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Introduction: While antibiotic eradication therapy (AET) of early Pseudomonas aeruginosa 
infection is considered standard of care, its long-term effect on the subsequent course of cystic 
fibrosis (CF) lung disease remains unclear.

Methods: CF patients who were Pseudomonas aeruginosa-free for at least a year and had a 
minimum of 10 years of pulmonary function measurements were included. Subjects were 
categorized as Never if they never had Pseudomonas aeruginosa isolated from a respiratory 
tract sample. Subjects changed to the Eradicated group if they had a Pseudomonas aeruginosa 
infection, were treated with AET, and subsequently cleared their infection. Subjects changed to 
the Chronic group if AET did not clear their Pseudomonas aeruginosa. The primary outcome was 
absolute FEV1 decline over time, with age as the time variable. Mixed-effects linear regression 
models were used to account for the repeated lung function measurements over time within each 
patient.

Results: 205 CF subjects (48% were female) were included; the median (IQR) age at first infection 
was 9.6 (5.6, 14.6) years. The median (IQR) follow-up was 10.2 (5.7, 14.7) years for the Eradicated 
group, 8.8 (4.5, 14.9) years for the Chronic group and 2.8 (1.0, 5.7) years for the Never group was 
among those patients that had at least one Pseudomonas aeruginosa infection over the study 
period, annual lung function decline of FEV1 was significantly less (-1.11% predicted/year; 95% CI: 
-1.18, -1.04) in the Eradication group compared to the Chronic group (-1.57%; -1.64, -1.50) (p<0.001).

Conclusions: AET against Pseudomonas aeruginosa improves lung function trajectory in CF 
patients.

ABSTRACT
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Introducción: Si bien la terapia de erradicación para la infección precoz por Pseudomonas 
aeruginosa se considera el tratamiento habitual  de los pacientes afectos de fibrosis quística (FQ), 
su efecto a largo plazo en el curso de la función pulmonar, sigue sin estar claro. Nuestro objetivo 
es valorar el efecto de la erradicación precoz de la infección por Pseudomonas aeruginosa en la 
caída largo plazo de la función pulmonar. 

Métodos: pacientes afectos de FQ, libres de infección por Pseudomonas aeruginosa al menos 
desde el último año, con un seguimiento mínimo de función pulmonar de 10 años, fueron incluidos 
en este análisis. Los sujetos fueron categorizados como Nunca, si no habían tenido un aislamiento 
previo de Pseudomonas aeruginosa. Los sujetos cambiaban al grupo Erradicado si habían tenido 
una infección por Pseudomonas aeruginosa, que una vez tratada con la terapia de erradicación 
precoz, habían eliminado la infección. Los sujetos cambiaban al grupo Crónico si con la terapia de 
erradicación precoz no conseguía eliminar la infección por Pseudomonas aeruginosa. El resultado 
principal fue la caída del FEV1 absoluto en el tiempo, con la edad siendo utilizada como la variable 
de tiempo. Se utilizaron modelos de regresión lineal de efectos mixtos para tener en cuenta las 
mediciones repetidas de la función pulmonar a lo largo del tiempo en cada paciente. 

Resultados: 205 pacientes afectos de FQ (48% mujeres), fueron incluidos. La edad mediana [IQR] 
de la primera infección fue de 9.6 (5.6, 14.6) años. La edad media de entrada en el estudio [IQR] 
fue de 5.6 (5.1, 10.5) años. La media de seguimiento [IQR] para el grupo nunca fue de 2.8 (1.0, 5.7) 
años, 10.2 (5.7, 14.7) años para el grupo Erradicados y 8.8 (4.5, 14.9) años para el grupo Crónicos. En 
los pacientes que tuvieron como mínimo una infección por Pseudomonas aeruginosa durante el 
periodo de estudio, la caída de función pulmonar anual fue de forma significativa más baja -1.11% 
predicho/año (95% IC -1.18,-1.04) en el grupo de pacientes erradicados, comparado con el grupo 
de pacientes crónicos -1.57%
 (-1.64,-1.50) en un 0.46% (p<0.001).

Conclusiones: La terapia de erradicación precoz de la infección por Pseudomonas aeruginosa 
mejora la trayectoria de la función pulmonar en los pacientes afectos de FQ. 

RESUMEN
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1.1	Definition
 
Cystic fibrosis (CF) is a classic Mendelian autosomal recessive disorder. It is most common in populations 
with northern European ancestry where the predominant mutation is Phe508del (also known as 
F508del). People with cystic fibrosis from other regions have a wider range of mutations with the 
Phe508del mutation being much less prevalent. More than 2000 gene variants have been identified, 
many of which have been associated with disease causation. Mutations have different effects on 
the manufacture of the cystic fibrosis transmembrane conductance regulator protein (CFTR), its 
processing function and its stability at the cell membrane (1).

1.2	Cystic	Fibrosis	History	
 
Nearly 80 years ago, Dorothy Andersen defined CF as a disease (Figure 1). In 1938 she described 
cystic fibrosis of the pancreas in 49 patients and the disorder was subsequently associated with lung 
infection and salt loss during a heat wave in New York. (1) The recognition of the increased salt content 
of sweat in people with cystic fibrosis by di Sant´Agnese and colleagues in the early 1950s led to the 
development of the stimulated sweat test, using pilocarpine iontophoresis as a diagnostic method.
In the 1980s, Quinton showed chloride impermeability in sweat glands to be the basis of the raised 
sweat electrolytes in patients with cystic fibrosis. The gene responsible for cystic fibrosis, an 
autosomal recessive disorder, was discovered in 1989 by teams led by Tsui, Riordan and Collins, with 
the subsequent identifications of its protein product, termed the cystic fibrosis transmembrane 
conductance regulator ( CFTR) (2) ( Figure 2). In the 1950s, the median life expectancy for patients with 
cystic fibrosis was a few months; the leading cause of death was meconium ileus and malnutrition 
subsequent to pancreatic malabsorption. During the past six decades, the median age of survival 
has increased progressively and is now more than 40 years in developed countries. Respiratory 
failure secondary to progressive lung disease is now the most common cause of death in individuals 
who do not receive a lung transplant. This improvement in life expectancy has been achieved by 
understanding the importance of improving airway clearance, aggressively treating infection and 
correcting nutrition deficits. Recently, with the understanding of how abnormal ion transport 
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1.3.3. Prognosis/Survival
With the implementation of newborn screening (NBS), specific units of care and new therapies, the 
survival of CF patient’s has improved in the last years. In 1959, the median of survival was 6 months 
and in 2008 was of 37.4 years (33.7-40) (Figure 3) (Figure4). 

in airways epithelial cells results in impaired 
mucus clearance and infection has lead the 
development of effective mucolytic agents and 
antipseudomonal antibiotics and the delivery of 
dedicated multidisciplinary cystic fibrosis care. 
Since the sequencing of the causative cystic 
fibrosis transmembrane conductance regulator 
(CFTR) gene, laboratory research has focused on 
developing therapies that correct the underlying 
basic defect in CFTR function. This approach 
has started to deliver transformational therapies 
for patients (1). 

1.3	Epidemiology
 
1.3.1. Prevalence 
Estimates of disease incidence are around one in 3000 live births in persons of northern European 
descent. (3)

1.3.2. Sex and ethnicity distribution
CF can affect all ethnicities; however, Caucasians are the most common affected by this disease. 
Other ethnicities such as African American, Latin American or Asian have a lower incidence. Only one 
in 15.000 to 20.000 African Americans have CF and only one in 4.000 to 10.000 of Latin Americans, 
with even lower incidence rates in people of Asian background (4). 
Regarding sex distribution, the disease affects both males and females, but for unknown reasons, 
males have a better expectancy of live. (5)
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Figure 2: Chromosome 7. Region 7q31

Figure 3: Median predicted survival in the United States (US). 2019 register.

M
ed

ia
n 

Pr
ed

ic
te

d 
Su

rv
iv

al
, Y

ea
rs

Five - Year Increments

20

30

40

50

32 38

46

2005 - 20091995 - 1999 2015 - 2019

Figure 4: Median predicted survival in the United Kingdom (UK). 2019 register.

M
ed

ia
n 

Pr
ed

ic
te

d 
Su

rv
iv

al
 A

ge
:

Ye
ar

s 
95

%
 C

I’)

Registry years

2007 - 2
011

2006 - 2
012

2009 - 2
013

2010
 - 2

014

2013 - 2
017

2015 - 2
019

Overall

Male

upper/flower CI’

Female

2014 - 2
018

2012 - 2
016

2011 -
 2015

54
52
50
48
46
44
42
40
38
36



24

1
 I

N
T

R
O

D
U

C
T

IO
N

1
 I

N
T

R
O

D
U

C
T

IO
N

25

To help the CF community to understand some of the complexities and clinical implications of the 
wide range of identified CFTR mutations, a website has been developed to provide information 
about specific cystic fibrosis mutations (http://cftr2.org). The CFTR2 website includes information 
about the most common 160 mutations worldwide from 39696 people with CF. The researchers have 
provided helpful information about genotype-phenotype relations by analyzing the registry and 
available data from cell studies (1) (6). 

Figure 6: Classes of CFTR mutation (1)

1.4.2. Airway pathophysiology
1.4.2.1. Airway pathophysiology summary
CF affects the function of epithelial tissues in which CFTR is highly expressed, mainly glandular 
epithelia. The disease primarily manifests in the lung, pancreas, gastrointestinal tract, vas deferens, 
and sweat glands, although airway disease is the leading cause of morbidity and mortality. Airway 
disease is thought to begin in the small airways. In the lungs, cystic fibrosis results in mucus 
accumulation that compromises the airway lumen and contributes to obstructive pulmonary disease 
(figure 7). Submucosal gland hyperplasia and thickened mucus secretions are also prominent. The 
development of bronchiectasis leads to irreversible changes that encourage continued infection 
and accelerate disease pathogenesis (6). 

1.4	Mechanisms/pathophysiology
 
1.4.1. CFTR protein and genetic mutations
CF is caused by gene mutations of the CFTR gene on the long arm of the chromosome 7. This gene is 
a unique member of the adenosine triphosphate (ATP) binding cassete (ABC) or traffic ATPase family 
of genes, which carries a regulatory domain that is actively phosphorylated. CFTR functions primarily 
as an apical anion channel of chloride and bicarbonate, rather than an active pump. Like other 
members of the ABC protein family, it houses two nucleotide-binding domains (NBDs) encodings 
sites capable of binding and hydrolyzing ATP (Walker and B motifs) and membrane spanning domains 
that serve as the ion channel pore through the plasma membrane (figure 5) (6). 

Most mutations of the CFTR gene are missense alterations, but frameshifts, splicing, nonsense 
mutations, and inframe deletions and insertions have been described. About 15% of identified genetic 
variants are not associated with disease. CFTR mutations can be divided into six classes according 
to their effects on protein function. Class I, II, and III mutations are associated with no residual CFTR 
function and patients with these mutations have a severe phenotype, whereas individuals with class 
IV, V and VI mutations have some residual function of CFTR protein and have mild lung phenotype 
and pancreatic sufficiency (figure 6). The potential role of other genes, which might affect other 
important pathways in the pathophysiology of CF, is of interest. Several extensive studies using a 
genome-wide association approach have identified genes that are particular associated with non-
pulmonary complications (1). 

Figure 5: Structure of CFTR. 
A/ linear structure. B/ The 
cystic fibrosis transmembrane 
conductance regulator (CFTR) 
protein is comprised of two, six 
span membrane-bound regions 
each connected to a nuclear 
binding domain (NBD1 and 
NBD2), which bind ATP, as well 
as regulatory (R) domain that 
is comprised of many charged 
amino acids. The channel 
opens when its R-domain is 
phosphorylated by protein 
kinase A and ATP is bound at the 
NBDs. (6)
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1.4.3. Mucus and glandular epithelium abnormalities.
Hyper viscous respiratory secretions obstruct small and medium airways, leading to a profound failure 
of mucociliary clearance that can be verified macroscopically by radioligand imaging. Mucus includes 
a complex array of extracellular proteins found in high concentrations in the airway lumen (6). 

In extrapulmonary organs (for example, the pancreas and the liver), profound ductular obstruction 
is observed without polymicrobial infection. An emerging notion implicates defective bicarbonate 
transport as a mediator of hyperviscosity and mucosal adhesion in cystic fibrosis. In this model, 
exocrine mucus-which is highly damaging in charge-is produced by acinar and other epithelial 
cells. This mucus binds calcium ions, condenses the mucus and shields the opposing repulsive 
force between sulfates and other anionic groups on constituent mucins. Bicarbonate secretion via 
CFTR chelates calcium and permits mucinous expansion and viscoelastic state compatible with 
physiologic clearance. Failure of bicarbonate release is hypothesized to result in defective mucin 
expansion, leading to hiperviscous secretion with abnormally adherent properties; that is, the 
mucus is tightly bound to the epithelial surface and is difficult to mobilize (6).

1.4.4. Defects in airway clearance.
Although CFTR mainly functions as an anion transporter, it regulates numerous processes, including 
fundamental aspects of airway defence and inflammatory cell function. CFTR is situated within 
membrane complexes close to several integral membrane proteins, including other ion channels. 
In addition to ENaC, CFTR can directly or indirectly regulate anion secretion through other chloride 
channels, such as transmembrane member 16a (TMEM16a; also known as anoctamin-1), or contribute 
to airway pH regulation through chloride exchangers, including anion exchanger type 2. The absence 
of bicarbonate secretion leads to an acidic pH airway surface liquid in cystic fibrosis, which has 
been reported as a possible cause of defective bacterial killing by the highly pH-sensitive innate 
defensins.

CFTR also directly affects neutrophil killing, as it affects degranulation by interfering with granule 
trafficking. Dysfunctional macrophages might also be biased towards a pro-inflammatory response. 
Proteomic and transcriptome analyses demonstrate hundreds of cellular gene products that directly 
bind to or are regulated by CFTR (6).

1.4.4.1. Inflammation in lung disease
Whether the infection is required to cause airway inflammation in CF remains under debate. Despite 
this controversy, what is clear is that infection exaggerates the inflammatory milieu.
Factors released in chronic neutrophilic inflammation in CF can profoundly reduce airway surface 
liquid height. As well as aggravating airway dehydration, the imbalance between neutrophil elastase, 
other proteolytic enzymes (derived from inflammatory cells or bacteria) and anti-proteases results in 
excessive tissue damage. Oxidative stress and persisting airway inflammation might be associated 
with local airway deficiency in glutathione (which usually protects from reactive oxygen species). 
Over time, a vicious circle of reduced mucus clearance, neutrophil-dominated inflammation and 
bacterial infection damages the airway (6). 

1.4.4.2. Lung infection
Airway pathogens most commonly detected include Pseudomonas aeruginosa (Pa), Staphylococcus 
aureus, and Aspergillus species. Fungi, including Aspergillus species, are also increasingly recognized 
as pathogens in cystic fibrosis and are associated with an increased rate of pulmonary exacerbations 
(6) (figure 8). Viral infection is also a common cause of exacerbations in people with cystic fibrosis; 
although these patients are not more susceptible to viral infection, the impact is more significant. 

Figure 7: The mucociliary transport defect in CF (6).

Despite decades of research, understanding the origins of airway pathogenesis remains incomplete 
and continues to evolve. Several key manifestations include delayed mucociliary clearance through the 
airway surface, liquid depletion, abnormalities of the physical properties and adhesion of mucus, and a 
predisposition to infection owing to abnormal mucosal defences. Dysregulated inflammation intrinsic 
to the CFTR defect is also apparent. These processes initiate and perpetuate a cycle of destruction 
that ultimately results in irreversible lung injury, bronchiectasis and respiratory failure (6). 

Loss of apical CFTR leads to reduced chloride and bicarbonate secretion. Given that the release of 
water and electrolytes onto the airway surface is largely driven by CFTR-dependent fluid secretion 
through both the glands and the surface epithelia, CFTR deficiency leads to diminished airway surface 
hydration, which can impair mucociliary transport itself. CFTR has also been shown to regulate 
the activity of the epithelial sodium channel (ENaC; also known as the amiloride-sensitive sodium 
channel), which is also activated by cleavage events conferred by free proteases such as prostasin and 
neutrophil elastase, which are enriched in the inflamed airway. CFTR defect also confers unopposed 
ENaC-dependent sodium and water absorption, which exacerbates airway surface liquid depletion. 
Moreover, the periciliary layer, a mucin gel layer between the cell surface and the mucus layer (Figure 
3), is sensitive to the osmolar forces of the overlying mucus; as the overlying mucins become. The 
researchers have provided helpful information about genotype-phenotype relations by analyzing the 
registry and available data from cell studies concentrate in the absence of adequate fluid transport, 
the periciliary layer collapses and failure of mucociliary transport ensues. (6). 
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1.5	Diagnosis	screening	and	prevention	
 
1.5.1. Principles of diagnosis
In 1998 Rosenstein’s criteria for the diagnosis of CF were defined to more precisely define the criteria 
for a diagnosis of CF. Rosenstein’s diagnostic criteria for cystic fibrosis are the following:
Individuals must have: 
• at least two clinical features previously described 
• or a history of a CF sibling 
• or a positive newborn screening test result 

AND an increased sweat chloride concentration by pilocarpine iontophoresis on two or
More occasions
 
• Or identification of two CF mutations 
• Or demonstration of abnormal nasal epithelial ion transport(7). 

The conventional diagnosis of CF is given with the criteria presented below, and increasingly 
diagnosis is by NBS. However, physicians should be aware of symptoms and signs of disease in older 
children and adults, in particular, bronchiectasis, recurrent respiratory tract infections, nasal polyps, 
male infertility and portal hypertension; late presenting patients are usually ( but not invariably) 
pancreatic sufficient. Screening can miss some mild cases if the child is born in a region without 
routine screening, the child missed screening despite being born in a screening region, or laboratory 
error occurred. More than 95% of patients presenting symptomatically can be diagnosed with a 
sweat test (figure 9). The test measures chloride concentration after pilocarpine application, which 
stimulates sweat production. The upper limit of average sweat chloride concentration remains under 
contention; in Europe, the upper limit of normal for an indeterminate result is 30 mmol/L regardless 
of age. Given that sweat chloride concentration can increase with age, 40 mmol/L is considered 
the upper limit after six months of age only in the US. Above 60 mmol/L is abnormal and diagnostic, 
provided the clinical presentation is compatible (6).

Genetic testing is essential to diagnosis because mutation-specific therapy is an increasing reality 
and can help resolve unclear cases. Given the marked variation in the prevalence of the CFTR 
mutations between different ethnic groups, test panels that account for this variation should be 
used unless whole-exome sequencing is performed (6) ( Figure 11).

      Figure 9: Sweat test performance.

With increasing age, infections with other bacteria, including Achromobacter xylosoxidans, 
Stenotrophomonas maltophilia and Burkholderia cepacia (BC) complex, become increasingly 
common. Methicillin-resistant Staphylococcus aureus (MRSA) is an increasing threat in up to 30% of 
patients presenting at some US centres, though the rates are lower in Europe. In the late
             
1980s, epidemic strains of BC were associated with clear evidence of cross-infection, rapid clinical 
deterioration in many and poor outcomes following lung transplantation. Both MRSA and BC infection 
in patients with cystic fibrosis have been reported to have adverse effects on prognosis.

Non-tuberculous mycobacteria cause infection in 3-30% of patients with CF, and prevalence rates 
have increased over the past ten years (6).

Over the past several years, the airway has been revealed as not sterile in health and the airway in 
cystic fibrosis is now considered to harbours a polymicrobial milieu. Both non-cultured-based and 
cultured-based methods have demonstrated a wide range of atypical bacterial species, including 
Prevotella, Fusobacterium, and Veillonella spp. amongst others (6).

The lung in CF is a microaerophilic environment and Pa survives and in fact thrives within low oxygen 
tension biofilms. Chronic Pa infection is also associated with ongoing microevolution, which alters 
virulence, regulatory networks and acquisition of antimicrobial-resistance mechanisms. These factors 
likely contribute to the persistence of Pa. The interaction of the host with pathogens is crucial for the 
development and progression of pulmonary disease in CF, leading to perpetual neutrophil recruitment 
to the lung. A key component of this dysregulation is the development of neutrophil extracellular traps 
(NETs), which are stimulated by bacterial pathogens (such as Pa and MARS NETs have detrimental 
effects in the CF s airway by enhancing the viscosity of airway secretions, dampening pathogen 
clearance and potentially enhancing biofilm development and persistence (6). 

Figure 8: Prevalence of microorganism in 2016. MARS= Methicillin-resistant S. aureus, 
MDR-PA= Drug multiresistant Pa. American Cystic Fibrosis Foundation. 
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Figure 11: CF diagnosis (8).

1.5.2. Newborn screening
A large number of NBS protocols are available, including measurements of serum immunoreactive 
trypsin (iRT), pancreatitis associated protein (PAP) and CFTR mutation analysis. Screening diagnosis 
must always be confirmed with a sweat test, not least to ensure that there has been no error in the 
screening laboratory.

The possible outcomes are:

• Definite diagnosis of classic CF depending on the protocol, 
• CF definitely excluded or an indeterminate outcome. 
• Indeterminate outcomes are the most challenging situations; these children fall into two 

groups, namely those harboring CFTR mutations who will develop late-onset, mild-variant 
disease and those with genuine diagnostic uncertainty.

Measurement of transepithelial potential difference is an adjunct diagnostic test but is only 
available in only a few specialist centres. The in vivo technique measures the potential difference 
across the nose or respiratory epithelium via a catheter referenced to a peripheral electrode (Figure 
8). Rectal potential difference can also be measured in vivo; alternatively, in vitro measurement of 
CFTR activity on excised rectal biopsy tissue can be performed via open-circuit or closed-circuit 
currents. Other in vitro methods of assessing CFTR function, such as intestinal organoid swelling or 
the function of nasal epithelial cells grown in culture are also of emerging interest. 

Other supportive tests can be considered to clarify the diagnosis, including stool human faecal 
elastase measurement for pancreatic insufficiency and, in postpuberal men, semen analysis to test 
for azoospermia (6).

Figure 10: Representative nasal potential difference tracings from a healthy control (blue) and a patient with cystic fibrosis 
(red) (6).
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pneumothorax during their lifetime, and the average annual incidence of pneumothorax is 0. 6%. 
Hemoptysis is common in older CF patients, particularly during pulmonary exacerbations. 
As CF lung disease progresses, bronchial arteries or collateral vessels enlarge and may rupture 
into an inflamed airway, producing massive hemoptysis. This is a medical emergency, and 
roughly, 4% of all patients with CF will suffer massive hemoptysis in their life.

Airway hiperrecativity 
Airway hyperreactivity is often diagnosed in patients with CF. Roughly half of CF children and 
adults have a bronchodilator response, even if they do not have asthma-like symptoms, and the 
degree of airway hyperresponsiveness may change over time. 

      
Allergic bronchopulmonary Aspergillosis (ABPA)

The defect in airway clearance associated with CF may also allow for endobronchial fungal 
growth and the development of ABPA. ABPA is an inflammatory complication, clinically 
manifested by wheezing and cough refractory to standard therapies. It is an intense 
immunologic response to surface colonization with the fungus Aspergillus fumigatus, which 
is characterized by clinical deterioration that is not explained by other etiologies, elevates 
serum quantitative immunoglobulin ( Ig)E concentrations ( > 500 UI/ml), positive skin prick test 
to Aspergillus fumigatus or elevated in vitro Aspergillus specific immunoglobulin E (IgE) levels, 
and Aspergillus-specific IgG levels or precipitins. Features that should raise concerns for the 
diagnosis include high-resolution computed tomography (HRCT) findings of mucus impaction, 
central bronchiectasis, tree-in-bud opacities, and centrilobular nodules (9). 

1.5.4. Extrapulmonary manifestations
CF is a multi-system disease that affects many organs in which CFTR is expressed. The 
gastrointestinal tract is affected in numerous ways, including increased nutrient loss secondary 
to pancreatic insufficiency, reduced fat-soluble vitamin absorption, fat-soluble vitamin deficiency 
states, frequent gastro-oesophagal reflux, and impaired bowel transit (complicated by distal 
intestinal obstruction syndrome, constipation, and small intestinal bacterial overgrowth). Hepatic 
involvement is also common, with up to one in three patients affected, including those with evidence 
of hepatic steatosis, ductal stenosis and focal biliary cirrhosis. Biliary cirrhosis usually becomes 
clinically evident in late childhood or early adolescence and leads to portal (6).

Cystic-fibrosis-related diabetes is increasingly common with advancing age and represents a 
clinically distinct form from type 1 and type 2 diabetes mellitus in the general population. Other 
endocrinological complications of CF include delayed menarche in malnourished adolescent females 
and reduced bone mineral density, which can increase the risk of bone fractures and is multifactorial. 
Congenital bilateral absence of the vas deferens occurs in 98% of males with cystic fibrosis and 
results in azoospermia. Renal complications can occur and include Nephrocalcinosis and salt and 
water depletion owing to excess fluid losses, which contribute to acute kidney injury and proteinuria. 
Chronic kidney disease is more common in adult patients, and risk factors for its development include 
age, diabetes, prior episodes of acute kidney injury and prior organ transplantation. As survival for 
patients with CF has increased, a number of complications have been recognized. These include an 
increased risk of colorectal and other gastrointestinal malignancies, the potential for macrovascular 
disease to complicate longstanding inflammatory disease and venous insufficiency (6).

Thus, screening can lead to the child being given a diagnosis of CF that might not have been possible 
until middle age. Such situation raises the question of whether an early diagnosis impacts the quality 
of life of the individual and their family. If accurate information is carefully given, and the intensity 
of treatment and monitoring is appropriately applied according to the severity of the clinical state, 
quality of life need not be negatively affected (6).
 
True diagnostic uncertainty is another outcome of screening. The US CF Foundation has coined 
the phrase ´CFTR-related metabolic syndrome `to describe infants with sweat chloride values < 60 
mmol/L (which could be too high an upper limit of normal in infancy, given that virtually all healthy 
babies have a sweat chloride < 30 mmol/L) and two CFTR mutations, one of which is has not been 
shown to be disease causing. An alternative terms; cystic fibrosis screen positive with inconclusive 
diagnosis (CFSPID) has been proposed by the European Cystic Fibrosis Working Group. However, 
some of these infants develop cystic fibrosis-like symptoms, and current recommendations are for 
careful follow-up monitoring (6). 

1.5.3. Respiratory manifestations
The onset and progression of clinical manifestations of CF lung disease are highly variable, and 
detecting the presence of disease in infants and children can be challenging.

Most children will present with cough as their primary symptom, which becomes increasingly 
productive, pulmonary exacerbations leading to bronchiectasis and chronic lung disease. As the 
lung disease progresses, CF patients can experience exercise intolerance, dyspnea, and shortness 
of breath. Pulmonary Hypertension is a complication of hypoxemia that is most commonly seen in 
older patients with advanced disease. With more advanced diseases, the presence of pulmonary 
hypertension significantly reduces life expectancy.

On the other hand, CF patients have chronic upper respiratory tract involvement, clinically manifested 
as nasal congestion and rhinorrhea. Pansinusitis is almost universally present in affected individuals. 
The percentage of CF patients who have features consistent with clinical sinusitis varies widely. 
Occurring in 7%-56% of CF patients, nasal polyposis is a common complication leading to nasal 
obstruction and congestion.

Besides the clinical manifestations pointed out before, the most important pulmonary complications 
of CF are:

Bronchiectasis and Pulmonary exacerbations 
Typically, bronchiectasis begins in the upper lobes in CF patients and the progresses to involve 
the whole lung.
Atelectasis often coexists with bronchiectasis because of the accumulation of purulent 
secretions and airway obstruction. 
The altered balance between airway pathogens and local host defences leads to acute changes 
in respiratory signs and symptoms; this phenomenon is known as pulmonary exacerbation. 
Clinically a pulmonary exacerbation is manifested as increased respiratory symptoms such 
as cough, dyspnea, and sputum production, often accompanied by systemic symptoms such 
as fatigue, anorexia, and weight loss. Pulmonary function values usually decrease during 
exacerbations, and a therapeutic goal is to restore the best baseline of pulmonary functions, 
regardless of the patient’s symptoms.

Hemoptysis and Pneumothorax 
As airway disease progresses, there is an increased likelihood of respiratory complications, 
including hemoptysis and pneumothorax. Approximately 3% of CF patients will experience 
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Inhaled dry-powder mannitol is another osmotic agent that has showed lung function improvements 
with more consistent effects in the adult population (13).

1.6.2.2. Antibiotic therapy 
Pulmonary infection in patients with CF has been associated with poorer lung function, lower weight 
percentiles and increased morbidity and mortality. Therefore, antibiotic therapy in CF is used 
to prevent, eradicate and control respiratory infection to delay pulmonary infection and improve 
clinical and functional outcomes.
In CF patients, antibiotic therapy is usually different and more aggressive than other populations. 
Usually, the antibiotic dose is doubled and prescribed for 15 days, and in particular cases with poor 
response, they can be prolonged up to 21 days. Depending on the severity of the pulmonary exacerbation 
and the disponibility of the antibiotic, the therapy can be oral, inhaled, or intravenous (IV) (14).
       
1.6.2.3. Airway clearance and exercise      
Modes of airway clearance include device assistance (positive expiratory pressure and vest and 
handheld vibratory devices), breathing modalities (autogenic drainage) and percussion. 
In terms of exercise, aerobic exercise results in improved exercise tolerance, and increased physical 
activity has been shown to reduce lung function decline (15).

1.6.2.4. Macrolides
The mechanism of action of macrolide antibiotics is unknown; however, in vitro studies suggest 
that macrolide agents may decrease the production of bacterial virulence factors, modulate the 
inflammatory response, or both (16). 
When used in Pa infected patients, several randomized controlled trials have demonstrated to 
reduce the time to next exacerbation, improve lung function, quality of life and weight (6).

1.6.2.5. Anti-inflammatory therapies
Several anti-inflammatory therapies have been studied in CF patients including non-steroidal anti-
inflammatory drugs (such as ibuprofen), both oral an inhaled corticosteroids and leukotriene inhibitors.

1.6.2.6. Lung Transplantation 
End- stage respiratory insufficiency remains the cause of death in the vast majority of CF patients, 
therefore lung transplantation is the treatment stablished for these patients (6). An FEV1 < 30% of 
predicted values and a rapid decline in FEV1 despite optimal conservative treatment, malnutrition, 
diabetes, female gender, frequent exacerbations and/or increasing need for intravenous antibiotic 
therapy, recurrent massive hemoptysis, which cannot be controlled by bronchial artery embolization, 
relapsing or complicated pneumothorax or the need for intensive care unit (ICU) admission are all 
indicators that a pretransplant assessment is needed (17). 
For patients with predominant hypoxic respiratory failure, non-invasive ventilations can be a useful 
symptomatic treatment and can provide a bridge to transplantation (1). 

1.6.3. Extrapulmonary disease treatment 
The rapidly increasing size of the adult population with CF and the associated complications in these 
patients creates challenges for the delivery of care. Nowadays, there are several treatments for 
extrapulmonary disease treatments like as pancreatic enzymes, vitamins and nutritional support. 
Due to the rapidly increasing size of the adult population, metabolic and endocrine complications, 
hyperlipidemia, and gastrointestinal malignancy have emerged in the adult CF population (18).

Therefore the involvement of an interdisciplinary and the adequate transition from de pediatric age 
to adulthood is increasingly essential for the adult with CF (19). 

1.6	Monitoring	and	management
			of	CF	disease
1.6.1. Monitoring lung disease
Several Clinical Practice Guidelines that outline standards for routine monitoring and intervention to 
slow progressing of lung disease have been published (10).
 
Patients should be seen in a multidisciplinary clinic; evaluations include clinical evaluation, regular 
cultures of airway secretions, pulmonary function testing; such as forced expiratory volume in 1 
second (FEV1), blood testing and radiological testing such as HRCT.

Clinical evaluations are essential and include monitoring weight loss, anorexia, exercise tolerance, 
airway clearance technique and school attendance, which is indirect, measures of pulmonary 
morbidity. Indeed, the child´s nutritional health is relevant to pulmonary outcomes (10).
 
Moreover, both physiological and social supports are an essential key point to be considered in the 
follow up of CF patients and their family (10). 

Following the suggestions of several guidelines published about monitoring CF disease, CF patients 
should be seen in clinics every 2 or every 3 months, and if needed more often depending on the 
patient´s situation (10).
 
Infants diagnosed by NBS should be seen monthly in the first years and sometimes more frequently 
in the first months following diagnosis (10).

Therefore, the team should see patients at least four times each year and patients with complex clinical 
issues should be seen as much as necessary, and one of this visits should include the annual follow up. 
In order to avoid cross infections, clinics in CF patients are ruled in a segregation format (10). 

1.6.2. Pulmonary disease treatment
Treatment strategies for CF lung disease include antibiotics, mucolytic therapy, anti-inflammatory 
therapies and monitoring of airway clearance.

1.6.2.1. Mucolytic and hydrator therapies
Inhaled therapy offers targeted drug delivery and is relatively simple and quick to take. There 
have been significant improvements in both delivery devices and the formulation of drugs, with 

“intelligent nebulizers” and dry-powder inhalers becoming commonplace. The advantages of inhaled 
medications are that they generate high drug levels within the airways with limited systemic toxicity. 
Regarding mucolytic and hydrator therapies, the most common mucolytic and hydrator therapies 
used in CF patients are hypertonic saline and Dornase alfa (DNAse).
Hypertonic saline acts as a hydrating agent that increases mucociliary clearance and has been demonstrated 
to improve lung function and reduce exacerbations in both short-term and long-term trials (11). 
DNAse is a recombinant human DNA that breaks down DNA derived from degrading neutrophils that 
accumulate in the airways of patients with CF therefore reducing the viscosity of airway secretions 
and leading to improved lung function and reduced exacerbations (12). This therapy is considered a 
standard of care for patients≥ 5 years (6).
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1.6.4. Treatment of the basic defect
Several therapies intend to treat the primary defect from gene therapy, improving the expression of 
CFTR on the cell surface, or increasing the “open probability of existing channels to targeting other 
ion channels to compensate for its dysfunction (6). 

             
        

1.7	Pa	infection	and	lung	function
 
Pa is one of the common pathogens of CF lung disease. Pa infection begins as intermittent isolation 
of typically non-mucoid Pa strains from the airways, which, unless treated with targeted antibiotic 
therapy, will establish chronic infection in most individuals (20). Early infection with Pa is a major 
predictor of mortality and morbidity in young children with CF (21). Given the potential negative 
impact of Pa infection, antibiotic treatment protocols have been developed to aim for eradication 
early on before chronic infection has been established. Treatment protocols include inhaled therapy 
alone or combined with systemic antibiotics; the success rate of different protocols is high with 
negative cultures being accomplished in more than 80 percent of patients (22) (23) (24) (25).

While antibiotic eradication therapy (AET) of Pa infection is now considered the standard of 
care (20) (21) (22) (23) (26) and clearance of Pa can be achieved in most patients, the longer term 
impact of eradication therapy is less clear. The EPIC trial showed that a failure to eradicate was 
associated with a higher risk of exacerbation (27) and studies have demonstrated that treatment 
lengthens the time to chronic infection, but a positive impact on lung function measures has not 
been established. Since most patients are asymptomatic when a new infection with Pa is detected 
in respiratory cultures, early infection is not usually associated with a deterioration in lung function 
and treatment has no immediate effects on the most commonly used lung function measure, forced 
expiratory volume in 1 second (FEV1) (28). Recent data suggest that this is also the case for sensitive 
outcome measures such as LCI (29). It has been previously demonstrated that CF patients in whom 
Pa infection was cleared had similar FEV1 trajectories over subsequent years compared to children 
who were never infected (30). However, this previous study had limited follow-up data, so long term 
effects of AET on the subsequent course of lung disease therefore remains unclear (31).



2 RATIONALE OF
THE DOCTORAL PROJECT
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If the objectives of this research work are achieved, the clinical applicability of this project will consist 
of two crucial/main points. On one side, to improve Pa infection AET protocols and consequently tries 
to implement different research lines, trying to find new antibiotic treatment for Pa infection with a 
safe and compelling profile that can be used in pediatric cystic fibrosis patients. On the other side, 
to implement new research lines regarding monitoring techniques of early disease/lung function, 
with higher sensitivity and effectivity than the techniques/ones that are currently available. 

The CF Unit at the Hospital for Sick Children in Toronto, directed by Dr Felix Ratjen and comprising a 
multidisciplinary team, has many years of experience managing Pediatric CF. The doctoral candidate 
has had the chance to be a part of this medical team as a fellow and has been involved in the everyday 
clinical work of the Unit, providing clinical attention to CF patients.

During that time, the doctoral candidate could work with CF patients in wards and clinics. Therefore, 
she had the opportunity to deeply learn about the disease and ask questions about the treatment, 
evolution and prognosis of CF patients.

As a part of her clinical Fellowship, she realized she had an excellent opportunity to develop research 
skills with Dr Rajten’s team and asked to develop research work regarding CF. Her research objective 
during the Fellowship was to run/conduct a project regarding early Pa eradication therapy (AET) and 
its long-term effect on lung function. Moreover, why discuss early AET and long-term lung function 
in CF? 

Over the last two decades, with the implementation of NBS, the use of effective therapies, and the 
emergence of new therapies, the survival of CF patients has increased, and incident cases of Pa 
have decreased significantly. 

However, as noted above, Pa is one of the most common pathogens in CF patients. Chronic Pa 
infection leads to accelerated lung function decline, increased mortality and morbidity in CF 
patients. Many studies have been designed to address the efficacy and safety of strategies used 
for Pa. eradication therapy, and now a day, AET is a standard gold of care in patients with early Pa 
infection. 

Nevertheless, regarding Pa infection, one particular question has not been addressed before the 
evidence of the effect of AET on initial Pa infection and the effect on the long-term course of lung 
function. 

 While several authors have demonstrated the short-term effect of Pa AET on lung function, its long-
term effect on the subsequent course of lung disease remains unclear. Reweaving the literature, 
several studies have tried to answer this question. However, no one has shown a clear relationship 
between AET for Pa infection and its impact on long-term lung function in CF patients. 

The lack of evidence regarding this specific question cannot be stressed enough. It is probably due 
to the difficulties in collecting a large sample and the need for more extended follow-up periods of 
the same cohort of patients. In particular, few previous studies have addressed the impact of AET 
for Pa infection on long-term lung function, and their results have been inconclusive. Therefore, this 
particular question remains unanswered. A fuller answer to this question will provide more scientific 
evidence proving that AET can result in improved microbiological outcomes and clinical outcomes.
 
The justification of the present thesis is to address this particular question from the perspective of 
a pediatric respirologist. Providing the answer to this clinical question requires the participation of 
an experienced clinical team and expert in the management of pediatric CF. 

A well-designed database and a specific CF research team are essential to conducting a retrospective 
study with a large, homogeneous sample. The CF research team, also directed by Dr Felix Rajten, 
has developed many relevant studies in CF that have been capital for both the understanding of the 
disease and the development of new therapies that now a day are considered standard of care in CF. 
Therefore, the candidate has had the opportunity to coordinate with the research team, participating 
in the study’s design, the collection of data and the drafting of the manuscript.
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Successful Pa eradication therapy in patients with CF is associated with significantly reducing 
progressive deterioration of long-term lung function.



4 AIMS
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Primary aim: 
• To assess the long-term differences in lung function decline between the Eradicated and 

Chronic groups.

Secondary aims: 
• To assess the age of first Pa infection in our cohort of patients. 

• To assess the percentage of patients that were in each group of Pa status infection, the frame 
of time that patients were in each group of Pa status infection and the number of patients over 
time in each group of Pa status infection at selected age snapshots. 

• To assess the baseline pulmonary function measured as forced expiratory volume in one 
second (FEV1) of the patients at the study entry. 



5 METHODS
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• For patients who entered the study cohort in 1998, a full year of negative Pa cultures of 
respiratory tract specimens prior to cohort entry.

• At least 10 years of spirometry measurements in order to qualify for inclusion and could not 
enter the cohort if chronic Pa infection was already present at that time point.

• Data was included until the last patient encounter in the time frame, until lung transplantation 
or death.

 

Definitions: Pseudomonas aeruginosa eradication protocol and outcomes
Early infection for Pa as defined as either the first positive respiratory culture for Pa within the 
study period or a positive after at least one year of negative cultures whilst not on antibiotics 
with activity against Pa. The details of the AET protocol used at our center have been published 
by Stanojevic et al. (14). Initial treatment of Pa in asymptomatic patients consisted of tobramycin 
inhalation solution (TIS) (either 1 year of tobramycin 80mg/2ml or 28 days of inhaled tobramycin 300 
mg/5ml). Symptomatic patients with Pa infection were given 14 days of intravenous antibiotics and 
a subsequent course of inhaled tobramycin (14).

Patients who cleared Pa infection after the end of AET were classified as eradicated patients who 
did not clear their Pa infection after AET was completed were classified as chronically infected.
 

Work plan 
An excel database was designed with all the study variables and a q/3 months record of each of them. 
The doctoral candidate with other investigators of the study did and extended chart review of all the 
patients who were eligible for the study and collected all the data necessary for the development of 
the project. 

Study variables recorded during the 20 years of the data review were: 
• Patients characteristic: 

· age at study entry
· gender
· age at diagnosis
· CFTR functional class 
· ethnicity
· pancreatic status

• Age at first Pa infection.
• FEV1% predicted at study 
• FEV1% every 3 months 
• Follow up time in the study.
• Categorization of Pa infection status according to the criteria describe above.
• Microbiological data q/3 months
• Follow up time in each group of categorization 
• Pa eradication therapy as described above. 

Once the excel database was designed and completed with all the data, the statistic study described 
in the following paragraphs was applied, obtaining the results that we are presenting in the following 
sections. 

Study population and data collection
This study was a retrospective analysis of individuals with CF followed at the Hospital for Sick 
Children and St. Michael’s Hospital (Toronto, ON, Canada), captured in the Toronto CF Database from 
1998 to 2018. Data were extracted from the database housed at the Hospital for Sick Children which 
contains information on patients’ pulmonary function tests (PFT), microbiology, and medications. 
The data was supplemented with specifics on AET Treatments and outcomes through systematic 
review of health records by the doctoral candidate and other study investigators (figure one consort 
diagram) (I.G.C., A.B.). The Research Ethics Board at the Hospital approved this study for Sick 
Children (REB#1000027683).

Figure 1: CONSORT Diagram.

Inclusion criteria: 
Patients were included according the following inclusion criteria: 
• Patients younger than 18 years of age at the cohort entry
• Patients with a confirmed diagnosis of CF. The diagnosis of CF was defined by: 
• The presence of clinical features consistent with CF or 
• A positive family history of CF plus 
• Either two documented sweat chlorides of > 60 mEq/L by quantitative pilocarpine iontophoresis 

test, a genotype showing two well-characterized disease-causing mutations, or a nasal 
potential difference consistent with CF.

Toronto CF Database
Jan 1, 1998 - Oct 31, 2018

N = 1133

N = 1004

P. aerugionsa in 1997
N = 129

<10 years of PFT data
N = 540

Age at study entry >18
N = 225

AET data unavaliable
N = 16

Start study period chronic
N = 18

N = 464

N = 239

N = 223

N = 205
Total Subjects
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Statistical analyses
Due to the long-term nature of the follow-up of this study, the majority of the covariates of interest 
were non-time-varying, defined based on data from their first encounter in the cohort. These 
included gender, CFTR functional class (classes I-III vs classes IV-V), age at diagnosis (<= 2 years 
versus > 2 years), pancreatic status, and starting FEV1 % predicted measurement. 

The exposure of interest in this study was the time-varying categorization of Pa status. Subjects are 
categorized in the Never group if, since cohort entry, or in their lifetime microbiology samples they 
never had Pa isolated from a respiratory tract sample. Subjects changed to the Eradicated group if 
they had a P.a infection, treated with the AET protocol, and subsequently cleared their infection at 
first post-AET regimen clinic visit. Finally, subjects changed to the Chronic group upon having a full 
AET regimen, which did not clear their Pa infection at first post-AET regimen culture, resulting in a 
clinical categorization of chronic Pa infection. This could have occurred on their first AET regimen, 
representing a shift from the Never to Chronic group, or after a previously successful AET attempt, 
representing a change from the Eradicated to the Chronic group.

The primary outcome for this study was the absolute FEV1 decline over time, with age being used as 
the time variable. This accounts for both the amount of time in the study cohort and simultaneously 
adjusts for age. FEV1 was reported as percent predicted using the GLI reference equations (18). 
Mixed-effects linear regression models were used to account for the repeated lung function 
measurements over time within each patient. Subjects could change exposure group from Never 
to Eradicated, Never to Chronic, or Eradicated to Chronic. Outcome slopes represent the absolute 
change in FEV1 % predicted per year, adjusted for age or any other specified covariate.

Qualitative variables are expressed in the form of absolute frequencies and percentages. Quantitative 
variables in the form of median (minimum and maximum values, and IQR). The comparison of the 
quantitative variables is done using The Student´s test with a value of statistical significance being 
p less than 0.05
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Table 1: Patient characteristics at study entryA total of 205 patients were included in the analysis (Figure 1), of which 48% were female, 88% had 
a Class I-III mutation, 74% were diagnosed before the age of two years, and 90% were pancreatic 
insufficient (Table 1). The median (IQR) age at entry into the study was 5.6 years [5.1, 10.5 years] with 
a mean (SD) first reported FEV1 % predicted within the study period of 83.4% predicted (19.4%).

Of the 205 patients, 23 (11%) were censored at transplant, and 18 (9%) were censored at death. Mean 
(SD) follow-up time within the study was 17.3 years (2.7 years) (Table 1). During the study period, 
patients had a median (IQR) of 68 [51, 93] reportable PFTs performed, and 74 (47, 99) microbiology 
samples assessed. This represents a mean (range) of 5.9 (1, 35) PFTs per year and 5.2 (1, 27) 
microbiology samples per year. 

Of the total 205 patients, 165 (80.5%) entered the study period as having Never had Pa and 40 (19.5%) 
entered as Eradicated. These 165 patients contributed a median (IQR) 2.8 years (1.0, 5.7 years) to the 
Never group. Among patients that had at least one Pa infection over the study period (n=203), the 
median (IQR) age at first infection was 9.6 years (5.6, 14.6 years). One year of 80 mg, inhaled tobramycin 
was the treatment course for 448 Pa infections among 186 patients in our cohort whereas 28 days of 
300 mg tobramycin was used for 280 eradication attempts among 96 participants. The median (IQR) 
duration of time contributing to the Eradicated group was 10.2 years (5.7, 14.7 years) (n=172), and 8.8 
years (4.5, 14.9 years) for the Chronic group (n=119).

At the age of 10 years of a total of 158 patients, 44 patients were in the Never group, 92 patients 
were in the Eradicated group and 22 patients were in the Chronic group. At the age of 15 years, of a 
total of 195 patients, 31 were in the Never group, 107 were in the Eradicated group, and 57 were in the 
Chronic group. At the age of 20 years of a total of 129 patients, 10 were in the Never group, 60 were 
in the Eradicated group, and 59 were in the Chronic group. Finally, at the age of 25 years of a total of 
71 patients, two patients were in the Never group, 21 were in the Eradicated group, and 48 were in 
the Chronic group.

Patient Characteristic Total N=205

Age at study entry (years), median (IQR) 5.6 [5.1, 10.5]

Female, n (%) 98 (48%)

Age at diagnosis, n (%)
<=2 years
>2 years

152 (74%)
53 (26%)

CFTR Functional Class, n (%)
I-III
IV-V
Missing

181 (88%)
17 (8%)
7 (3%)

Ethnicity, n (%)
Caucasian
Black
Asian
Other

184 (90%)
10 (5%)
2 (1%)
9 (4%)

Pancreatic Insufficient, n (%) 185 (90%)

Age at first P. aeruginosa infection (years),
median (IQR) 9.6 [5.6, 14.6]

FEV1 % predicted at study entry, 
median (IQR) 83.6 [68.7, 98.3]

Follow-up time in study (years), 
median (IQR) 18.3 [15.9, 19.3]

Follow-up time in each group (years), median (IQR)
Never (n=165)
Eradicated (n=172)
Chronic (n=119)

2.8 [1.0, 5.7]
10.2 [5.7, 14.7]
8.8 [4.5, 14.9]

Number of patients in each group at selected age snap-
shots

Age: 10 years
Never
Eradicated
Chronic

Age: 15 years
Never
Eradicated
Chronic

Age: 20 years
Never
Eradicated
Chronic

Age: 25 years 
Never
Eradicated
Chronic

44
92
22

31
107
57

10
60
59

2
21
48

IQR: interquartile range; CFTR: CF transmembrane conductance regulator; FEV1 % predicted: forced expiratory volume in 
one second, as measured by spirometry and standardized by GLI (32).
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Figure 1: Progression of FEV1 % predicted among those who successfully eradicate Pa after AET initiation, compared to 
those who develop chronic Pa.

Lung function trajectories
Due to the long-term nature of this analysis, we considered non-time-varying covariates when 
developing the explanatory multivariable model. Covariates were attempted forward-stepwise 
based on univariable association with FEV1 decline over time, and kept in the model if they were 
statistically significant. While FEV1 % predicted at study entry and pancreatic status were kept in 
the final model, neither covariate substantially changed the effect estimate of the overall decline in 
FEV1 by Pa infection group. 

The decline for the Never group was -0.77% per year (95% CI -0.94, -0.60%). In the final model 
(Table 2), the Eradicated group had an overall annual decline in FEV1 of -1.11% predicted/year (95% 
CI -1.18, -1.04) and the Chronic group had a decline of -1.57% predicted/year (95% CI -1.64, -1.50). 
This represented a 0.46% predicted per year less decline for subjects who successfully eradicated 
compared to those where AET failed to eradicate Pa and they developed chronic infection (95% CI 
0.37, 0.55; p<0.001) (Figure 2).

Table 2: Patient characteristics at study entry

*Eradication status was entered in the model as an interaction with age; the slope refers to the additional decline in FEV1 per 
year on top of that of eradicated individuals, which would be the decline per year in the age row.

**Represents the difference in FEV1 for each unit increase in FEV1 % predicted at the study start.

Covariate Slope (95% CI) p-value

Age (years) -1.11%/year (95% CI -1.18, -1.04) <0.001

Eradication Status*
Eradicated
Chronic

0.46%/year (95% CI 0.37, 0.55)
Reference

<0.001

FEV1 % predicted at study 
start** 0.50 (95% CI 0.38, 0.61) <0.001

Pancreatic status
Insufficient
Sufficient

Reference
11.38 (95% CI 3.86, 18.89)

0.003
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Regarding the number of patients over infection group and at selected age snapshots time in each 
status. At the age of 10 years, of a total of 158 patients, 44 were in the Never group, 92 were in the 
Eradicated group, and 22 were in the Chronic group. At the age of 15 years, of a total of 195 patients, 
31 were in the Never group, 107 were in the Eradicated group, and 57 were in the Chronic group. At 
the age of 20 years of a total of 129 patients, ten were in the Never group, 60 were in the Eradicated 
group, and 59 were in the Chronic group. Finally, at the age of 25 years of a total of 71 patients, two 
patients were in the Never group, 21 were in the Eradicated group, and 48 were in the chronic group 
(table 1).

Analyzing the Never group, 165 (80.5%) entered the study period as the Never group; these 165 
patients contributed a median (IQR) of 2.8 years [1.0, 5.7 years] to the Never group and the age of 
first Pa infection was of 9.6 years [5.6, 14.6] as previously mentioned. If we analyze the results of the 
age snapshot, we can see that in the Never group, at the age of 10 years, 44 (28%) patients were free 
of Pa infection; at the age of 15 years, 31 (15%) patients, still were free of a Pa infection, at the age 
of 20 years 10 patients (7.7%) were in the Never group. Finally, at the age of 25 years, two patients 
(3%) remained free from Pa infection. As we read through these results, age is a significant cause of 
Pa acquisition; therefore, patients with CF will have an infection by Pa at some point in their natural 
history. However, if the first Pa infection occurs later the morbidity associated with Pa infection in 
CF patients will be reduced. In this line, authors such as Emerson et al. (21) and Ronsefeld et al. (37) 
refer that the impact of Pa infection is established by 8 to 13 years of age. Among subjects whom 
Pa was isolated during the first five years of life, the risk of death during 8 years of following/up was 
2.6 times higher than among subjects whom Pa was not isolated early in life. Our promising results 
regarding the time patients were free from Pa infection during the study period which was a media 
(IQR) of 2.8 years [1.0, 5.7], are probably related to the implementation of the NBS and the specialized 
multidisciplinary unit of CF patients that has been running for a long time in the Hospital of Sick 
Children of Toronto. The results presented in the this paragraph reassure the importance of the 
presence of multidisciplinary units of CF patients to achieve an early detection and early monitoring 
of status infection in patients with CF to prevent lung damage.

Analyzing the Eradicated group, 40 (19.5%) entered as this group. During the 20 years of follow-up, 172 
(83%) patients contributed to the Eradicated group with a median time (IQR) of 10.2 years [5.7, 14.7]. 
The number of patients over time in the Eradicated group and at selected age snapshots was: at the 
age of 10 years, 92 (58%) patients were in this group; at the age of 15 years, 107 (54%) of patients; at 
the age of 20 years, 60 (46.5%) patients. Finally, at the age of 25 years, 21 (29.5%) patients were in 
this group. First of all, from this data, we can re-assert that with the implementation of NBS, with the 
specialized multidisciplinary unit of CF patients that has been running for a long time in the Hospital 
of Sick Children of Toronto, with the early detection and eradication of Pa infection and the use of 
effective AET therapies to clear Pa infection, the rate of successful eradication was as high as 172 
patients (83%). This eradication success rate was due to the AET therapy mentioned in the methods 
section, used in our population according to the protocol used at the Sick Children’s Hospital during 
the study period. Regarding AET therapy and its effectiveness in clearing Pa infections and leading 
patients free from Pa infection, many studies have been conducted (38); most of these studies report 
an 80 to 100% eradication success rate with a median time to Pa recurrence of 7.5 to 26 months 
(38) These data are consistent with the rate of Eradication success previously reported in our study. 
Regarding the period that patients contributed to the Eradicated group, our cohort of patients 
contributed to this group with a median (IQR) of 10.2 years [5.7, 14.7]. These results differ from the 
studies published in the literature, reporting a median time to Pa recurrence of 7.5 to 26 months 
(38). This difference is again related to one main factor, which is the study design. Patients may have 
had more than one infection and subsequent clear their infection after a complete AET regimen, 
described in the methods section (page 47). As long as they eradicate that subsequent infection, they 
would remain in the Eradicated group, the only move to the chronic group upon failing a complete 
AET regimen. One of the most representative trials analyzing AET therapy and its effectiveness is the 

To the best of our knowledge, this is the first retrospective study with a large cohort of CF patients, 
demonstrating the effect of early eradication of Pa infection on long-term lung function decline in 
CF patients. We have observed in this 20-year retrospective study that there is a significantly less 
deterioration in FEV1 in those for whom Pa eradication was successful compared to those without 
and who developed a chronic infection. These findings confirm our initial hypothesis that successful 
Pa eradication therapy in patients with CF is associated with improved long-term lung function 
decline. According to the literature, as described by many authors like Ratjen et al. (20), Pa is one 
of the most common pathogens of CF lung disease. Pa infection begins as intermittent isolation of 
typically non-mucoid Pa strains from the airways. Unless treated with targeted antibiotic therapy, 
it will establish chronic infection in most individuals, with subsequent deterioration of pulmonary 
function.

We will begin analyzing the secondary aims of this work. In this line, the first secondary aim was to 
assess the age of the first Pa infection in our cohort of patients. In our study of 205 patients, 165 
(80.5%) entered the study period as having Never had Pa and 40 (19.5%) entered as Eradicated. The 
median age in years (IQR) at the study entry was 5.6 years [5.1, 10.5]. The median (IQR) age of first Pa 
infection in this cohort of patients was of 9.6 years of age [5.6, 14.6]. This study’s result contrasts 
those obtained by other authors in which the age of early Pa infection was lower that the age of initial 
Pa infection of our cohort of patients. In a recent original article published by  Jackson and Waters (33), 
they reported that the initial age of Pa acquisition could be as early as within the first year of life (33); 
in this paper, they reviewed the incidence of Pa infection in different countries including Canada, the 
US and Australia. They reported that the initial age of Pa acquisition could be as early as within the first 
year of life reflect that in 2017, the Australian CF Registry reported that 5% of patients between 0-1 
years old tested positive for Pa from respiratory tract cultures. In-between 2016-2018, they reported 
number of CF patients between the ages 0-2 that cultured positive for Pa ranged from 10-20% in 
Canadian and US CF patients’ registries, with an increase to around 30% by age 18 years. However, in 
very young children, Pa is usually cultured from an oropharyngeal (OP) swab, and many do not reflect 
lower airway infection. Other authors like Douglas et al. (34), Liczak et al. (35) and Burns et al. (36) used 
bronchoalveolar lavage (BAL) specimens to detect Pa in young children and have reported acquisition 
rates of as low as 10% up to 33% in children under five or under six years of age, respectively. From 
these studies, Pa was detected in the lower airways of CF patients as early as three months of age, 
and the average age of acquisition was over two years old. In our study, we did not analyze early Pa 
infection, as most of the authors were studying the first Pa infection as early infection; otherwise, we 
analyzed the age of the first Pa infection at cohort entry. As explained above, the age of the first Pa 
infection in our cohort of patients was higher than the age reported in the literature. A primary factor 
explains the difference found within the age of initial Pa infection of our cohort of patients and the 
results of the literature, which is the inclusion criterion that were used in the study. 

The second secondary aim of our work was to assess the percentage of patients in each group 
of categorization over time, the time that patients were in each group of status infection and the 
number of patients over infection group and at selected age snapshots time in each status. Of 
the 205 patients followed for 20 years, 165 (80.5%) entered the study period as the Never group; 
these 165 patients contributed a median (IQR) of 2.8 years [1.0, 5.7 years] to this group; 40 patients 
(19.5%) entered as the Eradicated group. Over the study period time, 172 patients (83%) contributed 
to this group with a median (IQR) duration of contributing to the Eradicated group of 10.2 years 
[5.7, 14.7 years]. Finally, 119 patients (58%) were in the Chronic group at some point in the study 
and contributed a median (IQR) of 8.8 years [4.5, 14.9 years] for this group. The exposure of interest 
of this study was the time-varying categorization of Pa status infections. Therefore, categorizing 
groups of Pa status in each moment were not static but dynamic, meaning that one patient could 
move from one categorization group to another, depending on its status infection. No published 
studies analyze the status of Pa infection over 20 years and allow patients included to change from 
different categorization groups over time. 
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changes, like introducing eradication therapies for Pa infection and introducing CFTR modulator 
agents. In this line, Heltshe et al. (44) demonstrated significantly reduced odds of isolating Pa 
from airways and a 23% reduction in mucoid Pa following ivacaftor therapy compared to culture 
data prior to initiation. Despite the differences in the design and length of our study compared with 
other studies published in the literature, there are few differences observed between our results and 
those published in the literature.

In the following paragraphs, we are going to discuss both the third secondary aim and the primary 
aim of the work, which were, respectively; to assess the baseline FEV1% predicted within the study 
entry and to assess the long-term differences in lung function decline between the Eradicated and 
Chronic groups.

Regarding baseline lung function, in our cohort of patients, the mean first reported FEV1% 
predicted within the study period was 83.6% [68.7, 98.3]. As previously explained in our study, 165 
(80.5%) patients entered the study period as having Never had Pa, and 40 (19.5%) patients entered 
as Eradicated. Therefore the 83.6% predicted FEV1 value accounted for both the Eradicated and 
the Never groups. These results are comparable with the results of baseline FEV1% published by 
Konstan et al. (45). They analyzed the rate of decline of FEV1 in children and adolescents with CF. 
They identified and compared risk factors associated with FEV1 decline. They reported that baseline 
FEV1 of patients at ages 6-8 years was 88.4% +/- 20.5%, at ages 9-12 years, FEV1 was 85.3% +/- 20.8 
and at ages between 13-17 years, FEV1 was 78.4%+/-22.

Finally, we will analyze the primary aim which was assessing long-term differences in lung function 
decline between the Eradicated and Chronic groups and try to confirm our initial hypothesis, 
defending that successful Pa eradication therapy in patients with Cystic Fibrosis is associated with 
improved long-term lung function. In our cohort of patients, the Eradicated group had an overall 
annual decline in FEV1 of -1.11% predicted/year (95% CI -1.18, -1.04). The Chronic group had a decline 
of -1.57% predicted/year (95% CI -1.64, -1.50). This represented a 0.46% predicted per year less 
decline for subjects who successfully eradicated compared to those where AET failed to eradicate Pa, 
and they developed a chronic infection (95% CI 0.37, 0.55; p<0001) (Figure 2). Assessing the primary 
aim regarding long-term differences in lung function decline between the Eradicated and Chronic 
groups and therefore looking in general at the effect of AET on long-term lung function, we see that 
there are few previous studies examining the effect of AET on Pa infection on measures other than 
microbiology in CF. Zemanick et al. (46) evaluated clinical outcomes associated with initial isolation 
of Pa in a large CF cohort. Pa acquisition was associated with an increased rate of pulmonary 
exacerbations, more frequent detection of crackles or wheeze on physical exam and increased 
risk for emergence of MRSA , Stenotrophomonas maltophilia and Achromobacter xylosoxidans on 
respiratory cultures. However, there was no association between initial acquisition of Pa and more 
rapid decline in lung function or change in growth parameters. Similarly, Mayer-Hamblett et al. (47) in 
their five year follow-up study of over 200 children with CF who underwent Pa eradication treatment, 
observed increased antimicrobial usage in individuals who failed AET versus those who successfully 
cleared Pa, but there was no association between eradication status and clinical outcomes including 
lung function decline over 5 five years following treatment. Both of the aforementioned studies did 
not find an association between AET and FEV1 decline, consistent with prior studies performed in 
that line (46) (47), but had shorter follow up periods than the current study. In a study with a follow 
up period of several decades, Frederiksen et al. (48) compared CF patients treated with an intensive 
protocol consisting of colistin inhalations and oral ciprofloxacin at the time of initial Pa colonization 
with historic controls who had never participated in any early-treatment trials. They found that 
aggressive treatment maintained or increased pulmonary function during the year after inclusion, 
compared with the control group. While these data are consistent with our current findings, the use 
of historic controls limits a direct comparison of a treatment effect. In this study we have chosen 
to show, in Figure 2, the long-term differences in lung function decline between the Eradicated and 

one performed by  Ratjen et al. (24). The ELITE trial was an open-label randomized multicenter study, 
which tried to determine the optimal length of inhaled tobramycin treatment for Pa eradication and the 
median time to recurrence of Pa infection. The effect of 28 versus 56 days of treatment with inhaled 
tobramycin (300 mg twice daily) was compared. Both open-label regimens were effective in clearing 
the organism. The study suggested that treatment with 56 days of inhaled tobramycin does not have 
an additional benefit over 28 days of therapy (24) . In this study, over 90% of the randomized patients 
in the 28-day and 56-day tobramycin inhaled solution (TIS) groups had negative cultures for Pa 1 
month after the treatment. Most of these patients remained free of infection for up to 27 months. 
Other studies have tried to assess the optimal AET therapy for Pa infection as the one performed 
by Blanchard et al. (39) and the randomized studies performed by Treggiari et al. (40). Nevertheless, 
questions remain on the optimal way of administration of antibiotics (intravenous/oral/inhalation 
or combinations) and the optimal treatment duration for long-lasting eradication. Finally, analyzing 
the number of patients over time in the Eradicated group and at selected age snapshots, our results 
again show that AET therapy is highly effective. However, at an older age, patients will become 
chronically infected by Pa; therefore, two main points concerning Pa infection must be pointed 
out in this discussion. On the one hand, the importance of early detection and eradication of Pa 
infection, and on the other hand, the importance of keeping patients without Pa infection or in an 
eradicated status to postpone chronic Pa infection and prevent the detriment of morbidity and 
mortality associated with Pa infection.

Regarding the chronic group, our results related with this group chronic show that 119 patients (58% 
of patients) at some point in the study period become chronically infected by Pa according to our 
categorization of Chronic Pa infection. During the 20 years of follow-up, these patients contributed 
a median (IQR) of 8.8 years [4.5, 14.9 years] for the chronic Pa infection group. The number of 
patients over time in the Chronic group and at selected age snapshots was: at the age of 10 years, 
22 (14%) patients were in this group at the age of 15 years, 57 (29%) patients; at the age of 20 years 
of a total of 59 (45.7%) patients. Finally, at the age of 25 years, 48 (67.6%) of patients were in the 
Chronic group. These results are consistent or even slightly better than the ones reported in the 
literature, probably due to the early implementation of the AET therapy protocol described in the 
methods section (page 47) for Pa infection in the SickKids Hospital. Authors like Rosenfeld et al. 
(37) refer to an increasing prevalence of chronic Pa infection with age. The data published by the 
annual CF report of 2001; as many as 20-30% of infants, 30 to 40% of children to 2 to 10 years of age, 
approximately 60% of adolescents and approximately 80% of adults with CF were infected by Pa. 
Regarding the percentage of Chronic infection; our results are consistent with the data presented 
by the 2013 annual reports of the UK reporting a 60% of patients chronically infected by Pa and by 
the American Cystic Fibrosis Foundation reporting a 60% of chronic infections. More recent reports 
of chronic Pa infection, such as the 2018 American Annual Cystic Fibrosis Foundation report, refer 
that Pa status using Leed´s criteria showed that 45,3% had a chronic pattern of infection(41). Other 
reports like as Garcia Clemente el al. (42) published in 2017 refer that CF units in Spain have reported 
chronic Pa infection in 46% of people with CF (42). Despite in our cohort of patients, we did not 
categorized Chronic status as per Leed´s criteria, patients categorized as Chronic infection had 
more than 50% positive Pa cultures in one year; therefore, our results are comparable with the 
results of the studies using Leed´s criteria to define Chronic Pa infection. Therefore, the difference 
between our results and the results of these studies in the percentage of chronic Pa infection is that 
our study was a retrospective study of 20 years of follow up from 1997 to 2018. During these 20 years, 
several new therapies have been introduced in treatment for CF patients; therefore, Pa infection has 
decreased over the last few years. In their review paper, Jackson et al. (33) refer that the decreasing 
prevalence of Pa may be due to several factors, either host, environmental or pathogen-related. One 
of the possible explanations is the widespread adoption and success of the early Pa antimicrobial 
eradication program, as previously discussed in the Eradication section. In their retrospective 
cohort study, Crull et al. (43) observed a significant decrease in the risk rate of developing chronic 
Pa infection between 2003 and 2012. The decreased incidence of Pa may be attributable to several 
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Chronic groups, we did look into the differences between the Never group and the Eradicated group. 
The challenge is that our question focuses on the long-term effects on lung function, and there are 
very few patients who stay in the Never group for a long time. As is shown in Table 1, the median (IQR) 
total time contributed to the Never group was 2.8 [1.0, 5.7] years, which is significantly less than the 
time contributed to either the Eradicated or Chronic groups. While we presented the annual decline 
in the Never group in the second paragraph of the Results section: lung function trajectories section, 
we felt decided that presenting the progression of FEV1 of the Never group in our final model and 
comparing to the other groups was not appropriate. In previously study performed by Amin et al. (30) 
they demonstrated that CF patients in whom Pa infection was cleared had similar FEV1 trajectories 
over subsequent years compared to children who were never infected (30) .

There were several strengths as well as limitations to our study. The main strength is the 20 years 
of follow-up data (prospectively collected database). Moreover, strengths include the length of time, 
the number of encounters that the study has, and the thoroughness of the dataset. The dataset 
has every hospital encounter over the time frame at either site, including the following patients 
transitioning from a pediatric to an adult site. The data set also had every culture, whether it was 
associated with admission, a hospital visit, or just dropped off. Finally, the dataset also has every 
technically acceptable spirometry measurement during the time frame. 

The statistical analysis allowed us to detect the change in long-term lung function decline. There 
were considered as many common confounders in the final model as there were available, which 
include age, gender, CFTR functional class, ethnicity, and pancreatic status. While there could be 
confounders we did not consider, those would be confounders that are difficult to measure or are 
not standard in the literature.

The limitations were the retrospective nature of the study, not allowing direct comparison of 
treatment versus no treatment for early Pa infection, which would not be possible given that AET is 
the standard of care for CF patients.

There were some changes in the AET protocol over the 20-year study period, namely the switch from 
1 one year of TIS (80 mg/2ml) to 28 days of TIS (300 mg/5 ml), but we have previously shown these 
two regimens to be comparable in terms of AET efficacy. However, the change in care over time 
was accounted for by using age as a covariate in the model. All the studies collecting data through 
decades could suffer from implementing changes in the protocols that affect the measured variable. 
Given the study’s retrospective nature, we cannot prove causality between AET and improved lung 
function trajectory, and other factors could be responsible for the observed group differences. 

Nevertheless, the statistical analysis adjusted by some of these factors suggests that eradication is 
probably an important protective factor in avoiding a faster decline in respiratory function. 

FEV1 decline could have been assessed FEV1 as non-linear, but by assessing long-term decline as 
linear, we have presented results that are directly comparable to what has been presented in the 
past, allowing for an expansion of the literature.

Pulmonary exacerbation was not assessed as an outcome that has previously been reported to differ 
between individuals with successful Pa eradication and those who fail AET. Different time points 
rather than the initial culture end of AET could be chosen as an endpoint for successful eradication. 
Finally, the success of an eradication protocol can be influenced by multiple factors, including Pa 
phenotypes as described before and host factors affecting bacterial clearance and adherence to 
treatment that we cannot control for in this analysis. 
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After analyzing our data, we have obtained the follow conclusions: 

1 During the 20 years of follow up of the study the Eradicated group showed a 0.46% predicted FEV1 
per year less decline compared to the Chronic group (p<0.001).

2 The median age (IQR) of acquisition Pa infection in our cohort was 9.6 years [5.6, 14.6]. 

3 The percentage of patients that contributed at some point of the study for the Never group was 
of 80.5% of patients; 83% patients was for the Eradicated group and 58% of patients became 
Chronic at some point in the study. 

 The categorization group with more years of follow up was the Eradicated group with a median 
(IQR) of 10.2 years, followed by the Chronic group with a media (IQR) of 8.8 years. Finally the  Never 
group had a median (IQR) of 2.8 years. 

 The number of patients overtime in each group of Pa status infection at selected age snapshots 
showed a huge reduction in both the Never and the Eradicated group. By contrast the Chronic 
group had a great increase in the number of patients; going from 22 patients at 10 years to 48 
patients at 25 years of age. Expected results according to the natural history of CF disease. 

4 Patients at the entry of the study, representing both the Never and the Eradicated group, with a 
median (IQR) age of 5.6 years [5.1, 10.5] had a good pulmonary function test with a value of FEV1% 
predicted of 83.4% [68.7, 98.3].

5 We have demonstrated for the first time that successful Pa eradication therapy is associated with 
improved long-term lung function.
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In this study, we have demonstrated that early eradication of Pa infection impacts long-term lung 
function decline in CF patients. Therefore the future lines of research and potential questions that 
could be addressed are:

First, a potential line of future research is to implement new monitoring techniques to early 
detect the detrimental effect of Pa infection on lung function and, therefore, to improve clinical 
outcomes in CF patients. Nowadays, the universal techniques used to monitor lung disease in 
CF patients are the FEV1% predicted the decline and the HRCT images. In this line, since most 
patients are asymptomatic when a new infection with Pa is detected in respiratory cultures, 
early infection is not usually associated with deterioration in lung function, and treatment has no 
immediate effects on the most commonly used lung function measure, the FEV1. There are other 
newer techniques as lung clearance index (LCI), to monitor early disease in CF, but recent data 
suggest that this is also the case for this sensitive outcome measure. Therefore, finding a new 
technique to monitor lung disease that could be sensitive enough to detect early effects of Pa 
infection on lung function, feasible and economically sustained, could be another potential line 
of research.

Secondly, another line of potential research would be to find other diagnostic tools for Pa infection 
which were more sensible that the sputum culture or the Nasopharyngeal swab, and less invasive 
than BAL samples.

Thirdly, it would be exciting to study potential mechanisms to clear Pa infection more effectively 
as a key to protecting lung health and improving clinical outcomes in CF. In this line, several 
therapies could be studied in the future:
· Therapies that restore CFTR function can enhance mucociliary clearance and either delay or 

prevent Pa infection. Identifying highly effective modulator therapy for individuals with all CF 
genotypes could be a research line. 

· On the other hand, immune-modulating agents could help the host eradicate Pa from the airways. 
Several studies are currently conducted; to define whether this therapy, used in conjunction 
with antimicrobial therapy, can improve the eradication of Pa from CF airways. 

· Finally, as the effectiveness of antibiotics is often limited in the CF lung environment, adjuvant 
compounds may have a role that can target bacterial biofilms. In this line, several studies are 
currently conducted

Fourthly, study the potential factors contributing to a failure to eradicate Pa within the CF lung. 
These factors include:

· Host factors include CFTR dysfunction leading to impairment in the function of monocytes, 
alveolar macrophages and neutrophils.

· Bacterial factors such as: Chronic phenotype leads to decreased motility, mucoid, wrinkly 
phenotype, biofilm formation and persister cells.

· Polymicrobial infections such as lack of protective effect of anaerobes; interaction of Pa with 
MSSA leading to tobramycin tolerance.

· Conditions limiting antimicrobial effectiveness such as: Anaerobic environment, low pH, slows 
bacterial growth and bacterial biofilm formation. 

 
Finally to study new antibiotic compounds with a higher effectivity to treat
Pa infection and with an easily delivery in order to facilitate treatment to the Cystic Fibrosis 
patients, especially children, and to improve their quality of life. 
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Introduction: While antibiotic eradication therapy (AET) of early Pseudomonas aeruginosa infection is con- 
sidered standard of care, its long-term effect on the subsequent course of cystic fibrosis (CF) lung disease 
remains unclear. 
Methods: CF patients who were P. aeruginosa-free for at least a year and had a minimum of 10 years of 
pulmonary function measurements were included. Subjects were categorized as Never if they never had 
P. aeruginosa isolated from a respiratory tract sample. Subjects changed to the Eradicated group if they 
had a P. aeruginosa infection, were treated with AET, and subsequently cleared their infection. Subjects 
changed to the Chronic group if AET did not clear their P. aeruginosa infection. The primary outcome was 
absolute FEV1 decline over time, with age as the time variable. Mixed-effects linear regression models 
were used to account for the repeated lung function measurements  over  time  within  each  patient. 
Results: 205 CF subjects (48% female) were included; the median (IQR) age at first infection was 9.6 (5.6, 
14.6) years. The median (IQR) follow-up was 10.2 (5.7, 14.7) years for the Eradicated group, 8.8 (4.5, 14.9) 
years for the Chronic group and 2.8 (1.0, 5.7) years for the Never group was among those patients that 
had at least one P. aeruginosa infection over the study period, annual lung function decline of FEV1 was 
significantly less (-1.11% predicted/year; 95% CI: -1.18, -1.04) in the Eradication group compared to the 
Chronic group (-1.57%; -1.64, -1.50) (p<0.001). 
Conclusions: AET against P. aeruginosa improves lung function trajectory in CF patients. 

© 2022 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved. 

 
 

 

1. Introduction 
 

Cystic fibrosis is a life-limiting autosomal recessive disorder 
with highest prevalence in Europe, North America and Australia 
[1]. Around 30,000 individuals are affected in the United States and 
45,000 in Europe [2]. Over the last few decades, the median age of 
survival has increased substantially due to optimised treatment of 
secondary effects of CFTR dysfunction such as airway infection [3]. 

Pseudomonas aeruginosa is one of the common pathogens of 
CF lung disease. P. aeruginosa infection begins as intermittent iso- 
lation of typically non-mucoid Pseudomonas strains from the air- 
ways, which, unless treated with targeted antibiotic therapy, will 
establish chronic infection in most individuals [4]. Early infection 
with P. aeruginosa is a major predictor of mortality and morbid- 
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ity in young children with CF [5]. Given  the potential negative  im- 
pact of P. aeruginosa infection, antibiotic treatment protocols have 
been developed to aim for eradication early on before chronic in- 
fection has been established. Treatment protocols include inhaled 
therapy alone or combined with systemic  antibiotics;  the  success 
rate of different protocols is high with negative cultures being ac- 
complished in more than 80 percent of patients [6–9]. 

While antibiotic eradication therapy (AET) of Pseudomonas 
aeruginosa infection is now  considered  the  standard  of  care  [6– 
10], and clearance of P. aeruginosa can be achieved in most  pa- 
tients, the longer term impact of eradication therapy is less clear. 
The EPIC trial showed that a  failure  to  eradicate  was  associated 
with a higher risk of exacerbation [11] and studies have demon- 
strated that treatment lengthens the time to chronic infection, but 
a positive impact on lung function measures has not been estab- 
lished. Since most patients are asymptomatic when a new infection 
with P. aeruginosa is detected in respiratory  cultures,  early  infec- 
tion is not usually associated with a deterioration in lung function 
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and treatment has no immediate effects on  the  most  commonly 
used lung function  measure,  forced  expiratory  volume  in  1  sec- 
ond (FEV1) [12]. Recent data suggest that this is also the case for 
sensitive outcome measures such as LCI [13]. We have previously 
demonstrated that CF patients in whom P. aeruginosa infection was 
cleared had similar FEV1 trajectories over subsequent years com- 
pared to children who were never infected [14]. However, this pre- 
vious study had limited follow-up data, so long term effects of AET 
on the subsequent course of lung disease  therefore  remains  un- 
clear [15]. 

As AET of P. aeruginosa has been performed at our center for 
more than 2 decades, we utilized this data to assess the effect of 
AET on long term pulmonary trajectories in pediatric CF patients. 

 
2. Methods 

 
2.1. Study population and data collection 

 
This was a retrospective analysis of individuals with CF fol- 

lowed at the Hospital for Sick Children and St. Michael’s Hospital 
(Toronto, ON, Canada), captured in the Toronto CF Database from 
1998 to 2018. Data was extracted from the database housed at the 
Hospital for Sick Children which contains information on patients’ 
pulmonary function tests (PFT), microbiology, and medications. The 
data was supplemented with specifics on AET treatments and out- 
comes through systematic review of health records by study in- 
vestigators (I.G.C., A.B.). This study was approved by the Research 
Ethics Board at the Hospital for Sick Children (REB#1,000,027,683) 

Patients included in this study were  younger  than  18  years  of 
age at cohort entry and had a confirmed diagnosis of CF. The 

diagnosis of CF was defined by the presence of clinical features 
consistent with CF or a positive family history  of  CF  plus  ei- 

ther two documented sweat chlorides of > 60 meq/L by quantita- 
tive pilocarpine iontophoresis test, a genotype showing two well- 
characterized disease-causing mutations, or a nasal potential differ- 
ence consistent with CF. For patients who entered the study cohort 
in 1998, a full year of negative P. aeruginosa cultures (minimum 1 
culture) of respiratory tract specimens prior to cohort entry was 
required to be deemed eligible. Patients had to have at least 10 
years of spirometry measurements in order to qualify for inclusion 
and could not enter the cohort if chronic P. aeruginosa infection 
was already present at that time point. Data was included until the 
last patient encounter in the time frame, until lung transplantation 
or death. 

 

2.2. Pseudomonas aeruginosa eradication protocol and outcomes 
 

Early infection for P. aeruginosa was defined as either the first 
positive respiratory culture for P. aeruginosa within the study pe- 
riod or a positive after at least one year of negative cultures whilst 
not on antibiotics with activity against P. aeruginosa. The details 
of the AET protocol used at our center have been published be- 
fore [16] Initial treatment of P. aeruginosa in asymptomatic pa- 
tients consisted of tobramycin inhalation solution (TIS) (either 1 
year of tobramycin 80 mg/2 ml or 28 days of inhaled tobramycin 
300 mg/5 ml). Symptomatic patients with P. aeruginosa infection 
were given 14 days of intravenous antibiotics and a subsequent 
course of inhaled tobramycin [16]. 

 
2.3. Statistical analyses 

 
Due to the long-term nature of the follow-up of this study, the 

majority of the covariates of interest were non-time-varying, de- 
fined based on data from their first encounter in the cohort. These 
included sex, CFTR functional class (classes I-III vs classes IV-V), 

 

 
 

Fig. 1.  CONSORT Diagram. 
 
 

age at diagnosis (<= 2 years versus > 2 years), pancreatic status, 
and starting FEV1% predicted measurement. 

The exposure of interest in this study was the time-varying cat- 
egorization of P. aeruginosa status. Subjects are categorized in the 
Never group if, over their lifetime documented microbiology sam- 
ples or since cohort entry, they never had P. aeruginosa isolated 
from a respiratory tract sample. Subjects changed to the Eradi- 
cated group if they had a P. aeruginosa infection, treated with the 
AET protocol, and subsequently cleared their infection at first post- 
AET regimen clinic visit. Finally, subjects changed to the Chronic 
group upon having a full AET regimen which did not clear their 
P. aeruginosa infection at first post-AET regimen culture, resulting 
in a clinical categorization of chronic P. aeruginosa infection. This 
could have occurred on their first AET regimen, representing a shift 
from the Never to Chronic group, or after a previously success- 
ful AET attempt, representing a change from the Eradicated to the 
Chronic group. 

The primary outcome for this study was the absolute  FEV1  de- 
cline over time, with age being used as the time variable. This ac- 
counts for both the amount of time in the study cohort and simul- 
taneously adjusts for age. FEV1 was reported as percent predicted 
using the GLI reference equations [17]. Mixed-effects linear regres- 
sion models  were  used  to  account  for  the  repeated  lung  func- 
tion measurements over time within each patient. Subjects could 
change exposure group from Never to Eradicated, Never to  Chronic, 
or Eradicated to Chronic. Outcome slopes represent the absolute 
change in FEV1% predicted per year, adjusted for age or any other 
specified covariates. 

 
3. Results 

 
3.1. Study population 

 
A total of 205 patients were included in the analysis (Fig. 1), of 

which 48% were female, 88% had a Class I-III mutation, 74% were 
diagnosed before the age of 2, and  90%  were  pancreatic  insuffi- 
cient (Table 1). The median (IQR) age at entry into the study was 
5.6 years (5.1, 10.5 years) with a mean (SD) first reported FEV1% 
predicted within the study period of 83.4% predicted (19.4%). 

Of the 205 patients, 23 (11%) were censored at transplant, and 
18 (9%) were censored at death. Mean (SD) follow-up time within 
the study was 17.3 years (2.7 years) (Table 1). During the study pe- 
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Table 1 
Patient characteristics at study entry. 

 
 

    Patient Characteristic Total N = 205  

Age at study entry (years), median (IQR) 5.6 (5.1, 10.5) 
Female, n (%) 98 (48%) 
Age at diagnosis, n (%) 

 

<=2 years 
>2 years 

152 (74%) 
53 (26%) 

CFTR Functional Class, n (%)  

I-III 181 (88%) 
IV-V 17 (8%) 
Missing 7 (3%) 

Ethnicity, n (%)  

Caucasian 184 (90%) 
Black 10 (5%) 
Asian 2 (1%) 
Other 9 (4%) 

Pancreatic Insufficient, n (%) 185 (90%) 
Age  at  first  P. aeruginosa infection  (years),  median  (IQR) 9.6 (5.6, 14.6) 
FEV1% predicted at study entry, median (IQR) 83.6 (68.7, 98.3) 
Follow-up time in study (years), median (IQR) 18.3 (15.9, 19.3) 
Follow-up time in each group (years), median (IQR)  

Never (n = 165) 2.8 (1.0, 5.7) 
Eradicated (n = 172) 10.2 (5.7, 14.7) 
Chronic (n = 119) 8.8 (4.5, 14.9) 

Number of patients in each group at selected age snapshots 
Age: 10 years 

 
 
 

A 
 
 
 

Age: 20 years 
Never 10 
Eradicated 60 
Chronic 59 

Age: 25 years 
 

Never 2 
Eradicated 21 
Chronic 48 

IQR: interquartile range; CFTR: CF transmembrane conductance regulator; FEV1% 
predicted: forced expiratory volume in one second, as measured by spirometry and 
standardized by GLI [16]. 

 
 

riod, patients had a median (IQR) of 68 (51, 93) reportable PFTs 
performed, and 74 (47, 99) microbiology samples assessed. This 
represents a mean (range) of 5.9 (1, 35) PFTs per year and 5.2 (1, 
27) microbiology samples per year. 

Of the total 205 patients,  165  (80.5%)  entered  the  study  pe- 
riod as having Never had P. aeruginosa and 40 (19.5%) entered as 
Eradicated, due to either a recorded history of previous P. aerug- 
inosa  eradication,  or  because  their  entry  into  the  study  was  on 
an infection leading to P. aeruginosa clearance. These 165 patients 
contributed a median (IQR) 2.8 years (1.0, 5.7 years) to the Never 
group. Among  patients that  had at  least  one  P.  aeruginosa  infec- 
tion over the study period (n = 203), the median (IQR) age at first 
infection was 9.6 years (5.6, 14.6 years). One  year  of  80  mg  in- 
haled tobramycin was the treatment course for 448 P aeruginosa 
infections among 186 patients in  our  cohort  whereas  28  days  of 
300 mg tobramycin was used for 280 eradication attempts among 
96 participants. The median (IQR) duration of  time  contributing to 
the Eradicated group was 10.2 years (5.7, 14.7 years) (n = 172), and 
8.8 years (4.5, 14.9 years) for the Chronic group (n = 119). 

3.2. Lung function trajectories 
 

Due to  the  long-term  nature  of  this  analysis,  we  consid- 
ered non-time-varying covariates when developing the explanatory 
multivariable model. Covariates were attempted forward-stepwise 
based on univariable association with FEV1 decline over time, and 

 

 
 

Fig. 2.  Progression  of  FEV1%  predicted  among  those  who  successfully  eradicate 
P. aeruginosa after AET initiation, compared to those who develop chronic P. 
aeruginosa∗. 

 
 

kept in the model if they were statistically significant. While FEV1% 
predicted at study entry and pancreatic status were kept in the 
final model, neither covariate substantially changed the effect es- 
timate of the overall decline in FEV1 by Pseudomonas infection 
group. 

The decline for the Never group was −0.77% per year (95% CI 
−0.94, −0.60%). In the final model (Table 2), the Eradicated group 
had an overall annual decline in  FEV1  of  −1.11%  predicted/year 
(95%  CI  −1.18,  −1.04)  and  the  Chronic  group  had  a  decline  of 
−1.57% predicted/year (95% CI −1.64, −1.50). This represented a 
0.46% predicted per year  less  decline  for  subjects  who  success- 
fully eradicated compared to those where AET failed to eradicate P. 
aeruginosa and they developed chronic infection (95% CI 0.37, 0.55; 
p<0001) (Fig. 2). 

 
4. Discussion 

 
To the best of our knowledge, this is the first study demonstrat- 

ing the effect of early eradication of Pseudomonas infection on long 
term lung function decline in CF patients. In this 20 year retrospec- 
tive study, we showed that there is less  deterioration  in  FEV1  in 
those in whom P. aeruginosa eradication was successful compared 
to those who in whom it was not and who developed chronic in- 
fection. 

AET of initial P. aeruginosa infection is considered  standard  of 
care in the management of CF patients. Several prior studies have 
shown that early eradication of P. aeruginosa infection can success- 
fully clear the organism from airway secretions and can also post- 
pone chronic P. aeruginosa infection [6–9,18]. Given that chronic P. 
aeruginosa infection is known to be associated with poor clinical 
outcomes, one would assume that successful P. aeruginosa eradica- 
tion would translate into benefits for subsequent lung disease, but 
this has been harder to demonstrate. Most patients with early P. 
aeruginosa infection are asymptomatic and have stable lung func- 
tion, highlighting the necessity of routine surveillance cultures to 
identify incident infection. Given the lack of acute symptoms and 
deterioration  in  lung  function  with  initial  P.  aeruginosa  infection, 
it is not surprising that AET has not been shown to be associated 
with immediate improvements in lung function. Thus, assessing its 
effect on subsequent long-term lung function decline is a more 
suitable measure for the effect of AET on lung disease. 

There are few previous studies examining the effect of AET of 
P. aeruginosa infection on measures other than microbiology in CF. 
Zemanick et al. [19] evaluated clinical outcomes  associated  with 
initial isolation of P. aeruginosa in a large CF cohort. P. aeruginosa 
acquisition was associated with an increased rate of pulmonary 
exacerbations,  more  frequent  detection  of  crackles  or  wheeze  on 

Never 44 
Eradicated 92 
Chronic 22 

ge: 15 years 
Never 31 
Eradicated 107 
Chronic 57 
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Table 2 
FEV1 decline over time by eradication status, adjusted for associated covariates. 

 
 
 
 
 
 

 
Pancreatic status 

 
 
 

∗ Eradication status was entered in the model as an interaction with age; the slope 
refers to the additional decline in FEV1 per year on top of that of eradicated individuals, 
which would be the decline per year in the age row. 
∗∗ Represents the difference in FEV1  for each unit increase in FEV1% predicted at the 

study start. 

 
 

physical exam and increased risk for emergence of methicillin- 
resistant Staphylococcus aureus, Stenotrophomonas maltophilia and 
Achromobacter xylosoxidans on respiratory cultures. However, there 
was no association between initial acquisition of P. aeruginosa and 
more rapid decline in lung function or change in growth parame- 
ters. Similarly, Mayer-Hamblett et al. [20] in their 5 year follow-up 
study of over 200 children with CF who underwent P. aeruginosa 
eradication treatment, observed increased antimicrobial usage in 
individuals who failed AET versus those who successfully cleared P. 
aeruginosa, but there was no association between eradication sta- 
tus and clinical outcomes including lung function decline over 5 
years following treatment. Both of the aforementioned studies did 
not find an association between AET and FEV1 decline, consistent 
with our previous findings [19,20], but had shorter follow up pe- 
riods than the current study. In a study with a follow up period 
of several decades, Frederiksen et al. [21] compared CF patients 
treated with an intensive protocol consisting of colistin inhalations 
and oral ciprofloxacin at the time of initial P. aeruginosa coloniza- 
tion with historic controls who had never participated in any early- 
treatment trials. They found that aggressive treatment maintained 
or increased pulmonary function during the year after inclusion, 
compared with the control group. While these data are consistent 
with our current findings, the use of historic controls limits a di- 
rect comparison of a treatment effect. 

There were several strengths as well as limitations to our study. 
The main strength is the 20 years of follow up data that allowed 
us to detect the change in long-term lung function decline. Fur- 
thermore, our detailed antibiotic database permitted accurate clas- 
sification of eradication treatment success and failures. The lim- 
itations were the retrospective nature of the study, not  allowing 
direct comparison of treatment versus no treatment for early P. 
aeruginosa infection, which would not be possible given that AET is 
standard of care for CF patients. The change in care over time was 
accounted for by  using  time  as  a  covariate  in  the  model.  While 
we used a linear  model  in  the  analysis,  nonlinear  models  have 
been proposed to better capture changes over long observation pe- 
riods in CF [23]. There  were  some  changes  in  the  AET  protocol 
over the 20 year study period, namely the switch from 1 year of 
TIS (80 mg/2 ml) to 28 days of TIS (300 mg/5 ml) but we have 
previously shown these 2 regimens to be  comparable  in  terms  of 
AET efficacy. Given the retrospective nature of the study we can- 
not prove causality between AET and improved lung function tra- 
jectory, and other factors could be responsible for  the  observed 
group differences.  We  did  not  assess  pulmonary  exacerbation  as 
an outcome which has previously reported to differ between indi- 
viduals with successful P. aeruginosa eradication and those that fail 
AET. Different time points rather than the initial culture end of AET 
could be chosen of an endpoint for successful eradication. Finally, 
the success of an eradication protocol can be influenced by mul- 

 
tiple factors including P. aeruginosa phenotypes  as  described  be- 
fore [22], host factors affecting bacterial clearance and adherence 
to treatment that we cannot control for in this analysis. 

In conclusion, we have demonstrated for the first time that 
successful P. aeruginosa eradication therapy is associated with im- 
proved long term lung function, supporting the current standard 
of care in the management of CF patients. Thus, AET can not only 
result in improved microbiological outcomes, but clinical outcomes 
as well. 
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Impact of Pseudomonas aeruginosa antibiotic eradication therapy on lung function
decline in cystic fibrosis

I. Gascon Casaredi (Barcelona, Spain), M. Shaw (Toronto, Canada), V. Waters (Toronto, Canada), R. Seeto

(Toronto, Canada), A. Blanchard (Montreal, Canada), F. Ratjen (Toronto, Canada)

Introduction: While antibiotic eradication therapy (AET) of early Pseudomonas aeruginosa infection is

considered standard of care, its long-term effect on the subsequent course of cystic fibrosis(CF)lung disease

remains unclear.

Methods: CF patients who were P. aeruginosa-free for at least a year and had a minimum of 10 years of

pulmonary function measurements were included. Subjects were categorized as Never if they never had P.

aeruginosa isolated from a respiratory tract sample. Subjects changed to the Eradicated group if they had a P.

aeruginosa infection, were treated with AET, and subsequently cleared their infection. Subjects changed to the

Chronic group if AET did not clear their P. aeruginosa infection. The primary outcome was absolute FEV1 decline

over time, with age as the time variable. Mixed-effects linear regression models were used to account for the

repeated lung function measurements over time within each patient.

Results: 205 CF subjects (48% were female) were included; the median (IQR) age at first infection was 9.6 (5.6,

14.6) years. The median (IQR) age at entry into the study was 5.6 (5.1, 10.5) years. The median (IQR) follow up for

the Never group was 2.8 (1.0, 5.7) years, 10.2 (5.7, 14.7) years for the Eradicated group, and 8.8 (4.5, 14.9) years

for the Chronic group. Among those patients that had at least one P. aeruginosa infection over the study period,

annual lung function decline of FEV1 was significantly lower (-1.11% predicted/year; 95% CI: -1.18, -1.04) in the

Eradication group compared to the Chronic group (-1.57%; -1.64, -1.50) (p<0.001).

Conclusions: AET against P.aeruginosa infection improves  lung funtion trajectory in CF patients.
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