin alone.96 A combination of FDA 

approved iron chelators (deferoxamine or deferasirox) and tobramycin have been shown to reduce 

biofilm biomass and improve P. aeruginosa killing in cultured CF airway cells.74  

Although the evidence for the use of EDTA as an antibiotic adjuvant in humans is limited, the 

available evidence is very encouraging. In a study by Hillman et al. in 1984, aerosol administration of 

0.6 g CaEDTA in 300 ml sterile water nebulized over 24 hours via tracheostomy, along with local 

administration of  0.2g Ca-EDTA in 10 ml sterile water directly into the trachea once per day for 3 

days and IV penicillin successfully eradicated P. aeruginosa within 48 hours in cases in which prior 

treatment with a conventional anti-pseudomonal antibiotic (ticarcillin) had failed to clear the 

organism.97   

In the second study in humans by Brown et al. (the only study in CF patients using inhaled EDTA), 

nebulised EDTA plus oral tetracycline showed clinical  improvement in the pilot study (described in 

the same publication) but failed to show efficacy in the main study.98 The pilot study involved 

nebulised EDTA three times daily plus oral tetracycline given three times daily for three weeks in five 

adolescents and adults with CF with chronic P. aeruginosa lung infection. The main study was a 

double blind placebo controlled, cross over study in 10 children with CF with chronic P. aeruginosa 
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lung infection over six months period; three months regimen of twice daily 50 mM aerosolised EDTA  

plus oral tetracycline (30mg/kg/day in three divided doses) followed by  three months regimen of 

twice daily aerosolised placebo and tetracycline or vice versa. Of the ten patients, eight patients 

completed the study. There was no improvement in pulmonary function, weight gain, or P. 

aeruginosa clearance from sputum.  

Despite negative results by Brown et al.98 given the compelling evidence for an absolute requirement 

for iron by P. aeruginosa,  the signature study by Hillman et al.97 and the veterinary experience, we 

designed the current study to test the hypothesis that addition of CaEDTA to inhaled tobramycin 

would result in improved clearance of P. aeruginosa from CF airways compared to treatment with 

inhaled tobramycin alone. We used 50 mM EDTA for nebulisation, based on previous study by Brown 

et al. who showed no adverse effects with 50 mM EDTA compared to placebo. Tobramycin was 

chosen as the preferred antibiotic in combination with CaEDTA, as tobramycin is a proven 

antipseudomonal antibiotic with high level of synergy with EDTA against P. aeruginosa.74 In addition, 

in order to optimise the airway tolerability of the solution, the CaEDTA was dissolved in normal 

saline and buffered with Tris-buffer which, when combined with tobramycin or 0.9%normal saline, 

resulted in a 4 ml isotonic solution with a pH of ~7.1. 

2.4 Iron Deficiency and Anaemia in CF 

Iron is an essential trace element vital for several biological functions and plays a central role in 

haemoglobin synthesis.54-56,99,100 Plasma and airway iron levels are tightly regulated to provide the 

required iron for biological functions, while the toxic effects of excess iron accumulation are 

prevented through well-developed iron homoeostasis.101-103 There is increasing evidence for altered 

iron homeostasis in CF, resulting in reduced serum iron and increased airway iron.104,105 Patients with 

CF are at increased risk of iron deficiency (Figure 2.1) due to malabsorption from pancreatic 

insufficiency,106 iron losses in sputum through recurrent hemoptysis,107 and bleeding from 

gastroesophageal reflux.108 The defective function of CFTR may also contribute to anaemia through 

altered regulation of hypoxia inducible factor and defective transport of glutathione.109 
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Figure 2.1 Factors contributing to iron deficiency in CF 

GER: Gastroesophageal reflux, GI: Gastrointestinal  

Iron deficiency was associated with low lung function even without anemia.110  In a recent study on 

iron status in children with CF, low iron stores (ferritin ˂12 μg/L) were common in young children, 

while older children had higher ferritin concentrations.104 Accurate assessment of iron status is 

difficult in CF because ferritin, the most commonly used biochemical marker for iron deficiency is an 

acute phase reactant and is elevated in CF. Previous research shows evidence for low serum iron in 

patients experiencing pulmonary exacerbation compared to stable CF patients.107,111,112  

There is evidence for increased prevalence of anaemia in patients with CF compared to healthy 

controls. There is a strong correlation between iron deficiency and severity of the lung disease in 

CF.68,69,107,110 Anaemia has been previously described with varying prevalence as high as 33% in CF 

patients.110 Anaemic patients had lower lung function compared to non-anaemic patients. There are 

also studies showing evidence for impaired erythropoietic response to hypoxia and relative 

subclinical anaemia in CF patients.113 The most commonly used World Health Organization (WHO) 

definition of anaemia is difficult to apply in CF patients, as haemoglobin levels that are considered as 

normal may be relatively low for patients with CF when adjusted for chronic hypoxia.113  

There are also other factors contributing to anaemia in CF patients besides iron deficiency (Figure 

2.1). Vitamin E has been shown to play an important role in erythrocyte survival.114 Erythrocyte 

survival has been reported to be reduced in CF patients but the relationship between vitamin E 

deficiency in in CF and anaemia is unclear.114 Although drug induced hemolytic anaemia secondary 

to piperacillin has been reported in the literature, it is less common and does not account for the 

frequency and severity of anaemia in CF patients.115  

↓iron absorption 

↓appetite 

Iron deficiency in CF GER and GI bleeds 

Inflammation Pancreatic insufficiency 

↑hepcidin 
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2.4.1 P. aeruginosa lung infections and anemia 

Increased availability of iron in the airways of patients with CF has been believed to promote growth 

and survival of P. aeruginosa.68,69 Lung infections with P. aeruginosa are believed to play an 

important role in iron deficiency and anaemia, directly by its ability to sequester iron55 and indirectly 

through raised inflammation with resultant increase in hepcidin levels.113 Hepcidin is a peptide 

hormone synthesised by the liver in response to inflammation. Hepcidin reduces the intestinal 

absorption of iron and increases iron sequestration in the reticuloendothelial system.116 A study by 

Gilford et al. found a profile of impaired lung function, hypoferremia, ineffective erythropoiesis and 

high sputum iron in patients experiencing clinical deterioration, compared to stable CF patients. 

However, there were no correlation between serum iron and sputum iron levels when measured on 

a patient-by-patient basis.111 

The exact contribution of functional iron deficiency associated with inflammation vs. absolute iron 

deficiency is unknown. There has been limited success in improving haemoglobin by oral iron 

supplementation in patients with CF.116 Although intravenous iron infusion is associated with an 

improvement in haemoglobin, there is potential risk of clinical deterioration with worsening 

infection status.117 Due to the contribution of chronic inflammation in the origin of anaemia, some 

authors advise treating infection and chronic inflammation without iron supplements.113 In a study 

by Kathiresan et al. the treatment of pulmonary exacerbations with intravenous antibiotics 

increased median serum iron level by 2.42 μmol/l and reduced IL-6 and hepcidin-25 

concentrations.118 Studies on iron status and anaemia before and after treatment of pulmonary 

exacerbations in patients with chronic P. aeruginosa infections are limited.  

2.5 Tobramycin in treatment of P. aeruginosa lung Infections 

Tobramycin is an aminoglycoside antibiotic derived from Streptomyces tenebrarius used to treat 

gram-negative infections. Tobramycin inhibits bacterial protein synthesis by irreversibly binding to 

the 30S ribosomal subunit, resulting in cell membrane damage. Aminoglycosides are widely used for 

treating pulmonary exacerbations in patients with CF.119 Due to the increased incidence of acute 

renal failure in CF patients who were on gentamicin, tobramycin is the preferred aminoglycoside in 

CF patients with an acute CF exacerbation.120  

Tobramycin is active against a broad range of gram-negative bacteria, including P. aeruginosa. 

Tobramycin was initially available only for intravenous or intramuscular administration, in two 

concentrations as 500 mg/5 ml (Tobra-Day®) and 80 mg/2 ml vial because of low oral bioavailability. 

The use of once-daily or extended interval dosing of tobramycin allows for enhanced bactericidal 
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activity by maximising the pharmacokinetic parameters and minimises toxicities by providing an 

increased window of clearance.119  After the TOPIC study, which compared extended intermittent 

daily dosing of aminoglycosides to 3 times–daily dosing of tobramycin in CF patients, 

aminoglycosides are now given once daily.121  Extended interval dosing tobramycin was also found to 

be safe in children under six years of age.24,122 

In the kidney, aminoglycosides can cause proximal tubular damage, while toxic concentrations can 

cause acute tubular necrosis. In the inner ear, aminoglycosides can damage cochlear hair cells and 

lead to hearing impairment and even deafness. The toxic effects of extended interval dosing are not 

different between children and adults with CF.123 

Due to the increased volume of distribution in CF patients, high concentrations of aminoglycosides 

required at the site of action in the airways and risk of nephrotoxicity and ototoxicity with 

intravenous and intramuscular route, tobramycin was initially used by inhalation using intravenous 

formulation. The success of treating P. aeruginosa by inhaled route and the advantages of reaching 

effective concentrations in the lungs with minimal systemic side effects has resulted in the increased 

popularity of inhaled tobramycin and the development of several formulations solely for inhalation. 

Tobramycin solution for inhalation at 300 mg/5 ml solution (Tobi®) and tobramycin powder for 

inhalation (Tobi podhaler®) packaged as 28 mg capsules are the commonly used tobramycin 

formulation in Australia.  

Inhaled tobramycin is currently the first line treatment for the eradication of initial or recurrent 

isolation of P. aeruginosa from respiratory specimens in asymptomatic patients and for the initial 

treatment of P. aeruginosa positive pulmonary exacerbations in CF patients.24 Patients with severe 

CF related lung disease and CF patients with persistent symptoms despite oral and/or inhaled 

treatment, or those with severe pulmonary exacerbations require hospital admission and are 

commonly treated with a combination of intravenous tobramycin and another anti-pseudomonal 

antibiotic.25,124  Once P. aeruginosa infection becomes chronic, alternate monthly tobramycin is the 

most commonly employed maintenance treatment.125  

2.5.1 Nephrotoxicity with intravenous tobramycin 

As a class, aminoglycoside antibiotics are known to be associated with nephrotoxicity, with a relative 

increase in nephrotoxicity with gentamicin and amikacin compared to tobramycin.126,127 Acute 

kidney injury, of varying degrees of severity, has been reported in several CF patients receiving 

intravenous aminoglycosides. A recent Scandinavian study found a prevalence of chronic kidney 

disease in 2.7% of CF patients.128 A retrospective national survey in the UK found an incidence of 
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acute renal failure between 4.6 to 10.1 cases/10,000 CF patients per year129, a much higher 

incidence compared to an overall incidence of 7.5/million/year in children and 125/million/year in 

adults without CF.130  

In addition to the risk due to use of aminoglycoside antibiotics, there are several other risk factors, 

such as CF-related diabetes,120 use of nonsteroidal anti-inflammatory drugs, and dehydration, that 

may have contributed to the increased incidence of acute renal failure in CF patents.131 In view of 

the potential risk of toxicity, serum level of aminoglycosides and renal function are closely 

monitored. Serum tobramycin level <1 mg/l is considered safe for once daily intravenous dosing. 

2.5.2 Nephrotoxicity with inhaled doses 

The reported serum-to-sputum ratio following inhalation of 300mg of tobramycin is approximately 

0.01 (1%), with a mean serum concentration of approximately 1 µg/ml in most studies and no 

accumulation within a treatment cycle of 28 days. Nephrotoxicity was not reported in pre- and post-

registration-controlled trials of inhaled tobramycin in CF. However, in the post-approval use of 

inhaled tobramycin, acute kidney injury (renal tubular necrosis) was reported in a 20-year-old female 

CF patient during the use of 300 mg twice daily, that resolved following discontinuation of 

tobramycin.132 

Since patients with chronic P. aeruginosa infections are also the patients with severe lung disease 

and are often admitted to hospital for intravenous antibiotics, several patients on intravenous 

tobramycin are also concurrently on inhaled tobramycin. It is not yet clear if concomitant use of IV 

and IH tobramycin has any additional benefit. Even more important are the implications of 

concomitant use of IV and IH route on serum levels and the effects on renal function.  Stephens et al. 

compared treatment with intravenous ticarcillin (300mg per kg per day) and tobramycin (10mg per 

kg per day) vs. the same intravenous antibiotic therapy plus inhaled tobramycin (80mg three times 

per day) in 16 and 12 patients respectively in each group. They reported improved temporary 

eradication of P. aeruginosa in the group treated with combination of inhaled and intravenous 

therapy vs. those treated with intravenous therapy alone (63% vs 25%) and found no elevation in 

serum tobramycin level or renal toxicity.133  

Due to the narrow therapeutic index and the risk of nephrotoxicity and ototoxicity with tobramycin, 

there is a theoretical risk of increased toxicity when tobramycin is administered by both IH and IV 

route. However, there is limited information on monitoring for nephrotoxicity while on inhaled 

tobramycin with minimal evidence on the renal safety when tobramycin was given by intravenous 

and inhaled route. In Chapter 5 of our thesis, we measured renal function at the beginning of 



26 

 

pulmonary exacerbation, after two weeks of being on intravenous and inhaled tobramycin and after 

four weeks of being on inhaled tobramycin and four weeks after stopping therapy.  

2.6 Airway Surface Liquid pH 

Airway surface liquid is a thin layer of fluid lining the airways and plays an important role in mucosal 

defense. ASL pH is regulated by the balance of the H+/K+ ATPase activity that acidifies the airway and 

the CFTR mediated HCO3- secretion and paracellular pathway, that alkalinises the airway.134 ASL is 

comprised of mucins, immune cells and antimicrobial peptides. The ASL traps and kills inhaled 

pathogens, which are subsequently cleared from the airways by the mucociliary clearance. In CF, 

impaired function of the CFTR on respiratory epithelial cells results in increased reabsorption of 

water from the airway lumen and dehydration of the ASL, with consequent slowing of mucociliary 

clearance.135  

The CFTR gene encodes cyclic adenosine monophosphate (cAMP) regulated chloride channel 

expressed in the apical membranes of various epithelia.136 In addition to regulating chloride 

secretion, CFTR also regulates the function of other membrane proteins, including the epithelial 

sodium channel (ENaC).137 The CFTR also regulates ATP channels, intracellular vesicle transport, 

acidification of intracellular organelles, and inhibition of endogenous calcium-activated chloride 

channels.137-141 Both CFTR and ENaC play important roles in maintaining airway homeostasis, by 

controlling the movement of water through the epithelium, which is particularly important for 

mucous membranes. The role of CFTR in the transcellular secretion of bicarbonate (HCO3−), an 

alkalising agent, is believed to play an important physiological role in maintaining the airway pH.134 

Previous studies showed no difference in the H+/K+ ATPase activity between normal and CF airway 

epithelial cells.142 However, several studies have shown evidence for defective HCO3- secretion in 

CF.134,143-149 Given the small volume of ASL, dysregulation of the HCO3- transport mechanism in CF has 

the potential to make airways acidic in CF individuals. There is an ever-increasing body of evidence 

that confirms that reduced epithelial bicarbonate secretion, which results in a more acidic ASL 

micro-environment, is central to the development of CF lung disease.150-153 

2.6.1 Importance of ASL pH 

Alteration in ASL pH has been shown to interfere with mucociliary clearance154, impair innate 

defence processes, cause cough155 and bronchoconstriction.156 Tight regulation of pH has also been 

shown to be essential for mucin solubility.157 In an animal model, inhibition of bicarbonate secretion 

has been shown to result in total occlusion of the submucosal glands by mucin.158 Airway pH below 
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6.5 has been shown to increase mucus viscosity by converting the mucus from solution to gel form, 

resulting in mucous plugging.159 In addition to the effects on mucociliary clearance, an acidic 

environment has the potential to adversely affect several aspects of host defense and inflammation. 

Acidic luminal pH has been shown to cause loosening of the epithelial cells from one another and 

detachment from the basement membrane.154 Inflammatory cells are more likely to undergo 

necrosis than apoptosis in acidic environment. Leucocyte bacterial killing has been shown to be 

impaired at acidic pH.160  

In addition to the effects on the host, pH has been shown to influence bacterial virulence factors. 

Low airway pH has been implicated in increasing bacterial resistance and promoting pro-

inflammatory properties of the outer membrane lipopolysaccharide (LPS) component of P. 

aeruginosa.161 Lung infections in turn have been shown to reduce the airway pH giving rise to a 

vicious cycle of infection and altered pH balance.162 Acidic pH has also been shown to stimulate the 

adherence of bacteria such as Streptococcus pneumoniae to the airway epithelial cells via increase in 

platelet activating factor (PAF) receptors. Increase in PAF receptor expression may be mediated in 

part via activation of transcription factors and subsequent PAF receptor mRNA expression by acid 

exposure.163 These derangements emphasize the importance of pH in the airway microenvironment. 

2.6.2 Lower airway pH measurements so far 

The current evidence for reduced airway pH in CF is mainly derived from studies conducted in vitro 

and from studies produced from animal investigations, with only some evidence in vivo in humans.  

In a study by McShane et al. who measured lower airway pH directly in patients with CF, it was 

found that ASL pH in CF is not different from ASL pH in healthy subjects.164 A recent study by Alaiwa 

et al. measured nasal pH in neonates, children and adults with and without CF. They found a 

significant difference in nasal pH between neonates with and without CF (pH 5.5 in CF vs. pH 6.4 in 

non-CF neonates). However, they found no difference in pH between those with without CF in older 

children and adults.165 The authors postulated that the lack of difference in pH in older age group 

was possibly related to infection and inflammation. However, the lack of difference in pH was more 

likely related to the lack of adequate contact of the pH probe with airway surface liquid rather than 

from infection and inflammation.  

The ASL pH in bovine tracheal epithelial cell culture was 6.94, with similar values in freshly harvested 

human bronchi and in vivo tracheal measurements in normal and CFTR null mice.166 The ASL pH in 

human primary airway cultures measured by microelectrodes and pH sensitive fluorophores was 

6.9.167 Exhaled breath condensate pH was 5.32, 5.88 and 6.15 respectively in CF patients with acute 
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pulmonary exacerbation, stable CF patients and non-CF controls.168 Gland fluid secretions pH from 

nasal biopsy specimens from six CF children with minimal disease and eight non-CF children were 

6.57 and 7.18 respectively.169 The most compelling evidence for reduced ASL pH in CF is from 

newborn CF pigs (ASL pH 6.94 ±0.05 compared to 7.14 ± 0.04 in non-CF litter mates).150 The lower pH 

in CF pigs was found to be associated with impaired bacterial killing that was restored by raising ASL 

pH.150  Since bacterial infection is a significant driver of CF lung disease progression, this study 

strongly supported the hypothesis that reduced ASL pH is central to disease pathogenesis in CF.  

Measuring lower airway ASL pH in vivo in humans has always been a major challenge. In vivo studies 

in humans have been limited by the lack of equipment for accurately measuring the pH of the ASL 

layer of the lower airways, which is extremely thin (±7-40µm).  In a study by Bodem et al. 

endobronchial pH was 6.58, 6.64 and 6.62 respectively in healthy adult controls, those with chronic 

lung diseases and those with pneumonia. They found no difference in pH between the central and 

peripheral airways in the absence of infection. However, in those patients with pneumonia, the 

presence of inflammation significantly altered the pH between pneumonic and normal airways 

(6.48±0.12 vs 6.69 ±0.13).162 However, this study was very underpowered (five CF and six non-CF 

patients), and the pH measurements were performed by pressing relatively large esophageal pH 

probes against the airway wall. This is a crude method which, by sheer mechanical force, is likely to 

have stimulated ion flux from the epithelial cells, influencing results.  

During acute exacerbation of CF lung disease associated with infections, bacterial respiration may 

further lower oxygen tensions as H+ secretion is activated and the ASL acidifies further.162 This 

potentially contributes to alteration in the ASL pH, which will further impair the bactericidal effects 

of several antibiotics (especially aminoglycosides) commonly used in CF. To reduce the possibility of 

inflammation being a confounding factor, we measured lower airway pH in CF children between one 

and six years, as they have fewer infections and less inflammation compared to older children and 

adults. Age matched children without CF were used as controls.  
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Chapter 3 Publication: Adding Tris-CaEDTA to Nebulised 
Tobramycin Improves Pseudomonas Clearance and Lung 
Function in Cystic Fibrosis Patients with Chronic 
Pseudomonas Infections: a randomized controlled trial. 

RAMAA PUVVADI1,2*, FRACP; Helga Mikkelsen3 , PhD;  Lucy McCahon3, BA; Samantha Grogan3, BSc; 
William Ditcham2,3, PhD; David W Reid4, PhD; Iain Lamont5, PhD; Stephen M Stick1,2,3, PhD; Barry 
Clements1,2,3, FRACP. Adding Tris-CaEDTA to Nebulised Tobramycin Improves Pseudomonas 
Clearance and Lung Function in Cystic Fibrosis Patients with Chronic Pseudomonas Infections: a 
randomized controlled trial. Manuscript for submission. 

3.1 Abstract 

Background: Pseudomonas aeruginosa (P. aeruginosa) has an absolute requirement for iron and 

raised airway iron levels in patients with cystic fibrosis (CF) have been shown to potentiate P. 

aeruginosa lung infections. We tested whether disrupting iron utilisation by P. aeruginosa, using 

chelating agent, CaEDTA would enhance bacterial clearance and clinical outcomes in patients with 

CF with chronic P. aeruginosa lung infections. 

Methods: In this double-blind placebo controlled randomised trial, we recruited 25 patients (26 

pulmonary exacerbations) from two cystic fibrosis centres in Australia; Princess Margaret Hospital, 

Perth, Australia, and Sir Charles Gairdner Hospital, Perth Australia. The study was conducted over 10 

weeks: two weeks inpatient phase, four weeks outpatient phase and four weeks safety phase. 

Patients were randomly assigned to receive either 75mg of 50mM Tris buffered-CaEDTA or placebo 

(Tris-buffered saline) nebulised in combination with 250mg tobramycin twice daily for six weeks as 

an add-on therapy to standard treatment of pulmonary exacerbations. During the first two weeks of 

treatment, while on intravenous antibiotics, patents also received two additional doses of nebulised 

CaEDTA or placebo with 0.9% saline. The primary endpoints were safety and tolerability of inhaled 

CaEDTA and bacterial clearance of P. aeruginosa (CFU/g of sputum). Improvement in lung function 

was a secondary endpoint.   

Findings: Two patients withdrew before receiving the study drug and two patients discontinued 

before completion of all the study procedures. Of the two discontinued patients, one patient re-

enrolled later into the same treatment arm as the initial episode. Twenty-two patients who 

completed all study procedures through to ten weeks were included for efficacy analysis. The mean 

reduction in sputum P. aeruginosa count (log10 CFU/g) in the CaEDTA vs. placebo groups was 2.05 

(2.57) vs. 0.82 (2.71) at two weeks (paired values for P. aeruginosa for 7 patients in CaEDTA group 

and 8 in placebo group, P=0.39). Mean (SD) improvement in ppFEV1 in CaEDTA and placebo groups 
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respectively were 16 (22) vs. 5 (10.6) at 2 weeks (n=11 in each group, p=0.16), 11 (20.24) vs. 2 (13.7) 

at 6 weeks (n=10 in each group, p=0.28), and 6 (13.93) vs. 2 (9.1) points at 10 weeks (n=9 in CaEDTA 

group and 11 in placebo group, p=0.47). Adverse events were comparable in both groups. 

Interpretation: In this pilot study in CF patients, adding CaEDTA to nebulised tobramycin was safe, 

improved sputum clearance of P. aeruginosa, and led to greater improvement in lung function 

compared to patients treated with inhaled tobramycin alone.  

Funding: Telethon Kids Institute, Perth, Western Australia, Australia, and Princess Margaret Hospital 

for Children, Perth, Western Australia, Australia. 

3.2 Introduction 

P. aeruginosa lung infection is one of the leading causes of morbidity and mortality in cystic fibrosis 

(CF).1,2,3 While isolated P. aeruginosa infections in the early years of life can be treated effectively 

with aggressive antibiotic therapy4, recurrent infections soon become chronic with the prevalence of 

chronic infection increasing from 30% in children at five years of age to nearly 80% in adults above 

18 years of age.2,4,5  

In the process of establishing chronicity, P. aeruginosa develops number of sophisticated protective 

mechanisms including phenotypical changes to produce biofilm, production of antibiotic-neutralising 

enzymes (proteases), genetic changes resulting in down regulation of central metabolism, up 

regulation of genes affecting membrane permeability, and antibiotic efflux pumps.7,8 9,10 These 

protective mechanisms increase antibacterial resistance to a level where it is virtually impossible to 

eradicate chronic P. aeruginosa lung infections with existing antibiotic therapies.11 

P. aeruginosa has an absolute requirement for iron with iron shown to play a vital role in P. 

aeruginosa growth, multiplication, biofilm formation and structural integrity of the biofilm and cell 

wall.12-15 Patients with CF have elevated levels of sputum iron, and P. aeruginosa has well-developed 

iron-scavenging systems for obtaining iron from the CF airway environment.12,13,15-20 Other divalent 

cations  such as zinc and  magnesium may also play an important role in survival of P. aeruginosa 

through their role in stabilising the lipopolysaccharide outer layer of P. aeruginosa.21 

Ethylene diamine tetra-acetate (EDTA) is a chelating agent with several antimicrobial properties 

mediated by its ability to bind various divalent cations, (including iron as well as zinc and 

magnesium) making them unavailable for use by invading organisms such as P. aeruginosa, leading 

to what has been called the “nutritional immunity” effect. This effect is well demonstrated when P. 

aeruginosa is exposed to EDTA, leading to reduced biofilm formation, reduced minimum inhibitory 
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concentration (MIC) of antibiotics, and increased killing of P. aeruginosa by concomitant 

antibiotic14,20,22-24 - both in vitro, and in animals with chronic P. aeruginosa associated otitis, sinusitis 

and endometritis.25-29 

Oral and intravenous administration of EDTA has failed to demonstrate any effect on airway 

environment. We postulated that, for EDTA to achieve concentrations in the airway high enough to 

reproduce the positive effects seen in the laboratory studies, the EDTA would need to be inhaled. 

The inhalation route for EDTA is not new. In the past, it has been frequently tried for decorporation 

of excess toxic metal ions in exposed lead smelter workers.30,31 Despite the massive doses used in 

these studies, no adverse effects - local or systemic - were reported. Later, Beasley et al. raised some 

concerns regarding the risk of bronchospam caused by inhaling EDTA in a study performed in 

extremely sensitive asthmatics who had demonstrated paradoxical bronchoconstriction following 

inhalation of a bronchodilator containing excipients, chlorhexidine and EDTA.32 A subsequent study 

by Beasley et al. showed no adverse effects of inhaled EDTA in “normal” asthmatics, and indeed, 

other studies reporting bronchospasm are extremely rare.33 In addition, experiments on Benji dogs 

indicated that the mechanism for triggering bronchospam was related to calcium chelation by EDTA, 

and bronchospam has not been reported when the calcium salt of EDTA (CaEDTA) has been used. 

For this reason, CaEDTA is now the preferred choice for inhalation and is the only form of EDTA 

approved by the FDA for intravenous use in the treatment of systemic metal poisoning.  

To date, there were only two studies in humans that have assessed the role of inhaled iron chelation 

in treating P. aeruginosa lung infections. In a study by Hillman et al. in ventilated non-CF patients 

with refractory P. aeruginosa lung infection, addition of nebulised CaEDTA to  intravenous penicillin 

resulted in eradication of P. aeruginosa within 48 hours.34  In the second study in humans by Brown 

et al. (the only study in CF patients using nebulised EDTA), nebulised EDTA plus oral tetracycline 

showed clinical improvement in the pilot study but failed to show efficacy in the main study. The 

pilot study involved nebulised EDTA plus oral tetracycline given three times daily for three weeks in 

five adolescents and adults with CF with chronic P. aeruginosa lung infection. The main study was a 

double blind placebo controlled, cross over study in 10 children with CF with chronic P. aeruginosa 

lung infection over six months period; three month regimen of 50 mM aerosolised EDTA plus oral 

tetracycline twice daily followed by  three month regimen of aerosolised placebo and oral 

tetracycline (30mg/kg/day in three divided doses) or vice versa. Of the ten patients, eight patients 

completed the study, there was no difference in improvement in pulmonary function, weight gain, 

or P. aeruginosa clearance from sputum.35  
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Given the compelling evidence for an absolute requirement for iron for P. aeruginosa, despite the 

negative study by Brown et al. we designed this study to test the hypothesis that addition of CaEDTA 

to inhaled tobramycin would result in improved clearance of P. aeruginosa from CF airways 

compared to treatment with inhaled tobramycin alone.  

3.3 Materials and Methods 

3.3.1 Trial design 

This randomised placebo-controlled, double-blind, parallel study was conducted in two hospitals: 

Princess Margaret Hospital, Perth, Australia, and Sir Charles Gairdner Hospital, Perth, Australia. The 

research was approved by the Department of Health, Child and Adolescent Health Service (approval 

# 2013073EP), Sir Charles Gairdner Hospital (approval # SCGH-2014-076), Therapeutics Goods 

Administration (Trial number 2013/0576) and Australian New Zealand Clinical Trials Registry 

(ANZCTR) (Trial number ACTRN1262000053191). Informed consent was obtained from the parent 

and/or patient prior to commencing the study.  The study was conducted from March 2014 to 

February 2016. 

3.3.1.1 Participants 

The study subjects were CF Patients older than six years of age with a documented diagnosis of CF 

(positive sweat chloride test, genotype with two identifiable CF mutations, accompanied by one or 

more clinical features consistent with the CF phenotype). The inclusion criteria were; pulmonary 

exacerbation requiring admission to hospital for intravenous antibiotics; known chronic P. 

aeruginosa lung infection and admitted for intravenous antibiotics treatment of a pulmonary 

exacerbation; and ppFEV1 ≥ 25 points. Exclusion criteria were; known hypersensitivity to the 

investigational product or its components; participation in an another study with an investigational 

drug within two months of the planned first dose of our investigational product; known history of 

substance abuse; pregnant or lactating and clinically significant medical condition other than CF or 

CF-related conditions that would compromise the safety of the patient or the quality of the data. 

Females of child-bearing potential were required to use an acceptable method of contraception for 

the duration of the trial.  

3.3.1.2 Randomisation 

Prior to commencement of the study, the pharmacist prepared a permuted block randomisation 

schedule and prepared drug doses. The statistician held the full randomisation code, so that all 
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investigators and participants remained blinded. Access to a patient’s allocated treatment was 

available in a sealed envelope, kept in the pharmacy with the investigational product, should there 

be a need for un-blinding. 

3.3.1.3 Intervention 

All patients received intravenous antibiotics and regular CF medications as per the standard 

treatment of pulmonary exacerbations. Patients were randomised in a 1:1 ratio to receive either 

75mg of 50mM CaEDTA in Tris-buffer solution (active drug) or Tris-buffered saline (placebo). The use 

of 50mM was based on tolerance data from previous study by Brown et al.35 The study drug (CaEDTA 

or placebo) was supplied in 1.5 ml prefilled syringes. The study drug (CaEDTA or Tris buffered saline) 

was nebulised using PARI LC (® Sprint nebuliser with 250 mg tobramycin (Tobra-Day(®) twice daily 

for six weeks. Additional two doses of the study drug were given with 2.5 ml of 0.9% saline during 

first the first two weeks of inpatient phase. Allocation was concealed by matching the placebo with 

the active drug with respect to packaging, size, colour, and pH. First dose of the study drug was given 

within the first 72 hours of initiation of intravenous antibiotics. 

The study was carried out in three phases (Table 3.1):  

1. The inpatient phase (while on intravenous antibiotics), when participants were 

given the study drug (CaEDTA or placebo) four times daily – twice combined 

with 250 mg inhaled tobramycin (Tobra-Day(®) and twice with 0.9% normal 

saline; 

2. The 2-6-week outpatient phase, during which the participants were given the 

study drug twice daily with 250 mg inhaled tobramycin (Tobra-Day(®). The 

frequency of study drug was decreased to twice daily during outpatient phase 

for ease of adherence. 

3. The safety phase between 6-10 weeks, did not involve taking any study drug.  

The dose and the concentration of the CaEDTA were based on safety and 

tolerability data from previous studies using inhaled CaEDTA.30,31,35 
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Inpatient Phase 

0-2 weeks 

Outpatient Phase 

2-6 weeks 

Safety Phase 

6-10 weeks 

a) Active 

Inhaled tobramycin + CaEDTA, BD 

(plus extra two doses of Inhaled 

CaEDTA in between) 

a) Active 

Inhaled tobramycin + CaEDTA, BD 

 

 

 

 

 

 

No study drug 

 
OR OR 

b) Placebo 

Inhaled tobramycin + placebo, BD 

(plus extra two doses of inhaled 

placebo in between) 

IV antibiotics 

b) Placebo 

Inhaled tobramycin + placebo, BD 

 

Table 3.1 Study drug details.  

Due to potential risk of bronchoconstriction with any inhaled medications, first dose of the 

study drug was nebulised along with 250 mg of inhaled tobramycin on day one with close 

monitoring of the clinical status and lung function prior to administering the study drug, at 

30 minutes, one hour, and 2 hours after administering the study drug. A drop in post-dose 

ppFEV1 of >15 points relative to pre-dose ppFEV1 resulted in the patient being given 

appropriate treatment with inhaled salbutamol and being withdrawn from the study, if the 

event was deemed to be related to the study drug. Funding bodies had no role in allocation 

or supply of the drugs. 

3.3.1.4 Study endpoints 

The primary end points were safety and reduction in sputum bacterial load in subjects treated with 

CaEDTA relative to placebo. Secondary end point was improvement in lung function measured as 

ppFEV1. Safety end points included assessment of clinical status, lung function, and blood tests (full 

blood count, blood urea nitrogen, serum creatinine, liver function tests, iron indices, calcium, 

magnesium, and phosphorus). Exploratory end points included reduction in biofilm mass and ability 

of P. aeruginosa to produce biofilm, reduction in MIC of P. aeruginosa to tobramycin and other 

antibiotics, reduction in inflammation as measured by sputum cytology and neutrophil elastase, 

reduction in β-lactamase production by P. aeruginosa, and difference in lung microbiome. Due to 

improvement in clinical status in response to treatment of pulmonary exacerbations, the amount of 
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sputum produced during follow up visits reduced and hence sputum analysis was restricted to 

determination of bacterial load (CFU/g).  

3.3.1.5 Study assessments 

At the Screening visit, all study subjects were screened for eligibility criteria and informed consent 

was obtained. Clinic visits were conducted at day one of treatment, two weeks from commencing 

treatment (end of intravenous antibiotic treatment with inhaled study drug QID), six weeks from 

commencing treatment (end of treatment with inhaled study drug), and ten weeks from 

commencing the treatment (four weeks after stopping the study drug - safety check visit). Each clinic 

visit involved detailed clinical history, physical examination, spirometry, sputum, and blood tests. 

Two additional phone visits were conducted at one week and four weeks from the commencement 

of the study to ensure safety and compliance. Details of study assessments in chapter 3 

supplementary data, Appendix Table 1.  

3.3.1.6 Sputum collection and processing  

Sputum was collected by induced sputum technique as previously described.36 Sputum samples were 

transferred in ice immediately after collection and processed within four hours of collection at each 

visit (details of sputum processing in Appendix in chapter 3 supplement). Sputum samples were then 

stored at -80 °C for batched analysis at the end of the study. Bacterial load was assessed by bacterial 

colony forming unit count/g of sputum (CFU/g). Samples were thawed on ice and serial 1:10 

dilutions made, to a maximum of 10-7 from original concentration, and 2 x 10 µL drops of each 

dilution placed on to each of three McConkey (McC) agar and three Blood agar ( BA) culture plates. 

These were incubated at 35°C overnight. P. aeruginosa species were defined as clear or very pale 

pink ( lac -ve) on McC agar plates. Rough morphology colonies had a metallic sheen and rough colony 

edges, smooth morphology colonies were slow growing with regular colony boundaries on McC agar, 

and mucoid morphology colonies were surrounded by large amounts of alginate, secreted by the 

bacteria.   

The numbers of rough, smooth, and mucoid colonies were counted at 24 hours on both McC agar 

and BA plates, the plates were re-incubated for a further 24 hours, and confirmatory counts of each 

colony morphology were made. Single colonies of each morphology present in each sample were 

picked and streaked out on BA plates to obtain pure cultures. Further identification was by Gram 

stain to confirm the isolate consisted of Gram-negative, rod shaped cells, and confirmation of an 

oxidase +ve status, by rubbing a tiny part of a colony onto an Oxidase test strip. Rapid development of 

an intense blue colour indicates the isolate is oxidase +ve.  
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Statistical analysis 

Safety analysis were performed using the modified intent to treat (mITT) population, defined as all 

randomised participants who received at least one dose of investigational product. Selected efficacy 

analyses were repeated in the per-protocol population, defined as participants who completed ≥ 

75% of doses. Test of normality was determined using Shapiro-Wilk test. When data is normally 

distributed, values were presented as means and standard deviations and student’s t-test was used 

to determine statistical significance. When data were not normally distributed, results were 

presented as medians and interquartile ranges and Mann-Whitney test was applied to determine 

statistical significance. All data were analysed on SPSS 24. The study was designed to have 32 

patients (16 in each group) as this would have 80% power of detecting a difference in the bacterial 

load at 0.05 level of significance, however study was stopped earlier due to difficulties with 

recruitment. 

Role of the funding source: The funding bodies had no role in study design, data collection, analysis, 

writing of the report, interpretation of the data, or in submitting the paper for publication. All 

authors had full access to all the data in the study and had final responsibility for the decision to 

submit for publication. 

3.4 Results 

3.4.1 Study population 

Twenty-five individual patients (26 pulmonary exacerbations) were randomised into the study. Two 

patients withdrew from the study prior to receiving the study drug and two patients discontinued 

from the study due to social reasons. One of the discontinued patients who received the study drug 

only for one day during initial enrolment was re-enrolled into the study during subsequent 

pulmonary exacerbation and randomised into the same arm as originally randomised but included 

only once for efficacy analysis.  

Twenty-two patients completed the study procedures through to 10 weeks. The safety data were 

analysed from the 11 patients (12 episodes of pulmonary exacerbation) in the CaEDTA group and 12 

patients in the placebo group who received at least one dose of the study drug (intention to treat 

analysis). Efficacy data were analysed from the available data from 11 patients in the CaEDTA group 

and 11 patients in the placebo group who received at least 75% of the study drug (Figure 3.1).  
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Figure 3.1 Participant flow chart.  

Total of 26 exacerbations were randomised to participate in the study. Two patients (one from 
each group) withdrew consent before receiving the first dose of the study drug and hence 
excluded from all safety and efficacy analysis. Further two patients (one from each group) 
discontinued from the study before completing the full ten-week study protocol, one of them was 
re-enrolled into the same treatment arm CaEDTA.  

 

 

 

 

 

 

 

 

 

Randomised 

N=26 

Received study drug 

N=24 

 

CaEDTA 

N=12 

Placebo 

N=12 

Discontinued 

N=1 

N=1 

 

Discontinued 

N=1 

 

Completed 10 weeks  

N=11 

 

 

 

N=24 

Completed 10 weeks  

N=11 

Two patients withdrew consent 

prior to receiving study drug 
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3.4.2 Demographic details and clinical characteristics 

Mean baseline ppFEV1 appeared higher in placebo group compared to CaEDTA group with mean (SD) 

ppFEV1 of 72 (23) in placebo group vs. 53 (27) in CaEDTA group, however the difference in lung 

function at admission between the two groups was not statistically significant (p=0.13) (Table 3.2).  

 CaEDTA 

group 

N=11 

 Placebo  

group 

N=11 

Total 

N=22 

Age, years; median (range) 

Age group; n (%) 

       6-13 years 

      14-17 years 

       >18 years  

17 (7-46) 

 

3 (27·3%) 

3 (27·3%) 

5 (45·4%) 

 16 (7-35) 

 

4 (36·3%) 

3 (27·3%) 

4 (36·3%) 

16 (7-46) 

 

7 (31·8%) 

6 (27·2%) 

9 (41%) 

Male gender; n (%) 8 (72·7%)  6 (54·5%) 14 

(63·6%) 

Pancreatic insufficient; n (%) 11 (100%)  9 (81·8%) 20 

(90·9%) 

Weight, kg; median (IQR)          71 (29-73)  49 (38-73) 62 (20-77) 

Hospital admissions in previous 12 months; mean 

(SD) 

1·2 (1·2)  1·0 (1·0) 1·2 (1.1) 

ppFEV1; mean (SD) 53 (27)  72 (23) 62 (26) 

P. aeruginosa density (log10CFU/g sputum) mean 

(SD) 

4·5 (2·4)  3·8 (2·5) 4·17 (2·4) 

Table 3.2 Demographic and clinical characteristics of patients in per protocol population efficacy 
analysis. 

3.4.3 Efficacy analysis  

3.4.3.1 Change in sputum P. aeruginosa load from admission to follow up  

Two patients dropped out before receiving even a single dose of the study drug and two patients 

withdrew before completing the second visit and hence were excluded from efficacy analysis. Two 

patients had negative cultures throughout the study and one patient had insufficient sputum 

samples and hence excluded from sputum P. aeruginosa analysis.  Some patients had negative 

cultures on follow up and these were treated as zero for bacterial load, but when patients were 
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unable to give a sputum sample, they were considered as missing information. Mean (SD) 

reduction in the P. aeruginosa sputum count (log10 CFU/g) in the CaEDTA vs. placebo groups was 

2.05 (2.57) vs. 0·82 (2.71) at two weeks relative to admission (paired values for P. 

aeruginosa for 7 patients in CaEDTA group and 8 in placebo group, P=0.39). Due to clinical 

improvement, many patients were unable to provide enough sputum specimens and 

hence analysis was limited to 2 weeks (Figure 3.2). Details of sputum density of P. aeruginosa 

during each visit in chapter 3 supplement, Appendix Table 2.   

 

Figure 3.1 Change in sputum P. aeruginosa relative to admission.  

Mean (SD) reduction in the sputum aeruginosa (log10 CFU/g) in the CaEDTA vs. placebo groups 
respectively was 2.05 (2.57) vs. 0·82 (2.71) at two weeks relative to admission (paired values for P. 
aeruginosa for 7 patients in CaEDTA group and 8 in placebo group, P=0.39). Due to clinical 
improvement many patients were unable to provide enough sputum specimens and hence 
analysis was limited to 2 weeks.     

3.4.3.2 Lung function 

All patients who had at least 75% of the study drug were eligible for analysis of lung function. One 

patient was not adherent to the study drug after discharge from the hospital and hence was 

excluded from lung function data analysis after two weeks. One child had poor effort at lung 

function at 10 weeks and hence the lung function data at ten weeks was excluded from efficacy 
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analysis.  After two weeks, mean improvement in the ppFEV1 relative to admission was much higher 

but not statistically significant in the CaEDTA group compared to the placebo group; mean 

improvement in ppFEV1 was 16 vs. 5 at two weeks (n=11 in each group, p=0.16), 11 vs. 2 at six weeks 

(n=10 in each group, p=0.28), and 6 vs. 2 points at ten weeks (n=9 in CaEDTA group and 11 in 

placebo group, p=0.27) in CaEDTA and placebo groups respectively (Figure 3.3). Details of lung 

function during each visit in chapter 3 supplement, Appendix Table 3. 

 
 

Figure 3.2 Change in ppFEV1 relative to admission.  

Mean (SD) improvement in ppFEV1 in CaEDTA and placebo groups respectively were 16 (22) vs. 5 
(10.6) at 2 weeks (n=11 in each group, p=0.16), 11 (20.24) vs. 2 (13.7) at 6 weeks (n=10 in each 
group, p=0.28), and 6 (13.93) vs. 2 (9.1) points at 10 weeks (n=9 in CaEDTA group and 11 in placebo 
group, p=0.47).   

3.4.4 Safety analysis 

3.4.4.1 Adverse events 

Adverse events were reported by few patients as outlined in Table 3.3 below. Most were mild and 

none were specifically attributed to the study drug. Patients in both groups completed the study 

with >80% adherence to the study drug.37 Importantly, there were no differences in nature or 

severity of adverse events between the study and placebo groups.  
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Adverse event category Placebo CaEDTA Total 

Adverse event leading to study drug 

interruption 

0 1 1 

Adverse leading to permanent 

discontinuation of study drug 

1 0 1 

Haemoptysis 2 1 3 

Epistaxis 1 0 1 

Increase in cough 3 0 3 

Sore throat 3 1 4 

Nausea/vomiting 2* 1 3 

Abdomen pain 2 2 4 

Rashes 3 0 3 

Headache 4 4 8 

Deranged LFT’S*** 1 1 2 

Admission to hospital 2** 0 2 

Table 3.3 Adverse events. 

*2 episodes in the same patient  

**Admissions related to viral illness with Respiratory Syncytial Virus (RSV) infection 

***Deranged LFT’s: Liver enzymes (GGT, ALT or AST) ≥ three times the normal range 

3.4.4.2 Tolerability and adherence to the study drug 

Lung function (ppFEV1) was measured prior to the administration of the first dose of the study drug 

and repeated at 30 minutes, one hour, and two hours post-dose. There was no significant fall in the 

lung function following inhalation of CaEDTA or placebo in any of the subjects (details of lung 

function for each subject during each visit in Appendix for chapter 3 supplement, Appendix Table 4). 

Both the placebo and CaEDTA were well tolerated with 94% and 90% adherence in the first 2 weeks 

and 91% and 80% adherence between 2-6 weeks, respectively. There was no wheeze, chest 

tightness, discomfort, or alteration in taste in any of the patients. Three patients in the placebo 

group reported increase in cough while none in the CaEDTA group experienced an increase in cough. 

Three patients in placebo group and one patient in CaEDTA group reported sore throat. There was 

history of skin rash, nausea, and abdomen pain in minority of patients but no difference in the 

incidence between the two groups.  
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3.4.4.3 Blood tests for monitoring safety 

CaEDTA treatment was found to have no effect on renal function, hepatic function, iron indices, 

calcium, or magnesium levels compared to placebo (Table 3.4). Details of data on serial 

measurements of calcium, magnesium, ALT and GGT on chapter 3 supplementary data, Appendix 

Tables 5-8. 

 
Placebo CaEDTA 

Time period (weeks) 0-2 0-6 0-10 0-2 0-6 0-10 

Creatinine (µmol/L) 1.45 3.90 2.10 3.00 -2.25 0.43 

Alanine aminotransferase (U/L) 15.60 16.18 -2.11 8.00 1.11 -1.29 

Gamma-glutamyl transferase 

(U/L) 8.20 17.64 -0.29 4.33 20.78 1.43 

Ferritin (µg/L) -3.30 -16.50 -2.22 30.29 -2.11 -9.00 

Iron (µmol/L) 8.30 2.75 3.67 7.00 3.00 3.67 

Transferrin (g/L) 3.20 4.38 5.78 2.43 2.38 2.33 

Transferrin saturation (%) 12.40 3.38 5.33 9.86 4.00 5.00 

Haemoglobin (g/L) 0.10 5.36 2.10 -1.78 2.67 5.33 

Blood urea nitrogen (mmol/L) 3.26 0.63 1.00 1.80 0.30 0.80 

Calcium (mmol/L) -0.01 0.03 -0.01 0.07 0.04 0.01 

Magnesium (mmol/L) 0.02 0.01 0.03 0.02 0.00 -0.03 

Table 3.4. Mean changes in blood test results over 10 weeks relative to admission. 

3.4.4.4 Safety of simultaneous administration of inhaled and intravenous tobramycin  

Due to the narrow therapeutic index and the risk of nephrotoxicity and ototoxicity with tobramycin, 

serum tobramycin levels were closely measured as per the hospital protocol and dose adjusted as 

per the pharmacist advise. Children up to the age of 18 years had serum levels measured at one and 

4 hours with AUC calculated by the pharmacist, while adult patents had trough levels measured. 

Tobramycin levels were repeated between day 5-7 and again if clinically indicated. Two adult CF 

patients had their serum tobramycin levels above 1mg/L and the level was corrected with dose 

adjustments to intravenous tobramycin. This was not associated with increase in serum creatinine 

levels. There was no difference in mean serum creatinine levels between CaEDTA and placebo group 

(see detailed serum creatinine measurements in chapter 6 supplement, Appendix Table 12). 
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3.5 Discussion 

Our study shows trend towards improved clearance of P. aeruginosa in the group treated with 

nebulised CaEDTA and tobramycin compared to those treated with tobramycin alone as add-on 

therapy to a standard treatment course for a pulmonary exacerbation in CF patients with chronic P. 

aeruginosa infection. Although there was greater reduction in P. aeruginosa density in favour of 

CaEDTA w, the difference was not statistically significant, which may be due to the small sample size. 

This reduction is not entirely surprising as improved killing of P. aeruginosa by addition of CaEDTA to 

tobramycin has previously been well demonstrated in several in vitro studies. The success of this 

improved killing is probably due to several mechanisms. Firstly, EDTA enhances breakdown of 

biofilm - one of bacteria’s most potent protective mechanisms against antibiotics - and the 

mechanism is likely to predominantly be mediated by chelation of iron, although magnesium may 

also play a role in stabilizing the biofilm matrix. EDTA has also been shown to disrupt the 

lipopolysaccharide bacterial cell wall structure of P. aeruginosa, thereby  potentiating the effect of 

tobramycin by increasing cell wall permeability and facilitating antibiotic penetration.38 In addition, 

by its zinc-chelating effect, EDTA has also been shown to reverse the neutralising effects of 

metalloenzymes (entirely zinc-dependent) on antibiotics, thus removing another mechanism of anti-

microbial resistance from the microbes.29  

In addition to the in vitro results demonstrating synergy between EDTA and other chelating agents 

combined with tobramycin in CF bronchial epithelial cells infected with P. aeruginosa,23 there is 

compelling evidence in veterinary studies for improved efficacy of antibiotics by combining with 

EDTA.25,26,39 The first study in humans to show similar effects was in 1984 by Hillman K.M et al. who 

showed complete clearance of resistant P. aeruginosa  in non-CF ventilated patients by nebulising 

EDTA as an add-on treatment with intravenous pencillin.34 40  

In contrast to our study, a double-blind, placebo-controlled crossover study by Brown et al. found no 

significant difference in clinical status, pulmonary function, sputum cultures or chest X-ray findings 

when treated with oral tetracycline alone or in combination with nebulised EDTA.35 The lack of 

improvement could be explained by several factors: small study numbers, infrequent administration 

of the drug, inadequate drug delivery and the relatively poor antipseudomonal effect of tetracycline.   

There was greater and sustained improvement in lung function in the group treated with nebulised 

CaEDTA and tobramycin compared to those treated with tobramycin and placebo (greater 

improvement in ppFEV1 in CaEDTA vs. placebo group by 11 points, 9 points and 4 points respectively 

at two weeks, six weeks and ten weeks respectively). The magnitude of improvement in lung 
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function was more than that could be attributed to enhanced bacterial killing. Free iron has been 

shown to be greatly increased in the CF lung and this excess iron is recognised to participate in the 

increased oxidant activity found in the airway of CF patients.17,18 Therefore, it is not unreasonable to 

expect that in the right circumstances, binding of sufficient excess iron to CaEDTA and thereby 

making it unavailable for oxidant activity, will alleviate a significant trigger of inflammation and 

airway cellular damage.  

The reduction of metalloprotease activity (MMP2) by the zinc-chelating effect of CaEDTA could also 

conceivably reduce MMP2 over-activity, one of the recognised causes of matrix airway wall damage 

in CF, a well-known contributor to development of bronchiectasis.29A recent phase 1 clinical trial 

that showed an improvement in lung function and reduction in sputum density of P. aeruginosa  in 

CF patients using intravenous gallium for 5 days also supports our hypothesis that depriving P. 

aeruginosa of iron as an effective strategy in improving pseudomonas clearance.41 

Compliance was high in both groups throughout the study period, adding strength to the results. 

Importantly for future studies, the active drug was well tolerated with no increase in adverse events 

compared to placebo. Blood tests during follow up visits showed no differences in renal or hepatic 

function, and no systemic depletion of iron, calcium, or magnesium. Due to the potential 

nephrotoxicity and ototoxicity with tobramycin, tobramycin levels were closely monitored as per the 

hospital protocols. Two adult patients had trough levels above 1mg/L, which were corrected 

successfully with dose adjustments, and neither had any adverse effect on renal function. The 

increase in serum trough levels could be due to inhaled tobramycin given close to blood tests, 

potential finger contamination of inhaled tobramycin giving false high serum levels or unrelated to 

inhaled dose. Caution is required while interpreting serum levels when tobramycin is given both by 

IV and IH route, as inhaled tobramycin has been shown to have 5-17% systemic bioavailability, 42 

with potential for false elevation due to finger contamination. 43  

Reports of toxicity due to inhaled  EDTA are rare, including bronchospasm which has only been 

reported in highly sensitive asthmatics.32 The mechanism has been shown to be due to chelation of 

calcium, which is one of the reasons we have chosen to use the calcium form of EDTA.  Inhaled 

CaEDTA has not been reported to show any side effects which might be attributed to EDTA. 

Concerns of nephrotoxicity relate to rare reports in which antecedent factors or extreme doses 

appear to be the predominant factor. Use of Tris-EDTA and disinfectant (polyhexamethylene 

biguanide) to flush the external or middle ear was found to be not only free of ototoxicity or 

vestibular toxicity  but had the unexpected benefit of minimising the hearing loss after myringotomy 
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in dogs.44 Reports of allergic reactions are extremely rare. No adverse reports have been reported at 

recommended doses (<50mg/kg).  

3.6 Conclusions 

The results from our pilot study show trend towards improved bacterial killing and improved lung 

function by nebulising tobramycin and CaEDTA together compared to nebulising tobramycin alone. 

The results from our study warrant further studies with new and improved formulations of 

tobramycin and CaEDTA, involving larger numbers of participants in an inpatient setting along with 

intravenous antibiotics, and in an outpatient setting as nebulised therapy alone.  

3.7 Limitations 

There are several limitations to our study; firstly, the small numbers in each group makes drawing 

any definitive conclusions difficult. Secondly, the tobramycin formulation used in our study was an 

intravenous formulation (Tobra-Day(®), while currently used formulation involve specific nebulised 

formulations such as tobramycin solution for inhalation (TOBI® and BETHKINS®) and tobramycin 

powder (Tobi-Podhaler ® for inhalation, which are easy to administer. Future studies involving 

tobramycin specifically formulated for inhalation, particularly using dry powder formulations, would 

have the added benefit of improving adherence to medications. P. aeruginosa is a pathogen with 

exceptional capabilities for genetic variations and antibiotic resistance, thus the need to study 

changes in virulence genes in response to chelation therapy. Additional information including 

information on biofilm assay, MIC to antibiotics and, effects on other pathogens would be critical.  

3.8 Data Sharing 

Data collected in this study including deidentified individual participant data and data dictionary 

defining each field in the set will be made available to others through the institutional website. The 

study protocol including informed consent form can be accessed by contacting the institutional 

website.  
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4.1 Abstract  

Background: In contrast to raised airway iron levels in cystic fibrosis (CF), serum iron levels are low. 

The exact contribution of functional iron deficiency associated with inflammation versus absolute 

iron deficiency and changes in iron status in response to treatment of pulmonary exacerbations are 

unclear.   

Materials and methods: Study subjects were 25 CF patients above 6 years of age with chronic P. 

aeruginosa lung infection who were participating in a study to determine the safety and efficacy of 

nebulised Ca-EDTA and tobramycin vs. placebo and tobramycin as an add therapy to standard 

treatment of pulmonary exacerbations. Serial measurement of haemoglobin, serum iron, serum 

ferritin, serum transferrin and serum transferrin saturation were carried out at the time of admission 

to hospital for treatment of pulmonary exacerbation and repeated at two weeks, six weeks and ten 

weeks.  

Results and analysis: Mean (SD) iron levels were 11.4µmol/L (6.8) at admission vs.  19.8µmol/L (7.4), 

at two weeks, p=0.004. There was significant direct correlation between age and ferritin levels at 

admission and during follow up, R2 (p value) of 0.56 (0.001), 0.28 (0.04), 0.43 (0.007) and 0.48 

(0.004) at admission, two weeks, six weeks and ten weeks respectively. There was inverse 

correlation between serum iron level and P. aeruginosa density in sputum, R2 of 0.21 and spearman 

correlation p-value of 0.047. 

Conclusions: Treatment of pulmonary exacerbation is associated with improvement in serum iron 

levels in patients with CF. There is an increase in serum ferritin level with increasing age suggesting 

increasing levels of inflammation and limits the role for ferritin as a marker of iron deficiency in 

patients with CF. There is an inverse correlation between serum iron and P. aeruginosa.   
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4.2 Introduction 

Iron is an essential trace element vital for several biological functions, and plays a central role in 

haemoglobin synthesis.1-5 Plasma and airway iron levels are tightly regulated to provide the required 

iron for biological functions, while toxic effects of excess iron accumulation are prevented through 

well-developed iron homoeostasis.6-8 There is increasing evidence for altered iron homeostasis in 

cystic fibrosis (CF) resulting in increased airway iron.9,10 Increased availability of iron in the airways of 

patients with CF has been believed to promote growth and survival of Pseudomonas aeruginosa (P. 

aeruginosa).11,12  

In contrast to raised airway iron levels in CF, serum iron levels are low in CF. Patients with CF have 

increased prevalence of anaemia compared to healthy controls with strong correlation between iron 

deficiency and severity of the lung disease in CF.11-14 P. aeruginosa  has been shown to play an 

important role in iron deficiency and anaemia directly by its ability to sequester iron5 and indirectly 

through raised inflammation, with resultant increase in hepcidin levels that in turn may reduce iron 

absorption and transport.15 Independent of the role of P. aeruginosa infection, patients with CF are 

at increased risk of iron deficiency due to malabsorption,16 iron losses in sputum,13 and bleeding 

from gastroesophageal reflux.17 CF patients have an increased risk of colorectal cancers which can 

contribute to iron losses in patients affected with cancer.   

The exact contribution of functional iron deficiency associated with inflammation versus absolute 

iron deficiency is unknown. There is limited success in improving haemoglobin by oral iron 

supplementation in patients with CF.18 Although intravenous iron infusion is associated with 

improvement in haemoglobin, there is potential risk of clinical deterioration with worsening 

infection status.19 There is also evidence for impaired erythropoietic response to hypoxia and 

relative (subclinical) anemia in CF patients.15 

Accurate assessment of iron status is difficult in CF as the most commonly used biomarkers of iron 

deficiency such as serum iron, transferrin saturation and ferritin are often difficult to interpret. 

Measurement of serum iron is easily accessible and inexpensive, but levels are affected by rapid iron 

metabolism, dietary influences, and diurnal variations. Transferrin and transferrin saturation 

(derived from measurement of iron and transferrin) as well as ferritin are also altered by 

inflammation making a diagnosis of iron deficiency difficult in CF. 20-22 The most commonly used 

WHO definition of anemia is difficult to apply in CF patients, as haemoglobin levels that are 

considered as normal may be relatively low for patients with CF when adjusted for chronic 
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hypoxia.1523 Previous research shows evidence for low serum iron in patients experiencing 

pulmonary exacerbation compared to stable CF patients.13,24,25 

Despite reports of increased prevalence of iron deficiency in CF patients and an intricate relationship 

between P. aeruginosa and iron, the exact changes in iron status in response to treatment of 

pulmonary exacerbations are unclear. The key objectives of this study were to study the 

haemoglobin level, iron and ferritin levels during acute pulmonary exacerbation and following 

treatment and study the relationship between iron and sputum density of P. aeruginosa.  

We hypothesised that reduced density of P. aeruginosa in CF airways following treatment of 

pulmonary exacerbation would be associated with an increase in serum iron and haemoglobin and a 

decrease in serum ferritin. We performed serial measurements of haemoglobin, serum iron, serum 

ferritin, serum transferrin and transferrin saturation at the time of admission to hospital for 

treatment of pulmonary exacerbation and at two weeks (completion of IV and inhaled antibiotics), 

six weeks (four weeks after inhaled antibiotics) and ten weeks (four weeks after ceasing inhaled 

antibiotics). To our knowledge this is the first study to perform longitudinal assessment of iron status 

over a period of ten weeks.  

4.3 Materials and Methods 

This study is part of a prospective study conducted at Princess Margaret Hospital, Perth and Sir 

Charles Gairdner Hospital, Perth, from March 2014 to February 2016. The study protocol was 

approved by both Institutional Ethics Committees/Review Boards and informed consent was 

obtained from the parent and/or patient prior to commencing the study.  

The primary aim of the study was to determine the safety and efficacy of adding Ca-EDTA as an 

adjunct to inhaled tobramycin, in addition to standard treatment of pulmonary exacerbations in CF 

patients with chronic P. aeruginosa infection. Study subjects were CF patients above six years of age 

with chronic P. aeruginosa infection requiring admission to hospital for treatment of pulmonary 

exacerbation.26 

There were 25 patients (26 pulmonary exacerbations) who were randomised into the study. Two 

patients withdrew from the study soon after consent and two patients withdrew from the study 

before completing the full 10 weeks follow up due to personal circumstances. One patient who 

withdrew, re-enrolled again. The study was carried out in three phases: (i) the initial 2-week IV 

treatment phase (while on intravenous antibiotics) when the participants were given the study drug 

(Ca-EDTA or placebo) four times daily – twice combined with 250 mg inhaled tobramycin (Tobra-
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Day®) and twice with 0.9% normal saline; (ii) the 2-6-week outpatient phase, during which the 

participants were given the study drug twice daily with 250 mg inhaled tobramycin (Tobra-Day®). (iii) 

The follow-up phase between 6-10 weeks, which did not involve taking any study drug.   

The study of haemoglobin, serum ferritin, iron, transferrin, and transferrin saturation during and 

after treatment of pulmonary exacerbations were safety measures and form the basis for the results 

in this study. Blood was collected for analysis within 72 hours of commencing I.V antibiotics and 

repeated at follow up visits at two weeks, six weeks, and ten weeks after commencement of 

intravenous antibiotics. Blood was analyzed for haemoglobin, red cell count, serum iron, serum 

ferritin, and serum transferrin and serum transferrin saturation by the hospital pathology. Serum 

iron was measured by Abbott Architect Spectrophotometric with Ferene-S, serum transferrin  was 

measured by Abbott Architect Immunoturbidimetric assay, serum ferritin was measured by Abbott 

Architect two-step chemiluminescent sandwich assay, and serum transferrin was derived from 

transferrin (% Transferrin saturation  =   ([FE] /[TRF] x 2)*100, Where;[FE] = plasma iron 

concentration in µmol/L, [TRF] = plasma transferrin concentration in µmol/L). 

Iron deficiency was considered to be present when serum iron was <12 μmol/L and/or transferrin 

saturation was <16%, a level at which erythropoiesis has been shown to be impaired.27 Anaemia was 

defined as haemoglobin >2 standard deviations (SD) below the mean of similarly aged subjects. The 

definitions were based on WHO definition for iron deficiency and previous studies on iron deficiency 

and anemia in CF.13,23 All study subjects received standard treatment with IV antibiotics and 

supportive care. 

4.4 Statistical Analysis 

Normality of the data was tested by employing the Shapiro-Wilk test. When data is normally 

distributed, data is presented as means and standard deviations and the student’s t-test was applied 

to test for statistical significance. When data is not normally distributed, data is presented medians 

and interquartile ranges and Mann-Whitney U-test was applied to test statistical significance. The 

statistical test of strength of correlation between nominal variables was tested by Spearman’s 

correlation coefficient. A two-tailed p-value of <0.05 was considered significant for all analysis. IBM 

SPSS statistics 24 was used for all statistical analysis.  
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4.5 Results 

4.5.1 Anaemia during pulmonary exacerbations and following treatment 

As per WHO recommendations for definition of anemia based on age and gender, four out of 24 

patients (16.7%) were anemic during admission. Of the four patients with anaemia three were 

children less than 18 years of age and one was an adult patient who had to be excluded from 

analysis of follow up data as he/she received intravenous iron therapy during admission for 

treatment of pulmonary exacerbation. Of the three children with anaemia, two patients improved 

their haemoglobin level to a level above the cut off range for anaemia at 10 weeks follow up while 

one patient remained anemic at 10 weeks follow up.   

Paired data on haemoglobin for all visits were available for 15 patients. Mean (SD) haemoglobin 

levels were 135.9 g/L ((15.9), 135.3g/L (22.5), 138.7g/L (13.6) and 138.3g/L (14.7) respectively at the 

time of admission, two weeks, six weeks and ten weeks from commencing treatment. There was no 

statistically significant improvement in hemoglobin at two weeks, six weeks, or ten weeks relative to 

admission (Figure 4.1). Details in Appendix Table 9. 

  

Figure 4.1 Haemoglobin level during exacerbation and following treatment.   

Each symbol in the centre signifies mean haemoglobin at admission, two weeks from treatment 

(IV and inhaled antibiotics), six weeks from treatment and at ten weeks from treatment (4 weeks 

from stopping inhaled antibiotics). Upper and lower boundaries of the line signify one SD above 

and below the mean, respectively. There was no significant improvement in haemoglobin after 

treatment relative to admission.   
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4.5.2 Iron deficiency during pulmonary exacerbations and following treatment 

Iron deficiency was defined based on serum iron less than 12µmol/L and/or transferrin saturation 

≤16%. Iron deficiency was present in 66.7%, 23.5%, 43.8% and 46.7% respectively at admission for 

pulmonary exacerbation, two weeks, six weeks, and ten weeks follow up. Mean (SD) iron levels were 

11.4µmol/L (6.8), 19.8µmol/L (7.4), 14.6µmol/L (4.8) and 15µmol/L (6.9) respectively at the 

beginning of exacerbation, two weeks, six weeks and ten weeks from commencing treatment (Figure 

4.2). Details of serial iron measurements in chapter 5 supplement, Appendix Table 10. Paired sample 

t-test shows significant improvement in serum iron levels at two weeks compared to baseline 

(p=0.004). Although the serum iron levels at ten weeks follow up were higher compared to 

admission (baseline), the rise in serum iron level at six weeks and ten weeks were not statistically 

significant. 

 

Figure 4.2 Serum iron level during exacerbation and following treatment. 

Each symbol in the centre signifies mean serum iron level at admission, two weeks from treatment 

(IV and inhaled antibiotics), six weeks from treatment and at ten weeks from treatment. Upper 

and lower boundaries of the line signify one SD above and below the mean, respectively.  There 

was significant improvement in serum iron level at two weeks compared to baseline (p=0.004).  
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4.5.3 Ferritin levels during exacerbation and following treatment 

There was a downward trend in ferritin levels following treatment of pulmonary exacerbation 

compared to baseline but the reduction in ferritin levels were not statistically significant (Figure 4.3).  

Details of serial measurements of ferritin in chapter 5 supplement, Appendix Table 11.  

 

Figure 4.3 Median ferritin levels at admission, two weeks, six weeks and ten weeks.  

Each symbol in the centre of the box signifies median haemoglobin at admission, two weeks from 

treatment (IV and inhaled antibiotics), six weeks from treatment and at ten weeks from treatment 

(4 weeks from stopping inhaled antibiotics). Upper and lower boundaries of the box represent 25th 

and 75th quartile while upper and lower boundaries of the line represent minimum and maximum 

values.   
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4.5.4 Correlation of ferritin levels with age 

There was positive correlation between serum ferritin and age at screening and during follow up 

with R2 (p value) of 0.56 (0.001), 0.28 (0.04), 0.43 (0.007) and 0.48 (0.004) at admission, two weeks, 

six weeks and ten weeks follow up respectively (Figure 4.4). Details of serial measurements of 

ferritin in chapter 5 supplement, Appendix Table 11. 

0 1 0 2 0 3 0 4 0

0

1 0 0

2 0 0

3 0 0

C o r r e la t io n  b e t w e e n  a g e  a n d  f e r r i t in

A g e  in  y e a r s

S
e

r
u

m
 f

e
r

r
it

in
 (


g
/L

)

A d m is s io n

2  w e e ks

6  w e e ks

1 0  w e e ks

 

Figure 4.4 Relationship between age and serum ferritin levels.  

There was significant direct correlation between age and ferritin levels at admission and during 

follow up, R2 (p value) of 0.56 (0.001), 0.28 (0.04), 0.43 (0.007) and 0.48 (0.004) at admission, 2 

weeks, 6 weeks and 10 weeks follow up respectively.  
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4.5.5 Relationship between serum iron and P. aeruginosa density in sputum 

There was an inverse correlation between serum iron level and P. aeruginosa density in sputum as 

shown in Figure 4.5 (R2 of 0.21 and spearman correlation p value of 0.047). Details of serial 

measurements of P. aeruginosa in Appendix Table 2 and details of serial measurements of iron in 

Appendix Table 10. 
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Figure 4.5 Relationship between sputum density of P. aeruginosa and serum iron level.  

There was significant inverse correlation between sputum density of P. aeruginosa density and 

serum iron during screening visit (R2 of 0.21 and spearman correlation p value of 0.047). Such 

correlation was difficult to determine during follow up visits due to small sample size and several 

patients clearing P. aeruginosa to zero levels.  
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4.5.6 Relationship between serum iron level and lung function 

There was no correlation between serum iron levels and lung function during exacerbation or after 

treatment (Figure 4.6). Details of serial measurements of lung function in Appendix Table 3 and 

details of serial measurements of iron in Appendix Table 10. 
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Figure 4.6 Relationship between serum iron level and FEV1 % predicted.  

There was no correlation between serum iron levels and FEV1 % predicted during acute pulmonary 

exacerbation or following treatment.  

4.6 Discussion 

There was an increase in serum iron level at two weeks in response to treatment of pulmonary 

exacerbation without any iron supplementation. We also found an increase in serum ferritin with 

increasing age. There was an inverse correlation between serum iron levels and sputum load of P. 

aeruginosa. Four patients out of 24 (16.7%) CF patients had anaemia during acute pulmonary 

exacerbation. A previous study by Uijterschout et al. in children who employed the WHO age and 

gender-based definition for anaemia, as in our study, reported 4% incidence of anaemia.9 There was 

an increased incidence of anaemia with increasing age with direct correlation to lung function and P. 

aeruginosa infection.  
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Treatment of pulmonary exacerbation was associated with an improvement in haemoglobin level 

above the anemic range in two out of 24 patients without any iron supplements (one patient’s 

haemoglobin level improved from 127g/L at admission to 133g/L in two weeks and other patient’s 

hemoglobin level improved from 107g/L at admission to 127 g/L at six weeks). One patient remained 

anaemic, although had improvement in hemoglobin from 110g/L at admission to 119g/L at six weeks 

follow up. One patient received iron infusion with significant improvement in haemoglobin from 

117g/Lat admission to 142g/L at ten weeks follow up. Even though there was an improvement in 

haemoglobin in anaemic patients, the mean haemoglobin levels were not significantly different after 

treatment. This could be due to the varying severity of anaemia in different patients and minimal 

change in haemoglobin level in non-anaemic patients. Similar improvement in haemoglobin level 

following treatment of pulmonary exacerbation was previously observed by Kathiresan et al.28   

We found iron deficiency in 66.7% of patients at admission but serum iron levels improved 

significantly after treatment of pulmonary exacerbation with only 23.5% patients being iron deficient 

at two weeks. The improvement in iron levels following treatment of pulmonary exacerbation is 

likely from reduced IL-6 with resultant decrease in hepcidin levels which in turn would increase iron 

absorption by the enterocytes and improves iron transport by ferroportin.29 30 Improvement in iron 

levels following treatment could partly be attributed to reduced iron losses from sputum, due to 

reduced load of P. aeruginosa making more iron available in serum. However, the improvement in 

iron levels that were evident at two weeks were not sustained at six weeks and ten weeks. The lack 

of sustained improvement in iron levels are likely due to return of high level of inflammation with 

cessation of intravenous antibiotics.  

As CaEDTA is a chelating agent, there is a theoretical possibility of reduced systemic iron levels, 

however the dose of CaEDTA administered in our study was small in comparison to high doses used 

for systemic chelation in previous studies. In addition, the rise in serum iron levels noted in our study 

at 2 weeks following the inpatient phase when CAEDTA was administered 4 times daily is likely due 

to the beneficial effect of improved inflammation which in turn improved iron absorption and 

redistribution.  

In contrast to rise in serum iron level following treatment, we found a slight fall in serum ferritin 

levels following treatment of pulmonary exacerbation, which suggest the role of inflammation and 

the ferritin’s role as an acute phase reactant. There was a positive relationship between age and 

ferritin, suggesting increasing disease severity and increasing levels of inflammation with increasing 

age, a finding previously reported.9  
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There was only one previous study by Gifford et al. who measured serum iron levels during early 

exacerbation (<24 hours of determining exacerbation) and late exacerbation (<24 hours before 

completing treatment) in 12 adults with CF.29 The authors found iron deficiency in 84% of patients 

during early exacerbation with median increase in serum iron levels by 2.42 µmol/L, although all 

patients except one remained iron deficient at follow up. They also measured hepcidin and IL-6 

levels, which reduced significantly with treatment. The discrepancy between our study and the study 

by Gifford et al. is likely due to the duration of therapy, as all our patients had two weeks of IV 

antibiotics while duration therapy ranged between 5 days to 12 days in the previous study. The same 

authors previously reported an incidence of anaemia in 64% of adults with stable CF and 100% 

adults with CF experiencing pulmonary exacerbation.24 In a previous study by Reid et al. iron 

deficiency was reported to be present in 74% of adults with stable CF with P. aeruginosa infection.13 

In another study by Uijterschout et al. in children, iron deficiency was reported in 17% of children, 

similar to our study.  

There was a significant inverse correlation between serum iron levels and P. aeruginosa density 

during exacerbation. Our findings are in keeping with previous research showing the absolute need 

for iron by P. aeruginosa for its growth, multiplication, and biofilm formation. The correlation 

between serum iron and P. aeruginosa was difficult to determine during follow up visits, due to 

small sample size and some patients having their Pseudomonas density down to zero after 

treatment.  

4.7 Conclusions 

Treatment of pulmonary exacerbation is associated with improvement in serum iron levels in 

patients with CF. There is an increase in serum ferritin level with increasing age suggesting increasing 

levels of inflammation and limits the role for ferritin as a marker of iron deficiency in patients with 

CF. There is an inverse correlation between serum iron and P. aeruginosa.   

4.8 Limitations 

The main limitation of our study was the small sample size. The results from the current study are a 

part of a larger study with the primary aim of determining the safety and efficacy of adding 

nebulised Ca-EDTA and tobramycin vs. nebulised placebo and tobramycin as an adjunct to treat 

pulmonary exacerbations. Data was pooled from children and adults due to small numbers but 

future research with age adjusted analysis would be highly valuable.   
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We did not measure the soluble transferrin (sTfR) or sTfR index (sTfR/log ferritin index), which have 

been shown to be superior markers of iron deficiency. Our study did not measure the sputum iron 

levels due to the limited amount of sputum available. A larger longitudinal study with inclusion of IL-

6, hepcidin, the sTfR or sTfR index and conventional measures of iron deficiency and sputum iron 

status is required to determine the exact relationship between exacerbations and iron status in 

blood and sputum.  
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Chapter 5 Publication: Concurrent Use of Inhaled and Intravenous 
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5.1 Abstract 

Background: In addition to regular alternate monthly treatment with inhaled (IH) tobramycin 

treatment for the management of chronic Pseudomonas aeruginosa (P. aeruginosa) lung infections 

in patients with cystic fibrosis (CF), admission for treatment of pulmonary exacerbations are 

common, when they are treated with intravenous (IV) tobramycin and another antipseudomonal 

antibiotic. The evidence for the concurrent use of IV and inhaled (IH) tobramycin, and more 

importantly, the effects on renal function are unclear. 

Objectives: The primary objective was to study the impact of the concurrent use of IV and IH 

tobramycin on renal function. A secondary objective was to assess the follow-on effects of continued 

use of inhaled tobramycin on renal function following discharge.  

Methods: Study subjects were 25 CF patients above six years of age with chronic P. aeruginosa lung 

infection who were participating in a study to determine the safety and efficacy of nebulised Ca-

EDTA and tobramycin vs. placebo and tobramycin as an add therapy to standard treatment of 

pulmonary exacerbations. All patients received standard of care IV antibiotics treatment together 

with nebulised tobramycin 250mg BID for two weeks, followed by a further four weeks of nebulised 

tobramycin BID. In addition, as part of the main study, patients were randomised to receive 

nebulised 75mg CaEDTA or placebo QID for two weeks (while on IV antibiotics) and BID for the 

following four weeks, with a four-week safety follow-up period subsequently.    

Results: There was no significant difference in mean serum creatinine (SCr) levels at two weeks, six 

weeks and ten weeks follow up relative to admission. The absolute mean (±SD) change in SCr from 

admission to two weeks, six weeks and ten weeks respectively was 2.5 (8.2) µmol/L (n=19, p=0.19) 

at two weeks, 1.1 (15.3) µmol/L (n=17, p=0.78) six weeks and 1.0 (11.6) µmol/L, (n=16, p=0.73) at 

ten weeks. 

Conclusions: Concurrent use of intravenous and inhaled tobramycin was well tolerated with no 

significant increase in serum creatinine. However, given the small numbers in our study and the 
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limitations with use of serum creatinine to monitor renal injury, close monitoring of drug levels and 

renal function is required. 

5.2 Introduction 

P. aeruginosa lung infection is a leading cause of morbidity and mortality in cystic fibrosis (CF) 

patients.1,2 Intravenous (IV) aminoglycosides are widely used during inpatient treatment of acute 

pulmonary exacerbations in patients with CF with P. aeruginosa infections.3 As pulmonary 

exacerbations are common events in patients with CF, some patients with CF  have multiple 

admissions per year and are exposed to several courses of combinations of aminoglycosides and 

another antipseudomonal antibiotics. Aminoglycoside antibiotics as a class are known to be 

associated with nephrotoxicity with relative increase in nephrotoxicity with gentamicin and amikacin 

compared to tobramycin.4,5 

Acute kidney injury of varying degrees of severity has been reported in several CF patients receiving 

intravenous aminoglycosides. A recent Scandinavian study found a prevalence of chronic kidney 

disease in 2.7% of CF patients.6 A retrospective national survey in the UK reported  increased 

incidence of acute kidney injury (increased serum creatinine for age) at 4.6–10.5 CF patients/year in 

those treated with intravenous aminoglycosides.7 A subsequent case-control study reported that 

receiving an intravenous aminoglycoside (gentamicin but not tobramycin) in the previous week 

increased the risk of kidney injury, as did the presence of known risk factors, including CF-related 

diabetes, use of nonsteroidal anti-inflammatory drugs, and dehydration.8  

Due to the high doses required to achieve minimum inhibitory concentrations (MIC) in the CF lung, 

and the increased incidence of systemic side effects with IV use, there is an increasing trend towards 

the use of (IH) tobramycin, as inhaled doses reach the site of action in the lung at a higher 

concentration with minimal systemic levels and reduced adverse effects.9-12 Inhaled tobramycin is 

currently the first line medication in treatment of initial or recurrent P. aeruginosa infections in 

patients with CF treated at home or occasionally as an inpatient in the hospital.10 With increasing 

age and recurrent lung infections, P. aeruginosa becomes chronic, when CF patients are commonly 

treated with regular alternate monthly IH tobramycin9.   

The reported mean serum-to-sputum ratio following inhalation of 300mg tobramycin was 

approximately 0.01% with a serum concentration of approximately 1 µg/mL at one hour after 

inhalation, and IH tobramycin has been shown to have low systemic bioavailability at 11.7%.13 

Nephrotoxicity was not reported in pre and post registration trials of IH  tobramycin11,14, although 
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there are sporadic case reports of cases of renal failure even from inhaled tobramycin in the post-

approval use of inhaled tobramycin.15 

A number of CF patients with persistent symptoms despite oral and/or inhaled treatment, or those 

with severe pulmonary exacerbations or patients with severe underlying disease often require 

hospital admission, during which they are treated with a combination of IV tobramycin and another 

anti-pseudomonal antibiotic.3,16  Since patients with chronic P. aeruginosa infections are also the 

patients with severe lung disease and are often admitted for IV antibiotics, concomitant use of IV 

and IH tobramycin is a common occurrence. However, the evidence for concurrent use IV and IH 

tobramycin and more importantly, its effects on renal function and implications for therapeutic drug 

monitoring for tobramycin are unclear. A study by Stephens et al. in 1983 showed improved 

temporary eradication of P. aeruginosa in the group treated with IH and IV tobramycin concurrently 

(and ticarcillin), compared to those treated with intravenous antibiotics alone, without any increase 

in serum tobramycin level or renal toxicity between the groups.12  

Due to the narrow therapeutic index and the risk of nephrotoxicity and ototoxicity with tobramycin, 

there is a theoretical risk of increased toxicity when tobramycin is administered by both inhaled (IH) 

and intravenous route (IV). There is also the risk of false elevation of serum levels of tobramycin due 

to finger contamination of IH tobramycin or IH dose given close to IV dose (2-9 hours after IV dose)15.  

Given the potential for combined use of IV and IH tobramycin during admissions for treatment of 

pulmonary exacerbations and implications for renal function, serial creatinine measurements that 

were performed as part of another study were analysed as a surrogate marker for renal function in 

patients receiving IV and IH tobramycin.     

5.3 Material and Methods 

5.3.1 Study design and patients 

This is part of a prospective study conducted at Princess Margaret Hospital, Perth and Sir Charles 

Gairdner Hospital, Perth, from March 2014 to February 2016. The study protocol was approved by 

both Institutional Ethics Committees/Review Boards and informed consent was obtained from the 

parent and/or patient prior to commencing the study. The primary aim of the study was to 

determine the safety and efficacy of nebulised Ca-EDTA in combination with tobramycin compared 

to nebulised placebo and tobramycin as add on treatment during standard treatment of pulmonary 

exacerbations in patients with CF with chronic P. aeruginosa infection.  
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The inclusion criteria for determining the renal safety of concurrent administration of IV and IH 

tobramycin are; patients with CF above the age of six years, concurrent use of IV and IH tobramycin 

for two weeks followed by inhaled tobramycin for four weeks and time off inhaled tobramycin for 

subsequent four weeks and serial monitoring for renal function during at least two visits. Patients 

were included only once and excluded if they did not receive IV tobramycin.   

Nineteen unique patients met the inclusion criteria and were included in nephrotoxicity analysis. The 

study was carried out in three phases: (i) the initial two-week IV treatment phase (while on 

intravenous tobramycin and an additional antipseudomonal antibiotic), when participants also 

received 250 mg of inhaled tobramycin (Tobra-Day®) twice daily along with 75mg of Ca-EDTA or 

saline. Two additional doses of CaEDTA or saline were also given in the first two weeks. (ii) the two 

to six-week outpatient phase, during which the participants received 250 mg of inhaled tobramycin 

(Tobra-Day®) twice daily along with Ca-EDTA or saline. (iii) The follow-up phase between six to ten 

weeks, when patients were not on any tobramycin. Blood was collected within 72 hours of 

commencing I.V antibiotics and repeated at follow up visits at two weeks, six weeks and ten weeks 

from commencement of intravenous antibiotics. 

5.3.2 Data collection 

Data collected included demographic details, duration of intravenous therapy, adherence to 

tobramycin, serial measure of serum creatinine (SCr) at admission, two weeks, six weeks and ten 

weeks. Details of serum tobramycin levels and information on use of any other nephrotoxic 

medications were also obtained. Therapeutic drug monitoring for tobramycin was carried out as per 

the standard hospital protocols and this involved calculation of AUC by linear regression analysis by 

the CF pharmacist-based on measurement of tobramycin levels at one and four hours after the first 

dose, with repeat measurements on day seven or if clinically indicated in children under the age of 

18 years. CF patients above the age of 18 years had at 24 hours after the first dose, with repeat 

measurements carried out between 5-7 days, and thereafter as clinically indicated.   

5.3.3 Definitions 

Nephrotoxicity (categorized as “stage one acute kidney injury” by the Acute Kidney Injury Network) 

was defined as an increase in SCr ≥50% from admission SCr value.17  Patients were then classified 

using the pRIFLE (paediatric risk, injury, failure, loss and end stage renal) criteria into the categories; 

“risk’ when estimated creatinine clearance (eCCl) decrease by 25%, ‘injury’ when eCCl decrease by 

50%, ‘failure’ when eCCl decrease by 75%, ‘loss’ when there is persistent failure for >4 weeks and 
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‘end stage’ when there is persistent failure for >3months.18 Estimated creatinine clearance was 

calculated using the revised Schwartz formula (0.413* (height/SCr).19 

5.3.4 Statistical analysis 

Descriptive statistics were used to evaluate data. Normality of the data were tested by checking the 

Shapiro-Wilk test. When data were normally distributed, data were presented as means and 

standard deviations and student’s t-test was applied to test for statistical significance. When data 

were not normally distributed, data are presented medians and ranges and Mann-Whitney U-test 

was applied to test statistical significance. The statistical test of strength of correlation between 

nominal variables was tested by Spearman’s correlation coefficient.  A two-tailed p-value of <0.05 

was considered significant for all analysis. IBM SPSS statistics 24 was used for all statistical analysis.  

5.4 Results and Analysis 

Nineteen unique patients had at least two serial serum creatinine measurements and 14 patients 

had serial creatine measurements for all four visits [at admission, two weeks (following treatment 

with two weeks of IV and IH tobramycin), six weeks (two weeks of IV and IH tobramycin followed by 

four weeks of IH tobramycin) and at ten weeks (four weeks after ceasing IH tobramycin)]. There 

were 13 males and six females, mean (SD) age at admission was 21 years (11.3), median (range) 

weight was 69kgs (20-77), median (range) height was 170 cms (66-182). The mean (SD) duration of 

IV antibiotics was 15 days (2.8). The second anti-pseudomonal antibiotic was ceftazidime in three 

patients, ticarcillin + clavulanic acid in five patients, piperacillin and tazobactam in seven patients, 

meropenem in two patients and cefepime in two patients.  

There was no significant difference in mean SCr levels at two weeks, six weeks and ten weeks follow 

up relative to admission (Figure 5.1). The absolute mean (±SD) change in SCr from admission to two 

weeks, six weeks and ten weeks respectively was 2.5 (8.2) µmol/L (n=19, p=0.19) at two weeks, 1.1 

(15.3) µmol/L (n=17, p=0.78) at six weeks, 1.0 (11.6) µmol/L (n=16, p=0.73) at ten weeks. 



80 

 

S C r  
a d

m
is

s io
n

S C r  
2 w

e e k s

S C r  
6 w

e e k s

S C r  
1 0 w

e e k s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

S e r ia l c r e a t in in e  m e a s u r e m e n ts
S

e
ru

m
 c

re
a

ti
n

in
e

 (


m
o

l/
L

)

 

Figure 5.1 Serial creatinine measurements at admission.  

The line in middle represents mean and the boxes represent range of SCr.  The absolute mean 

(±SD) change in SCr from admission to two weeks, six weeks and ten weeks respectively was 2.5 

(8.2) µmol/L (n=19, p=0.19) at two weeks, 1.1 (15.3) µmol/L (n=17, p=0.78) at six weeks, and 1.0 

(11.6) µmol/L (n=16, p=0.73) at ten weeks.  

Concurrent treatment with IV and IH tobramycin for two weeks was not associated with significant 

rise in mean serum creatinine at follow up relative to admission.  However, two individual patients 

had increase in SCr; First patient had increase in SCr by 208% (an absolute increase in SCr from 

25µmol/L at baseline to 77µmol/L) with a decrease eCCl by 67% (renal injury category based on 

pRIFLE category) at six weeks relative to baseline. There was partial recovery of renal function for 

this patient at ten weeks with SCr returning to72% (an absolute increase in SCr from 25µmol/L at 

baseline to 43µmol/L) and eCCl returning to 42% relative to baseline at ten weeks follow up. The 

second patient had an unexplained pattern of renal function with minimal or no increase in SCr at 

two weeks or six weeks follow up but noted to have an increase in SCr by 53% (SCr of 34 µmol/L, 36 

µmol/L, 29 µmol/L and 52 µmol/L at baseline, two weeks, six weeks and ten weeks respectively) with 

a fall in eCCl by 34 % at ten weeks follow up. Details of serum creatinine measurements in chapter 

Appendix 2, chapter 5 supplementary data, Appendix table 12.   

Due to the above increase in SCr in two patients, we studied therapeutic drug levels of tobramycin 

which were performed as part of routine monitoring to determine if there was any correlation with 
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the SCr levels and the serum level of tobramycin. Both the patients with rise in SCr were children 

below the age of 18 years and had AUC derived from serum tobramycin at 1 and 4 hours after the 

first dose and then at 7 days and had no concerns with serum levels. All patients above the age of 18 

years had their trough levels of tobramycin checked (Table 5.1).  

Subject ID 24 hours 

level 

D2-D6 

level 

D7-D13 

level 

D13-D17 

level 

     

TED-012 0.3* 1.1 0.6 0.7 

TED-016 0.6 0.6   

TED-017 0.8 1 0.5  

TED-019 0.2* 0.6   

TED-20 1 1 1.4 1.1 

TED-21 0.8 0.7 0.8 0.8 

TED-22 0.5 1   

TED-23 2.3 1.8  0.6 

Table 5.1. Trough level of tobramycin (mg/L) 
 
*Trough level before commencing inhaled tobramycin 

5.5 Discussion 

There was no significant increase in the mean serum creatinine following 2 weeks of 

concurrent use of IV and IH tobramycin. Our results are in keeping with results from 

previous study by Stephens et al. who showed no associated increase in serum tobramycin 

levels or increase in renal toxicity with concurrent use of IV and IH tobramycin.12 In a study 

by Henning et al. in children under 5 years of age, those who received IV tobramycin 

followed by 2 months of inhaled tobramycin had their renal function and hearing 

comparable to those who received only IV tobramycin or never exposed to tobramycin. 20 

This is likely due to the low systemic bioavailability of IH tobramycin with only 11.7% of the 

nominal dose reaching the serum levels.13 In a recent study by Van Velzen et al. trough 

levels following single inhalation of double the standard dose of tobramycin were 0.08-0.96 

mg/L.21 

Two patients in our study had increase in serum creatinine on follow up. The first patient had an 

increase in SCr by 208% at 6 weeks follow up (two weeks of concurrent use of IV and IH tobramycin 
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followed by 4 weeks of IH tobramycin), but SCr improved partially improved to 72% higher relative 

to admission at 10 weeks follow up. The second patient had an unexpected increase in SCr by 53% 

relative to admission at 10 weeks follow up (4 weeks after stopping inhaled tobramycin), despite no 

concerns in SCr at 2 weeks or 6 weeks follow up. The finding is unexplained as the two patients had 

no concerns with rise in serum creatinine at 2 weeks following IV and IH tobramycin. Whether this 

was a delayed effect or related to other factors such as dehydration is difficult to ascertain. Both 

patients were under 18 years of age but had no known risk factors for nephrotoxicity such as CF 

related diabetes or other nephrotoxic medications.8  

In a large double-blind placebo controlled multicentre study on 520 patients involving 300mg of 

tobramycin solution for inhalation over three on off cycles of 28 days over 24 weeks, inhaled 

tobramycin was found to be well tolerated with no adverse effects on renal function.11  Many 

subsequent studies also showed no adverse effects on renal function when tobramycin was 

administered by inhalation in children.9 There is evidence for increased risk of renal injury inherent 

to underlying diagnosis of CF with additional risk factors such penicillins, dehydration during 

exacerbations, CF related diabetes and frequent use of aminoglycosides. 7,8,15,22-25 There have been 

isolated case reports of renal failure in cystic fibrosis patients treated with inhaled tobramycin15 and 

hence the need for close monitoring of serum levels and renal function with attention to hydration 

when tobramycin is administered by IV and IH routes concurrently.  

Three adult CF patients in our study had their serum trough levels of tobramycin levels above 1mg/L 

and required dose adjustments to IV tobramycin with close monitoring of serum levels.  It is 

important to note that there was no associated increase in serum creatinine in these three patients. 

The increase in trough level of tobramycin in these three patients could be true raised level related 

to IV dose or an additional increase related to IH tobramycin or unrelated to the inhaled tobramycin. 

As inhaled tobramycin was given twice daily to our patients, the increase in serum trough levels 

could be falsely high due to inhaled tobramycin given close to blood tests,26 or even finger 

contamination during blood tests. 27 Hence, the need for  caution while interpreting serum levels 

when tobramycin is given by IV and IH route, due to previous studies showing potential for false 

elevation due to finger contamination or due to IH tobramycin being given within 2-9 hours after IV 

dose.15 In a retrospective study by Florescu et al.  in 113 adult CF patients followed over 8.5 years, 

22% of patients had acute kidney injury.28 

We did not have w concerns with respect to rise serum tobramycin levels in children based on 

determination of AUC from levels performed at 1 hour and 4 hours after the first dose. In a study by 

Guy et al. inhalation of tobramycin solution for inhalation at 300 mg via eFlow in children was 
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associated with raised serum tobramycin levels over 1mg/L in some children (3/10), and some of 

them were reported to have early renal toxicity.29  

5.6 Conclusions 

There was no significant increase in serum creatinine with concurrent use of intravenous and inhaled 

tobramycin when serum levels were monitored closely, and dose adjustments were undertaken 

accordingly. However, the cumulative and long-term effects of recurrent combined use of 

tobramycin cannot be ruled out. Serum creatinine is a very crude measure of renal function and 

hence future studies in large numbers with inclusion of more sensitive and early measures of renal 

injury such as microalbuminuria and urine NAG (N-acetyl-beta-D-glucosaminidase) enzyme excretion 

are essential to ensure safety of combined use of IV and IH tobramycin.  

5.7 Limitations 

The results from the current study are a part of a larger study with the primary aim of determining 

the safety and efficacy of adding nebulised Ca-EDTA and tobramycin vs. nebulised placebo and 

tobramycin as an adjunct to treat pulmonary exacerbations and hence the the effect of CaEDTA 

cannot be determined. However, as there were no adverse effects of CaEDTA vs. placebo on serial 

measurements of serum creatinine, this would not have altered the conclusions. As all patients had 

IV and IH tobramycin, and hence cannot determine if administration of inhaled tobramycin to 

standard treatment of pulmonary exacerbation had an added advantage. The precise timing of IV 

and inhaled tobramycin was not defined in our study and hence any effect of inhaled tobramycin on 

serum levels could not be determined. We did not perform detailed pharmacokinetic studies or 

audiometry testing and hence cannot conclude the safety of combined use of IV and IH tobramycin. 

We did not assess hydration status, and this may have affected serum creatinine levels. 
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Chapter 6 Publication: Airway Surface Liquid pH is not Acidic in 
Children with Cystic Fibrosis 

Schultz, A., Puvvadi, R., Borisov, S.M., Shaw, N.C., Klimant, I., Berry, L.J., Montgomery, S.T., Nguyen, 

T., Kreda, S.M., Kicic, A. Noble, P.B., Button, B., and Stick, S. Airway surface liquid pH is not acidic in 

children with cystic fibrosis. Published in Nature communications 8:1409 (2017). 

6.1 Abstract 

Modulation of airway surface liquid (ASL) pH has been proposed as a therapy for cystic fibrosis (CF). 

However, evidence that ASL pH is reduced in CF is limited and conflicting. The technical challenges 

associated with measuring ASL pH in vivo have precluded accurate measurements in humans. In 

order to address this deficiency, we measured ASL pH in vivo in children using a novel luminescent 

technology integrated with fibre-optic probes. Here we show that ASL pH in children with CF is 

similar to that of children without CF. Our findings suggest that the potential ASL pH gradient 

produced by defective apical ion transport is likely balanced out by paracellular shunting of 

acid/base. Thus, reduced baseline ASL pH is unlikely to be an important pathobiological factor in 

early CF lung disease. 

6.2 Introduction 

Cystic fibrosis (CF) is one of the most common lethal genetic diseases, affecting ∼30,000 people in 

the United States and over 70,000 people worldwide.1-4 Mortality is predominantly caused by 

progressive airway disease resulting in respiratory failure.5 CF airway disease results from 

dysfunction of the CF transmembrane regulator (CFTR) protein, which is located on the apical 

surface of airway epithelial cells where it functions as an anion channel, regulator of other epithelial 

transport proteins, e.g., the epithelial sodium channel, and mediator of intracellular signalling 

pathways.6,7 CFTR-mediated transepithelial chloride and sodium transport are important for the 

regulation of airway surface liquid (ASL) hydration and mucociliary clearance6 and there is evidence 

that impaired CFTR-related bicarbonate transport results in reduced ASL pH in CF.8-13  

Tight regulation of ASL pH has been implicated in epithelial cell and ciliary function, mucin 

formation, optimal function of antimicrobial peptides and leucocyte-mediated bacterial killing 

(although the influence of ASL pH has not yet been tested on Pseudomonas aeruginosa—an 

important target for antimicrobial therapy).13-16  Acidic ASL pH may accommodate infection by 
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increasing pro-inflammatory properties of bacterial cell wall components and decreasing bactericidal 

activity of antibiotics.17-19 

A controversial issue is whether CF lung disease is initiated by a CFTR-mediated reduction in ASL pH 

as a result of reduced bicarbonate transport. The most compelling evidence for reduced ASL pH in CF 

is from newborn CF pigs (ASL pH (mean ± s.e.m.) 6.94 ± 0.05 compared to 7.14 ± 0.04 in non-CF 

littermates).12 The lower pH in CF was associated with impaired bacterial killing that was restored by 

raising the ASL pH.12 Since bacterial infection is a significant driver of CF lung disease progression, 

the current study strongly supported the hypothesis that reduced ASL pH is central to disease 

pathogenesis in CF. 

The in vivo ASL pH measurements in humans have been inconclusive. Nasal pH measurements 

suggested reduced pH in neonates with CF compared to non-CF controls. However, this difference 

was not observed in older children and adults.20 The only study that measured lower airway pH in 

children found no difference in ASL pH between children with and without CF.21 Data from both 

these studies should, however, be interpreted somewhat cautiously due to factors that limit the 

accuracy of the pH sensors as detailed in the discussion. 

We hypothesised that, consistent with previous studies in the neonate pig model of CF, ASL pH in 

the lower airways is reduced in young children with CF compared to children without CF. We used 

novel methodology and highly controlled conditions to measure ASL pH in young children. The 

current research demonstrated that ASL pH in children with CF is similar to that of children without 

CF. Thus, reduced baseline ASL pH is unlikely to be an important pathobiological factor in early CF 

lung disease. 

6.3 Methods 

6.3.1 Study design 

A prospective study was conducted at Princess Margaret Hospital for Children. The study subjects 

were children with CF between one and six years of age undergoing annual routine bronchoscopy as 

part of the Australian Early Surveillance Team for Cystic Fibrosis (AREST CF) programme—a clinical 

pulmonary surveillance programme in which children up to the age of seven years undergo annual 

bronchoscopy and BAL for detection of infection. The diagnosis of CF was confirmed by a 

combination of sweat chloride levels >60 mmol/l, gene mutation analysis and clinical picture, i.e., 

pancreatic insufficiency. The controls were age-matched children without CF undergoing 

bronchoscopy for further investigation of recurrent or chronic respiratory symptoms. There was no 
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significant relationship between ASL pH and the age of the patient at the time of measurement in 

children with (p = 0.58) and without (p = 0.31) CF as determined by linear regression analysis 

(Appendix 3: Appendix Figure 2). 

Ethical approval was obtained from the Princess Margaret Hospital for Children Human Research 

Ethics Committee, and parents of all children recruited gave informed consent. 

6.3.1.1 Optical pH probe and electronic equipment 

The pH sensing material relied on the use of BF2-chelated hydroxy-tetraarylazadipyrromethane22 

(Figure 6.1), in which fluorescence changes as a function of pH (highly fluorescent at low pH and 

virtually non-fluorescent at high pH). The pH indicator was dissolved in a polyurethane hydrogel D4 

(0.4% wt. in respect to the hydrogel). Microparticles of inorganic phosphor Egyptian blue23 (pH 

insensitive) was added to the material (1.3:1 wt. of Egyptian blue/D4) to enable dual lifetime 

referencing23,24 readout. The composition was coated onto a tip of jacket-free PMMA Poly (methyl 

methacrylate) fibre of 120 cm in length (Ratioplast, Germany). Prior to coating, the 1 µm fibre was 

pulled over a hot filament to reduce the tip diameter to ∼250 µm (Fig. 6.1). A small cavity in the 

middle of the tip was produced with a hot needle to enhance the adsorption of the sensing material.  

 

Figure 6.1 Fibre-optic pH probes.  

a. Calibration curves obtained from measurements of three individual sensors at 37 °C and 

chemical structure of the pH indicator (BF2-chelated hydroxy-tetraarylazadipyrromethane25). b. 

Photograph of the tip of the pH probe protruding from the working channel of a bronchoscope. c. 

Photograph of the plastic optical fibre. 
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The fibre-optic probes were connected to a phase fluorometer (FireSting, PyroScience, Aachen, 

Germany) which delivered a red excitation light with a wavelength of 624 nm to the sensor and a 

near-infrared range emission light (700–1,000 nm) back to the photodetector. The luminescence 

phase shift Φ and cotΦ reflected the response of the sensor (Figure 6.1), the latter being 

proportional to the amount of the pH indicator in fluorescence form.26 As can be seen (plot of cotΦ 

vs. pH), the material showed optimal resolution in the range from 6.5 to 8.5 (pKa 7.5). 

The sensors possessed slightly varying ratio of the indicator to reference phosphor particles and 

required calibration prior to use; this was performed using buffers with pH 4.5, 7.6 and 10.5 

(acetate, phosphate and 3-(cyclohexylamino)-1-propanesulfonic acid) adjusted to physiologic ionic 

strength with 150 mM of sodium chloride and immersed in a water bath at 37 °C.  

6.3.1.2 Lower airway pH measurements 

Lower ASL pH measurements were performed from the right middle lobe transbronchoscopically by 

inserting a fibre-optic probe through the 1.2 mm working channel of a paediatric bronchoscope 

(Olympus BF type 3C160, Olympus, Tokyo, Japan) (Figure 6.2). The tip of the probe was gently 

positioned in the ASL lining in the right middle lobe bronchus under direct vision. While adequate 

contact of the tip of the probe against the wall of the right middle lobe was ensured, care was taken 

to avoid excessive mechanical pressure that might trigger ion flux across the airway lumen. The tip 

of the probe was held in position until accurate measurements were obtained. Investigators were 

blinded to pH readings during measurements, but the phase shift was visualised in real time.  

Measurements were performed within 10 minutes. Lower airway pH measurements were 

performed prior to bronchoalveolar lavage.  

Figure 6.2 Schematic representation of in vivo transbronchoscopic airway surface pH 
measurements.  

RML right middle lobe bronchus 
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6.3.1.3 Processing of in vivo pH measurements 

Investigators were blinded to pH readings during measurements, as only the phase shift was 

visualised in real time. Mean pH measured for each experiment was determined visually afterwards 

from pH vs. time plots by two independent investigators (N.C.S. and S.M.B.) who were blinded to 

disease status of study subjects from whom the measurements were obtained. Examples of pH 

tracings over time are shown in Appendix 3: Appendix Figure 3. On two occasions where mean pH 

values determined for a study subject differed between investigators by more than 0.1 pH units, a 

third investigator (A.S.) determined mean pH from the same pH vs. time plots. This measurement 

was then averaged with the measurement of N.C.S. or S.M.B. that was within 0.1 pH units. 

6.3.1.4 Post in vivo measurement validation of probes 

After the in vivo pH measurement was completed, the probe used was returned to the pH 7.6 buffer 

used in the calibration at 37 °C. This was performed to indicate the stability of the calibration, as well 

as the functionality of the probe during the measurement period. A weak correlation between the in 

vivo pH measurement and the post-measurement pH reading was identified by linear regression 

analysis as shown in Appendix 3: Appendix Figure 4.  

Two methods were applied to correct for probe drift before in vivo measurements. One method was 

to exclude all in vivo measurements from probes that did not give readings within a range of pH 

7.6 ± 0.05 when placed in the pH 7.6 buffer post in vivo measurements. Probes that did not return to 

pH 7.6 ± 0.05 post measurement were eliminated from analysis. This resulted in 20 data points being 

withdrawn from a total data set of 51 measurements. It is important to note that omission of these 

outliers did not affect the study outcomes (Appendix 3: Appendix Figure 5), with mean ± s.d. pH in 

controls vs. CF 6.97 ± 0.10 and 7.01 ± 0.13 respectively (p = 0.33) using a two-sided t-test. 

A second method employed to correct for probe drift was to calculate the gradient of pH change 

between calibration pre- and post- in vivo measurements. A corrected calibration point was then 

determined at the point when in vivo measurements began, and final in vivo measurements were 

adjusted accordingly. Correction for probe drift also did not change study outcomes (Appendix 3: 

Appendix Figure 6), with mean ± s.d. pH in controls and CF 7.00 ± 0.12 and 7.01 ± 0.13 respectively 

(p = 0.78) using a two-sided t-test. 
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6.3.1.5 Validation of fibre-optic probes in an ex vivo setting 

As the fibre-optic system relies on the detection of a change in the light signal to calculate pH, there 

was a theoretical possibility that the reflective properties of the airway surface in vivo might 

interfere with the light signal, leading to an inaccurate pH reading. To verify that the fibre-optic 

system was suitable to measure pH in the in vivo setting, 2–3 ml of the buffer (pH 7.6) was placed on 

the mucosal surface of a 10 cm × 7 cm × 0.5 cm section of bovine trachea and the pH of the buffer 

measured. The buffer spread out to cover the surface of the trachea in a thin layer. 

Measurements were performed in triplicate at 37 °C in an incubator. The probe was placed at either 

a perpendicular or 45° angle to the airway surface. A micromanipulator was used to maintain the 

position of the probe and to ensure that the probe was immersed in the buffer solution without 

coming into contact with the tissue. Once again, the pH reading was accepted once it had stabilised, 

indicated by a variation of < 0.05 pH units in 1 minute. The Mann–Whitney U-test was used to assess 

whether the positioning of the probe had any effect on the pH readout. There was no evidence to 

support a significant effect of probe position as shown in Appendix 3: Appendix Figure 7. 

6.3.1.6 Bronchoalveolar lavage 

BAL fluid was collected at the time of bronchoscopy, but after pH measurements. Bronchoscopy and 

BAL were performed under general anaesthesia, using a total intravenous protocol, at a time when 

the children were clinically stable and not suffering from pulmonary exacerbation. Suction of 

pulmonary secretions was delayed until the tip of the bronchoscope was below the level of the 

carina to avoid upper airway contamination. Three aliquots of normal saline (1 ml/kg body weight) 

were instilled into the right middle lobe and retrieved using low-pressure suction. The first aliquot 

was sent to the laboratory for culture and the identification of bacterial and fungal elements. The 

remaining two aliquots were stored on ice until pooled and processed (within 3 hours of collection) 

for assessment of inflammation. 

6.3.1.7 Measurement of inflammation 

BAL fluid was analysed for inflammatory markers including total leucocyte count, differential 

leucocyte count and IL-8. Cell pellets were obtained from the BAL fluid samples by centrifugation 

and cytospins prepared from the resuspended cells and stained with Leishman’s stain for the 

differential cell count. IL-8 levels were determined using an enzyme-linked immunosorbent assay 

(BD Opt EIA, BD Biosciences, Australia), with a working range of 10–6,400 pg/ml.27-29 Samples were 

measured in duplicate and were diluted to fall in the linear portion of the standard curve. 
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6.3.1.8 Assessment of infection status 

BAL samples from all participants (CF and non-CF) were cultured on horse blood agar (BA) (Oxoid, 

Thermo Fisher, Melbourne, Australia), cysteine lactose electrolyte-deficient agar (CLED) (Oxoid, 

Thermo Fisher), Filde’s agar (PathWest Laboratory Medicine WA Media, Perth, Australia) for 

isolation of Haemophilus influenzae, and Sabouraud agar with chloramphenicol (SABC) (Sigma 

Aldrich, Sydney, Australia) for yeast/fungi. In addition, samples were cultured on Burkholderia 

cepacia selective agar (BCSA) (Becton Dickinson, Sydney, Australia), colistin nalidixic acid agar (CNA) 

(Oxoid, Thermo Fisher) for Streptococcus pneumoniae, and mannitol salt agar (MSA) (Oxoid, Thermo 

Fisher) for Staphylococcus aureus. 

Each plate was streaked with 20 μl BAL fluid. BA, CLED, BCSA, CNA and SABC agars were incubated 

aerobically for 48 hours at 35 °C in 5% CO2. Cultures were read at 24 and 48 hours. SABC was further 

incubated for 12 days in air at 28 °C to examine fungal growth. MSA agar was incubated aerobically 

for 48 hours at 35 °C in air. Filde’s agar was incubated anaerobically for 48 hours at 35 °C to inhibit 

the growth of Pseudomonas and thus aid recovery of H. influenzae. 

Colonies of suspected pathogens growing from culture media were identified using various 

conventional tests including Gram stain, catalase, oxidase, Phadebact (MKL Diagnostics, Sollentuna, 

Stockholm), Staphylococcal latex test, API™ (BioMérieux, Marcy-l'Étoile, France) and automated 

identification by Vitek (BioMérieux). 

6.3.2 Statistical analysis 

Student’s t-test was used to compare groups where data were normally distributed. The Mann–

Whitney U-test was used to compare groups where data were not normally distributed. Spearman’s 

rank correlation was used to study associations between lower airway pH and inflammation. 

6.4 Results 

6.4.1 Novel pH-sensitive luminescent dye-based fibre-optic probes 

To improve the accuracy of pH measurements of ASL in subjects with CF, we developed novel pH-

sensitive luminescent dye-based fibre-optic probes. These optical sensors have a high signal-to-noise 

ratio, which allowed pH to be measured with greater precision than has previously been 

possible,24,30-32 and are highly responsive to pH changes in a biological environment. The design of 

the probes, with the pH-sensitive luminescent dye embedded in a hydrogel matrix, limited 
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interactions between the dye and ASL proteins which could potentially alter the measured pH 

values. 

6.4.2 ASL pH measurements in vivo 

Measurements of pH were obtained from the right middle lobe bronchi of 67 children, 37 with CF 

and 30 without CF. Children without CF were undergoing investigation for recurrent or chronic 

respiratory symptoms. Reliable pH readings were obtained in 51 of the 67 children (30 CF; 21 non-

CF): 24 females and 27 males. The median (range) age was 50 (12–78) months in the CF group and 

36 (16–86) months in the control group. The study had power of 87% to detect a difference between 

groups of 0.1 pH units at an α-level of 0.05 in a one-sided t-test. 

There was no significant difference in ASL pH between groups (Figure 6.3) as determined by a two-

sided t-test, with mean ± s.d. pH in CF vs. controls 6.98 ± 0.15 and 7.00 ± 0.12 respectively (p = 0.62).  
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Figure 6.3 No difference in airway surface liquid pH between children with and without CF.  

A single pH value was obtained for each individual patient where the mean ± s.d. for non-CF 

(n=21) and CF (n=30) groups was 7.00±0.12 and 6.98±0.15, respectively. Two-sided t-test 

demonstrated no significant difference between groups (p=0.62). Individual measurements and 

averaged data presented as mean ± s.d.  

6.4.3 Lower ASL pH and inflammation 

In children with CF there was no association between ASL pH and inflammatory markers in 

bronchoalveolar lavage fluid (BALF) from the same lobe as pH measurements (Figure 6.4) by 
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Spearman’s rank correlation test: total cell count (r = 0.04, p = 0.83), neutrophil count (r = 0.13, 

p = 0.53), macrophage count (r = −0.28, p = 0.18) and interleukin-8 (IL-8) (r = −0.02, p = 0.90). In 

children without CF there were significant inverse correlations between ASL pH and total cell count 

(r = −0.61, p = 0.01) and macrophage count (r = −0.56, p = 0.03) but not neutrophil count (r = 0.06, 

p = 0.83) or IL-8 levels (r = 0.21, p = 0.43). Only total cell count (p = 0.02) and IL-8 (p < 0.01) levels 

were higher in BALF from children with CF compared to non-CF controls using the Mann–Whitney U-

test.  

 

Figure 6.4 Airway surface liquid pH and inflammatory markers in bronchoalveolar lavage fluid 
(BALF). 

(a) No relationship between airway surface liquid pH and total cell count in children with CF (n=29; 

p=0.83). However, a significant inverse relationship between airway surface liquid pH and total 

cell count was observed in the non-CF group (n = 16; p=0.01) (b) No relationship between airway 

surface liquid pH and neutrophil count for children with (n=24; p=0.53) or without CF (n=16; 

p=0.83). (c) A significant relationship between airway surface liquid pH and macrophage count was 

demonstrated in the non-CF group (n=16; p=0.04) but was not observed in the CF group (n=24; 

p=0.18). (d) There was no correlation between interleukin-8 (IL-8) levels and airway surface liquid 

pH for the CF (n=29; p=0.90) or the non-CF group (n=16; p=0.43). For all panels, BALF analysed for 

inflammatory markers was sampled from the lung lobe corresponding to the airway surface liquid 

pH measurement. A single pH value was obtained for each individual patient while a single aliquot 

of BALF was used to measure inflammatory markers. Spearman’s rank correlation test was used 

for all statistical analyses.   
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6.4.4 Lower ASL pH and infections 

There was no significant difference in pH between children who had positive bacterial cultures in 

BALF obtained from the corresponding lung lobe vs. those who had negative cultures (Figure 6.5). 

Mean ± s.d. pH in culture-negative vs. culture-positive groups in children without CF were 

6.98 ± 0.15 and 7.01 ± 0.09 respectively (p = 0.59) as determined by a two-sided t-test. Median 

(range) pH in culture-negative vs. culture-positive groups in children with CF was 7.00 (6.72–7.28) 

and 6.89 (6.72–7.08) respectively (p = 0.36) using the Mann–Whitney U-test.  
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Figure 6.5 Airway surface liquid pH and infection. 

a. Using a two-sided t-test to determine statistical significance, there was no difference in airway 

surface liquid pH between patients who had a positive microbiological bronchoalveolar lavage 

fluid (BALF) culture result (n = 12) compared to patients with a negative culture result (n = 9) in the 

non-CF group (p = 0.59). Mean ± s.d. of airway surface liquid pH was 7.01 ± 0.09 and 6.98 ± 0.15, 

respectively. Data presented as individual measurements and mean ± s.d. b. A two-sided Mann–

Whitney U-test demonstrated that there was no difference in airway surface liquid pH between 

patients who had a positive culture result (n = 7) compared to those with a negative culture result 

(n = 23) in the CF group. Median (range) of airway surface liquid pH was 6.89 (6.72–7.08) and 7.00 

(6.72–7.28), respectively. Data presented as individual measurements and median (range). For all 

data points, BALF was sampled from the lung lobe corresponding to the airway surface liquid pH 

measurement. A single pH value was obtained for each individual patient  

6.5 Discussion 

Our novel technology allowed accurate lower airway ASL pH measurements in young children. There 

were no differences in pH between children with or without CF. We provided robust evidence that 

reduced ASL pH is not likely to be a critical factor in the early development and progression of 

human CF lung disease. The strengths of our study are the novel methodology used that allowed 

accurate measurements in vivo, inclusion of young CF children that reduced the likelihood of 
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alteration in pH by advanced airway disease (as advanced CF airway disease pathophysiology may 

not reflect early CF) and measurements performed in children without CF who were relatively 

healthy, i.e., undergoing routine bronchoscopy in the absence of overt symptoms. 

Our results contrasted with observations from studies in the porcine model of CF.8,12 The 

contradictory findings in young children vs. newborn pigs could be due to intrinsic physiological 

factors and our study highlighted the need to examine whether there are important species 

differences when conflicting data arise.33 Our study was sufficiently powered to detect the 

differences in pH observed in the studies of pigs. We sampled a relatively large population (30 CF/21 

non-CF), that represented the genetic diversity of human CF, whereas the measurements in pigs 

were from a relatively small number of genetically related CF (n = 6) and non-CF (n = 8) animals. 

Our study was limited by the fact that we could not rule out the possibility that glandular secretion 

caused by mechanical effects on the airway wall influenced our in vivo measurements.13 However, 

the 250 μm diameter pH probe used in our study was gently placed under direct vision to minimise 

ASL disruption and epithelial stimulation. The aforementioned measurements in pigs were obtained 

using a 3 mm × 3 mm-sized planar optical probe,12 and therefore mechanical effects of our probes, if 

relevant, were likely to be far less than those present during measurements undertaken in pigs.34  

In children with CF, the ASL pH was unaffected by the presence of lower airway inflammation. By 

contrast, in children without CF, we found weak negative correlations between ASL pH and some 

markers of inflammation, specifically macrophage numbers. We therefore could not rule out a small 

effect of airway inflammation on pH in our control population. However, since inflammation was 

many times greater in the children with CF than controls, one would expect this to exaggerate any 

difference between the groups and further supports the argument that ASL pH is not low in CF. 

There were also no differences in pH between children with positive and negative BAL cultures. 

Others have shown that pH may be altered during CF pulmonary exacerbations and during severe 

lung infections in people without CF. Tate et al.26 observed significant differences in exhaled breath 

condensate pH between stable CF patients and those with acute pulmonary exacerbations. In 

addition, non-CF patients with pneumonia were found to have reduced pH in airways in the affected 

lobe compared to unaffected lobe.19 Our findings related to stable CF in children with early disease, 

and we did not observe any associations with pH of inflammation or infection. 

The lack of consensus among previous studies examining ASL pH in young children may be explained 

by technological limitations and/or inadequate sample sizes. McShane et al.21 found no differences 

in lower airway or nasal pH between a group of 5 children with CF and a group of 6 children without 
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CF. Abou Alaiwa et al.20 found no difference in nasal pH between children and adults with and 

without CF, but observed a significantly reduced nasal pH in neonates with CF compared with 

controls, with a difference in median pH between CF and non-CF of 1.9 units. In both studies, pH 

probes, with rounded tips and diameters of 2–2.5 mm, were used to perform measurements in the 

ASL layer that is only a few μm in height. A logical criticism of the oesophageal pH probes is that they 

would not have been in full contact with the ASL layer, resulting in an integrated signal from the 

whole surface of the sensor, which would have been partly in contact with ASL and partly in contact 

with air. This technical limitation might, in part, explain the large and non-physiological pH ranges 

observed in previous studies: e.g., McShane et al.21 5.5 to 7.7 units, and Abou Alaiwa et al. 20 4.5 to 

7.9 units. Given the large ranges of pH observed and the relatively small sample sizes, there was 

limited power to detect small differences in pH in these studies. 

Inconsistencies in the in vivo pH measurements in our study and the in vitro cell culture 

measurements in previous studies could be due to changes in the microenvironment that are non-

physiological 8,9,13or steady-state responses after non-physiological measurement conditions have 

been imposed.9,13 For example, Garland et al.13 added 20 µl of phosphate-buffered saline (PBS) to 

apical cell culture surfaces before measuring pH using dissolved pH indicators, without controlling 

for ambient carbon dioxide levels during optical measurements. Similarly, Coakley et al.9 measured 

ASL pH after adding a relatively large amount of fluid to the apical cell surface. Numerous factors 

could potentially have influenced these results. The effects of adding buffer to the apical culture 

surface is unknown. Changes in ambient carbon dioxide may have influenced results, as 

demonstrated in in Appendix 3: Appendix Figure 1.  

Another factor that would have influenced ASL pH in previous cell culture models of CF is the use of 

a basolateral buffer solution that did not contain bicarbonate. Thus, a lack of bicarbonate in the 

culture medium could explain why reduced ASL has been found in some previous cell culture 

studies.8,12 The finding that the paracellular path shunts out bicarbonate gradients could also explain 

why there is no difference between CF and non-CF ASL pH in young children. 

In studies where optical pH indicators (dyes) dissolved in the ASL were used for pH 

measurements,8,12  accurate calibration of the pH indicators would have been difficult. Furthermore, 

interaction of the dye with proteins in the ASL cannot be avoided and is expected to change the 

calibration of the indicators significantly. Such interactions would be limited with the optodes used 

in our study due to the permeation-selective properties of the hydrogel matrix in which the 

luminescent dyes were embedded. 
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In conclusion, ASL pH is not reduced in children with CF. The potential bicarbonate and pH gradient 

caused by abnormal CFTR bicarbonate transport appears to be balanced during steady state by 

paracellular ion shunting. Our observations therefore do not support the hypothesis that early 

disease progression is driven by low ASL pH. 
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Chapter 7 General Discussion 

Despite advances in care of individuals with CF and increase in life expectancy, recurrent and chronic 

respiratory infections, dominated by P. aeruginosa, continue to contribute to morbidity and 

mortality in CF patients.1,2 With the emergence of antibiotic resistant forms of P. aeruginosa and lack 

of development of new antibiotics to treat infections, there is an urgent need to develop strategies 

to improve efficacy of existing antibiotics. Iron has been shown to play a vital role in P. aeruginosa 

survival, and elevated iron levels in CF airways have been shown to contribute to the establishment 

and persistence of P. aeruginosa lung infections.3-6 In vitro and animal studies have shown that iron 

removal by chelators improves antimicrobial efficacy, but results from studies in humans have been 

limited and conflicting. Our study in CF patients with chronic P. aeruginosa show trend towards 

improved treatment of P. aeruginosa by nebulising tobramycin in combination with chelating agent, 

CaEDTA as an add on therapy during standard treatment of pulmonary exacerbations.  

Patients with CF have been found to have increased prevalence of anaemia compared to healthy 

controls, with strong correlation between iron deficiency and severity of the lung disease.7-10 There is 

evidence for low serum iron in patients experiencing pulmonary exacerbation compared to stable CF 

patients.8,11,12 The exact contribution of functional iron deficiency associated with inflammation vs. 

absolute iron deficiency is unknown. Studies on iron status and anaemia before and after treatment 

of pulmonary exacerbations, particularly in patients with chronic P. aeruginosa, are limited. Results 

from our study show improvement in serum iron levels in response to treatment of pulmonary 

exacerbations despite no additional iron supplementation.  

Pulmonary exacerbations in CF patients requiring admission are treated commonly with intravenous 

tobramycin and another anti-pseudomonal antibiotic, while inhaled tobramycin is commonly used in 

the home setting. The evidence for concurrent use of intravenous and inhaled tobramycin, and more 

importantly, the effects on renal function, is unclear. We found no significant increase in serum 

creatinine with concurrent use of intravenous and inhaled tobramycin.  

There is accumulating indirect evidence for low ASL pH in CF in vitro, but no evidence for this in vivo. 

Accurate determination of lower airway pH has several implications for patients with CF in general 

and for treatment of P. aeruginosa lung infections. Lower airway pH measurements in our study 

using specifically designed fibre-optic probes show that pH is not acidic in young children with CF 

and airway pH was unaffected by the extent of airway inflammation and the presence of infection in 

clinically stable patients.   
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7.1 Chelating Agents in Treatment of P. aeruginosa Lung Infections 

CF airways have been shown to contain unexpectedly high levels of extracellular iron,  with further 

increases in levels in presence of P. aeruginosa and those experiencing pulmonary 

exacerbations.9,13,6,7,9,13 Iron is an essential nutrient for the growth and multiplication of P. 

aeruginosa, and has been shown to play an important role in biofilm production as well as structural 

integrity of the outer layer of P. aeruginosa.3-6 Ethylene diamine tetra-acetate (EDTA) is a chelating 

agent, with several antimicrobial properties mediated by its ability to bind various divalent cations, 

including iron as well as zinc and magnesium. It has been used in combination with antibiotics to 

improve treatment of P. aeruginosa infections.5,14-22  

We hypothesised that depriving P. aeruginosa of its essential nutrient iron would improve P. 

aeruginosa killing, and thereby improve treatment of pulmonary exacerbations in CF patients with 

chronic P. aeruginosa infections. Data from Chapter 3 showed trend towards improved clearance of 

P. aeruginosa in the group where tobramycin was nebulised with CaEDTA compared to those treated 

with inhaled tobramycin and placebo as add-on therapy to a standard treatment course for a 

pulmonary exacerbation in CF patients with chronic P. aeruginosa infection. The reduction in P. 

aeruginosa is clinically and microbiologically relevant but was short of reaching statistical 

significance, which may be due to the small sample size. The data from Chapter 3 also showed 

greater and sustained improvement in lung function with ppFEV1, 11 points higher at 2 weeks, 9 

points higher at 6 weeks and 4 points higher at 10 weeks in the group treated with nebulised 

tobramycin and CaEDTA compared to those treated with tobramycin and placebo. 

Our study demonstrates potential for improved clearance of P. aeruginosa and improved lung 

function with combined use of nebulised tobramycin and CaEDTA vs. placebo as an add-on therapy 

to standard treatment of pulmonary exacerbations in CF patients. A previous study in 1984 by 

Hillman et al. showed improved P. aeruginosa clearance in non-CF ventilated patients by nebulising 

EDTA as an add-on treatment with intravenous penicillin.23 A recent phase one clinical trial by Goss 

et al. who deployed the strategy of removing excess iron from P. aeruginosa using intravenous 

gallium also reported an improvement in lung function and reduction in sputum density of P. 

aeruginosa in CF patients.24 In contrast, a double-blind, placebo-controlled crossover study by Brown 

et al. found no significant difference in clinical status, pulmonary function, sputum cultures or chest 

X-ray findings when patients were treated with oral tetracycline alone or in combination with 

nebulised EDTA.25 The lack of improvement reported by Brown et al. could be explained by several 

factors: infrequent administration of the drug, inadequate drug delivery and relatively poor 

antipseudomonal effect of tetracycline. 
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While the number of participants in our study are too small to draw any definitive conclusions, the 

magnitude of difference in lung function strongly warrants further exploration of this potential in 

large clinical trials. Adherence to the study drug was high in both groups throughout the study 

period, adding strength to the results. Importantly for future studies, the active drug (50mM CaEDTA 

in Tris-buffer) was well tolerated, with no increase in adverse events compared to placebo.  

7.2 Serum Iron Profile During Pulmonary Exacerbations and Following 
Treatment 

In contrast to raised airway iron levels in CF, serum iron levels are low in CF.  Patients with CF have 

increased prevalence of anaemia compared to healthy controls.8,10 There is also a strong correlation 

between iron deficiency and the severity of the lung disease in CF.7-9 The exact contribution of 

functional iron deficiency associated with inflammation and infections vs. absolute iron deficiency 

are unknown. Due to the significant dependence of P. aeruginosa on iron for growth, survival, and 

biofilm formation, it is not clear if supplemental iron would increase severity of infections. It is also 

not clear as to the effects of treatment of P. aeruginosa infections on systemic iron levels. Data from 

Chapter 4 provides details on systemic iron levels during pulmonary exacerbations, and changes in 

response to treatment with antibiotics.  

Data from Chapter 4 shows significant improvement in serum iron level following treatment of 

pulmonary exacerbations, as evidenced by a decrease in the incidence of iron deficiency (based on 

serum iron levels ≤12 µmol/L and/or transferrin saturation levels ≤ 16%), from 66.7% at admission to 

23.5% at 2 weeks.8 The improvement in iron levels following treatment of pulmonary exacerbation is 

likely to have resulted from lowered hepcidin levels which in turn would allow iron absorption by the 

enterocytes and facilitate iron transport by ferroportin.26 The improvement in iron levels following 

treatment could partly be attributed to reduced iron losses from sputum and reduced iron utilization 

by P. aeruginosa for  its growth, multiplication and biofilm formation.  

The study by Gifford et al. was the only previous study that measured serum iron levels during early 

exacerbation (<24 hours of determining exacerbation) and late exacerbation (<24 hours before 

completing treatment) in 12 adults With CF.26 The authors found iron deficiency in 84% of patients 

during early exacerbation, with a median increase in serum iron levels by 2.42 µmol/L, although all 

patients except one remained iron deficient at follow up. They also measured hepcidin and IL-6 

levels and found significant reduction in IL-6 and hepcidin levels in response to treatment. The 

discrepancy in improvement in iron levels vs. limited improvement in study by Gifford et al. is likely 

due to the duration of therapy.  The patients in our study had 2 weeks of IV antibiotics, while the 
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duration of therapy ranged between 5 days to 12 days in the previous study. We also found a 

significant inverse correlation between serum iron levels and sputum density of P. aeruginosa during 

acute pulmonary exacerbations. 

In contrast to rise in serum iron level following treatment, we found reduction in ferritin levels 

following treatment, which suggests the role of inflammation and the ferritin’s role as an acute 

phase reactant, and its lack of reliability in assessing iron status in CF. There was a positive 

correlation between age and ferritin, suggesting the presence of increasing level of inflammation 

with increasing age, a finding previously reported by Uijterschout et al. 27  

7.3 Renal Safety with Combined Use of IV and IH Tobramycin 

Standard treatment of pulmonary exacerbations in patients with CF with chronic P. aeruginosa 

infections involve treatment with an aminoglycoside (most commonly tobramycin) and β-lactam 

antibiotic.28 Due to the potential nephrotoxicity and ototoxicity encountered with the use of 

tobramycin, serum levels of tobramycin are closely monitored as per the standard hospital 

protocols. Our study involved use of inhaled tobramycin with CaEDTA or placebo in addition to 

standard treatment of pulmonary exacerbations. There is little evidence so far for safety and/or 

improved efficacy for combined use of intravenous and inhaled tobramycin. In addition to 

therapeutic drug monitoring for tobramycin, we performed, serial serum creatinine measurements 

within first 3 days of commencing IV and IH tobramycin, after 2 weeks of treatment (IV and IH 

tobramycin), at 6 weeks (4 weeks of IH tobramycin) and at 10 weeks (4 weeks after cessation of 

inhaled tobramycin). Chapter 5 provides details of serial serum creatinine measurements and 

demonstrates no significant adverse effects of combined use of intravenous and inhaled tobramycin 

on serum creatinine.  

Our results are in keeping with results from a previous study by Stephens et al. who showed 

improved efficacy with concurrent use of intravenous and inhaled tobramycin compared to 

intravenous antibiotics alone against P. aeruginosa without any associated increase in serum 

tobramycin levels or increase in renal toxicity.29 In a study by Henning et al. in children under 5 years 

of age, those who received IV tobramycin followed by 2 months of inhaled tobramycin had renal 

function and hearing comparable to those who received only intravenous tobramycin,  or those 

never exposed to tobramycin.30 This is likely due to the low systemic bioavailability of inhaled 

tobramycin, with only 11.7% of the nominal dose reaching the serum levels.31  

We found two unique patients with an increase in serum creatinine on follow up. The first patient 

had an increase in SCr by 208% at 6 weeks follow up (two weeks of concurrent use of IV and IH 
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tobramycin followed by 4 weeks of IH tobramycin), but SCr improved partially to 72% relative to 

admission at 10 weeks follow up. The second patient had an unexpected increase in SCr by 53% 

relative to admission at 10 weeks follow up (4 weeks after stopping inhaled tobramycin), despite no 

concerns in SCr at 2 weeks or 6 weeks follow up. The findings are unexplained as the two patients 

had no concerns with rise in serum creatinine at 2 weeks following IV and IH tobramycin.  Whether 

this was a delayed effect or related to other factors such as dehydration is difficult to ascertain. Both 

patients were under 18 years of age, but had no known risk factors for nephrotoxicity, such as CF 

related diabetes or other nephrotoxic medications.32  

In a large double-blind placebo-controlled multicentre study on 520 patients involving 300mg of 

tobramycin solution for inhalation over three on off cycles of 28 days over 24 weeks, inhaled 

tobramycin was found to be well tolerated with no adverse effects on renal function.33  Many 

subsequent studies also reported no adverse effects on renal function when tobramycin was 

administered by inhalation to children.34 However, there have been isolated case reports of renal 

failure in cystic fibrosis patients treated with inhaled tobramycin,35 hence the need for close 

monitoring of serum levels and renal function, with attention to hydration, when tobramycin is 

concurrently administered by both IV and IH routes.  

7.4 Lower Airway pH Measurements  

Determination of lower airway pH in our study was driven by the compelling evidence for reduced 

airway in pH in CF, from in vitro and animal studies, the vital role for pH in several biological 

functions and the potential to correct pH as a therapeutic manoeuvre.  

Accurate determination of airway pH has several implications for the treatment of P. aeruginosa 

lung infections. Low airway pH has been implicated in increasing bacterial resistance and promoting 

pro-inflammatory properties of the outer membrane lipopolysaccharide (LPS) component of P. 

aeruginosa.36 During acute exacerbation of CF lung disease associated with infections, bacterial 

respiration has been believed to lower oxygen tension, as H+ secretion is activated and the ASL is 

likely to acidify further during pulmonary exacerabtions.37  

Reduced airway pH has been found to impair the bactericidal effects of several antibiotics (especially 

aminoglycosides) commonly used in treatment of P. aeruginosa infections.  Regulation of pH has an 

important role in determining the form in which iron exists in the body (toxic ferrous (Fe2+) form and 

relatively less-toxic ferric (Fe3+) form), and the binding of iron to ferritin and transferrin.  
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Evidence for low ASL pH in CF is limited, conflicting and controversial.38-44 The technical challenges 

associated with measuring ASL pH in vivo have so far precluded accurate measurements in humans. 

Chapter 6 provides details of lower airway pH measurements in children between the age of one to 

six years with age-matched non-CF children serving as the controls. We measured pH from the right 

middle lobe bronchi in 67 children, 37 with CF and 30 without CF. Reliable pH readings were 

obtained in 51 of the 67 children (30 CF; 21 non-CF). We found no significant difference in ASL pH 

between CF and non-CF children with a mean ± s.d. pH in CF vs. controls; 6.98 ± 0.15 and 7.00 ± 0.12 

respectively (p = 0.62). Our study had the power of 87% to detect a difference 0.1 pH unit at an α-

level of 0.05 in a one-sided t-test.  

Given the contrasting findings of our lower airway pH measurements in vivo showing that ASL pH 

was not acidic in CF to previous studies in vitro and animal experiments showing evidence to the 

contrary, my supervisors conducted further experiments in vitro along with our collaborators, and 

the combined results have been published in Nature Communications (article attached in Appendix 

3: Chapter 6 Supplementary data. Supplement 1). The in vitro experiments by my supervisors also 

showed no difference between ASL pH between CF and non-CF cultures using fibre-optic probes. 

Similarly, there was no significant difference between CF and non-CF ASL pH using standard physical, 

i.e., non-optical, micro-pH probes. 

Chapter 6 provides robust evidence that reduced ASL pH is not likely to be a critical factor in the 

early development and progression of human CF lung disease. The strengths of our study are the 

novel methodology used that allowed accurate measurements in vivo, inclusion of young CF children 

that reduced the likelihood of alteration in pH by advanced airway disease (as advanced CF airway 

disease pathophysiology may not reflect early CF), and measurements performed in children without 

CF who were relatively healthy, i.e., undergoing routine bronchoscopy in the absence of overt 

symptoms. 

In children with CF, the ASL pH was unaffected by the presence of lower airway inflammation. In 

contrast, in children without CF, we found weak negative correlations between ASL pH and some 

markers of inflammation, specifically macrophage numbers. We therefore cannot rule out a small 

effect of airway inflammation on pH in our control population. However, since inflammation was 

many times greater in the children with CF than in the controls, one would expect this to exaggerate 

any difference between the groups, and further support the argument that ASL pH is not low in CF. 

There were also no differences in pH between children with positive and negative BAL cultures. 

Others have shown that pH may be altered during CF pulmonary exacerbations and during severe 
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lung infections in people without CF. Tate et al. 45 observed significant differences in exhaled breath 

condensate pH between stable CF patients and those with acute pulmonary exacerbations. In 

addition, non-CF patients with pneumonia were found to have reduced pH in airways from the 

affected lobe compared to unaffected lobe.37 Our findings related to stable CF in children with early 

disease, and we did not observe any associations with pH of inflammation or infection.  

7.5 Limitations 

There are several limitations to our study regarding the safety and efficacy of nebulised CaEDTA vs. 

placebo in combination with tobramycin as an add-on treatment to standard treatment of 

pulmonary exacerbations in CF patients with chronic P. aeruginosa infections. Firstly, the small 

numbers included in our study made drawing definitive conclusions difficult. Secondly, the 

tobramycin formulation used in our study was an intravenous formulation (Tobra-Day(®). The 

currently used formulations are specifically designed for inhalation such as TOBI(®) and BETHKINS(®) 

nebulisation solutions and TOBI(® Podhaler, a powdered form designed for easy inhalation. Future 

studies involving tobramycin specifically formulated for inhalation, particularly using dry powder 

formulations, would have the added benefit of improving adherence to medications, as dry powder 

formulation takes only 2-4 minutes to inhale, compared to conventional nebulisation that can take 

up to 20 minutes.  

Thirdly, we evaluated the safety and efficacy of CaEDTA along with tobramycin in patients 

undergoing inpatient treatment with intravenous antibiotics. The type of the second 

antipseudomonal antibiotic employed may have contributed to differences in synergy and 

contributed to bias. As most patients with chronic P. aeruginosa are on regular alternate monthly 

treatment with inhaled tobramycin, future studies should be directed at evaluating adding CaEDTA 

to tobramycin in an outpatient setting, as this will also reduce the bias of other intravenous anti-

Pseudomonal antibiotics. Fourthly, we did not measure changes in virulence genes in response to 

chelation therapy.  

In chapter 4 involving study of changes in iron indices in response to treatment of pulmonary 

exacerbation, we measured conventional markers such as serum iron, serum ferritin, transferrin and 

transferrin saturation which can be altered by inflammation. We did not measure the sTfR or sTfR 

index (sTfR/log ferritin index), which have been shown to be superior markers of iron deficiency. Our 

study did not measure the sputum iron levels due to limited amount of sputum available. Evidence 

from previous research has shown elevated levels of sputum iron and ferritin in patients 

experiencing exacerbation, with a direct relationship to disease severity.  
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In chapter 5, study of the effect of concurrent administration of intravenous and inhaled tobramycin 

on renal function was studied based on serial serum creatinine measurements. As serum creatinine 

is only a crude measure of renal function, further studies in large numbers with inclusion of more 

sensitive and early measures of renal injury such as microalbuminuria and urine NAG (N-acetyl-beta-

D-glucosaminidase) enzyme excretion are essential to ensure safety of combined use of IV and IH 

tobramycin.  Also, determination of the effects of intravenous formulation alone vs. combined use of 

intravenous and inhaled tobramycin is vital.   

In chapter 6, one of the limitations of our study on pH measurements was the possible effects on 

submucosal glandular secretion secondary to mechanical effects of our in vivo measurements due to  

placement of the fibre-optic probe.44 However, the 250 μm diameter pH probe used was gently 

placed under direct vision to minimise ASL disruption and epithelial stimulation. The measurements 

in pigs were obtained using a 3 mm × 3 mm-sized planar optical probe41, and therefore mechanical 

effects of our probes, if relevant, were likely to be far less than those present during the 

measurements undertaken in pigs.  

The second limitation of our study on pH measurements was the lack of ability to draw definitive 

conclusions on association between pH and infections and inflammation. All the pH measurements 

in our study were performed in clinically stable patients who were undergoing bronchoscopy as an 

elective procedure, thus the likely effect of increasing inflammation and its possible effects of 

reducing the pH cannot be excluded. Measurements of pH during pulmonary exacerbations is likely 

to provide further information about the association between pH and infections, as compensatory 

pathways may be inadequate in maintaining pH during exacerbations. While posture is known to 

change lung function and airway dynamics, there is no data on effect on pH with change of posture. 

We did not measure differences in pH with changes is posture. However, as pH measurements were 

performed in the same (supine) position in children with and without CF, this would not affect 

outcomes. 

7.6 Future Directions 

Our study is a pilot study that shows potential for the use of chelating agents in combination with 

antibiotics for treatment of P. aeruginosa infections. Encouraging results from our study warrants 

further studies with new and improved formulations of tobramycin and CaEDTA, involving larger 

numbers of participants. Part of the difficulty in recruiting further subjects to our study was due to 

the increased treatment burden of taking four additional nebulisations per day along with their 

standard CF medications and intravenous antibiotics. This can be overcome by conducting future 
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studies with currently used formulations, such as TOBI(® Podhaler, a powdered form which are easy 

to use.  

The combined use of CaEDTA and tobramycin should be studied both in an inpatient setting with 

intravenous antibiotics, and in an outpatient setting with nebulised therapy. The P. aeruginosa is a 

pathogen with exceptional capabilities for genetic variations and antibiotic resistance, thus the need 

to study any potential changes in virulence genes in response to chelation therapy.  

Although P. aeruginosa lung infections are more common in CF patients, these infections are a 

problem for non-CF patients as well, particularly in long term ventilated patients and patients with 

impaired airway clearance due to neurological causes, or in those with tracheostomies. Thus, the 

need to study the effects of adjuvants such as CaEDTA in combination with antibiotics in non-CF 

patients.  

Further information on effects of inflammation on iron profile during and after treatment of 

pulmonary exacerbations can be obtained by larger longitudinal studies with inclusion of IL-6, 

hepcidin, the sTfR or sTfR index along with conventional measures of iron deficiency and sputum 

iron status.  

Due to the narrow therapeutic potential of aminoglycosides, specifically designed studies directed 

primarily at monitoring tobramycin level and the longitudinal measurement of renal function are 

required to ensure patient safety of concurrent use of intravenous and inhaled tobramycin. 

Our research outlined the development of novel luminescent based technology for accurate 

measurements of lower airway pH in vivo in humans. Data from Chapter 6 showed that lower airway 

pH in CF children is not different from non-CF children. The results from Chapter 6 also showed no 

evidence for alteration of pH in presence of infection or elevation of inflammatory markers in stable 

patients. There are still many unanswered questions. One important question resides in the possible 

effects of progressive lung disease and the effects of acute lung infections on airway pH. Future 

studies on longitudinal pH measurements obtained during acute pulmonary exacerbations with 

different pathogens and after treatment of such exacerbations may provide further insight into the 

possible effects of clinically relevant infection and inflammation on airway pH.  

7.7 Conclusions 

The results from our pilot study provides potential for further research into the use of nebulised 

CaEDTA in combination with tobramycin as an add-on therapy to standard treatment of pulmonary 

exacerbations in CF patients with chronic P. aeruginosa lung infections.46 Treatment of pulmonary 
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exacerbation was associated with improvement in serum iron levels in patients with CF.  There was 

an increase in serum ferritin level with increasing age suggesting increasing levels of inflammation 

and limits the role for ferritin as a marker of iron deficiency in patients with CF. There is an inverse 

correlation between serum iron and P. aeruginosa. Concurrent use of intravenous and inhaled 

tobramycin was not associated with significant alteration in serum creatinine levels when serum 

levels were monitored closely, and dose adjustments were undertaken accordingly. In addition, our 

research provides information on effects of intravenous and inhaled tobramycin on serum 

creatinine. We provide robust evidence that reduced ASL pH is not likely to be a critical factor in the 

early development and progression of human CF lung disease. 
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Chapter 3 supplementary data 

Supplement 1 

 

 While Admitted to Hospital While at Home 

 Screening Visit 1 Visit 2 Visit 3 

(Discharge) 

Visit 4 

(TC) 

Visit 5 

(EoT) 

Follow-up 

(Safety 

visit) 

Days  visit window Day - 3 to 1 Day 1 Day 8 

 3 

Day 15  3 Day 29 

 3 

Day 43 

 3 

Day 71  7 

Informed consent x       

Eligibility criteria x       

Demographics  x       

Medical history x x      

Respiratory symptoms 

check 

x x x x x x x 

Height and weight x  x x  x x 

Vital signs x  x x  x x 

Physical exam x  x x  x x 

Spirometry x x x x1 x x2 x x2  x x 

Sputum collection x   x  x x 

Blood collection x   x  x x 

Concomitant 

medications 

x x x x x x x 

CF Questionnaire    x  x x 

Dispense medication  x  x    

Adverse events  x x x x x x 

First dose of study 

medication 

 x      

Patient observation (1/2, 

1 and 2 hours post-dose) 

 x      

        Appendix Table 1: Study assessments.  
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       TC = Telephone Call; EoT = End of Treatment 
         1 At visit 1, spirometry performed pre-dose and at ½, 1 and 2 hours post-dose 
         2 At visits 2 and 3, spirometry performed pre-dose and post-dose 

Supplement 2:  Sputum Processing details 

Sputum was collected using the induced sputum method. Mouth rinse with 0.9% normal saline prior 

to obtaining the induced sputum and 1 ml of Hypertonic saline collected from vial prior to 

nebulization served as the negative controls. Sputum sample and the negative controls were stored 

on ice immediately after collection and processed in the laboratory within 4 hours after collection.  

Sputum was divided into aliquots and processed as mentioned below. 

For PCR: 100mg of the induced sputum was transferred to a screw cap tube with 500mg of RNAlater 

(0.1ml - 0.5ml), vortexed thoroughly, stored at 4°C for 48hours for RNAlater to bind adequately and 

then transferred to -80°C until ready for assaying. 

For Culture: Approximately 250µl of sputum was transferred into a 2ml screw cap tube and 

sputolysin was added in a ratio of 1mL of sputolysin to 1g of sputum, vortexed thoroughly and 

incubated for one hour. Microscope slide for gram staining was prepared by applying a loop of the 

sputum to a microscope slide and air dried in the biosafety hood before heat fixing. The digested 

sputum and the sputolysin was then mixed with STGGB broth in 1:1 volume and stored immediately 

at -80°C.  

Imaging: Approximately 500 µl of sputum was added to a tube containing 400 µl of sterile saline and 

400 µl of molecular grade ETOH, vortexed and stored at -20°C for FISH analysis. 

Remaining sputum was stored in 250µl aliquots into sterile 2ml cryovials and stored at -80°C for 

further analysis. Mouth rinse and hypertonic saline were also stored in 2 ml screw cap tubes at -

80°C.  
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Supplement 3: efficacy analysis  

 

Subject ID Group Admission 2 weeks 6 weeks 10 weeks 

001-01 CaEDTA 5 NA NA NA 

001-02 Placebo 5.23 6.15 3.57 NA 

001-03 Placebo 4.26 0 NA NA 

001-04 CaEDTA 5.96 2.95 NA 4.96 

001-05 Placebo 2.16 0 0 NA 

001-10 Placebo 6.93 8.09 5.9 6.97 

001-11 Placebo 5.98 5.6 5.2 5.27 

001-12 CaEDTA 4.75 0 3.16 4.41 

001-13 CaEDTA 3.19 NA 0 NA 

001-15 Placebo 0 2.4 NA NA 

001-16 CaEDTA 5.65 5.06 4.62 4.01 

001-17 Placebo 5.02 0 0 4.4 

001-18 CaEDTA 6.25 NA NA NA 

001-19 Placebo 4.38 5.13 NA 0 

001-20 CaEDTA 5.71 4.6 NA NA 

001-21 CaEDTA 0 0 4.35 NA 

001-22 Placebo 0 NA 2.35 NA 

001-24 CaEDTA 7.15 8.15 5.1 NA 

Appendix Table 2. Sputum density of P. aeruginosa at each visit  

NA: Not available 

 

 

 

 

 

 

 

 

 

 

 

 

 



118 

 

Subject ID Group ppFEV1 
admission 

ppFEV1_2 
weeks 

ppFEV1_6 
weeks 

ppFEV1_10 
weeks 

TEDIV-001-01 CaEDTA 23 75 NA NA 

TEDIV-001-02 Placebo 79 103 99 85 

TEDIV-001-03 Placebo 82 79 107 105 

TEDIV-001-04 CaEDTa 72 67 73 75 

TEDIV-001-05 Placebo 62 48 40 54 

TEDIV-001-06 CaEDTA 97 99 97 99 

TEDIV-001-10 Placebo 87 83 79 87 

TEDIV-001-11 Placebo 79 90 81 85 

TEDIV-001-12 CaEDTA 86 86 75 76 

TEDIV-001-13 CaEDTA 85 112 107 97 

TEDIV-001-15 Placebo 100 116 95 99 

TEDIV-001-16 CaEDTA 37 38 41 37 

TEDIV-001-17 Placebo 76 77 77 77 

TEDIV-001-18 CaEDTA 55 93 97 NA 

TEDIV-001-19 Placebo 30 38 NA 33 

TEDIV-001-20 CaEDTA 23 24 19 18 

TEDIV-001-21 CaEDTA 40 42 43 56 

TEDIV-001-22 Placebo 58 60 58 49 

TEDIV-001-23 Placebo 41 53 51 48 

TEDIV-001-24 CaEDTA 32 83 81 68 

TEDIV-001-25 Placebo 103 104 99 95 

TEDIV-001-26 CaEDTA 32 35 32 29 

Appendix Table 3. Lung function (ppFEV1) at each visit 

NA: Not applicable 

 

Supplement 4: Safety monitoring following first dose of the study drug 

 

 Time following administration 

Cohort 30 min 1 hour 2 hours 

Placebo: Mean (SD) 

FEV1% change 

4.1 (4.8) 3.1 (2.9) 0.78 (3.8) 

EDTA: Mean (SD) 

FEV1% change 

0.67 (3.6) 2.1 (3.0) -0.38 (4.9) 

Appendix Table 4. Mean change in ppFEV1 
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Subject ID Group Ca_admission Ca_2 weeks Ca_6 weeks Ca_10 weeks 

TEDIV-001-01 CaEDTA 2.22 NA NA NA 

TEDIV-001-02 Placebo 2.04 2.06 2.32 2.2 

TEDIV-001-03 Placebo 2.31 2.35 2.45 2.3 

TEDIV-001-04 CaEDTA 2.23 2.27 2.3 2.23 

TEDIV-001-05 Placebo 2.51 2.27 NA 2.27 

TEDIV-001-06 CaEDTA 2.26 2.32 2.32 2.46 

TEDIV-001-08 Placebo 2.27 NA NA NA 

TEDIV-001-09 CaEDTA 2.32 NA NA NA 

TEDIV-001-10 Placebo NA 2.31 2.31 2.38 

TEDIV-001-11 Placebo 2.17 2.38 2.3 2.36 

TEDIV-001-12 CaEDTA 2.44 2.56 2.4 2.32 

TEDIV-001-13 CaEDTA 2.44 2.38 2.53 2.47 

TEDIV-001-15 Placebo 2.38 2.32 2.19 2.37 

TEDIV-001-16 CaEDTA 2.39 NA NA NA 

TEDIV-001-17 Placebo 2.3 NA NA NA 

TEDIV-001-18 CaEDTA 2.32 2.3 2.41 NA 

TEDIV-001-19 Placebo 2.34 2.31 2.26 2.35 

TEDIV-001-20 CaEDTA 2.36 2.46 2.13 2.26 

TEDIV-001-21 CaEDTA 2.36 2.36 2.2 2.18 

TEDIV-001-22 Placebo 2.31 2.2 2.15 2.13 

TEDIV-001-23 Placebo 2.23 2.27 2.3 2.22 

TEDIV-001-24 CaEDTA 2.06 2.26 2.17 2.28 

TEDIV-001-25 Placebo 2.32 2.34 2.35 NA 

TEDIV-001-26 CaEDTA 2.03 2.21 2.39 NA 

Appendix Table 5. Serum Calcium (mmol/L) in each subject at each visit 

NA: Not available 
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Subject ID Group Mg_admission Mg_2 weeks Mg_6 weeks Mg_10 weeks 

TEDIV-001-01 CaEDTA 0.77 NA NA NA 

TEDIV-001-02 Placeb 0.73 0.68 0.75 0.74 

TEDIV-001-03 Placeb 0.78 0.73 0.75 0.77 

TEDIV-001-04 CaEDTA 0.75 0.71 0.8 0.8 

TEDIV-001-05 Placeb 0.75 0.84 NA 0.74 

TEDIV-001-06 CaEDTA 0.73 0.72 0.72 0.81 

TEDIV-001-08 Placeb 0.63 NA NA NA 

TEDIV-001-09 CaEDTA 0.72 NA NA NA 

TEDIV-001-10 Placeb NA 0.62 0.62 0.68 

TEDIV-001-11 Placeb 0.84 0.84 0.87 0.86 

TEDIV-001-12 CaEDTA 0.87 1 0.82 0.8 

TEDIV-001-13 CaEDTA 0.75 0.67 0.72 0.8 

TEDIV-001-15 Placeb 0.71 0.76 0.76 0.7 

TEDIV-001-16 CaEDTA 0.82 NA NA NA 

TEDIV-001-17 Placeb 0.86 NA NA NA 

TEDIV-001-18 CaEDTA 0.84 0.8 0.85 NA 

TEDIV-001-19 Placeb 0.73 0.89 0.78 0.99 

TEDIV-001-20 CaEDTA 0.62 0.69 0.67 0.37 

TEDIV-001-21 CaEDTA 0.84 0.96 0.77 73 

TEDIV-001-22 Placeb 0.85 0.77 0.78 0.83 

TEDIV-001-23 Placeb 0.84 0.9 0.76 0.8 

TEDIV-001-24 CaEDTA 0.7 0.74 0.7 0.71 

TEDIV-001-25 Placeb 0.68 0.68 0.76 NA 

TEDIV-001-26 CaEDTA 0.8 NA 0.85 NA 

Appendix Table 6. Serum magnesium (mmol/L) in each subject at each visit  

NA: Not available 
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Subject ID Group ALT_admission ALT_2 weeks ALT_6 weeks ALT_10 weeks 

TEDIV-001-01 CaEDTA 37 NA NA NA 

TEDIV-001-02 Placebo 20 46 25 24 

TEDIV-001-03 Placebo 28 49 45 38 

TEDIV-001-04 CaEDTA 39 53 68 35 

TEDIV-001-05 Placebo 42 79 155 66 

TEDIV-001-06 CaEDTA 59 95 52 52 

TEDIV-001-08 Placebo 11 NA NA NA 

TEDIV-001-09 CaEDTA 14 NA NA NA 

TEDIV-001-10 Placebo 40 49 40 33 

TEDIV-001-11 Placebo 24 26 34 18 

TEDIV-001-12 CaEDTA 41 32 39 41 

TEDIV-001-13 CaEDTA 20 25 28 25 

TEDIV-001-15 Placebo 153 78 55 46 

TEDIV-001-16 CaEDTA 72 NA NA NA 

TEDIV-001-17 Placebo 29 NA 77 41 

TEDIV-001-18 CaEDTA 46 26 26 NA 

TEDIV-001-19 Placebo 21 71 17 56 

TEDIV-001-20 CaEDTA 16 34 20 14 

TEDIV-001-21 CaEDTA 19 46 12 12 

TEDIV-001-22 Placebo 21 21 11 37 

TEDIV-001-23 Placebo 38 107 68 NA 

TEDIV-001-24 CaEDTA 18 9 23 24 

TEDIV-001-25 Placebo 7 24 74 NA 

TEDIV-001-26 CaEDTA 29 39 29 NA 

Appendix Table 7. Alanine transaminase (U/L) in each subject at each visit  

NA: Not available 
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Subject ID Group GGT_admission GGT_2 
weeks 

GGT_6 
weeks 

GGT_10 
weeks 

TEDIV-001-01 CaEDTA 22 NA NA NA 

TEDIV-001-02 Placeb 12 17 22 18 

TEDIV-001-03 Placeb 21 37 27 18 

TEDIV-001-04 CaEDTA 52 64 63 49 

TEDIV-001-05 Placeb 30 66 150 31 

TEDIV-001-06 CaEDTA 36 51 37 37 

TEDIV-001-08 Placeb 22 NA NA NA 

TEDIV-001-09 CaEDTA 18 NA NA NA 

TEDIV-001-10 Placeb 56 57 55 52 

TEDIV-001-11 Placeb 18 23 27 24 

TEDIV-001-12 CaEDTA 40 33 41 41 

TEDIV-001-13 CaEDTA 10 16 21 10 

TEDIV-001-15 Placeb 112 118 126 96 

TEDIV-001-16 CaEDTA 197 NA NA NA 

TEDIV-001-17 Placeb 17 NA 35 NA 

TEDIV-001-18 CaEDTA 25 30 30 NA 

TEDIV-001-19 Placeb 23 34 23 NA 

TEDIV-001-20 CaEDTA 102 102 144 114 

TEDIV-001-21 CaEDTA 25 21 33 33 

TEDIV-001-22 Placeb 15 25 20 23 

TEDIV-001-23 Placeb 44 36 46 NA 

TEDIV-001-24 CaEDTA 25 29 15 16 

TEDIV-001-25 Placeb 11 11 22 NA 

TEDIV-001-26 CaEDTA 95 103 213 NA 

Appendix Table 8. Gamma-Glutamine transaminase (U/L) in each subject at each visit  

NA: Not available 
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Chapter 4 supplementary data 

Subject ID Group Hb admission Hb 2 weeks Hb 6 weeks 

Hb 10 

weeks 

TEDIV-001-01 CaEDTA 127 NA NA NA 

TEDIV-001-02 Placebo 107 98 127 123 

TEDIV-001-03 Placebo 128 133 134 132 

TEDIV-001-04 CaEDTA 145 152 156 156 

TEDIV-001-05 Placebo 144 136 121 131 

TEDIV-001-06 CaEDTA 144 147 148 155 

TEDIV-001-08 Placebo 132 NA NA NA 

TEDIV-001-09 CaEDTA 138 NA NA NA 

TEDIV-001-10 Placebo 110 111 119 116 

TEDIV-001-11 Placebo 127 133 131 133 

TEDIV-001-12 CaEDTA 149 160 148 145 

TEDIV-001-13 CaEDTA 125 118 NA 123 

TEDIV-001-15 Placebo 118 113 138 117 

TEDIV-001-16 CaEDTA 135 NA 138 137 

TEDIV-001-17 Placebo 130 NA 138 138 

TEDIV-001-18 CaEDTA 127 120 129 129 

TEDIV-001-19 Placebo 149 162 163 156 

TEDIV-001-20 CaEDTA 117 NA NA NA 

TEDIV-001-21 CaEDTA 156 165 150 158 

TEDIV-001-22 Placebo 158 156 154 155 

TEDIV-001-23 Placebo 143 143 137 134 

TEDIV-001-24 CaEDTA 134 100 126 135 

TEDIV-001-25 Placebo 123 123 134 NA 

TEDIV-001-26 CaEDTA 135 128 135 NA 

Appendix Table 9. Haemoglobin (g/L) in each subject at each visit  

NA: Not available 
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Subject ID Group Iron_admission Iron_2 
weeks 

Iron_6 weeks Iron_10 weeks 

TEDIV-001-01 CaEDTA 15 NA NA NA 

TEDIV-001-02 Placebo 6 32 10 12 

TEDIV-001-03 Placebo 14 20 20 20 

TEDIV-001-04 CaEDTA 7 27 11 13 

TEDIV-001-05 Placebo 12 10 NA 16 

TEDIV-001-06 CaEDTA 24 28 21 21 

TEDIV-001-08 Placebo 6 NA NA NA 

TEDIV-001-09 CaEDTA 13 NA NA NA 

TEDIV-001-10 Placebo 6 8 9 8 

TEDIV-001-11 Placebo 8 25 8 6 

TEDIV-001-12 CaEDTA 18 10 16 12 

TEDIV-001-13 CaEDTA 5 21 15 9 

TEDIV-001-15 Placebo 15 27 14 23 

TEDIV-001-16 CaEDTA 7 NA NA NA 

TEDIV-001-17 Placebo 10 NA NA NA 

TEDIV-001-18 CaEDTA 11 20 20 NA 

TEDIV-001-19 Placebo 3 20 18 18 

TEDIV-001-20 CaEDTA 4 NA NA NA 

TEDIV-001-21 CaEDTA 12 11 20 29 

TEDIV-001-22 Placebo 14 19 21 21 

TEDIV-001-23 Placebo 23 15 11 10 

TEDIV-001-24 CaEDTA 5 14 10 9 

TEDIV-001-25 Placebo 8 16 NA NA 

TEDIV-001-26 CaEDTA 12 NA 5 NA 

Appendix table 10. Serial Iron (µmol/L) measurements  

NA: Not available 
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Subject ID Group Ferritin_admission Ferritin_2 
weeks 

Ferritin_6 
weeks 

Ferritin_10 
weeks 

TEDIV-001-01 CaEDTA 24 NA NA NA 

TEDIV-001-02 Placebo 8 110 18 13 

TEDIV-001-03 Placebo 46 26 15 12 

TEDIV-001-04 CaEDTA 42 18 28 25 

TEDIV-001-05 Placebo 13 17 
 

15 

TEDIV-001-06 CaEDTA 44 44 58 58 

TEDIV-001-08 Placebo 5 NA NA NA 

TEDIV-001-09 CaEDTA 12 NA NA NA 

TEDIV-001-10 Placebo 54 23 44 29 

TEDIV-001-11 Placebo 19 11 25 24 

TEDIV-001-12 CaEDTA 87 158 120 82 

TEDIV-001-13 CaEDTA 25 29 26 23 

TEDIV-001-15 Placebo 17 23 44 19 

TEDIV-001-16 CaEDTA 37 NA 44 63 

TEDIV-001-17 Placebo 233 NA NA NA 

TEDIV-001-18 CaEDTA 18 23 26 26 

TEDIV-001-19 Placebo 138 83 54 121 

TEDIV-001-20 CaEDTA 69 NA NA NA 

TEDIV-001-21 CaEDTA 53 99 55 34 

TEDIV-001-22 Placebo 194 172 166 263 

TEDIV-001-23 Placebo 76 70 54 49 

TEDIV-001-24 CaEDTA 91 201 12 14 

TEDIV-001-25 Placebo 27 24 NA NA 

TEDIV-001-26 CaEDTA 36 NA 45 NA 
Appendix Table 1. Ferritin (µg/L) in each subject at each visit 

NA: Not available
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Chapter 5 Supplementary data 

Subject ID Group Height (cms) 
SCr admission 

(µmol/L) 
SCr 2 weeks 

(µmol/L) 
SCr 6 weeks 

(µmol/L) 
SCr 10 weeks 

(µmol/L) 

TEDIV-001-02 Saline 159.5 46 47 52 50 

TEDIV-001-03 Saline 150 44 47 39 38 

TEDIV-001-04 EDTA 164.5 42 51 54 57 

TEDIV-001-06 EDTA 169.5 47 48 NA 52 

TEDIV-001-10 Saline 177.5 34 41 42 40 

TEDIV-001-11 Saline 160 44 51 42 42 

TEDIV-001-12 EDTA 180 77 100 68 73 

TEDIV-001-13 EDTA 142 34 36 29 52 

TEDIV-001-15 Saline 116 25 24 77 43 

TEDIV-001-17 Saline 182 78 87 NA 88 

TEDIV-001-18 EDTA 127 28 27 32 NA 

TEDIV-001-19 Saline 175 84 79 76 73 

TEDIV-001-20 EDTA 173 78 72 65 58 

TEDIV-001-21 EDTA 174 69 81 71 76 

TEDIV-001-22 Saline 180 88 92 88 88 

TEDIV-001-23 Saline 182 85 93 70 79 

TEDIV-001-24 EDTA 156 73 67 59 55 

TEDIV-001-25 Saline 153 58 46 58 NA 

TEDIV-001-26 EDTA 171 77 70 82 NA 

 
Appendix table 12. Serial serum creatinine measurements  

SCr: Serum creatinine, NA: Not available 
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Chapter 6 Supplementary data   

Chapter 6 publication 

Schultz, A., Puvvadi, R., Borisov, S.M., Shaw, N.C., Klimant, I., Berry, L.J., Montgomery, S.T., Nguyen, 

T., Kreda, S.M., Kicic, A. Noble, P.B., Button, B., and Stick, S. Airway surface liquid pH is not acidic in 

children with cystic fibrosis. Nature communications 8:1409 (2017). 
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Supplementary to Chapter 6 publication 

 

Appendix Figure 1 In vitro ASL pH measurement trace vs. change in ambient CO2 over time.  

Sensor hits ASL of cell culture at point A. CO2 level reaches equilibrium at 5% at point B. CO2 level 

set point of incubator changed to 15% at point C, leading to CO2 injection. CO2 level reaches 

equilibrium at 15% at point D.  
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Appendix Figure 2 In vivo measurements of ASL pH vs. age of the patient at the time of 
measurement.  
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Linear regression analysis demonstrated no significant relationship between ASL pH and the age of 

the patient for either children with (r2=0.01; p=0.58; n=30) or without CF (r2=0.05; p=0.31; n=21) 
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Appendix Figure 3 Examples of in vivo transbronchoscopic pH measurements in 6 different 
patients.  

Solid lines correspond to probe contact with the airway surface. Red markings depict plateaus that 

an individual investigator identified and averaged to determine ASL pH. 
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Appendix Figure 4 In vivo pH measurement vs. change in pH from 7.6 post-measurement.  

After in vivo pH readings were obtained, fibre-optic probes were returned to the pH 7.6 buffer 

used in the calibration and the difference from pH 7.6 calculated. Linear regression analysis 

demonstrated a relationship between the change in pH at the validation step and the in vivo 

measurement recorded (r2 =0.177, p= 0.001, n=56).  
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Appendix Figure 5 Comparison of lower airway surface liquid pH measurements in children with 
and without cystic fibrosis after exclusion of measurements from pH probes that failed the post-
measurement validation step.  

No difference was found in lower airway pH between non-CF (n=15) and CF (n=16) groups with 

mean ± SD pH in controls vs. CF, 6.97±0.10 and 7.01±0.13 respectively, p =0.33. Two-sided t-test 

was used to compare CF and non-CF groups. Data presented as individual measurements and 

mean ± SD. 
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Appendix Figure 6 Comparison of lower airway surface liquid pH measurements in children with 
and without cystic fibrosis after correcting for probe drift using corrected calibration point.  

No significant difference was found between the groups with mean ± SD pH in controls (n=21) and 

CF (n=30), 7.00±0.12 and 7.01±0.13 respectively, p=0.78. Two-sided t-test was used to compare CF 

and non-CF groups. Data presented as individual measurements and mean ± SD. 
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Appendix Figure 7 Measurement of a pH 7.6 buffer using fibre-optic probes placed at (a) a 45o 
angle (n = 7) and (b) a perpendicular angle relative to the mucosal tracheal surface (n = 9).   

Median (range) of pH measurements were 7.61 (7.48-7.65) and 7.55 (7.47-7.70) in groups A and B 

respectively. All measurements were performed in triplicate. A two-sided Mann-Whitney test 

demonstrated that the positioning of the probe had no significant effect on the pH reading 

(p=0.46). Data presented as median (range). 
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Appendix Figure 8 Airway surface liquid pH in airway epithelial cells cultures.  

a. Paired t-test demonstrated a significant decrease in ASL pH when epithelial cell cultures (n=10; 5 

CF and 5 non-CF) were exposed to 15% CO2 (p<0.001). b. Paired t-test comparing epithelial cell 

culture (n=10; 5 CF and 5 non-CF) at basal HCO3
- and high HCO3

- media concentrations showed a 

significant increase (p<0.001) in ASL pH. There were no significant differences in the effect of high 

CO2 (c) or HCO3
- (d) levels on ASL pH between CF (n=5) and non-CF (n=5) epithelial cell cultures. 

Figures (a) and (c) describe the same experiment while figures (b) and (d) reflect the same 

experiment. All data presented as median (range), ***p<0.001. CF cell culture genotypes: three of 

the cultures were of the p.Phe508del/p.Phe508del genotype with cultures generated from 

different patients. Two of the cultures were of the p.Gly85Glu/p.Arg 352Gln genotype with 

cultures generated from the same patient at different sampling time points. These experiments 

also demonstrate that baseline ASL pH in a cell culture model is highly dependent on experimental 

factors such as Hco3
- concentration in the culture medium. 
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Appendix Figure 9 Airway surface liquid pH after addition of propofol to the basal media of airway 
epithelial cell cultures.  

No differences between 0 µg/ml propofol (n=10) and 2.5 µg/ml (n=10; p=0.23), 5 µg/ml (n=10; 

p=0.62) or 10 µg/ml (n=10; p=0.77) were determined by Wilcoxon tests. Data presented as median 

(range).  
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Appendix Table 2  
Patient demographics for primary airway epithelial cell cultures used in fibre-optic probe ASL pH 
experiments. 

Sample Cohort Age (months) Sex CFTR mutation 

1 AREST CF 34.9 M p.Phe 508del/p.phe508del 

2 AREST CF 3.4 M p.Phe 508del/p.phe508del 

3 AREST CF 23.4 F p.Phe 508del/p.phe508del 

4# AREST CF 5.9 F p.Gly85Glu/p.Arg 352Gln 

5# AREST CF 11.4 F p.Gly85Glu/p.Arg 352Gln 

6 WAERP 36.4 F n/a 

7 WAERP 30.1 M n/a 

8 WAERP 33.0 F n/a 

9 WAERP 35.5 M n/a 

10 WAERP 19.9 F n/a 
#Cultures generated from the same patient at different sampling times. 

 

Appendix Table 3 
Experimental conditions for in vitro pH experiments in human bronchial epithelium air-liquid 
interface cultures. 

Experimental 

condition  

Basolateral media 

HCO3
- 

concentration  

(mm) 

Atmospheric CO2 

concentration 

(%) 

Basolateral media 

Propofol 

concentration 

(µg/ml) 

Basal 27.95 5 0 

High HCO3
- 83.85 5 0 

High CO2 27.95 15 0 

Propofol treatment 27.95 5 10 

 




