
 
 

-- PhD Dissertation -- 
 

 
AIRWAY CLEARANCE IN CYSTIC FIBROSIS 

 
 
 
 
 
 
 

Author 

Marta San Miguel Pagola 
 
 
 
 
 
 

 
 

 
 

 
 

 

 

Universidad San Jorge 

Facultad de Ciencias de la Salud 

Villanueva de Gállego, 2018 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 -- PhD Dissertation –  
 

AIRWAY CLEARANCE IN CYSTIC FIBROSIS 
 

Author 

Marta San Miguel Pagola 

 

 

 

 

Director 

Gregory Reychler 

 

 

 

 

Co-director 

Pablo Herrero Gallego 

 

 
 

 
 
 

 
 

Universidad San Jorge 

Facultad de Ciencias de la Salud 

Villanueva de Gállego, 2018 
 



                                                              
 



Dr. Gregory Reychler, Assistant Professor, Senior Researcher at Université Catholique de 

Louvain and Head of pulmonology physiotherapy unit at Cliniques Universitaires Saint-Luc.  
 

Dr. Pablo Herrero Gallego, lecturer at the Physiotherapy Degree and Head of the iPhysio 

Research Group at Universidad San Jorge. 

Certify: 

 

That the research work contained throughout this dissertation titled “Airway clearance in cystic 

fibrosis”, has been developed by Marta San Miguel Pagola under our supervision. By signing 

this document, we authorized the presentation of this work to apply for the doctoral degree. In 

witness whereof, we sign this declaration in Villanueva de Gállego (Zaragoza), on October 29 

2018. 

 

 

 

 

 

 

Dr. Gregory Reychler                                           Dr. Pablo Herrero Gallego 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 

 

To the memory of @ and to Dolphin 

                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



AKNOWLEDGEMENTS  
 

The woman that one day working with patients had the first idea for the development of this 

PhD dissertation is far away from the woman I feel nowadays. The years devoted to the research 

work that I will expose, have supposed a great personal and professional growth. Many people 

have helped me along the way and I would like to write to each one of them in the language we 

regularly communicate. 

Cette thèse n’aurait pas pu commencer si mon collègue Yann Catelain ne m’avait pas proposé 

d'approfondir dans le terrain de la Kine respi pendant mon étape professionnelle au Havre 

(France). Ça a été pendant ce temps où j’ai eu aussi la chance de connaitre à mon premier 

menteur sur la route, merci Jean Chevaillier pour m’avoir transmis ta passion pour ce domaine 

de la kine.   

Pero nada de esto habría tampoco nacido, sin la valiosa oportunidad que la Asociación Navarra 

de Fibrosis Quística me ofreció, cuando decidí volver a España a seguir desarrollando mi 

actividad profesional. Ellos depositaron en mí la confianza que hizo posible que me sintiera 

segura y con el respaldo suficiente para poner en práctica todo lo aprendido en Francia. El 

trabajar a domicilio me ofreció la oportunidad de establecer una relación bidireccional muy 

especial con los pacientes y sus familias, y de estas interacciones surgieron las primeras pruebas, 

que más tarde darían lugar al segundo proyecto que compone esta tesis. Así que gracias a tod@s 

los pacientes y familiares que me confiaron su tiempo y su salud, espero que con estas líneas os 

pueda devolver, en forma de calidad de vida, al menos parte de los que vosotr@s me disteis.  

Otra persona que ha sido muy importante para llegar a este punto es Pablo Herrero, quien me 

brindó la oportunidad de compatibilizar mi actividad asistencial en Navarra con mis primeros 

pasos como docente en el ámbito de la fisioterapia respiratoria. Gracias por confiar en mí Pablo 

y por ser una fuente continua de nuevos retos y estímulos. Qué bien hice en ser rebelde durante 

mis estancias clínicas de la carrera ; ) (esa parte no ha cambiado en mí, ¡de hecho creo que con 

los años mi rebeldía aumenta!).  

Pero hasta este momento la ciencia aún no había llamado a mi puerta, tuve que esperar a que 

la vida pusiera en mi camino a mi compañera de tantas cosas. Gracias Beatriz Herrero-Cortina 

por todos los momentos compartidos, porque hoy soy más consciente que nunca de que todos 

y cada uno de ellos me han hecho evolucionar como investigadora en el más amplio de los 

sentidos. Siento que los caminos que hemos creado juntas no caben en los mapas y que has 

despertado a la investigadora que llevaba dentro. Gracias por ayudarme a recorrer la senda más 

bonita que existe, el camino hacia mí misma.  



Chilenita, how to describe cette interaction! Gracias por convertir cada una de mis visitas a 

Bélgica en un momento mágico, sigo pensando que deberían distribuirte en farmacias ; ).  

Gregy merci pour accepter la proposition de me diriger pendant tout le processus de la thèse 

(personnel et professionnel). Thank you very much aussi pour m’offrir la chance d’apprendre à 

faire des types d’études que je n'aurais pas pu faire en Espagne; comme celui de déposition ou 

l’in vitro. Last but not least, merci aussi pour me faire découvrir plus de bières belges pendant 

mes périodes à Bruxelles, et pour me faire voyager dans le monde à travers de tes photos. 

Ya perdonaréis que os agrupe, pero sois tant@s que no me gustaría dejarme a ningun@. Gracias 

de corazón a mi gran familia (familia elegida por mí y familia elegida por la naturaleza) por todo 

lo que me habéis cuidado y animado; sabéis que sentirme arropada es algo muy importante para 

mí y durante todos estos años he sentido vuestro cariño y apoyo incondicional para seguir 

adelante con este proyecto.  

I also would like to thank to Dr. Richard Boucher and all the UNC team for giving me the chance 

to be part of it. It was very constructive to live from the inside how a research team so 

consolidated is organized. I perceive you as a great model, both professional and personal and I 

admire your ability to make people give the best version of themselves. A special mention to Kat 

Ramsey for her professional and personal welcome.  

Pilar Plou gracias por guiarme en el camino hacia mí misma y ayudarme a aprovechar cada 

situación para aprender. Gracias también por todas las valiosas herramientas personales que 

me has enseñado. 

Thank you very much to “la Robinhood de la ciencia”, Alexandra Elbakyan, porque sin tu 

generosidad no hubiera podido tener acceso a muchos de los artículos que me han permitido 

profundizar en el área de conocimiento de la tesis. 

Un gran THANKS a Cristina Cimarras, Eduardo Piedrafita, Estefanía Zuriaga, María Gilaberte y 

Fernando Gómez por regalarme su tiempo y sus valiosos consejos para afrontar la recta final de 

la tesis. 

No podía faltar en este reparto de agradecidos abrazos, uno enorme para unas mujeres que me 

han hecho descubrir que “el poder està dins teu”. Gracias Bielas, sois para mí una fuente de 

inspiración y empoderamiento.  

Gracias también a la Universidad San Jorge, a la Sociedad Española de Neumología y Cirugía 

Torácica (SEPAR), a la Federación Española de Fibrosis Quística, a las Cliniques Universitaires 



Saint Luc de Bruselas, a Smiths Medical y a PARI por confiar en el proyecto y respaldar 

económicamente la investigación realizada.  

No quería cerrar este apartado sin agradecer a tod@s l@s voluntari@s que han colaborado en 

los estudios, ya que sin ell@s nada de lo que voy a exponer a continuación hubiera sido posible 

tampoco. 

Por último, quiero agradecerme a mí misma la valentía de haber seguido adelante con esta tesis 

a pesar de los momentos difíciles. Siento que cierro una etapa que ha sido muy importante y 

tengo muchas ganas de seguir explorando hacia y con mi “nueva yo”.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 



GENERAL INDEX 
  

ACRONYMS .................................................................................................................................. 15 

ABSTRACT .................................................................................................................................... 17 

INTRODUCTION ........................................................................................................................... 19 

CHAPTER 1: THEORETICAL FRAMEWORK .................................................................................... 21 

1.1. CYSTIC FIBROSIS .......................................................................................................... 21 

1.1.1. CFTR dysfunction and cystic fibrosis lung disease ............................................... 21 

1.1.2. Evolution of care for cystic fibrosis lungs ............................................................ 24 

1.2. AEROSOL DELIVERY ..................................................................................................... 26 

1.2.1. Deposition mechanisms of inhaled substances .................................................. 26 

1.2.2. Factors that influence aerosol deposition ........................................................... 27 

1.2.3. Outcomes measures related to aerosol deposition ............................................ 30 

1.3. AIRWAY CLEARANCE ................................................................................................... 32 

1.3.1. The respiratory clearance system in healthy and cystic fibrosis patients ........... 32 

1.3.2. What can help airway clearance in cystic fibrosis? ............................................. 33 

1.3.3. Outcomes measures for airway clearance .......................................................... 38 

CHAPTER 2: HYPOTHESIS AND OBJECTIVES ................................................................................ 41 

CHAPTER 3: FIRST CLINICAL STUDY ............................................................................................. 43 

3.1. INTRODUCTION ........................................................................................................... 43 

3.2. MATHERIAL AND METHODS ........................................................................................ 44 

3.2.1. Participants .......................................................................................................... 44 

3.2.2. Study design ........................................................................................................ 44 

3.2.3. Nebulization modalities ...................................................................................... 45 

3.2.4. Nebulization procedure ....................................................................................... 46 

3.2.5. Imaging procedure .............................................................................................. 46 

3.2.6. Image analysis ..................................................................................................... 47 

3.3. RESULTS ....................................................................................................................... 49 

3.4. DISCUSSION ................................................................................................................. 52 

CHAPTER 4: SECOND CLINICAL STUDY AND ASSOCIATED IN VITRO EXPERIMENT ..................... 57 

4.1. INTRODUCTION ........................................................................................................... 57 



4.2. MATHERIAL AND METHODS ........................................................................................ 58 

4.2.1. Participants .......................................................................................................... 58 

4.2.2. Study design ........................................................................................................ 58 

4.2.3. Interventions ....................................................................................................... 59 

4.2.4. Outcome measures and data collection ............................................................. 60 

4.2.5. Sample size justification and statistics ................................................................ 62 

4.3. RESULTS ....................................................................................................................... 63 

4.3.1. Sputum expectoration ......................................................................................... 64 

4.3.2. Cough and sputum symptoms............................................................................. 65 

4.3.3. Lung function and patient tolerance ................................................................... 67 

4.3.4. Patient preference .............................................................................................. 67 

4.3.5. In vitro results ...................................................................................................... 67 

4.4. DISCUSSION ................................................................................................................. 67 

CHAPTER 5: THIRD CLINICAL STUDY ............................................................................................ 71 

5.1. INTRODUCTION ........................................................................................................... 71 

5.2. MATHERIAL AND METHODS ........................................................................................ 72 

5.2.1. Participants .......................................................................................................... 72 

5.2.2. Study design ........................................................................................................ 72 

5.2.3. Interventions ....................................................................................................... 73 

5.2.4. Outcome measures and data collection ............................................................. 74 

5.2.5. Sample size justification and statistics ................................................................ 74 

5.3. RESULTS ....................................................................................................................... 75 

5.3.1. Sputum expectoration ......................................................................................... 76 

5.3.2. Tolerability and patient preference .................................................................... 79 

5.4. DISCUSSION ................................................................................................................. 79 

CHAPTER 6: FINAL CONCLUSIONS ............................................................................................... 83 

6.1. PhD DISSERTATION CONCLUSIONS ............................................................................. 83 

6.2. POSSIBLE FUTURE RESEARCH DIRECTIONS ................................................................. 84 

BIBLIOGRAPHY ............................................................................................................................. 87 

APPENDIX .................................................................................................................................. 103 

 
 



15 

 

ACRONYMS 
 

ACT: Airway clearance technique 

AD: Autogenic drainage 

AP: Anterior planar image 

ASL: Airway surface liquid 

ATP:  Adenosine triphosphate 

BSI: Body mass index 

Ca2+: Calcium 

CaCC: Ca2+ activated Cl- channels 

CASA-Q: Cough and sputum assessment questionnaire 

CF: Cystic fibrosis 

CFU: Colony-forming units  

CFTR: Cystic fibrosis transmembrane conductance regulator  

CI: Confidence interval 

Cl-: Chloride 

CRQ-R: Cystic fibrosis questionnaire-respiratory domain 

EIT: Electrical impedance tomography 

ES: Effect size 

ENaC: Epithelial sodium channel  

FEV1: Forced expiratory volume in 1 s  

FEF25-75: Forced expiratory flow between 25 % and 75 % of vital capacity 

FVC: Forced vital capacity 

GSD: Geometric standard deviation   

HA: Hyaluronic acid 

HCO3-: Bicarbonate 

HS: Hypertonic saline 

HA+HS: 0.1 % hyaluronic acid + 7 % hypertonic saline 
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ICH: Harmonisation of technical requirements for pharmaceuticals for human use 

LCQ-Sp: Spanish version of the Leicester cough questionnaire  

MCID: Minimal clinically important difference 

MMAD: Mass median aerodynamic diameter 

ND: Nominal dose 

OPEP:  Oscillatory positive expiratory pressure 

OSEM: Ordered subsets expectation maximization 

PA: Posterior planar image 

PCL: Periciliary layer 

PEP: Positive expiratory pressure  

PET: Positron emission tomography 

RIM: Resistive inspiratory maneuvers 

ROI: Region of interest 

SD: Standard deviation 

SPECT-CT: Low-resolution computed tomography 

VOI: Volume of interest 

Vt: Tidal volume 

99mTc-DTPA: Technetium-99m diethylenetriaminepentaacetic 
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ABSTRACT 
INTRODUCTION 

Cystic fibrosis (CF) is a genetic disorder that occurs at a rate of ~1 in 4.500 births in the Caucasian 

population. Although the illness affects several body systems, the respiratory problems are the 

principal cause of morbidity and mortality. The dehydrated airway mucus and increased 

viscoelasticity that characterizes the secretions of this disorder, leads to mucociliary clearance 

impairment and progressive irreversible lung damage. Therapies to promote sputum removal, 

such as nebulized mucoactive treatments and airway clearance techniques (ACTs), are a 

cornerstone of daily CF treatment. Despite the high therapeutic burden of those therapies, there 

is little evidence to support the use of a specific procedure over another. The general aim of this 

PhD dissertation is to analyze the short-term effect of body posture and different modalities of 

airway clearance therapies in adults with stable CF.   

 

MATHERIAL AND METHODS 

Four studies were carried out: 1) a unicentric randomized crossover trial performed in a healthy 

population and focused on measuring the influence of left lateral decubitus positioning during 

nebulization on aerosol deposition (Clinical Trial Registration Number: NCT02451501); 2a) a 

multicentric randomized crossover trial directed to analyze the effect of combining mucoactive 

nebulization with an oscillatory ACT on sputum expectoration and related symptoms in adults 

with stable CF (NCT02303808); 2b) a subsequent in vitro experiment carried out to analyze the 

product loss of the circuit used for the combined nebulization; and 3) a multicentric randomized 

crossover trial, also performed in adults with stable CF, aiming to compare the efficacy of three 

airway clearance sessions composed of different ACT modalities (resistive inspiratory maneuver 

[RIM], autogenic drainage [AD] and RIM+AD) (NCT0226198).  

 

RESULTS 

Study 1:  Nebulization in the left lateral decubitus position performed with a controlled dose 

breath-actuated nebulizer system (AKITA) reduces the total and regional amounts of drug 

delivered to the lungs, especially to the dependent regions. Study 2a: Combining regular 

mucoactive nebulization with an oscillatory ACT promotes greater sputum expectoration than 

usual care during the nebulization period, reducing symptoms related to sputum and 
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mucoactive drug adverse effects. This combination does not affect the amount of sputum 

expectorated during post-nebulization ACT and 24 hours afterward. Study 2b:  The connection 

between the nebulizer and the ACT device seems to reduce the amount of drug that reaches the 

patient. Study 3:  RIM, AD (usual care) and RIM+AD are safe and well tolerated ACTs that 

enhance greater sputum expectoration than spontaneous breathing in adults with stable CF. AD 

and RIM+AD are equally effective to promote sputum removal. However, RIM generates 

significantly lower expectoration and, by itself, does not seem a good option to promote sputum 

removal in the CF population. Transversal result related to the studies 2a and 3:  Patients prefer 

mucus clearance interventions different than usual care, as long as they are at least as effective. 

 

CONCLUSIONS 

The findings of this PhD dissertation suggest that nebulization performed in the left lateral 

decubitus in healthy males reduces the total and regional amounts of drug delivered to the lungs 

(especially in the dependent regions). Moreover, combining mucoactive nebulization with an 

oscillatory ACT enhances immediate sputum expectoration, reduces symptoms related to 

sputum and mitigates mucoactive adverse effects in adults with stable CF. Furthermore, airway 

clearance sessions that include slow expiratory ACTs seem more effective promoting immediate 

sputum removal in adults with stable CF than inspiratory maneuvers performed alone.  
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INTRODUCTION  

The present PhD dissertation delves into the subject of airway clearance in cystic fibrosis (CF). It 

is composed of three clinical trials and an in vitro sub-study related to the second clinical trial: 

- The first clinical study is a monocentric randomized crossover trial developed in the 

Cliniques Universitaires Saint Luc (Brussels) in July 2015 (Clinical Trial Registration 

Number: NCT02451501). The objective of the study was to analyze the effect of body 

position during nebulization on three-dimensional (3D) total and regional lung 

deposition. Due to the nature of the trial (the volunteers were marked with a radioactive 

substance), the study was performed in healthy subjects. A manuscript entitled 

“Targeted lung deposition from nebulization is not improved in lateral decubitus posture: 

a randomized crossover trial in healthy volunteers” has been submitted to the Journal 

of Aerosol Science (Q2), and it is currently under minor revision.  

 

- The second clinical study is a multicentric randomized crossover trial conducted in seven 

Spanish CF centers from December 2014 to November 2015 (NCT02303808). The 

primary aim was to determine whether the addition of oscillatory positive expiratory 

pressure (OPEP) to usual mucoactive nebulization influenced the amount of immediate 

sputum expectoration in adults with stable CF. The preliminary results were presented 

during 2016 in both national and international congresses: 39th European Cystic Fibrosis 

Conference (oral communication), European Respiratory Society Congress (thematic 

poster) and 49 national congress of the Sociedad Española de Neumología y Cirugía 

Torácica (SEPAR) (poster discussion). To quantify the product loss of the different 

nebulization circuits (usual care vs. combined therapy), a subsequent in vitro experiment 

was performed at the Cliniques Universitaires Saint Luc. Currently, a manuscript entitled 

“Impact of hypertonic saline nebulization combined with oscillatory positive expiratory 

pressure on sputum expectoration and related symptoms in cystic fibrosis: a randomized 

crossover trial” has been submitted to the Journal of Physiotherapy (Q1), and we are 

waiting on their initial feedback. SEPAR funded the clinical trial (project number 

239/2012). 

 

- The third clinical study is also a multicentric randomized crossover trial performed in 

four Spanish CF regional associations from November 2014 to June 2016 (NCT0226198). 

The purpose of this trial was to compare the efficacy of three airway clearance sessions 
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composed of different airway clearance technique (ACT) modalities in adults with stable 

CF. The preliminary results were also presented during 2016 both in national and 

international congresses: 39th European Cystic Fibrosis Conference (oral 

communication), European Respiratory Society Congress (thematic poster) and 49 

Congreso Nacional SEPAR (poster discussion). We are currently writing the manuscript 

for this work; the provisional title is “Resistive inspiratory maneuvers as a technique for 

airway clearance in patients with cystic fibrosis: a randomized crossover trial”. The 

Federación Española de Fibrosis Quística funded this trial.  

 

The PhD dissertation is divided in six chapters. The first one introduces the reader to the main 

concepts related to CF, aerosol delivery and airway clearance. Chapter 2 summarizes the main 

hypothesis of the PhD dissertation, as well as the general and specific objectives. Chapters 3, 4 

and 5 describe, in manuscript format, the research work performed along the different trials 

that compose this dissertation. The sixth and last chapter summarizes the main conclusions and 

proposes possible future research directions.  

 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 



21 

 

1. CHAPTER 1: THEORETICAL FRAMEWORK 
1.1. CYSTIC FIBROSIS 

Cystic fibrosis (CF) is a multisystem genetic disorder that occurs at a rate of ~1 in 4.500 births in 

the Caucasian population (1). The illness is caused by a mutation in the gene that encodes the 

cystic fibrosis transmembrane conductance regulator (CFTR) protein, which is responsible for 

regulating ion transport across the cellular membrane (2). Although CF affects several body 

systems, the “lung disease remains the main cause of morbidity and mortality” (3). Other 

frequent manifestations are pancreatic insufficiency, biliary cirrhosis, heat shocks, and infertility 

(4). The development of therapies that target the lung disorder and the undernutrition problems 

has remarkably improved the quality of life and the life expectancy of this population, which is 

now > 40 years in developed countries (4). Furthermore, newborn screening is highly 

implemented in areas with a greater prevalence (5), reducing disease progression, burden and 

cost of care (6, 7). Measurement of immunoreactive trypsinogen (IRT) and DNA mutation testing 

are frequently used for the diagnosis of CF (4). Moreover, a sweat test is recommended as the 

final diagnostic exam (4).  

 

1.1.1. CFTR dysfunction and cystic fibrosis lung disease 

The CFTR is an anion channel that secrets chloride (Cl-) (8) and bicarbonate (HCO3
-) (9) and 

regulates sodium (Na+) absorption through the epithelial sodium channels (ENaCs) (10). 

Furthermore, as the airway epithelium is fluid permeable (11), water travels through it in order 

to balance the ion content on each side of the membrane (Figure 1A) (3). Functional failure of 

CFTR results in deficient anion secretion and ENaC-mediated Na+ hyperabsorption (3, 12), 

causing dehydration of the respiratory secretions, and the consequent mucociliary clearance 

impairment and mucus obstruction in the airways (dark blue area) (Figure 1B) (3). The resulting 

mucus stasis creates a pro-inflammatory environment (13), and a nidus for bacterial infection 

that leads to progressive irreversible lung damage (14, 15). Once inflammation is established, 

the release of proteases increases ENaC activity and generates even more airway surface 

dehydration (16) (Figure 1C) (3). The decrease in HCO3
- secretion generated by CFTR dysfunction 

reduces the airway surface pH (yellow area), which decreases the ability of antimicrobial 

peptides to fight against bacterial infection (17) (Figure 1D) (3). 
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Figure 1: Consequences of cystic fibrosis transmembrane conductance regulator (CFTR) 

dysfunction on epithelial ion transport, airway surface hydration, mucociliary clearance and 

antibacterial host defense in cystic fibrosis (CF) airways. ENaC: epithelial sodium channel. A) 

Normal airway epithelia ion transport. B) In the CF airway epithelia, deficient anion secretion and 

ENaC-mediated Na+ hyperabsorption causes dehydration of the respiratory secretions and 

consequent mucociliary clearance impairment (dark blue area represents mucus obstruction in 

the airways). C) Once inflammation is established in CF airways, the release of proteases increases 

ENaC activity and generates even more airway surface dehydration. D) The decrease in HCO3- 

secretion generated by the CFTR dysfunction reduces the airway surface pH (yellow area), which 

decreases the ability of antimicrobial peptides to fight against bacterial infection in subjects with 

CF. Adapted from the Cystic Fibrosis European Respiratory Monograph (3).  

 

CFTR mutation can be divided into six classes depending on the underlying mechanism that 

generates the disease (18). So far, more than 2.000 variants of the CFTR gene have been 

identified (19), although ~15 % of them do not trigger CF (4). Classes I to III have no CFTR function 

and are normally associated with a more severe phenotype, while patients with classes IV to VI 

mutations have some CFTR function preserved and present a milder lung disease (Figure 2) (4, 

20).  
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1.1.2. Evolution of care for cystic fibrosis lungs  

Figure 3 reflects the benchmarks that have helped to increase the life expectancy in the CF 

population. The disease was discovered in the late 1930s (21), and in 1953, the sweat test was 

standardized, allowing identification of milder cases (22). During the 1960s, the first CF care 

centers were created, which contributed to a better understanding and treatment of the illness 

(22). The gene for CF was identified in 1989 (23, 24), and following that discovery, several 

symptomatic therapies have proven to be efficacious.  

 

Figure 3. Timeline of cystic fibrosis benchmarks. CF: cystic fibrosis; AZ: Aztreonam; HS: hypertonic 

saline; AI: azithromycin. Adapted from Jerry (25).  

 

The function and impact of the most important lung treatments over the last decades are 

summarized in Table 1:  

 
 
 
 
 



25 

 

Table 1: Remarkable lung treatments over the past decades. 

TYPE OF 

THERAPY  

NAME AND 

YEAR OF THE 

1ST EVIDENCE 

FUNCTION IMPACT IN THE CF DISEASE 

Inhaled osmotic 

agent 

Hypertonic 

saline (2006) 

Improve mucociliary 

clearance by increasing 

H20 secretion into de 

airways (26) 

Improves lung function 

(FEV1 (6.6 - 15 %) and 

mucociliary clearance (14 

%), reduce pulmonary 

exacerbations (26, 27) 

Inhaled 

mucolytic 

Dornase alfa 

(1994) 

Reduce sputum 

viscosity by breaking 

the DNA released from 

neutrophils (28) 

Improves FEV1 (5.8 %) and 

reduces exacerbations (28-

37 %) (29) 

Antibiotic used 

for its 

antiinflammatory 

activity 

Azithromycin 

(2003) 

Decrease inflammation 

and changes the 

characteristics of 

pathogens. The 

mechanisms remain 

unclear (30) 

Improves FEV1 (0.097-L) and 

reduce exacerbations 

(hazard ratio: 0.65) (30) 

Inhaled antibiotic Tobramycin 

(1999) 

Fight against PA (4) Improves FEV1 (10 %), 

reduce the amount of PA 

(“0.8 log10 colony-forming 

units (CFU) per gram of 

expectorated sputum”) and 

exacerbations (26 %) (31, 

32) 

Inhaled antibiotic Aztreonam 

(2009) 

Fight against PA (33) Improves FEV1 (10.3 %) and 

CFQ-R (9.7 points), reduce 

the amount of PA (1.453 log 

(10) CFU/g) (33) 

CF: cystic fibrosis; FEV1: forced expiratory volume in 1 s; PA: Pseudomonas aeruginosa; CFQ-R: cystic fibrosis 

questionnaire-respiratory domain.  
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If all the previous treatments fail, the last option available consist of lung transplantation. This 

therapy improves quality of life, but 5-year survival is 50–60 % and transplant-related 

complications are frequent (34).  

Small molecules, such as CFTR modulators, are the new emerging treatments. These therapies 

try to prevent the CF disease by targeting the basic molecular default (4).  

Currently, daily treatments of an adult with CF can take up to 4 hours (4), of which ~108 minutes 

are spent undertaking nebulization, ACTs and exercise (35). The rest of this PhD dissertation will 

focus on the study of different strategies to try to improve aerosol delivery and airway clearance.  

 
 

1.2. AEROSOL DELIVERY  

1.2.1. Deposition mechanisms of inhaled substances 

Figure 4 summarizes the different deposition mechanisms, the main ones being impaction, 

sedimentation and diffusion (36).  

Impaction affects mainly particles > 5 μm and is very common in the upper airways and 

bifurcations, due to the particle´s inability to stay suspended in the air after sudden changes in 

gas flow direction (36). 

Sedimentation normally occurs when inhaling particles in the size range 1-8 μm (36). Small 

airways are the main target of this mechanism, which takes place thanks to the action of gravity 

when the air velocity is very low and residence time increased (36).  

Diffusion mainly affects particles < 1 μm and occurs in the acinar region, due to the random 

movement of the particles generated by their collisions with gas molecules (36).  
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Figure 4. Human’s airways and main associated 

deposition mechanisms. Reproduced from Darquenne 

(37). 

 

 

 

 

 

 

 

 

 

1.2.2. Factors that influence aerosol deposition 

Clinical benefits of nebulized drugs are directly correlated with the dose deposited in the 

targeted area of the respiratory system (36, 38). Deposition can vary due to a large range of 

factors:  

 

- Aerosol characteristics: The distribution of particle sizes within an aerosol is crucial to 

understand their site of action in the respiratory system (36, 39). Not all the particles of 

an aerosol are identical, and they are frequently log-normal distributed (40). Two terms 

are commonly used to describe the characteristics of particles: mass median 

aerodynamic diameter (MMAD) and geometric standard deviation (GSD). MMAD is 

defined as the particle diameter for which half of the aerosol mass has a larger 

aerodynamic diameter than the MMAD (41). “GSD measures the dispersion of particle 

diameter, and it is defined as the ratio of the median diameter to the diameter at ± 1 SD 

(s) from the median diameter” (39). If the GSD value was 1, it would mean that all the 

particles have identical sizes, but this is not what happens in reality; when GSD is ≤ 1.2, 

the aerosol is considered monodisperse and if GSD is >1.2, the aerosol is considered 

polydisperse (the most frequent option) (39). Larger particles deposit mainly in the 
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proximal airways, while smaller ones tend to deposit distally in the lung (Figure 5) (39). 

Particle in the size range 1-5 µm  can penetrate the unciliated airways and are called the 

“respirable fraction” (42).  

 

Figure 5. Relationship 

between aerodynamic 

diameter and lung 

deposition. Reproduced 

from Laube et al. (39).  

 

 

 

 

 

- Airway morphometry: Mean airway 

diameter decreases with each generation 

division (Figure 6). This anatomical 

configuration influences the velocity of 

the air inside the airways, which is 

progressively reduced as we move 

towards the periphery of the lung (Figure 

7) (37). On the other hand, residence 

time increases toward the periphery of 

the airways (37). 

 

 

Figure 7. Velocity and time-dependent 

deposition mechanisms. Reproduced from 

Darquenne (37). 

 

 

Figure 6. Total cross-section diameter of 

airways in human lung. Reproduced from 

Darquenne (37). 
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- Breathing pattern: The three key elements of the inhalation maneuver are the flow rate, 

inhaled volume, and breath-holding periods.  

When a fast flow rate is generated (> 90 L/min), the inhaled substance will probably 

impact at the bend (central deposition), while inspiration at a low flow (< 30 - 40 L/min) 

favors deeper penetration of the aerosol into the lungs (peripheral deposition) (43).  

If the inspired volume is too low, the inhaled substance will not reach the deep regions 

of the lung (43). Moreover, this kind of inspirations are normally associated with a short 

time frame, not giving enough time for the particles to deposit by sedimentation and 

increasing the risk of re-exhalation. When inhaling larger volumes, the consequences 

are the opposite; inspiration time is long enough to reach deeper areas of the lung, 

where the velocity of the air is lower (Figure 7), favoring sedimentation (43).  

The post-inspiratory breath-hold increases the aerosol residence time, enhancing 

deeper deposition (36, 39, 41, 43).  

 
- Inhalation device: In addition to influencing the MMAD and the GSD, the inhalation 

device can also affect deposition due to the delivery system. The speed at which 

particles are delivered will influence their oropharynx deposition; the higher the speed, 

the greater particles will impact in this area, and the lesser of product will reach the 

lungs (43).  

 

- Lung disease: Respiratory diseases are frequently accompanied by pathological changes 

in the airways that influence aerosol deposition (airways narrowing, changes in lung 

compliance, and/or mucus plugging) (36). These changes generate uneven lung 

ventilation that explains the heterogeneous deposition patterns found in the CF 

population. For example, the reduction of airway diameter present in CF results in 

enhanced flow velocity and turbulence, which increases total particle deposition 

compared to healthy controls (36, 44, 45). Most of the increased deposition takes place 

in the central airways (36). On the other hand, deposition in poorly ventilated areas of 

the lung in people with CF is limited (43). As a result, regional deposition is shifted from 

the distal to more proximal airways (46). In the CF population, low deposition zones are 

mainly located in the apical lung region and increase with disease progression (47). The 

exposed alterations of total and regional deposition caused by CF, may modify the 

therapeutic and/or toxic effects of the inhaled substances (46). 
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1.2.3. Outcomes measures related to aerosol deposition 

Radionuclide imaging of aerosol deposition is the method of choice for the study of aerosol 

delivery. The most common techniques are: 1) three-dimensional (3D) single photon emission 

computed tomography (SPECT); 2) two-dimensional (2D) planar gamma camera imaging; and 3) 

positron emission tomography (PET) (48). Image analysis requires the creation of regions (ROIs) 

and volumes of interest (VOIs) derived from computed tomography (CT) (Figure 8) (49).  

Furthermore, international guidelines recommend dividing each lung into 10 concentric 3D 

shells centered on the hilum (Figure 9) (49). 

 

 

 

Figure 8. Definition of inner and outer VOIs in coronal and transverse planes using the sectional analysis approach. 

Reproduced from Fleming (49). 
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Figure 9. Shells based on the position of 

the hilum of the lung. Reproduced from 

Fleming (49). 

 

 

 

 

 

 

The main outcomes that we can obtain from the mentioned imaging techniques are summarized 

below (49, 50): 

- Total deposition: Calculated by adding up the entire radioactivity cumulated in the 

studied regions. Data are normally expressed as a percentage of the nominal dose. 

- Regional deposition: Represents the radioactivity in the ROIs/VOIs (left/right lung, 

trachea, inner/outer lung region, etc.). Inner deposition corresponds to the radioactivity 

quantified in the five proximal shells and outer deposition refers to the five distal ones. 

Penetration index: Corresponds to the outer to inner radioactivity ratio from SPECT 

normalized by the same ratio for ventilation zones from CT. This outcome gives 

information about whether a deposited substance is distributed more centrally or more 

peripherally. Left/right lung ratio: Represents the percentage of the nominal dose 

deposited in the left lung divided by the percentage deposited in the right one multiplied 

by 100.  

As radioactivity will decrease over time, the attenuation coefficient should be calculated and 

incorporated into the image reconstruction program (50).  
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1.3. AIRWAY CLEARANCE  

1.3.1. The respiratory clearance system in healthy and cystic fibrosis patients 

The mucociliary system constitutes the first-line of defense against the irritants that we inhale 

during inspiration (51). In order to function correctly, this clearance system requires: 1) proper 

hydration of the airway surface liquid (ASL) layer (Figure 10); 2) adequate biophysical properties 

of airway secretions; and 3) normal functioning of the two clearance mechanisms (cilia and 

cough) (3, 52). 

 

 

Figure 10. Representation of the two layers that compose the airway surface layer (ASL). Adapted from Button and 

Boucher (53).  

 

The ASL is composed of two different layers (54): 1) a daily produced mucus one, which traps 

undesired irritants and eliminates them from the respiratory system thanks to the cilia and/or 

cough (52); and 2) a periciliary layer (PCL), whose biophysical properties provides a favorable 

environment for ciliary beating. While proper airway surface hydration is preserved, the 

mentioned ASL structure is ensured thanks to the higher osmotic pressure (measure of ‘‘water-

drawing power’’) of the PCL layer (3, 54). In normal conditions, cilia are slightly higher than the 

PCL (55); this allows the cilia to move in a favorable environment, while its distal part propels 

the mucus layer. When mucus reaches the throat, it can either be swallowed or, if the secretion 

load is too great, coughed out as “sputum” (56). For cough to be effective, the expiratory flow 

has to be high enough to detach secretions from the epithelium and mobilize them (52), and 

airway stability needs to allow the equal pressure point (57) to occur, without generating airway 

collapse between the area where the sputum is localized and the mouth. 

Cilia 
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In the CF population, the mucociliary clearance system is impaired because of the dehydration 

of the ASL generated by the abnormal ion transport across the membrane. This circumstance 

increases the osmotic pressure of the mucus layer above that of the PCL, compressing the cilia 

and generating mucus penetration between the interciliary space (54) (Figure 11B). In 

consequence, mucus clearance is reduced (58), promoting chronic and progressive airway 

obstruction, inflammation and infection (3).  

 
 
 

 

 

 

 

 

 

Figure 11. Schematic illustration showing normal airway surface liquid (A) and the effects of 

dehydration (B). PCL: periciliary layer; K: osmotic pressure. Adapted from Button et al. (54). 

Although ASL rehydrating therapies mitigate the mucociliary dysfunction present in the CF 

population (59), cilia-mediated clearance does not reach normal levels. In consequence, air-

mediated clearance, such as ACTs, has to be performed in order to enhance sputum removal.  

 

1.3.2. What can help airway clearance in cystic fibrosis? 

Therapies to promote airway clearance are a cornerstone of daily CF treatment, and their 

objective is to compensate the impaired mucociliary system and promote sputum removal (55).  

Airway clearance treatments are mainly composed of nebulized mucoactive and ACTs (55).  

 

 

 

MUCUS 
LAYER 

PCL 

B A 
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1.3.2.1. Mucoactive nebulized medication 

Mucoactive substances aim to improve mucus biophysical properties in order to increase the 

ability to expectorate sputum (60). Although different substances are available, hypertonic 

saline (HS) is the most extended one, probably due to it lower price (55, 61) and the short-term 

and prolonged clinical efficacy demonstrated in the CF population (26, 27, 55, 62). The main 

mechanism of action of HS consists of increasing the ASL osmotic pressure above isotonicity, to 

create an osmotic gradient that promotes the migration of water into the airways and accelerate 

mucociliary clearance (26, 62). Current recommendations for CF adults consist of nebulization 

of 4 mL 7 % HS twice a day (63). Even after performing the recommended premedication with a 

bronchodilator, some patients experience adverse side effects during HS nebulization, such as 

cough, saltiness, and bronchospasm (64). The addition of hyaluronic acid (HA) to HS significantly 

improves its tolerability and pleasantness in people with CF (65). 

 

1.3.2.2. Airway clearance techniques 

1.3.2.2.1. Types of techniques used in the CF population 

Currently, there are no clear recommendations for the use of one technique over another (66). 

To give a general idea of the wide variety of ACTs available, we can classify them by their 

physiological effect in:  

 

- Techniques that promote ciliary beating and airway hydration: Pretty much any ACT 

modality (Table 2) generates mechanical stress in the airways through changes in the 

pressure and/or airflow (53). The mechanical stress increases the adenosine 

triphosphate (ATP) levels, which in turn stimulates P2Y2 receptors, inducing Ca2+ 

secretion and inhibiting Na+ absorption (Figure 12) (67). Furthermore, the increased 

amount of Ca2+ stimulates ciliary beating frequency and Cl- channels (CFTR and Ca2+ 

activated Cl- channels [CaCCs]) (67). In summary, mechanical stress promotes airway 

hydration and increases ciliary beating frequency. Oscillatory stress (simulating stress 

observed in the lung during tidal breathing) enhances higher ATP release than non-

oscillatory stress (68). 
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Figure 12. Effects of mechanical stimulation of the airway surface. ER: endoplasmic reticulum. Reproduced 

from Button and Button (69).  

 

- Techniques that increase expiratory airflow velocity: To take advantage of airflow as a 

mechanism to promote clearance, the peak expiratory flow rate needs to be at least 10 

% higher than the peak inspiratory flow rate (70). The velocity of the air is inversely 

proportional to the airway diameter and is, therefore, increased when the total cross-

sectional area of the airway is reduced (71). The velocity increase results in greater 

airway secretion displacement towards more proximal areas of the lung (72). The 

reduction of the cross-sectional area of the airways can be achieved using different 

mechanism: 1) placing the part of the lung that we want to clear in a dependent position, 

in order to favor its deflation (73); 2) limiting the amount of air introduced in the lung 

during the inspiration prior to the expiratory maneuver; and 3) generating dynamic 

airway compression through the equal pressure point (74). Forced expiratory ACTs use 

mechanism 3 to clear secretions located not further than the 8th airway generation (75). 

More distal secretions are cleared mainly thanks to mechanisms 1 and 2 using slow 

expiratory ACTs (Table 2).  

 

- Techniques that promote ventilation of the ‘‘blocked off’’ areas: Ventilation 

inhomogeneity is the norm in adults with CF (76). Thanks to collateral ventilation, the 
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“blocked off” areas of the lung can be recruited again. The filling of non-ventilated parts 

of the lung through the collateral ventilation occurs slowly (77) and seems to be 

facilitated by high air volumes (78). Therefore, techniques based on long, slow 

inspirations and/or the generation of positive expiratory pressure (PEP) will favor the 

correct filling of the “slow” parts of the lung (Table 2). 

 

- Techniques that prevent the premature collapse of the airways during the expiratory 

maneuvers: Due to the increased resistance, obstructed lungs experience a quicker drop 

of the pressure inside the airways during expiration (57). This fact generates a 

displacement of the equal pressure point towards more distal parts of the lung, which 

do not have cartilage and more apt to collapse (74). PEP techniques increase the 

pressure inside the airways and slow down the pressure drop during expiration (62). As 

a result, the equal pressure point is generated in more central and cartilage protected 

airways, which produces an improvement of the expiratory flows (79) (Table 2).  

Other techniques, mainly based on different mechanisms of action, such as gravity based 

(postural drainage) and shock wave based (clapping and vibrations) are currently in disuse, 

especially due to the higher incidence of adverse effects (80).   
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Table 2. Summary of the main ACTs for the treatment of the lower airways 

Type of ACT Name of 

the 

technique 

Promote 

ciliary 

beating and 

airway 

hydration 

Increase 

expiratory 

airflow 

velocity 

Promote 

ventilation 

of ‘‘blocked 

off’’ areas 

Prevent the 

premature 

collapse of 

the airways 

during 

expiration 

SLOW 

INSPIRATORY 

TECHNIQUES 

EDIC X  X  

RIM* X  X  

IS X  X  

SLOW 

EXPIRATORY 

TECHNIQUES 

AD*/AAD X X   

ELTGOL X X   

ELPr X X   

PEP/OPEP* X (X) X X 

FORCED 

EXPIRATORY 

TECHNIQUES 

Cough X X   

FET X X   

ACBT X X   

NOT APPLICABLE IPV X  X X 

NOT APPLICABLE HFCWO X    

NOT APPLICABLE NIV X  X Depending on 

the mode 

ACT: airway clearance technique; EDIC: comes from the French term ”exercices à débits inspiratoires contrôlés” ; 

RIM: resistive inspiratory maneuver; IS: incentive spirometer AD: autogenic drainage; AAD: assisted autogenic 

drainage; ELTGOL: comes from the French term ”expiration lente totale glotte ouverte en infralateral”; ELPr: comes 

from the French term “expiration Lente Prolongée”; PEP: positive expiratory pressure; OPEP:  oscillatory positive 

expiratory pressure; FET: forced expiratory technique; ACBT: active cycle of breathing technique; NIV: non-invasive 

ventilation; IPV: intrapulmonary percussive ventilation; HFCWO: high frequency chest wall oscillation. *More 

extended information about those techniques can be found in chapters 3 and 4, as well as in the appendix 2. 
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1.3.3. Outcomes measures for airway clearance  

The lack of consensus on the gold standard outcome to assess airway clearance makes it 

challenging to perform these kinds of trials (55). The most frequent (63, 81) endpoints are 

summarized below:  

 

- Patient reported outcomes: Satisfaction, preference, adherence and respiratory related 

questionnaires.  

 

- Lung function: Forced expiratory volume in 1 s (FEV1) is the most frequent lung function 

test performed to assess ACTs. However, FEV1 is insufficiently sensitive to detect some 

effects of ACTs, and therefore it is not considered a suitable primary outcome (55, 82).  

The forced expiratory flow between 25 % and 75 % of vital capacity (FEF25-75) has a very 

high variability and poor repeatability in CF (83), and it is only valid if forced vital capacity 

(FVC) does not change between the measurement time points. For all the mentioned, 

FEF25-75 is not considered a useful threshold for change (55). 

 

- Ease of expectoration, color, and sputum volume or weight: Sputum color can be used 

as an indicator of inflammation (84). Although sputum quantification remains a 

controversial endpoint due to saliva contamination or secretion swallowing (85), it is 

considered appropriate for the analysis of short-term effects (55). Moreover, the 

crossover design of the trials may help to reduce this potential bias (86); intra-patient 

expectoration habits are stable during the different arms, therefore not conditioning 

the comparisons.  

 

- Ventilation distribution indices: Lung clearance index (LCI) is a measure of ventilation 

inhomogeneity that assesses the clearance of a tracer gas from the lung during multiple-

breath washout tests (55). Longer clearance times represent higher levels of ventilation 

inhomogeneity. The bidirectional response to ACTs (improving and worsening) reported 

may be related to the nature of the illness; with the opening of previously poorly 

ventilated areas (i.e., mucus plugs or atelectasis), ACTs seem to cause a rise 

(“worsening”) in LCI (55, 87). In consequence, further work needs to be done in order to 

correctly interpret the information provided by this outcome measure.    
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New outcomes measurements, such as computerized respiratory sounds (88), inflammatory 

sputum markers (89), solids sputum content (90), electrical impedance tomography (EIT) (91) 

and 3D low-dose CT scan (92) are being explored in order to assess their sensitivity to the effects 

of ACTs.  

Although they are frequently used, hospitalization, exacerbations, antibiotic use and exercise 

capacity, have not been developed further, because they do not relate to the main focus of this 

dissertation (airway clearance in stable patients).  

 

1.3.3.1. Why it could be interesting to combine mucoactive medications and airway 

clearance techniques? 

Coordination between mucoactive therapies and ACTs are crucial to ensure the optimization of 

the overall effect (55). When HS is nebulized prior to or during ACTs, adults with CF perceive the 

session to be more effective and satisfying as compared with nebulization afterward (93). 

Furthermore, some combinations with HS have demonstrated clinical benefits in the CF 

population, such as better tolerance to HS when it is combined with fixed PEP devices (64). 

Moreover, as treatment load it is already high in the CF population (~7 daily treatments) (35), 

strategies to combine therapies allow a reduction in the burden of care. Both the tolerance 

improvement and the treatment time reduction could help to ameliorate adherence (94).  

Treatment adherence can be defined as the behavior of accomplishing a prescribed therapy, 

and it is essential to obtain the therapeutic benefits. Adherence to airway clearance is poor in 

the adult CF population, being slightly higher for inhaled therapy (~36%) than for ACTs (~30%) 

(95, 96). Moreover, adherence declines with age (94) and self-reported adherence is normally 

overestimated (97). The main barriers reported are: “lack of time, forgetfulness, unwillingness 

to take medication, treatment side effects, polypharmacy, poor patient–provider 

communication, insufficient disease and regimen knowledge, and cost burden” (94). Assistance 

during therapy seems to improve adherence levels (98). Moreover, electronic adherence 

feedback helps caregivers and patients to better deal with therapeutic non-adherence (55).   
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2. CHAPTER 2: HYPOTHESIS AND OBJECTIVES  
In the cystic fibrosis (CF) population, the respiratory problems derived from the mucociliary 

clearance impairment are the principal cause of morbidity and mortality. Accordingly, therapies 

to promote sputum removal, such as nebulized mucoactive treatments and airway clearance 

techniques (ACTs), are a cornerstone of daily CF treatment. Despite the high therapeutic burden 

of those therapies, there is little evidence to support the use of a specific procedure over 

another. The main hypothesis of this PhD dissertation posits that:  

- Position the targeted area of the lung in a dependent body posture during nebulization, 

combine mucoactive nebulization with an oscillatory ACT and perform a slow inspiratory 

ACT prior to a slow expiratory ACT, immediately enhance the airway clearance 

mechanism in stable CF population.  

The general objective of this dissertation is: 

- Analyze the short-term effect of body posture and different modalities of airway 

clearance therapies in adults with stable CF.  

In order to accomplish the general objective, the following specific aims were defined: 

- Analyze in healthy volunteers, the immediate effect of the left lateral decubitus position 

during nebulization on three-dimensional (3D) total and regional lung deposition by 

single-photon emission computed tomography combined with a low-resolution 

computed tomography (clinical study 1). 

- Determine whether the addition of oscillatory positive expiratory pressure (OPEP) to 

usual mucoactive nebulization influences the amount of wet sputum expectoration 

during nebulization, post-nebulization ACT and 24 hours afterward in adults with stable 

CF (clinical study 2). 

- Study the effects of combining mucoactive nebulization with OPEP on cough and 

sputum symptoms, lung function, tolerance and patient preference y adults with stable 

CF (clinical study 2). 

- Quantify the mucoactive substance delivered by different nebulization circuits (regular 

mucoactive nebulization vs. mucoactive nebulization combined with OPEP) (in vitro 

study). 

- Compare the wet sputum expectoration generated by three airway clearance sessions 

composed of different ACT modalities (resistive inspiratory maneuver [RIM], autogenic 
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drainage [AD] and RIM+AD) during the session and 24 hours afterward in adults with 

stable CF (clinical study 3). 

- Study the short-term safety, tolerability, perceived efficacy and patient preference of 

three airway clearance sessions composed of the previously mentioned ACT modalities 

in adults with stable CF (clinical study 3). 
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1. CHAPTER 3: FIRST CLINICAL STUDY 
 
 
 
 
 
 
 

3.1. INTRODUCTION 

Inhaled therapy represents the cornerstone of therapeutic strategies in patients suffering from 

respiratory disease (99). It has several advantages over systemic administration such as smaller 

required dose, faster onset of action and fewer systemic side effects (100). Clinical benefits are 

directly correlated with the dose deposited in the targeted area of the lung (36, 38), which is the 

reason why modalities of administration need to be optimized, especially when inhaling drugs 

with a narrow window of efficacy (101). The deposition pattern can be influenced by several 

factors, such as particle characteristics, airway geometry, breathing pattern, etc. (36).   

Body posture influences the distribution of lung ventilation (102, 103) and lateral decubitus 

(lying on one side) results in the greatest changes concerning regional ventilation (102, 104-107). 

This pattern is due to gravity’s effects, which cause a deviation of the mediastinal structures 

towards one side of the chest cavity (104), leading to a decrease in static lung volume (108) and 

higher compliance in the dependent lung (109). During spontaneous breathing in adults, 

ventilation is increased in the dependent pulmonary area (infralateral lung) in either right or left 

lateral decubitus (102-104). Body posture can also influence aerosol pulmonary deposition (109, 

110), even though sitting is the most frequent position used in clinical practice.  

We hypothesized that nebulization in lateral posture could help to preferentially target the 

dependent lung. The aim of the study was to analyze in healthy volunteers, the immediate effect 

of the left lateral decubitus position during nebulization on three-dimensional (3D) total and 

regional lung deposition by single-photon emission computed tomography combined with a 

low-resolution computed tomography. 

 

 

 “Targeted lung deposition from nebulization is not improved in lateral decubitus 

posture: a randomized crossover trial in healthy volunteers”. 
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3.2. MATHERIAL AND METHODS 

3.2.1. Participants 

Only healthy male volunteer subjects were recruited to avoid anatomical variations related to 

chest wall attenuation differences due the breast tissue (111). Inclusion criteria were an age ≥ 

18, normal spirometric values and ability to understand and follow verbal commands. History or 

evidence of cardiovascular, pulmonary disease and/or smoking, having received any aerosolized 

drug during the month preceding the experiment and allergy to technetium-labelled 

radiopharmaceuticals were exclusion criteria.  

This study was approved by the Institutional Medical Ethics Committee (BE403201422655) and 

registered in ClinicalTrials.gov (NCT02451501). All participants gave informed consent prior to 

the experiment according to the Declaration of Helsinki and current guidelines for Clinical Good 

Practice.  

 

3.2.2. Study design 

A single-blind, two-way, randomized crossover study was conducted. Before starting the trial, 

all participants performed a “selection visit” including spirometry test according to the 

(American Thoracic Society) (ATS)/ European Respiratory Society (ERS) guidelines (112). If 

volunteers met all the requirements, they were invited to follow the nebulization training 

focused on the ability to inhale slowly. Once trained, participants performed the first session, 

consisting of: (1) nebulization of the technetium-99m diethylenetriaminepentaacetic (99mTc-

DTPA) solution using AKITA in the corresponding body posture (sitting position or left lateral 

decubitus) and (2) imaging registration procedure (Figure 13).  

 

Figure 13: Illustration 

of the study design. 
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After 96-hour washout period (113), participants performed the second session following the 

same procedure but nebulizing in the other body posture studied (Figure 13). An independent 

investigator using online computer software (www.randomizer.org) with an allocation ratio of 

1:1 randomized the position order and the allocation was concealed throughout the entire 

project. Due to the nature of the intervention, participants were not blinded to the intervention, 

contrarily to the examiners. The study was performed in accordance with the CONSORT 

statement for non-pharmacological trials. 

 

3.2.3. Nebulization modalities 

All the nebulizations were performed with AKITA (Activaero, Gemuenden, Germany). It is a 

computer-controlled jet nebulizer that offers a controlled inhalation and different 

predetermined programs with a controlled regulation of aerosolized drugs during the inspiration 

depending on the targeted site of deposition. It is triggered by the device thanks to an integrated 

compressor that creates the driving pressure. The Mass Median Aerodynamic Diameter (MMAD) 

is < 4 µm (114). 

In this study, a pre-set targeting peripheral deposition program was used for all nebulization. 

Specific setting consisted in 43 inspirations of 4 seconds (drug delivered until second 3 – Figure 

14) with a tidal volume of 0.8 L and a slow inspiratory flow (200 mL/s).  

 

 

 

 

 

 

 

 

Figure 14. Illustration of the inhalation waveform and the delivery of the nebulized drug. 
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If the inspiratory flow was exceeded, a visual warning suggesting slowing appeared in the 

nebulizer’s screen. These settings assumed an identical delivered amount at the end of the 

program. During the nebulization, the subjects were either comfortably seated (sitting position) 

or in left lateral decubitus posture and they were asked to breathe through the mouthpiece 

wearing a nose clip. Patients were prepositioned in the corresponding study position 15 minutes 

prior to each inhalation to stabilize ventilation distribution (115). Both nebulizations were 

performed randomly at the same time of the day, in the same room and at ambient 

temperature. 

 

3.2.4. Nebulization procedure 

The nebulizer was loaded with a 4 mL solution of 99mTc-DTPA (TechneScan DTPA, Mallinckrodt 

Medical, Petten, The Netherlands). The initial activity was measured with a CRC-12 Capintec 

radioisotope calibrator (Pittsburgh, PA) and was 2.44 ± 0.17 mCi. A one-way valve (19 mL of dead 

space volume in extra) combined to a filter (Hygrovent, Medisize, The Netherlands) was 

connected to the nebulizer systems to avoid ambient aerosol contamination and to measure the 

total activity recovered during the expiration. The subjects followed the instruction for slow 

inhalation given by the device and were supervised by a qualified physiotherapist. Supervision 

consisted of assuring subjects were breathing in and out inside the nebulizing circuit without 

difficulties and using the correct inspiratory flow. The stop time was determined by the settings 

of the program. The same nebulization procedure was repeated for both postures. 

 

3.2.5. Imaging procedure 

Imaging procedure followed the recent standardization of techniques for aerosol deposition 

assessment including planar images and single-photon emission computed tomography 

combined with a low-resolution computed tomography (SPECT-CT) (49).  

A dual-head gamma camera equipped with a low energy high resolution collimator (Philips 

Brightview XCT, Philips, Milpitas, CA) was used and calibrated using a point source image without 

attenuation. The spatial resolution of this system is 3.7 and 7.4 mm at direct contact and at 10 

cm of the source point, respectively. Images of the device (including nebulizer and filter) and the 
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airways were acquired using a 128 × 128 matrix for two minutes. The acquisitions with the flat-

panel cone beam CT were performed at 120 kV and 80 mA. 

Immediately after the nebulization, the subjects were invited to lie down on the couch of the 

gamma camera with arms positioned above the head. Five sequences were recorded: (1) an AP 

planar image of the filled reservoir of the nebulizer for determining the nominal dose (i.e. the 

radioactivity introduced in the reservoir before the nebulization) – (2) a simultaneous anterior 

(AP) and posterior (PA) planar image of the trunk to image aerosol deposition in the stomach 

and lungs – (3) without moving the subject, a SPECT-CT using 60 projection images each of 15 

sec and a total imaging time of 8 min – (4) another identical AP-PA planar images to verify the 

clearance of the radioactive label and the deposition on the upper airways – (5) an AP planar 

image of the whole nebulizer after the nebulization to quantify the aerosol retention. 

 

3.2.6. Image analysis 

After reconstruction of SPECT images (Philips Extended Brilliance Workspace, Philips Medical 

Systems, Best, The Netherlands), images were analyzed (home-made plug-in to ImageJ software, 

RasbandWS, Bethesda, MD) by a trained technologist. He was blinded for the conditions. For the 

reconstruction, the Astonish iterative algorithm was used. It was based on Ordered Subsets 

Expectation Maximization (OSEM) and included attenuation, scatter and resolution recovery 

corrections. Region (ROI) and volume (VOI) of interest were determined and quantification was 

performed based on international guidelines (49).  

VOI were derived from CT and particles deposited from trachea to lung periphery were 

quantified. The trachea and the main bronchi were assembled for the analysis and considered 

as the tracheal area. This area was quantified separately from the lungs. Based on the 

international guidelines (49), each lung was divided in 10 shells centered on hilum. VOI were 

semi-automatically defined. First, trachea, hila and separation between both lungs were 

manually positioned based on the CT by visual inspection. The threshold for tissue 

differentiation was fixed by the assessor around -400 and -750 Hounsfield units for lungs and 

trachea determination, respectively. Second, shells and VOI were automatically created.  

Deposition in each lung was calculated by the total lung cumulated counts obtained by summing 

the counts measured in the 10 shells of the corresponding lung (Figure 15). Total lung deposition 

was calculated by summing the total lung cumulated counts from both lungs. Left to right lung 
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ratio was calculated. Trachea deposition was derived from the corresponding VOI. Penetration 

index was calculated as the outer to inner zone radioactivity ratio from SPECT normalized by the 

same ratio for ventilation zones from CT. The outer region corresponds to the five distal shells 

and the five proximal shells determine the inner region.   

Figure 15: Shell decomposition of SPECT-CT coronal 

slices. Lungs were divided in ten shells (colored lines 

through both lungs) distributed from the hilum to the 

lung periphery. The deposition of the radiolabeled 

particles of aerosol is depicted in color. 

 

 

 

 

A rectangle was drawn on AP-PA images to quantify lung deposition, initial and residual 

radioactivity in the device. Mass balance was determined from planar images by comparing the 

radioactivity initially placed in the nebulizer reservoir and expressed in counts and the 

radioactivity recovered in all locations after the nebulization. The mean mass balance was 

checked to be within 100 % ± 10 % (116).  

The doses were expressed as percentage of the nominal dose (ND) of radioactivity. 

Quantifications were corrected for decay of radioactivity with a time correction factor (using the 

time between the acquisition of the filled nebulizer and each image deposition), for background 

(using a region outside of the radiolabeled area) and with an attenuation correction factor (using 

thorax thickness from CT) based on international guidelines (49).  

 

3.2.7. Sample size justification and statistics 

To detect a minimal difference of 10 % of total lung deposition during the nebulization between 

the two sessions, accepting an alpha risk of 0.05 and a beta risk of 0.2 in a two-sided test, and 

assuming that 6 % is the standard deviation (SD) of the difference in the response to treatment 

for the same participant (113), 6 subjects were necessary. 

After verifying the normality of the distribution with the Kolmogorov Smirnov test, results were 

expressed as mean ± SD and 95 % confidence interval. Statistical tests were performed using 
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SPSS Statistics 23.0 (IBM Corp., Armonk, NY, USA). Student’s paired t-test was used for means 

comparisons of parameters related to deposition between the two postures. The initial 

radioactivity of the reservoirs and the activity retained in the nebulizer at the end of the 

nebulization were compared using an unpaired Student’s t-test. Statistical significance was set 

at p < 0.05. 

 
 

3.3. RESULTS 

Six healthy men were enrolled and randomized and completed the study (Figure 16). 

 

 

Figure 16: Consort Flow Diagram of the study. 
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Table 3 shows the anthropometric and cardiorespiratory parameters of the participants 

measured at baseline.  

 

   Table 3: Characteristics and lung function parameters of the subjects 

 
Patients’ characteristics Mean ± SD 

Age (years) 26.8 ± 6.9 

Height (cm) 182.5 ± 9.9 

Weight (kg) 77.5 ± 11.3 

BMI (kg/m2) 23.2 ± 2.6 

FEV1/FVC (%) 87.0 ± 6.2 

FEV1 (% of pred.) 89.5 ± 8.0 

FVC (% of pred.) 96.3 ± 10.9 

BMI: body mass index; FEV1: forced expiratory volume in 1 second; FVC: forced vital 

capacity; pred: predicted value. 

 

The initial load in the nebulizer was similar in both postures (p = 0.806). No ambient and surface 

contamination was detected after the nebulization. The residual radioactivity in the nebulizer 

was similar in both postures (82.6 ± 2.9 and 81.7 ± 3.8 % of nominal dose for sitting and lateral 

postures respectively; p = 0.654). The results of deposition with the two procedures are 

represented in Table 4. The total lung deposition tended to be lower in the lateral posture than 

in the sitting position (-1.6 % [-3.5; 0.4]; p = 0.088) without modifying the tracheal deposition (p 

= 0.605), and inter-subject variability was twice as great in this posture (coefficient of variation: 

16.3 % lateral decubitus vs. 8.9 % sitting). Whereas left lateral decubitus had little effect on 

deposited dose in the right lung compared to sitting position (5.1 vs. 5.5 % of nominal dose; p = 

0.452), it significantly reduced deposition in the left (dependent) lung (3.5 vs. 4.7 % of nominal 

dose; p = 0.028). There is a tendency to a greater left/right lung deposition ratio in sitting posture 

than in lateral decubitus posture.  
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Table 4: SPECT-CT analysis of aerosol deposition in six healthy male subjects in the two 

postures 

 

 Left lateral 

decubitus 

Sitting Mean difference p value 

Both lungs (% ND) 8.6 ± 1.4 

[6.8;10.4] 

10.2 ± 0.9 

[9.1;11.3] 

-1.6 ± 1.6 

[-3.5;0.3] 

0.088 

Right lung (% ND) 5.1 ± 0.8 

[4.1;6.1] 

5.5 ± 0.8 

[4.5;6.5] 

-0.4 ± 1.1 

[-1.7;0.9] 

0.452 

Left lung (% ND) 3.5 ± 0.7 

[2.6;4.3] 

4.7 ± 0.3 

[4.3;5.0] 

-1.2 ± 0.8 

[-2.2;-0.2] 

0.028 

Left/Right lung ratio 0.68 ± 0.08 

[0.58;0.77] 

0.86 ± 0.10 

[0.73;0.98] 

-0.18 ± 0.16 

[-0.37;0.01] 

0.061 

Penetration index  

Right lung 

0.63 ± 0.15 

[0.44;0.82] 

0.65 ± 0.23 

[0.36;0.94] 

-0.02 ± 0.19 

[-0.26;0.22] 

0.929 

Penetration index  

Left lung 

0.46 ± 0.11 

[0.33;0.59] 

0.61 ± 0.12 

[0.47;0.76] 

-0.16 ± 0.11 

[-0.29;-0.02] 

0.043 

Tracheal area (% ND) 4.8 ± 4.1 

[0.2;9.9] 

4.5 ± 2.1 

[1.8;7.2] 

-0.8 ± 2.2 

[-3.2;1.5] 

0.605 

Data expressed as mean ± SD [95% confidence interval]. % ND: percentage of nominal dose. 

Deposition was greater in the right lung compared to the left lung for all subjects in both 

postures as illustrated by the left/right lung deposition ratio lower than 100 % for all participants 

(Figure 17). All but one had a higher ratio in sitting than in lateral decubitus posture. Penetration 
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index was only influenced by the posture for the dependent (left) lung (p = 0.043). The extra 

thoracic deposition (excluding tracheal area) was 10.1 ± 3.1 and 7.2 ± 3.6 % of nominal dose for 

lateral postures and sitting respectively (p = 0.051). 

 

 

Figure 17: Left/Right lung deposition ratio in both postures. 

 
 

3.4. DISCUSSION  

This randomized controlled study highlighted that nebulization with a controlled dose breath-

actuated nebulizer system in lateral decubitus was associated with total lung deposition tending 

to be lower by reducing the deposition in the dependent lung in healthy volunteers. In addition, 

a lower proportion of the nominal aerosolized dose tended to reach all regions of the lungs in 

this posture. The clinical relevance of these findings is that the lateral decubitus posture does 

not improve neither total nor targeted lung delivery. Our results also confirm the low variability 



53 

 

in deposition when nebulizing with a controlled dose inhalation drug delivery system (AKITA) 

(113, 117).  

A difference in total lungs deposition related to the posture was previously suggested and 

explained by an increased extra thoracic deposition but this observation was only based on the 

results for one subject (118). No difference in tracheal and extra thoracic deposition was 

observed in our study, even though this last one contributed probably to the reduced total lungs 

deposition in the left lateral decubitus posture. Independently of the total amount of drug 

reaching the lungs, the deposited amount of nebulized drug was higher in the right than in the 

left lung. This is well known in an erect position and it is related to the greater static volume of 

the right lung and the better ventilation of this lung (119). However, contrary to our initial 

hypothesis and to the results of a previous study evaluating aerosol lung deposition in the two 

lateral decubitus position (109), even though the left lateral decubitus posture modified the 

distribution of the particles deposition between both lungs, this modality of administration did 

not improve the deposition in the dependent lung. The fact that the posture and distribution of 

the ventilation do not affect the distribution of the deposited particles in healthy subjects has 

previously been reported, although the uniformity of the distribution could have been increased 

due to the fine size of nebulized particle (MMAD of 2 µm) (120). Indeed, it is well known that 

the particles size play an important role in the deposition into the lungs (121). 

Moreover, the left/right lung ratio was reduced by the left lateral decubitus posture. It means 

that the proportion of drug deposited in the right lung (non-dependent lung) was greater in the 

left lateral decubitus posture than in the sitting posture even though the total amount deposited 

in this lung was reduced by the lateral decubitus posture. Surprisingly, in our study, the lateral 

decubitus posture targeted preferentially the non-dependent lung. Different elements can 

contribute to the lower-than-expected deposition in the left lung. The reduced static volume of 

the dependent lung in this posture as mentioned above (122) and the potential micro atelectasis 

generated by the posture at the end of the expiration could reduce the delivered drug in this 

lung. The expiratory filter included in our device could play a role in our results by generating a 

positive expiratory pressure. Indeed, a shift neutralization of the spatial distribution towards the 

dependent lung in lateral decubitus posture during spontaneous breathing through a positive 

expiratory pressure (PEP) device was demonstrated in healthy subjects (91). Thus, the resistance 

generated by the expiratory filter (even if lower than a classical PEP device) hypothetically 

provided a more homogenous ventilation distribution between both lungs. The nebulizer 

settings of adaptative nebulizer (AKITA) in our study vs. jet nebulizer (Venticis II) could also be 
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responsible of the differences. As the drug was inhaled slowly with a large tidal volume and as 

particles were only administered at the beginning of inspiration with this device, it is possible 

that the drug reached some parts of the dependent lung with more difficulty. Indeed, the filling 

characteristics or the rate of volume change of the dependent lung during the initial part of 

inspiration was demonstrated to be reduced by greater tidal volumes (107) and to be lower than 

the non-dependent lung (122). It means that the dependent lung expands more slowly than the 

non-dependent lung in this condition. Moreover, the MMAD of the aerosol generated by AKITA 

is greater (3.8 µm) than the one produced by Venticis II (0.9 µm) and the particles size is directly 

related to the lung deposition (121). 

The distribution of the deposited particles inside each lung is also influenced differently by the 

posture. The deposition in the dependent lung was less peripheral with a lower penetration 

index in the lateral decubitus posture than seating. It can be similarly explained by the nebulizer 

settings. Indeed, the chosen modality of administration delivered the drug during the first part 

of the inspiration. The slower expansion of the dependent lung during the beginning of the 

inspiration in lateral decubitus posture combined to the way of administration was unfavorable 

to a peripheral deposition in this lung. Moreover, the reduced airways diameter in the 

dependent lung when the subject is lying on one side increases the inertial impaction and thus 

the deposition in its central zones resulting from the higher flow generated in this lung (123). A 

similar result was found by Sa et al. in supine position (110). They showed a decreased 

deposition in the alveolar region when inhalation occurred in supine position compared to the 

sitting posture. On the other hand, the posture did not influence the distribution of the 

deposition in the non-dependent region of the lung, as the penetration index from this lung was 

similar in both postures. However, the variability of the penetration index in the non-dependent 

region of the lung was 50 % higher in the sitting posture.  

As a clinical perspective, when using a nebulizer promoting a delivery of particles during the first 

part of the inspiration, the lateral decubitus posture may not be beneficial to the total lung 

deposition. This posture tends to reduce the total delivery to the lungs. Moreover, the drug 

targeting of the dependent lung by the lateral decubitus posture was not verified in our results, 

suggesting that this modality of nebulization does not improve the delivery of particles in this 

lung.  

One of the strengths of this study was the similar pattern of breathing for all subjects during the 

nebulization in the two postures. Indeed, AKITA is a specific nebulizer guiding the pattern of 

breathing of the subjects. It ensures a reproducible pattern of breathing (particularly the 
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inspiratory volume and duration), eliminates its influence on the lung deposition (124) and thus 

reduces the inter-subject variability of total and peripheral deposition (117). The variability of 

lung and peripheral deposition is 4 times lower when breathing is guided by AKITA in comparison 

to classical nebulizer (117). Moreover, the inspiratory flow was standardized by the nebulizer to 

reduce this influence on the comparison. Indeed, inspiratory period highly influences lung 

deposition and determines the deposition variability (125). 

Some limitations need to be addressed. The delivered dose seems low for AKITA, but it was 

related to the lower pre-set number of inhalations chosen in our study. As we choose healthy 

male subjects, the generalizability to patients could be discussed. Indeed, patients can present 

heterogeneous ventilation, secretions, reduced airway diameter and lung compliance that could 

result in different results.  In spite of this, it is usual when evaluating a nebulization modality to 

firstly study healthy subjects to reduce the poorly controlled disease influence on lung 

deposition. Indeed, the nebulized particles are more centrally deposited and a wide range of 

distribution between central and peripheral zones was observed in patients with obstructive 

lung disease. Moreover, Brand et al. showed that AKITA reduces the disease influence on lung 

deposition and particularly on central to peripheral deposition ratio (126). Only men were 

recruited even if the recruitment of women would not probably be consequential for the study 

due to the paired design and the poor influence of the gender-specificity of the attenuation 

factors. 

In conclusion, lateral decubitus posture tends to reduce the total amount of drug delivered to 

the lungs when the nebulization is performed in the specified settings with AKITA in healthy 

male volunteers. Moreover, a lower proportion of the nominal dose tends to reach all regions 

of the lungs in this posture, especially the dependent ones. Contrary to the initial hypothesis, 

the deposition of particles in the dependent lung is not improved by the lateral decubitus 

posture in this configuration. Our findings question the routine role for lateral posture in 

nebulization when performing with AKITA.  
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CHAPTER 4: SECOND CLINICAL STUDY AND ASSOCIATED 
IN VITRO EXPERIMENT 

4.1. INTRODUCTION 

Cystic fibrosis (CF) is a genetic disease characterized by dehydrated airway mucus with increased 

viscoelasticity leading to the failure of mucus clearance and progressive lung damage (127). 

Airway rehydrating therapies, such as hypertonic saline (HS), change mucus rheological 

properties and consequently improve mucociliary clearance in people with CF (26).  

Daily airway clearance sessions generally include nebulized hyperosmolar agents and airway 

clearance techniques (ACTs) that enhance sputum expectoration (81). When HS is nebulized 

prior to or during ACTs, adults with CF perceive the session to be more effective and satisfying 

as compared with nebulization afterward (93). Patients with CF spend on average 108 minutes 

undertaking daily treatments such as nebulization, ACTs, and exercise (35). Strategies to 

combine therapies allow a decrease in the treatment load and could help to improve adherence 

(94). 

Some combinations with HS have demonstrated clinical benefits in the CF population, such as 

better tolerance to HS when hyaluronic acid (HA) is added to the HS solution (65) or when HS is 

combined with fixed positive expiratory pressure (PEP) devices (64). Another potential 

combination could include oscillatory positive expiratory pressure (OPEP); intra-thoracic 

oscillations contribute to sputum expectoration in people with CF, partly thanks to the 

improvement in sputum properties (128). Two previous studies have explored the effect of 

combining HS with OPEP on sputum removal in CF, but no significant benefit was found (93, 

129); however, O’Neil et al., (129) did not use the recommended connection system between 

the nebulizer and the OPEP (130), and Dentice et al., (93) performed the nebulization and the 

 “Impact of hypertonic saline nebulization combined with oscillatory positive expiratory 

pressure on sputum expectoration and related symptoms in cystic fibrosis: a 

randomized crossover trial”. 
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OPEP behind one another, not simultaneously. As a result, the effects of combining nebulized 

HA+HS with OPEP on sputum expectoration and related symptoms remain uncertain. 

 

Therefore, our primary aim was to determine whether the addition of OPEP to usual HA+HS 

nebulization influences the amount of sputum expectoration during nebulization in adults with 

stable CF. Expectoration collected during post-nebulization ACT and 24 hours (h) afterward, in 

addition to the effects on cough and sputum symptoms, lung function, tolerance, patient 

preference, and the HA+HS dose delivered by the nebulization circuits, constituted secondary 

endpoints. 

 

 

4.2. MATHERIAL AND METHODS 

4.2.1. Participants 

Adults with stable CF were prospectively recruited from December 2014 to November 2015 at 

seven Spanish CF centers. The inclusion criteria were: diagnosis of CF confirmed by a sweat test 

and/or genetic analysis (131); aged ≥16 years; daily sputum expectoration ≥10 mL (12); clinical 

stability (132); able to correctly perform nebulization; and adherent to HA+HS and self-

administered ACTs. Exclusion criteria included: active hemoptysis during the previous two 

months and being on a waiting list for transplantation. 

 

4.2.2. Study design 

A randomized crossover trial with concealed allocation and blinded assessors was conducted. 

Simple randomization was computer generated by an independent investigator, and 

participants were randomly assigned to receive usual care [(HA+HS) + ACT] or combined therapy 

[(HA+HS with OPEP) + ACT], using consecutively numbered, sealed opaque envelopes. Each 

intervention was performed during five consecutive days, separated by a one-week washout 

period (Figure 18) (133). Patients received daily regular treatment during the washout period. 

The study was performed in accordance with the CONSORT statement (NCT02303808). Ethics 

approval was obtained (PI13/0009), and all participants provided written informed consent prior 

to enrollment. 
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Figure 18. Study design. Global health outcomes (cough and sputum questionnaires and lung function test) were 
assessed prior to and following each treatment arm (arrows). HA+HS: 0.1 % hyaluronic acid + 7 % hypertonic saline, 
OPEP: oscillatory positive expiratory pressure, ACT: airway clearance technique, E: evaluation. 

 

To quantify the HA+HS delivered to the patient by the different nebulization circuits (usual care 

vs. combined therapy), we performed a subsequent in vitro experiment at the Cliniques 

Universitaires Saint-Luc, Belgium.  

 

4.2.3. Interventions 

Participants performed a ~30-minute airway clearance session (~10 nebulization and ~20 ACT), 

at the same time of the day throughout the entire trial. For the usual therapy, a 5-mL solution 

of HA+HS was nebulized using their regular device throughout the trial. Nebulization was 

performed through a mouthpiece in the sitting position (134) with deep and slow inspiration, 

from functional residual capacity to total lung capacity, and including a short tele-inspiratory 

breath-holding for 2−3 seconds (134). A T-piece was included in the combined nebulization 

circuit to avoid interposing the OPEP (Acapella Duet, Smiths Medical International, Ltd., Hythe, 

UK) between the nebulizer and the subject (130) (Figure 19). The Acapella Duet was set to level 

4 for all the subjects to homogenize the intervention (135).  
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Figure 19. Modified connection system for eFlow rapid (left) and LC PLUS (right). 1: nebulizer; 2: inspiratory valve; 

3: T-Piece; 4: patient mouthpiece; 5: expiratory valve; 6: Acapella Duet. 

 

Following nebulization, participants performed their usual self-administered ACT in both 

treatment arms. To ensure a high quality of the protocol, we conducted an audio-visual control 

during the first and second day of each treatment. Participants sent the videos of the sessions 

and follow-up documents to the treating physiotherapist via smartphone.  

 

4.2.4. Outcome measures and data collection 

4.2.4.1. Sputum expectoration 

Sputum volume (mL) was collected using graduated containers at different time points (133): 

nebulization (primary outcome measured for five days); subsequent ACT (five days); 24 h post-

session (days 2 and 4). Participants were instructed not to swallow secretions and to avoid 

salivary contamination.  

 

4.2.4.2. Cough and sputum symptoms 

The impact of cough and sputum symptoms of everyday life was assessed using the Cough and 

Sputum Assessment Questionnaire (CASA-Q) (136). It consists of 20 questions organized in four 

domains (cough symptoms, cough impact, sputum symptoms, and sputum impact). Each domain 

is ranged from 0 to 100 and has an acceptable reliability (> 0.7) (136). The total score is expressed 
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over 100 and calculated doing an average of the four domains (136). The Leicester Cough 

Questionnaire (LCQ) was administered to evaluate the impact of cough in three domains: 

physical, psychological, and social (each one ranged 1 to 7) (137, 138). It is composed of 19 

questions and the “total score (range 3 to 21) is calculated by adding the domain scores 

together” (137). The reliability is 0.92 and the minimal clinically important difference is 1.9 units 

(137). The two questionnaires were self-administered at the beginning and completion of both 

treatments (Figure 18) and the lower the score, the greater the severity.   

 

4.2.4.3. Lung function 

Lung function (FEV1, FVC, and FEF25–75) was measured using spirometry at the beginning and 

completion of each treatment arm following the (American Thoracic Society) (ATS)/ European 

Respiratory Society (ERS) guidelines (112).  

 

4.2.4.4. Daily tolerance 

Patients reported daily tolerance by registering the presence and severity of hemoptysis, cough, 

throat irritability, and saltiness of HA+HS in a paper-based home diary. Participants used the 

following scoring system: absent (0), mild (1), moderate (2), or severe (3).   

 

4.2.4.5. Participants preference 

At the end of each treatment arm, participants completed a self-administered Likert-type scale 

(ranging from 6 to 30) that included the following domains: ease of expectoration, effectiveness, 

reduction in adverse effects, improvement of symptoms, and preferred intervention (Appendix 

1). Higher scores represent greater patient preference.   

 

4.2.4.6. In vitro procedure 

We chose the most frequently used nebulizer in our sample with which to perform the in vitro 

experiment. An eFlow (PARI GmbH, Starnberg, Germany) driven by a ventilator (Servo-i, 

MAQUET, Germany) was connected to a lung model (5600i Dual Adult Training/Test Lung, 

Michigan Instrument Inc., Grand Rapids, MI); simulating a nebulization breathing pattern of an 

adult with CF [tidal volume (Vt) = 1500 mL; 9 breaths/min; I:E 1:1.2]. A dried filter was interposed 



62 

 

between the nebulizer and the lung model. The filter was weighed prior to and 24 h following 

nebulization of HA+HS (5 mL). The drug output was assessed by weighing the nebulizer prior to 

and following nebulization. Each circuit was tested in triplicate, and the inhaled dose was 

calculated by multiplying the amount of solution retained on the filter by the relative mass of 

the drug (139).  

 

4.2.5. Sample size justification and statistics 

Twenty participants were needed to detect a 3-mL difference in sputum expectoration (140) 

between the two treatments during the nebulization session, accepting an α risk of 0.05 and a 

β risk of 0.2 in a two-sided test, and assuming a standard deviation (SD) of the difference in 

response to treatment by the same patient of 4.5 (obtained from the pilot data).  Allowing for 

10 % early withdrawal, we required 22 patients.  

Analyses were performed according to the intention-to-treat principle. A linear mixed model 

was used to determine differences in sputum expectoration, cough and sputum symptoms, lung 

function, tolerance, and patient preference between the two treatments. Weeks and 

treatments were considered fixed effects, and subjects within sequence were considered a 

random effect. Differences between the treatments were reported as the mean or median 

difference (95 % confidence interval [CI]). The sputum obtained was analyzed in two different 

ways: sputum volume and sputum quantity ratio (%) (i.e., sputum expectoration during the 

session (nebulization + ACT), or during the 24 h follow-up, divided by the total sputum collected) 

on days 2 and 4 of each treatment.  

Effect sizes (ES) were also estimated using rank-biserial correlation for nonparametric data and 

unbiased Cohen’s d for normal outcomes. Effects were interpreted as small (≥ 0.1), medium (≥ 

0.3), or large (≥ 0.5) for nonparametric data, and as small (≥ 0.2), medium (≥ 0.5), or large (≥ 0.8) 

for normal outcomes (141, 142).  

The in vitro procedure was analyzed using paired t-tests in order to compare the two 

nebulization configurations. Statistical significance was set at p < 0.05 and SPSS Statistics 19.0 

(IBM Corp., Armonk, NY, USA) was used for the analysis. 
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4.3. RESULTS 

Thirty-two volunteers were screened for inclusion in the present study. Finally, 22 patients who 

met the eligibility criteria were randomized (Figure 20).  

 

 

Figure 20. CONSORT flow chart summarizing the progress of patients through the trial. HA+HS: 0.1 % 

hyaluronic acid + 7 % hypertonic saline; combined therapy: HA+HS nebulization with oscillatory positive 

expiratory pressure (OPEP) + airway clearance technique (ACT); usual care: classic HA+HS nebulization 

+ ACT. 
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Baseline participant characteristics are shown in Table 5. At the beginning of the two treatments, 

participants were similar with respect to daily sputum expectoration, total CASA-Q and LCQ-Sp 

scores, and lung function, indicating no carryover effects. 

 
Table 5. Baseline characteristics of the participants (n=22). 

 
Age (years)   24.6 (7.5) 
Sex (Male/Female, n)   12/10 
BMI (kg/m2) 21.8 (2.0) 
Lung function (% pred.) 

- FEV1  67.2 (21.8) 
- FVC  82.8 (16.0) 
- FEF25–75  40.2 (25.9) 

Chronic colonization (n,%)  19 (86.4 %) 
- Pseudomona aeruginosa infection  10 (52.6 %) 

Exacerbations during the year prior to the study 2.1 (2.0) 
Nebulizer (n,%) 

- EFlow rapid 15 (68.2 %) 
- LC PLUS (PARI TurboBOY SX compressor) 7 (31.8 %) 

ACT used 
- Autogenic drainage (n,%) 22 (100 %) 

Baseline sputum expectoration (mL)*, median [IQR] 
- 24 hour period 18.6 [11.4-33.8] 

 

Data presented as n, n (%), mean (SD) or median [interquartile range]. BMI: body mass index; % pred.: 
percentage of predicted; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FEF25–75: 
forced expiratory flow at 25–75 % of FVC. ACT: airway clearance technique. 

* Measured on two different days during the week prior to enrollment. 

 

The audio-visual quality control showed maintenance of the quality of nebulization performance 

throughout the study, with no correction of critical details needed; the most common reminders 

were to use a higher volume, lower the flow, and to remember the tele-inspiratory holding 

breath. All participants completed the study protocol with 100 % adherence to planned sessions. 

 

4.3.1. Sputum expectoration 

Sputum expectoration during nebulization was significantly higher using the combined therapy 

[median difference of the combined therapy vs. usual care, 1.8 mL (95 % CI 0.2−6.2); ES = 0.49] 

(Table 6). Both interventions led to similar expectoration during post-nebulization ACT and 24 h 
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afterward (Table 6). The sputum quantity ratio during sessions (nebulization + ACT) was also 

equivalent for both treatments [combined therapy, 42.8 % (16.6) vs. usual care, 42.1 % (14.4); 

mean difference, 0.7 % (95 % CI -5.7−7.2)] and 24 h afterward [combined therapy, 57. 2 % (16.6) 

vs. usual care, 57.9 % (14.4); mean difference -0.7 % (95 % CI -7.2−5.8)]. 

 

Table 6. Wet sputum expectoration (mL) at different time points for each treatment arm 
(n=22). 

     
 

Combined 
therapy ɤ Usual care ɤ Combined therapy vs. usual care 

             
TIME POINTS 

 
 

Median difference   
(95% CI) 

 

 
p-value 

Effect 
size 

      
Session (HA+HS + ACT) ¥ 15.6 [5.3-30.3] 13.2 [6.1-27.2] 1.0 (-1.1-5.2) 0.56 0.17 

HA+HS nebulization * 5.0 [2.2-14.8] 3.9 [2.0-8.7] 1.8 (0.2-6.2) 0.013 0.49 
ACT     7.3 [3.3-16.1] 7.3 [3.3-17.7] -0.4 (-1.8-1.1) 0.64 0.20 

24 hour follow up ♯                          19.9 [12.4-33.9] 17.5 [10.6-30.9] 2.3 (-1.0-5.6) 0.54 0.36 
       

HA+HS: 0.1 % hyaluronic acid + 7 % hypertonic saline; ACT: airway clearance technique; combined therapy: 
HA+HS nebulization with oscillatory positive expiratory pressure (OPEP) + ACT; usual care: classic HA+HS 
nebulization + ACT; CI: confidence interval. ¥ The amount of sputum (mL) was measured during 5 sessions. * 
Primary outcome. ♯ 24 hour follow-up does not include the time of the analyzed airway clearance session and 
was collected after session 2 and 4 of each treatment arm. ɤ Data are expressed in median [interquartile range]. 

 

4.3.2. Cough and sputum symptoms 

Significant improvements in the sputum symptoms domain and total CASA-Q score were 

reported using combined therapy; nevertheless, neither intervention generated any change in 

the LCQ-Sp score (Table 7).  
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Table 7. Change in CASA-Q
, LCQ

-Sp and lung lung function (n=22). 
 

 

 
 

Com
bined therapy 

 
U

sual care 
Com

bined therapy vs. usual care 

 

 

Day 1* 
Day 5* 

Day 1* 
Day 5* 

Betw
een arm

s  
differences  
(95 %

 CI) ¥ 
 

 
p-value 

 
Effect 
size 

 

 
 

 
 

 
 

 
 

CASA-Q 
 Total score 

76.2 [65.5-84.2] 
77.4 [72.4-84.6] 

77.4 [73.1-82.7] 
74.8 [66.9-81.8] 

2.4 (0.1-9.3) 
0.02 

0.43 
Cough sym

ptom
s dom

ain                 76.7 [65.0-80.0] 
73.3 [66.7-86.7] 

73.3 [66.7-80.0] 
66.7 [66.7-80.0] 

0.0 (-3.3-6.7) 
0.34 

0.15 
Cough im

pact dom
ain                        87.5 [76.9-93.1] 

85.0 [80.0-95.0] 
90.0 [79.4-93.1] 

87.5 [78.8-90.6] 
1.3 (-3.75-7.5) 

0.38 
0.08 

Sputum
 sym

ptom
s dom

ain                  
60.0 [53.3-73.3] 

66.7 [60.0-80.0] 
63.3 [53.3-75.0] 

60.0 [46.7-73.3] 
6.7 (3.3-13.3) 

0.006 
0.61 

Sputum
 im

pact dom
ain                        

85.0 [73.3-93.3] 
86.7 [80.0-90.8] 

88.3 [76.7-91.7] 
85.0 [70.0-90.8] 

3.3 (-1.7-10.0) 
0.05 

0.38 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

LCQ-Sp 
 Total score 
18.0 [15.9-19.4] 

17.8 [14.6-19.5] 
18.5 [16.9-19.3) 

17.6 [16.2-19.2] 
-0.2 (-1.4-1.0) 

0.75 
0.10 

Physical score  
5.9 [5.4-6.3] 

5.9 [5.2-6.4] 
6.0 [5.4-6.4] 

5.8 [5.4-6.5] 
-0.1 (-0.5-0.3) 

0.40 
0.12 

Psychological score  
6.0 [5.3-6.6] 

5.7 [4.8-6.4] 
6.1 [5.3-6.6] 

5.7 [5.0-6.4] 
0.0 (-0.5-0.4) 

0.70 
0.05 

Social score 
6.3 [5.4-6.8] 

6.1 [4.9-7.0] 
6.5 [6.0-6.8] 

6.3 [5.7-6.8] 
0.0 (-0.4-0.5) 

0.72 
0.08 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

LF 

FEV
1 %

 pred. 
67.9 (21.8) 

65.0 (21.9) 
69.0 (24.1) 

65.0 (24.3) 
-2.28 (-5.8-1.2) 

0.19 
0.31 

FVC %
 pred. 

80.0 (16.0) 
76.5 (16.0) 

80.0 (18.7) 
79.0 (18.2) 

-1.17 (-3.8-1.4) 
0.36 

0.20 
FEF

25–75 %
 pred. 

39.0 (25.9) 
38.0 (25.1) 

39.0 (25.1) 
36.0 (27.1) 

6.29 (-26.5-39.1) 
0.69 

0.12 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
CASA-Q

: Cough and Sputum
 Assessm

ent Q
uestionnaire; LCQ

-Sp: Leicester Cough Q
uestionnaire (Spanish version); LF: lung function; H

A+H
S: 0.1 %

 hyaluronic acid + 7 %
 hypertonic 

saline; ACT: airw
ay clearance technique; com

bined therapy: HA+HS nebulization w
ith oscillatory positive expiratory pressure (O

PEP) + ACT; usual care: regular HA+HS nebulization 
+ ACT;  FEV

1 : forced expiratory volum
e in 1 s; FVC: forced vital capacity; FEF

25–75 : forced expiratory flow
 at 25–75%

 of FVC %
 pred.: percentage of predicted; CI: confidence interval. 

* CASA-Q
 and LCQ

 are presented in m
edian [interquartile range] and LF in m

ean (SD). ¥ CASA-Q
 and LCQ

-Sp are expressed in m
edian difference (95 %

 CI) and for LF in m
ean 

difference (95 %
 CI). 
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4.3.3. Lung function and patient tolerance 

Lung function remained stable following both treatments (Table 7). Both interventions were well 

tolerated, and no serious adverse effects were registered. HA+HS was perceived less salty when 

combined with OPEP [median difference of combined therapy vs. usual care, -2.5 (95 % CI -

4−0.5), ES = 0.56]. 

 

4.3.4. Patient preference 

Participants showed a significant preference for combined therapy [median difference of 

combined therapy vs. usual care, 3.5 (95 % CI 1.0−5.5), ES = 0.61]. This preference was mainly 

related to the reduction in HA+HS adverse effects [median difference of combined therapy vs. 

usual care, 1.5 (95 % CI 0.5−2), ES = 0.71]. The other questions showed similar scores for both 

interventions (all p > 0.05). 

 

4.3.5. In vitro results  

The drug output was similar for both settings (p = 0.41). The mean inhaled dose was significantly 

reduced when the eFlow was connected to the OPEP device [combined therapy, 12.2 % (0.5) of 

the nominal dose vs. usual care, 42.5 % (0.8); mean difference 30.4 % (95 % CI 29.4−31.3)].  

 

 

4.4. DISCUSSION 

This is the first study to directly quantify the effects of combining nebulized HA+HS with OPEP 

(combined therapy) on sputum expectoration in adults with stable CF. The main findings were: 

1) combined therapy promoted greater sputum expectoration than usual care during the 

nebulization period; 2) both interventions led to similar sputum expectoration during post-

nebulization ACT and 24 h afterward; 3) the CASA-Q reported significant improvements in the 

sputum symptoms domain and the total score following combined therapy as compared with 

usual care; however, no differences were observed in the LCQ-Sp score or lung function; 4) 

although both interventions were generally well tolerated, participants preferred the combined 

therapy; 5) the in vitro analysis of the nebulization circuits shows a reduction in the amount of 

product delivered to the patient when the combined therapy circuit was used. 
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In the present study, the reason that combined therapy enhanced sputum expectoration during 

the nebulization period is perhaps that PEP changes the distribution of the nebulized product 

toward the more distal airways (101) and homogenizes the deposition of the nebulized 

substance. Moreover, OPEP devices improve expiratory flow, increase the airway mechanical 

stress, and stimulate mucus layer hydration; and consequently, the airway clearance system 

function may be temporarily improved (53).  

Elliot et al., (143) reported that the combination of HS and PEP increased sputum expectoration 

during the session in 94 % of studied CF teenagers. Despite the fact that comparisons are 

difficult, since the sputum quantity was measured using different self-reported tools 

(retrospective visual analog scale vs. prospective wet sputum volume), we observed a similar 

trend. O’Neil et al., (129) studied the timing of HS and ACT (OPEP) in adults with exacerbated CF, 

and in accordance with the present study, found no differences in wet sputum expectoration 

during the 24 h post-session when OPEP was applied during or after HS nebulization. 

Nevertheless, the studied populations were different (stable vs. exacerbated). With respect to 

the sputum quantity ratio, Osman et al., (144) achieved a maximum of 28 % for their total daily 

expectoration during 30 minutes of ACTs in exacerbated CF patients. The greater proportion of 

sputum collected during our sessions may be due to the different health statuses (stable vs. 

exacerbated) and the fact that expectoration was not collected during nebulization in the 

previous study. The major short-term efficacy of our airway clearance session reduced the need 

to expectorate for the rest of the day, as observed previously (133), and may have improved 

symptoms related to sputum. 

The present study included two questionnaires for the evaluation of symptoms related to 

sputum (CASA-Q and LCQ-Sp). Although no differences were observed for LCQ-Sp, the total and 

sputum symptom domain CASA-Q scores improved using combined therapy. Based on our 

results, the CASA-Q may be more appropriate to detect short-term effects of airway clearance 

sessions. Traditionally, we have studied cough as a way to measure the burden of daily 

symptoms related to sputum; however, expectoration is not the only trigger for cough. The 

sputum symptoms domain of the CASA-Q is more related to sputum characteristics that can be 

modified by airway clearance sessions (thickness, frequency, and ease of expectoration). A 

change in the LCQ-Sp score following ACTs has been observed in a previous study; however, the 

included patients were not adherent to ACTs prior to recruitment (86). 

Despite evidence supporting the benefits of HS in CF (26), some patients present minor side 

effects, such as cough, saltiness, and bronchospasm (64). Adverse effects are associated with 
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poor treatment adherence (145). The addition of HA to HS significantly improves its tolerability 

and pleasantness in people with CF (65). Moreover, a combination of HS and PEP significantly 

reduces the adverse effects associated with the nebulized product (64, 143), being another 

possible solution for patients who do not tolerate HS or HA+HS. The fact that our patients 

noticed less saltiness of the HA+HS when combined with OPEP may be due to: 1) the inspiratory 

valve stopped the inertial flow of the nebulizer, decreasing the buccal deposition of HA+HS; or 

2) the total amount of HA+HS delivered was lower.  

Contrary to our expectations, the in vitro study reveals that placing the nebulizer in the proximal 

part of the circuit (patient side) was not sufficient to mitigate the HA+HS loss. The discordance 

between our results and those presented by Mesquita et al., (130) may be related to the 

difference between the procedures: i) our connector had a larger surface of contact with the 

nebulized product; ii) different solutions were nebulized; and iii) the mass median aerodynamic 

diameter was slightly higher with our nebulizer (4.1 µm vs. 3.6 μm), perhaps leading to a higher 

impaction of HA+HS into the circuit. 

Despite the fact that the findings from the in vitro study suggest that less HA+HS may have 

reached the patient during the combined therapy, our data did not show a decrease in sputum 

expectoration; on the contrary, the combined therapy promoted greater expectoration than 

usual care during nebulization. Taking into account that the recommendation for patients with 

CF is to nebulize HS twice daily (146), combining HS with OPEP could be especially interesting 

for two types of patients; those who, due to the high therapeutic load, do not systematically 

perform ACT following HS nebulization, and those who have low tolerance for HS or HA+HS. This 

could help to improve the adherence to airway clearance sessions.  

The present study boasts the strength of analyzing intra-subject comparisons for our primary 

outcome using repeated measures (five consecutive days). Moreover, the audio-visual control 

system using regular technology allowed simple and flexible bidirectional contact, storable 

feedback, and the need for only one treating physiotherapist for all the centers. The study design 

was integrated in participants’ self-managed daily routines, which may explain why no patients 

were lost and a high adherence was found. Finally, the in vitro analysis provided additional 

detailed information, helping to better explain the in vivo results. 

A limitation of the present study relates to the fact that combining the HA+HS nebulization with 

expiratory resistance (OPEP) makes patient expirations slightly longer, increasing the amount of 

time for loss of nebulized product. To reduce the aerosol loss during expiration, interrupters 
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connected to the nebulizers or other systems that deliver the product only during inspiration 

could be used. Moreover, the dead space of the combined nebulization circuit could also be 

reduced to help minimize the product loss. Secondly, the wet sputum volume could be a 

controversial outcome (85); however, it is considered appropriate for the analysis of short-term 

effects (3). Furthermore, we wanted to keep the project as simple and close to real life as 

possible, and wet sputum volume is an outcome with which patients with CF are very familiar. 

Future research including outcomes related to the biophysical properties of sputum could help 

to support our findings. Finally, two different nebulizers where used in this trial. Although the 

ideal situation would have been that all participants nebulized using the same device, Govoni et 

al. support comparable pulmonary delivery of eFlow and LC Plus in patients with CF, based on 

the amount of nebulized product present in plasma and sputum with each nebulizer (147). 

Furthermore, each participant used the same device for both treatments. 

In conclusion, combined therapy promoted greater sputum expectoration than usual care 

during the nebulization period, reducing symptoms related to sputum and HA+HS adverse 

effects. Both interventions similarly enhanced sputum expectoration during post-nebulization 

ACT and 24 h afterward. Although participants preferred the combined therapy, further 

investigation regarding component interactions is needed to better understand the 

physiological mechanisms underlying the observed benefits. 
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CHAPTER 5: THIRD CLINICAL STUDY 
 
 
 
 
 
 

5.1. INTRODUCTION 

In the cystic fibrosis (CF) population, mucociliary clearance is impaired due to the dehydrated 

airway mucus and increased viscoelasticity that characterizes this illness (127). Airway clearance 

techniques (ACTs) have demonstrated their benefits by increasing short-term sputum removal 

in CF (148) and are nowadays a cornerstone of daily treatment (4). Despite the high therapeutic 

burden of ACTs (35), there is little evidence to support the use of one technique over another 

(66). Consequently, the choice of ACTs is influenced by a range of factors (availability of 

therapists and devices, therapist training, price and strength of marketing of the devices, patient 

characteristics and preferences, etc.) (55). The usual repertory of daily airway clearance sessions 

for CF consist of mostly expiratory techniques (55). In Europe, autogenic drainage (AD) is one of 

the most extended ACTs (149).  

In 2004, Chatham et al. (150) found that in exacerbated adults with CF, short-term resistive 

inspiratory maneuvers (RIM) were more effective at removing sputum than standardized 

physiotherapy (postural drainage with percussion, forced expiratory techniques and active cycle 

of breathing techniques). A possible explanation of the findings reported by Chatham et al. (150) 

may rely on several factors. Firstly, due to the more negative pleural pressure required to 

perform this maneuver, a higher volume of air will penetrate into the lungs during inspiration 

(151). Moreover, due to the mouth resistance, inspiration is very slow, which, added to the high 

volume, will reduce the ventilatory asynchronism (151) favoring a more homogeneous filling of 

the lung. Both these aspects could contribute towards generating an effect in more peripheral 

lung areas (150). Thirdly, the pleural pressure depression physiologically generated by the RIM 

could increase the mechanical stress of the airway, and consequently stimulate mucus hydration 

and its posterior clearance during expiratory techniques (53). Despite the plausible benefits, no 

studies have continued to study RIM as an ACT, consequently its effect on stable CF patients 

remains unexplored. 

 “Resistive inspiratory maneuvers as a technique for airway clearance in patients with 

cystic fibrosis: a randomized crossover trial”.  
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Therefore, the purpose of this trial was to compare the efficacy of three airway clearance 

sessions composed of different ACT modalities in adults with stable CF. The primary outcome 

measurement was the wet sputum expectoration (g) during the 24 hours (h) post-session. The 

secondary endpoints were the amount of sputum collected during ACT, short-term safety and 

tolerability of the sessions, perceived efficacy and patient preference. 

 

 

5.2. MATHERIAL AND METHODS 

5.2.1. Participants 

Adults with stable CF were prospectively recruited from November 2014 to June 2016 at four 

Spanish CF regional associations (Aragon, Madrid, Murcia and Valencia). The treating 

physiotherapists from each center invited patients to participate during regular clinical follow-

ups. The inclusion criteria were: diagnosis of CF confirmed by genetic testing and/or sweat test 

(131); age ≥ 16 years; clinical stability over the previous four weeks (132); daily sputum 

expectoration ≥ 15 mL (mean of two non-consecutive days during the week prior to starting the 

protocol) (86); trained in the use of AD and RIM; able to provide written informed consent. 

Participants were excluded for the following reasons: severe lung function impairments (forced 

expiratory volume in 1 second (FEV1) < 30 % pred. and/or forced vital capacity (FVC) < 40 % 

pred.); active hemoptysis during the previous month; supplemental oxygen or non-invasive 

ventilation. The withdrawal criteria were pulmonary exacerbations during the study and 

symptoms of intolerance to the new treatment. 

 

5.2.2. Study design 

An assessor-blinded multicenter randomized crossover trial with concealed allocation was 

conducted. Simple randomization was computer generated and saved by an independent 

researcher, who revealed the allocation to the treating physiotherapist after the control session. 

Participants were randomly assigned to one of the three treatments arms: 1) RIM, 2) AD or 3) 

RIM+AD, using consecutively numbered, sealed opaque envelopes. A seven-day washout period 

was allowed between sessions (Figure 21) (133). Patient received daily regular treatment during 

the washout period.  
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Figure 21. Study design. RIM: resistive inspiratory maneuver; AD: autogenic drainage. 

 

Ethics approval was obtained (PI 13/0163), and the trial was conducted in accordance with the 

CONSORT statement (Clinical Trial Registration Number NCT0226198). All participants provided 

informed consent before enrollment. 

 

5.2.3. Interventions 

All sessions lasted 30 minutes and were scheduled at the same time of the day. During the 

control session, participants were asked to breathe normally in the position they used for their 

daily airway clearance routine. The AD intervention consisted of performing this technique 

following the current recommendations (149) in the same position chosen for control. During 

the RIM session, participants were asked to breathe through a fixed resistance (Power Breathe 

device model KH1, Southam, United Kingdom) at 60 % of their maximal inspiratory pressure. 

Participants performed series of five deep inspiratory breaths from the expiratory reserve 

volume (ERV) to total lung capacity (TLC). Thirty seconds of rest breathing were standardized in 

between series. The RIM was performed in right lateral decubitus during the first 15 minutes 

and in left lateral decubitus for the remaining 15 minutes. The RIM + AD session consisted of 10 

minutes of RIM (five in each lateral posture) and 20 minutes of AD following the previously 
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described procedures. Each patient performed all sessions with the same trained 

physiotherapist. 

 

5.2.4. Outcome measures and data collection 

Participants’ sociodemographic, anthropometric and clinical data were collected after the 

control session. 

 

5.2.4.1. Sputum expectoration 

Pre-weighted containers were used to measure wet sputum expectorated (g) during two points 

in time (86): the airway clearance session and 24 h post-session (primary outcome). Patients 

were instructed not to swallow secretions and to avoid salivary contamination. After each 

session, participants registered their perceived ease of expectoration using a non-numerical 10 

cm visual analogue scale (0 = very difficult to expectorate, 10 = very easy to expectorate) (128). 

 

5.2.4.2. Safety, tolerability and participant preference  

In order to evaluate the tolerability of each intervention, lung function, dyspnea, oxygenation 

and heart rate were assessed before and after each session. Lung volumes were evaluated using 

simple spirometry (SpiroUSB™, Basingstoke, United Kingdom) following the international 

recommendations (112), dyspnea was assessed using the Dyspnea modified Borg scale and 

oxygen saturation was measured using a pulsioximeter (Nonin Onyx 9590 Finger Pulse Oximeter, 

USA). At the end of the trial, participants were asked to indicate their preferred session. 

 

5.2.5. Sample size justification and statistics 

For the sample size calculation, we followed the guidelines issued by the International Council 

for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) (152). 

The primary outcome was the wet sputum expectoration during the 24 h post-session. Sample 

size calculations revealed that a minimum sample size of 34 patients was necessary to detect a 

minimal difference of at least half the standard deviation (SD) of the difference in response to 

treatment by the same patient of 9.2 g (153) in order to provide 80 % power and 5 % level of 
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significance in a two-side test. The final sample size required was 38 patients, allowing for 15 % 

early withdrawal. 

Normality was tested using the Kolmogorov-Smirnov test. To achieve a normal distribution, we 

performed a logarithmic transformation of the data. The hypothesis testing between 

intervention sessions was carried out using linear mixed model analysis. Daily basal 

expectoration was included into the model as a covariant for sputum outcomes. Allocation 

sequence, week and treatment were considered as fixed effects, and subjects within sequence 

were considered random. Post-hoc analyses were applied using Bonferroni’s corrections. 

Comparisons between each intervention session and the control session (not randomized) were 

analyzed using a one-way ANOVA repeated measures test. The sputum obtained was analyzed 

in two different ways: 1) sputum weight and 2) sputum quantity ratio (%) (i.e. sputum 

expectoration during the session or during 24 h follow-up divided by the total sputum collected 

x 100) (133). The difference between treatment arms was reported as the mean or median 

difference (95 % Confidence Interval [CI]) and statistical significance was set at p < 0.05. 

Statistical tests were performed using SPSS Statistics 19.0 (IBM Corp., Armonk, NY, USA) and 

missing data were not imputed (154).   

 
 

5.3. RESULTS 

Forty-four candidates were screened for the study, of which 32 met the eligibility criteria, 

provided informed consent and underwent randomization (Figure 22).  

Figure 22. CONSORT flow 

chart summarizing the 

progress of patients through 

the trial. RIM: resistive 

inspiratory maneuvers; AD: 

autogenic drainage. 
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The baseline characteristics of the participants are summarized in Table 8. Patients were similar 

regarding oxygenation, dyspnea and lung function at the beginning of all treatment arms, 

indicating no carryover effects.  

 

 

Data presented as n, n (%), mean (standard deviation (SD)) or median [interquartile range 

(IQR)]. BMI: body mass index; % pred.: percentage of predicted; FEV1: forced expiratory 

volume in 1 s; FVC: forced vital capacity; FEF25–75: forced expiratory flow at 25–75 % of FVC; 

RQ-R: cystic fibrosis questionnaire-respiratory domain. * Measured on two consecutive days 

during the week prior to enrollment. 

 

5.3.1. Sputum expectoration 

The sputum collected during the control session was lower than the quantity obtained in any of 

the three treatment arms ([median difference of RIM vs. control] 3.4 g, 95 % CI= 1.9 – 6.5; [DA 

vs. control] 11.3 g, 95 % CI= 7.1 – 16.7; [RIM+DA vs. control] 8.4 g, 95 % CI= 5.5 – 12.5). Both AD 

and RIM+AD led to similar expectoration during the session and both interventions enhanced 

greater expectoration than RIM (Table 9). 

 

 

Table 8. Baseline characteristics of the participants (n=32)   

Male, n (%) 16 (50) 

Age (years), mean (SD) 26.8 (8.8) 

BMI (Kg/m2), mean (SD) 21.5 (2.5) 

Chronic colonization, n (%) 

− Pseudomonas aeruginosa infection 

30 (93.7) 

18 (56.2) 

Exacerbations during the year prior to the study  2.6 (2.8) 

Lung function (% pred.) 

− FEV1  

− FVC  

− FEF25–75 

 

62.2 (17.9) 

76.2 (18.1) 

36.9 (22.9) 

 

Maximal inspiratory pressure (cmH2O), mean (SD)  93.0 (24.2) 

Baseline sputum expectoration, median [IQR] * 

− 24 hour period (g) 

 

13.8 [10-23.4] 

Quality of life (CFQ-R) 

− Respiratory domain 

 

54.1 (21.2) 
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The sputum collected over the 24 h post-ACT was similar for all interventions (Table 9). Likewise, 

no differences were found when comparing the 24 h of each intervention arm with the control 

arm expectoration during this period (p ≥ 0.1). 

Total sputum (session + 24 h post-ACT) was similar for DA and RIM+DA and both interventions 

promoted greater expectoration than RIM (Table 9). Also, RIM led to the same total sputum 

compared to the control session ([RIM vs. control] 3.1 g, 95 % CI= -1.1 – 8.4). Nevertheless, AD 

and RIM+AD enhanced higher total sputum expectoration compared to control [AD vs. control] 

12.7 g, 95 % CI= 6.5 – 18.4; [RIM+AD vs. control] 10.3 g, 95 % CI= 5.6 – 15.5). 

The sputum quantity ratio during the control session was lower than in the three treatment arms 

([mean difference of RIM vs. control] 17.9 %, 95 % CI= 8.7 – 27; [DA vs. control] 35.5 %, 95 % CI= 

27.5 – 43.4; [RIM+DA vs. control] 29.5 %, 95 % CI = 22.6 – 36.3). Additionally, AD and RIM+AD 

led to a similar expectation ratio during the session, and both interventions promoted more 

immediate expectoration than RIM (Figure 23). 

Figure 23. Percentage (%) of sputum collected during sessions, including control period. RIM: resistive inspiratory 

manoeuvre; AD: autogenic drainage. *Sputum expectoration ratio during control session was lower than during the 

three treatment arms (p = 0.00). ¥ RIM promoted less immediate expectoration than AD and RIM+AD (p ≤ 0.015). 
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5.3.2. Tolerability and patient preference 

 
Lung function (FEV1 and FVC) 

remained unchanged after all 

interventions (p > 0.05). Perceived 

efficacy was rated worse for RIM 

([median difference of AD vs. RIM] 

2.0, 95 % CI= 1.0 – 3.1; [RIM+AD vs. 

RIM] 1.9, 95 % CI= 0.9 – 3.0), being 

similar for AD and RIM+DA ([median 

difference of AD vs. RIM+AD 0.1 95 % 

CI= 0.9 – 1.2) (Figure 24). Regarding 

patient preference, 50 % of the 

participants reported RIM+AD as their 

preferred session, followed by AD (40 

%) and RIM (10 %).   

 

 

5.4. DISCUSSION 

This is the first clinical trial to evaluate the effect of RIM on sputum expectoration in adult 

outpatients with CF. The main findings were 1) all intervention sessions promoted higher 

sputum expectoration than the control session; 2) RIM + AD enhanced similar sputum 

expectoration than the AD session, and both promoted greater expectoration than RIM; 3) the 

sputum expectorated 24 h post-session was similar among the four sessions; 4) more total 

sputum (session + 24 h post-intervention) was expectorated during AD and RIM+AD arms than 

RIM and control sessions; 5) intervention arms were well tolerated and lung function remained 

stable after all treatments; 6) participants perceived RIM as the worst ACT option to help them 

clear secretions from the lungs and AD and RIM+AD were perceived as being equally effective, 

however a slightly higher percentage of patients chose RIM+DA as their preferred intervention.  

In accordance with the current evidence (148), our data support the existence of short-term 

benefits for ACTs for increasing sputum removal compared to control. Even though most ACTs 

seem equally effective for promoting expectoration (66), our results suggest that RIM, 

Figure 24. Perceived efficacy. VAS: visual analogic scale (cm); RIM: 

resistive inspiratory maneuver; AD: autogenic drainage. Data are 

expressed in mean and SD. *Perceived efficacy was rated worse 
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performed in isolation, is significantly less effective than AD or RIM+AD in stable CF. This finding 

contradicts the results published by Chatham et al. (150), who found RIM to be more effective 

than standardized physiotherapy (postural drainage with percussion, forced expiratory 

techniques and active cycle of breathing technique). This discordance may be explained by the 

health status (stable vs. exacerbated) and the different ACT modalities compared. Exacerbations 

increase sputum production (155) and decrease airway hydration in CF (156), worsening the 

already present airway clearance impairment. Although in vitro data suggest that ACTs generate 

a mechanical stress in the airways that increase airway hydration (53), the specific contribution 

of each in vivo technique (level of rehydration, effect duration, etc.) has not been tested to date. 

It is possible that the effect of some of the techniques may be more suitable for stable patients, 

whereas others may be better for exacerbated ones. It is difficult to analyze whether the 

different maximum inspiratory pressure used in both trials (60 % vs. 80 %) can help to explain 

the discordance. Chatham et al. (150) collected a mean of 10.0 g of sputum during RIM arms, 

while our patients expectorated 4.7 g using the same technique. However, the reported 10.0 g 

also include the secretions collected for 30 minutes following the session. Moreover, we do not 

have the information about the daily sputum expectoration of the Chatham et al. (150) sample. 

We initially considered reducing the percentage of inspiratory pressure proposed for Chatham 

et al. (150) because when we tried the 80 % during clinical practice, it was difficult for the 

patients to maintain this intensity for 30 minutes. Moreover, our main objective was not to train 

the inspiratory muscles but to take advantage of the hypothetical benefits of generating a more 

negative pleural pressure (a more peripheral effect in the lung and stimulation of mucus 

hydration for its posterior removal). In view of the results, we suggest RIM at 60 % of the 

maximum expiratory pressure as one more option to introduce during CF ACT sessions before 

expiratory techniques. The reasons why RIM performed by itself seems to be less efficient at 

promoting immediate sputum expectoration, may be explained by two conditions based on flow 

research using an in vitro model (70). Firstly, the peak expiratory flow rate (PEFR) needs to be at 

least 10 % higher than the peak inspiratory flow to generate mucus transport towards more 

proximal airways (70). Secondly, a PEFR of 30–60 L·min is required to overcome the adhesive 

strength that links the mucus to the periciliary layer (70). Unlike expiratory techniques, RIM may 

not generate the two mentioned conditions.  

In accordance with previous studies (129, 153) performed in the CF population, no differences 

were found in the wet sputum expectoration during the 24 h post-intervention. The amount of 

sputum collected during 24 h post-control was also equivalent in our sample. Herrero-Cortina 

et al. (86, 133) evaluated patients with non-cystic fibrosis bronchiectasis (henceforth referred to 
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as ‘‘bronchiectasis’’) and found a reduction in the sputum expectorated 24 h post-ACTs 

compared to 24 h post-control. On the other hand, Muñoz et al. (157) found an increase in this 

outcome compared to control in a similar population. The solid sputum content (index of 

hydration) is higher in the CF population (4-7 %) (158, 159) than in patients with bronchiectasis 

(3.7 %) (160), being above the normal range in both cases (1.5-2 %) (161). Furthermore, as 

respiratory secretion adhesivity is influenced by airway hydration (161), sputum adherence is 

also higher in CF compared to bronchiectasis (162). Both circumstances (dehydration and 

increased adherence), slow down the airway clearance system (52, 163), and may interfere with 

the time required to benefit from ACTs in each disease. Moreover, the higher dehydration found 

in the CF population, may also provide a greater capacity to retain the water secreted because  

of mechanical stress, therefore hypothetically increasing the duration of the therapeutic effect 

(62). Further research is needed to better understand the mechanisms that explain these 

differences.  

More total sputum (session + 24 h post-intervention) was collected during AD and RIM+AD arms 

than during RIM, and the control session led to similar expectoration than RIM. However, 

Herrero-Cortina et al. (86), found a similar amount of total sputum for all kinds of ACT in patients 

with bronchiectasis. The disparities may be caused by the exposed differences between both 

illnesses, the different ACT duration (30 vs. 40 minutes) and the use of different types of ACTs 

(inspiratory and expiratory vs. expiratory). Total sputum seems to be stable when including any 

kind of expiratory ACTs in daily treatment.  

Concerning the sputum quantity ratio, there is a trend towards AD being the ACT that enhances 

higher immediate sputum expectoration (42.1 %). Furthermore, AD helps to expectorate a 

similar % of sputum when it is self-administered by trained CF patients after hyperosmolar 

nebulization (data from the previous clinical study that conforms this PhD dissertation). Patients 

with bronchiectasis expectorate an average of ~25 % to 30 % of their daily sputum during 30 

minutes of AD performed after hyperosmolar nebulization (133), and 41.3 % after 40 minutes of 

AD (86). To the best of the author’s knowledge, there is no RIM data published concerning this 

outcome.  

Adherence to ACT is quite low in the adult CF population (30–32 %) (55). Flexibility and patient 

preference are important factors when prescribing a suitable ACT (164). Offering patients 

several ACT options that have demonstrated similar efficacy and letting them choose their 

preferred one or even combine or alternate them, may increase treatment adherence.  
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One of the strengths of this study was that the new ACT studied (RIM) was performed using a 

very standardized protocol thanks to the use of an electronic Power Breathe device, making the 

translation to daily clinical practice very easy and immediate. Another strong point of the study 

relies on the fact that each participant performed all the treatment arms with the same trained 

physiotherapist, thus ensuring that the techniques that were repeated in the different 

treatment arms, were performed in a similar way.   

Some limitations need to be addressed. The efficacy of the different techniques was only 

assessed based on a single session. As this was the first time that the new RIM protocol was to 

be applied under research conditions, we preferred to draw the first impressions based on a 

single session, in order to mitigate possible side effects in case of poor tolerance. Bearing in 

mind that AD is an ACT that is more difficult to standardize, we decided that only 

physiotherapists with specific training and experience in the technique, would participate in the 

study. Moreover, before starting the trial, we organized a meeting to homogenize all 

interventions. Although wet sputum measurements are considered appropriate for the analysis 

of short-term effects (55), this remains a controversial outcome due to saliva contamination or 

secretion swallowing. We tried to limit these two potential sources of bias by training patients 

to not swallow sputum or let saliva enter the sputum container (85). Furthermore, the crossover 

design of this study may also reduce this potential bias. Additionally, the study was 

underpowered due to recruitment difficulties, for that reason, the results should be taken with 

caution. 

In conclusion, RIM, AD and RIM+AD are safe and well tolerated ACTs by adults with stable CF. 

AD and RIM+AD are equally effective to promote sputum removal. However, of the three 

interventions studied, RIM generated the lowest amount of expectoration during the session. 

Therefore, the administration of this technique on its own does not seem to be a good option 

for promoting immediate sputum removal. In accordance, patient perceived efficacy was rated 

worse for RIM, being similar for AD and RIM+DA. 
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CHAPTER 6: FINAL CONCLUSIONS 
6.1. PhD DISSERTATION CONCLUSIONS  

After having analyzed and discussed the results obtained, the main conclusions of each study 

are summarized below: 

 

 
 
 
 
 

1. Left lateral decubitus posture tends to reduce the total amount of drug delivered to the 

lungs when the nebulization is performed in the specified settings with AKITA in healthy 

male volunteers. 

2. A lower proportion of the nominal dose tends to reach all regions of the lung during left 

lying position, especially the dependent ones. 

3. Our findings question the routine role of lateral posture in nebulization performed with 

AKITA. 

 
 
 
 
 
 
 

1. Combined therapy (HA+HS with OPEP) promotes greater sputum expectoration than 

usual care during the nebulization period, reducing symptoms related to sputum and 

adverse effects in adults with stable CF. 

2. Both interventions similarly enhanced sputum expectoration during post-nebulization 

ACT and 24 h afterward. 

3. Although participants preferred the combined therapy, the connection between the 

nebulizer and the ACT device seems to reduce the amount of drug that reaches the 

subject.  

 

 “Impact of hypertonic saline nebulization combined with oscillatory positive expiratory 

pressure on sputum expectoration and related symptoms in cystic fibrosis: a randomized 

crossover trial”. 

 “Targeted lung deposition from nebulization is not improved in lateral decubitus posture: 

a randomized crossover trial in healthy volunteers”. 
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1. RIM, AD, and RIM+AD are safe and well tolerated ACTs by adults with stable CF. 

2. AD and RIM+AD are equally effective at promoting sputum removal. However, out of 

the three interventions studied, RIM generated the lowest amount of expectoration 

during the session. Therefore, the performance of this technique on its own does not 

seem to be a good option for promoting immediate sputum removal. 

3. In accordance with the previous conclusion, patient perceived efficacy was rated worse 

for RIM, being similar for AD and RIM+DA. 

As a transversal conclusion to the second and third clinical studies, it appears that CF patients 

prefer interventions different than usual care, as long as they are at least as effective. 

 

6.2. POSSIBLE FUTURE RESEARCH DIRECTIONS 

The present dissertation suggests several future research directions: 

- After the unexpected results in aerosol deposition (clinical study 1), which contradict 

current evidence, further studies are needed to clarify the role of left lateral decubitus 

during nebulization. In order to find the answer, it would be interesting to perform a 

similar study using a nebulizing circuit that creates less resistance; this would clarify 

whether the obtained results are solely due to the circuit characteristics and allow 

better control of the target of this research (role of left lateral posture). Once the first 

question has been solved, the same trial design could be used to analyze the influence 

of body posture during nebulization in other situations more similar to clinical practice. 

This might involve two research questions: 1) studying outpatients with different 

obstructive disease severities would help in understanding whether the respiratory 

illness changes the previously studied role of lateral decubitus; 2) after the influence of 

the disease has been determined, it would be interesting to see if the same results could 

be extrapolated to nebulization performed with more usual nebulizers, such as eflow 

rapid or LC PLUS. In case there is an opportunity to undertake this research project, it is 

 “Resistive inspiratory maneuvers as a technique for airway clearance in patients with 

cystic fibrosis: a randomized crossover trial”. 
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important to keep in mind the need to train the subjects in advance to achieve a 

reproducible breathing pattern (auditory or visual feedback can be implemented). Such 

a clinical trial would allow studying the transference of the research done to daily clinical 

practice. 

 

- Due to the configuration of the combined nebulizing circuit used in the clinical study 2, 

the mucoactive product that reached the patient was lower in the combined arm. In 

order to improve the comparison between the effects of both nebulization circuits, I 

would start by modifying the combined circuit to reduce product loss; in this case, 

exploring circuits with less dead space could be a starting point. The inhaled dose of the 

final optimized combined circuit can be assessed using a design similar to the in vitro 

study before performing a new in vivo trial (the study population of all the clinical trials 

suggested hereinafter refers to adults with stable CF).  

 

- The benefits showed by the combined nebulization could be due to different 

hypothetical factors. Separately studying each factor would help to elucidate the real 

cause of the improvement and open new possibilities toward combined nebulization 

optimization. The first question I would address would be determining whether the 

combination of the HS and the OPEP changes the distribution of the inhaled substance. 

To solve this question, I would perform a study with a similar design to clinical trial 2 but 

using the imaging outcome measures of clinical trial 1; one arm would follow the usual 

care for HS nebulization and the other would be characterized by HS+OPEP nebulization 

using the optimized circuit. The second factor I would study would be the ability of OPEP 

to change sputum hydration. For this purpose, I suggest replicating the design of clinical 

trial 2, changing the primary outcome for sputum solids content.  

 

- Because of the proven beneficial effects of HS nebulization in patients with CF, strategies 

to improve its tolerance are desired. With this purpose in mind, tolerance to usual HS 

nebulization and combined nebulization (HS+OPEP) could be compared in patients who 

show HS intolerance. Prevalence and severity of bronchial obstruction and other 

disturbing symptoms (cough, irritation, and saltiness) could be used to evaluate 

tolerance to nebulization through a randomized crossover design. 
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- Due to the controversy linked to the sputum volume or weight outcome, it could be 

interesting to examine additional outcomes related to the airway clearance sessions 

studied in clinical trial 3. The change in the intensity of computerized normal breathing 

could provide valuable information about the impact of each ACT in ventilation. 

Moreover, this information could be used to determine the minimal clinically important 

difference (MCID) in ventilation change during an ACT session. The MCID could be very 

useful to help create personalized ACT recommendation algorithms in clinical practice 

and to evaluate the effectiveness of ACTs in a research environment.  

 

- As the poor adherence to airway clearance remains a recurrent problem, it could also 

be interesting to analyze this treatment from a long-term perspective, assessing the 

adherence rate and the severity and number of exacerbations. I suggest comparing 

usual care with the two new airway clearance interventions that have demonstrated at 

least the same efficacy as usual care (HS+OPEP and RIM+DA). For this purpose, two one-

year randomized crossover trials with parallel assignment could be carried out. The first 

trial would compare regular HS nebulization followed by AD vs. HS+OPEP nebulization 

followed by AD. The second one would compare AD and RIM+AD sessions. 
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APPENDIX 
 

Appendix 1. Patient’s preference (Spanish version used in the study) 

TEST LIKERT 

Las siguientes preguntas van dirigidas a conocer el grado de satisfacción relacionado con los 
diferentes tipos de tratamiento realizados durante el estudio y deberá rellenarse al terminar 
cada rama de intervención. 

Lea cada apartado con atención y responde asignando una puntuación del 1-5 a cada apartado, 
rodeando la opción correspondiente. Considere que la puntuación mínima es un 1 y la 
puntuación máxima es un 5. 

Le rogamos que responda con la máxima sinceridad posible y que consulte con el profesional 
que le está atendiendo en caso de tener alguna duda.  

1. Durante estos últimos 5 días la inhalación de suero hipertónico me ha ayudado a expectorar 
más fácilmente las secreciones durante la sesión de drenaje: 

1. Completamente en desacuerdo 
2. Parcialmente en desacuerdo 
3. Indiferente 
4. De acuerdo 
5. Totalmente de acuerdo 

 
2. Durante estos últimos 5 días la inhalación de suero hipertónico me ha ayudado a expectorar 

una mayor cantidad de secreciones que las que expulso habitualmente: 
1. Completamente en desacuerdo 
2. Parcialmente en desacuerdo 
3. Indiferente 
4. De acuerdo 
5. Totalmente de acuerdo 

 
3. Durante estos últimos 5 días la inhalación de suero hipertónico ha disminuido los efectos 

adversos asociados al mismo (tos, irritación, disconfort, etc.):  
1. Completamente en desacuerdo 
2. Parcialmente en desacuerdo 
3. Indiferente 
4. De acuerdo 
5. Totalmente de acuerdo 
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4. Durante estos últimos 5 días la inhalación de suero hipertónico ha mejorado mi calidad de 
vida durante el resto del día (cómo me encuentro, relación con los demás, números de toses 
en momentos incómodos no elegidos, etc.) 

1. Completamente en desacuerdo 
2. Parcialmente en desacuerdo 
3. Indiferente 
4. De acuerdo 
5. Totalmente de acuerdo 

 
5. La manera de inhalar que he utilizado durante estos últimos 5 días es la que me gustaría 

seguir usando en mi fisioterapia cotidiana. 
1. Completamente en desacuerdo 
2. Parcialmente en desacuerdo 
3. Indiferente 
4. De acuerdo 
5. Totalmente de acuerdo 

 
6. Siento que invierto bien mi tiempo dedicado a la inhalación de suero hipertónico y al drenaje 

de secreciones cuando hago la inhalación como la he estado haciendo durante estos últimos 
5 días.  

1. Completamente en desacuerdo 
2. Parcialmente en desacuerdo 
3. Indiferente 
4. De acuerdo 
5. Totalmente de acuerdo 
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Appendix 2. Direct links to more detailed information about the airway clearance techniques 

used along the different trials that compound this PhD dissertation. 

• Oscillatory positive expiratory pressure (OPEP). 

 

 

 

 

• Resistive inspiratory maneuver (RIM): (Spanish version of the 
training video used in the study). 

 

 

 

• Autogenic drainage (AD).  
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