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Monitoring Asthma in School-aged Children using the Forced Os-

cillation Technique 

 

Afnan Saleh AlRaimi 

 
Abstract 

Background: Diagnosing asthma in school-aged children can be difficult, as spirometry can 

be challenging and even when successful is often normal when the patient is stable. Forced 

Oscillation Technique (FOT) could offer a rapid, non-invasive alternative test that reflects the 

resistance and reactance of the lungs during spontaneous breathing, requiring minimal patient 

cooperation. 

 

Aims: To assess FOT measurements in children with acute, stable and uncontrolled asthma 

before and after bronchodilator administration (BDR), while also comparing the FOT to other 

lung function tests. 

 

Methods: Children aged 5–16 years with stable controlled or uncontrolled asthma or doctor-

diagnosed asthma attacks were eligible. A control group of healthy children in the same age 

range was also included. After obtaining informed consent, we assessed FOT using waveforms 

of 5–37 Hz and 7–41 Hz, before and after bronchodilation with salbutamol inhalation in asthma 

patients only. We reported, each at 5 or 7 Hz, the (i) resistance (Rrs5 or Rrs7), (ii) differences 

in resistance over the frequency range to 20 Hz (Rrs5-20 or Rrs7-20), (iii) reactance (Xrs5 or 

Xrs7) and (iv) area under the reactance curve (AX). 

 

Results: FOT was feasible in cases of stable controlled and uncontrolled asthma and in children 

with asthma attacks. Of the reported parameters, AX best discriminated between asthmatic and 

healthy children. FOT measurements were more sensitive in children with stable asthma with 

diagnoses confirmed by objective tests than in those with incomplete or no evidence. In addi-

tion, FOT measurements at 5–37 Hz and 7–41 Hz showed significant airway improvements 

following bronchodilator in children with acute and uncontrolled asthma, with no significant 

differences between measurements at different frequencies. 

 

Conclusion: FOT measurements, including the assessment of BDR, are feasible in school-

aged children with asthma. FOT is a useful method that could be applied alongside additional 

objective testing methods in asthmatic children. 



 

iv 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

To My Father (Saleh) 

and 

My Mother (Mahasen) 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 
 

 

 

 



 

v 

Acknowledgments 
 

I would like to start by thanking God for the opportunity, determination and countless blessings 

to pursue a PhD and achieve my goals. Without God, it would not be possible to complete my 

research study and the thesis.  

 

My deepest gratitude to my family, starting with the most loving and supporting father and 

mother for their unconditional kindness, guidance and encouragement. My gratitude extends 

to my adorable and caring siblings, Budoor, Salman, Rawan, Shahad and Majid, for their con-

tinued motivational support. I would not be able to finish my journey without having you all 

by my side.  

 

It is impossible to extend enough thanks to my supervisors Dr Erol Gaillard and Dr Caroline 

Beardsmore, who provided trust, knowledge, time and guidance during this period. I would 

also like to thank them for their continuous support on both the personal and professional lev-

els. This was all extremely helpful during my PhD and thesis preparation.  

 

I would also like to thank my progress review panel members, Prof. Michael Steiner and Dr 

Rachael Evans, for the beneficial meetings, advice and consistent support. 

 

Special thanks to everyone from Leicester Royal Infirmary who contributed to this project, 

starting with Dr Roland Damian, Kirsty Lehane, Lesley Danvers, Prakash Patel, Teresa 

McNally, Christina Daines, Pooja Devani, Joe Madge and Natalie Blyth. Thank you, also, to 

the Emergency Department and ward physicians, nurses and staff for your valuable help and 

support.  

 

To my closest family, friends and neighbours: this would have been more difficult without you. 

Thank you for always being by my side and for your unwavering prayers and support. 

 

I am eternally grateful to the child and his parents for agreeing to share his photos in this thesis.   

 

Special thanks to Royal Embassy of Saudi Arabia Cultural Bureau and Imam Abdulrhaman bin 

Faisal University for sponsoring my PhD study.  

 

Lastly, I would particularly like to acknowledge myself for the persistence and courage to com-

plete this journey despite all that I have been through emotionally, including the greatest loss 

of my beloved mother, working during a worldwide pandemic and overcoming many obstacles 

within my PhD period.  

 



 

vi 

Statement of author's contribution to this thesis 

 

All the work presented in my thesis was performed under the supervision of my supervisors, 

and my personal record of contribution is as follows: 

 

I had major involvement in preparing the documents needed for ethical approval, the ethics 

application and the amendments. I was also involved in developing the study protocol, the 

parent and patient information sheets and the consent and assent forms.  

 

I was personally responsible for recruiting the participants, contacting the families, having the 

consent form signed by the parents and the participants and collecting the data. All the forced 

oscillation technique measurements were collected by me, with the exception of a very low 

number (five participants) that were collected by another investigator. I was then responsible 

for the review and analysis of the collected data. The majority of the spirometry, multiple breath 

nitrogen washout and fractional exhaled nitric oxide measurements in the study were per-

formed by me, with a small number performed by the respiratory physiologist. However, all 

the spirometry under the audit section was performed by the respiratory physiologist. In addi-

tion, I was personally responsible for fitting the smart inhalers for the participants involved in 

the study. I was also in charge of contacting the companies for technical support and ordering 

the supplies required for the study.  

 

I entered all the data into the database. I also took the primary role in interpreting the data and 

performing the statistical analysis, as well as preparing and presenting the work at various 

meetings and seminars.  

 

Afnan AlRaimi  

 

 

 

 

 

 

 

 

 

 

 



 

vii 

Publications  

 

Accepted, awaiting presentation 

 

Alraimi A, Devani P, Beardsmore C, Gaillard E. Forced Oscillation Technique (FOT) in 

School-aged Healthy Children. ERS 2022 International Congress  

 

Alraimi A, Devani P, Alshlowi M, Beardsmore C, Gaillard E. Sensitivity and Specificity of 

the Forced Oscillation Technique (FOT) in School-aged Children with Stable Asthma. ERS 

2022 International Congress 

 

Alraimi A, Devani P, Alshlowi M, Beardsmore C, Gaillard E. Forced Oscillation Technique 

(FOT) and Spirometry in School-aged Children with Stable Asthma. ERS 2022 International 

Congress 

 

Alshlowi M, Devani P, Alraimi A, Beardsmore C, Gaillard E. Pre- and post-bronchodilator 

Forced Oscillation Technique in preschool children with acute wheeze in the emergency de-

partment. ERS 2022 International Congress 

 

Alshlowi M, Devani P, Alraimi A, Beardsmore C, Gaillard E. Feasibility of Airwave Oscil-

lometry in Preschool Children with Acute Wheeze in the Emergency Department. ERS 2022 

International Congress 

 

Submitted 

 

Alraimi A, Alshlowi M, Gaillard E, Beardsmore C. Assessing Bronchodilator Response us-

ing the Forced Oscillation Technique in Children with Acute Asthma. Am J Respir Crit Care 

Med 2022;205:A1780 

 

Alshlowi M, Alraimi A, Gaillard E, Beardsmore C. Differences in forced oscillation between 

mouthpiece and mask. European Respiratory Journal 2019 54: PA1144; DOI: 

10.1183/13993003.congress-2019.PA1144  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 

Covid-19 impact on PhD study progress statement 

Between March 2020 and May 2021, a total of 15 months, I was not able to recruit any participants 

due to the universal crisis of the pandemic. This unfortunately impacted my data collection and the 

intended number of participants that was planned to be reached by the end of the study. My aims 

in the study were to perform and compare different lung function testing techniques. However, 

performing respiratory tests early in the pandemic was impossible, particularly because my target 

population was children with respiratory problems. There were a number of reasons for this. First, 

the clinic visits were cancelled during that period and appointments were conducted through phone 

calls. This impacted the progress of my project, since it was required for the patients to attend visits 

and perform several lung function manoeuvres for the project. Although the participants had the 

opportunity to go to the hospital in some cases, families were understandably concerned about 

involving their children in any breathing test. Additionally, during that period, the ethical commit-

tee raised concerns regarding the COVID-19 pandemic and requested various adjustments to the 

ethical application to fulfil the new requirements of dealing with patients during the pandemic, 

which delayed the ethical approval until May 2021. Additionally, Leicester University stopped in-

person clinical studies and classes for more than a year and replaced it with online methods. This 

made it even more difficult to collect patient data. During this period, I intended to analyse some 

data that I had gathered before the COVID pandemic (under the UHL audit), but unfortunately, 

access to the hospital records required VPN, and my UHL access was blocked. This was a further 

challenge. Thus, not obtaining the ethical approval at the expected time, in addition to the other 

reasons mentioned above, including the issue of technical accessibility, prevented further progress. 

After the ethical approval process, the regulations for performing procedures were more conserva-

tive, especially for respiratory tests. For instance, aerosol generating tests must be performed under 

maximum care and in a safe environment. For example, after running each test, the area in which 

the test was performed had to be ventilated for 30 to 60 minutes. These new processes also im-

pacted the workflow and decreased the number of participants who could be tested each day. Even 

after obtaining the ethical approval, we could not collect data upon returning to the clinical field 

until all these issues were sorted out within different departments of the hospital. With all the re-

strictions due to COVID in these areas, it was difficult to recruit participants from the emergency 

department (ED) and the clinics. Furthermore, doctor appointments with patients were still con-

ducted through phone calls, without the patients coming to the hospital in person. This made it 

difficult to recruit participants for the healthy control group without respiratory problems, as they 



 

ix 

rarely came to the hospital. The lack of data collection and analysis also prevented me from par-

ticipating in, presenting at and publishing some results or abstracts at different conferences.  

Various adjustments were made to the test procedures to facilitate data collection and maximise 

the benefit of the procedures performed in reaching the study objectives. Some of the procedures 

were removed from the protocol or adjusted because we were not able to perform them due to 

COVID. An example of an adjustment made to the protocol is minimising the contact with the 

patient by filling out the questionnaire and the required paper documents through phone calls.  

Due to this matter, I applied for an extension to compensate for the year 2020–2021 and the effects 

of not proceeding with the research within the expected time frame and to expand the time for data 

collection. The limited time and the shortage in the number of the participants may have impacted 

the ability to achieve the main aims of the study. However, I modified some of the procedures and 

adjusted several sections of my thesis to comply with the changes required due to the COVID 

pandemic. A systematic review on asthma diagnosis was performed and added to the thesis, which 

may support the main aims and the objective of the study. Moreover, additional analysis has been 

performed on some of the data that I had collected before the COVID pandemic under the UHL 

audit. However, despite reductions in the amount of data in one or more chapters of the thesis, the 

final output is expected to be similar.  

 

 

 

 

 

 

 

 

 

 

 

  



 

x 

List of Abbreviations 

 

ACT Asthma control test 

AOS Airway Oscillometry 

Ar Argon 

ATS American Thoracic Society 

AUC Area under the curve 

AX Reactance area/Area under the reactance curve 

β2 Beta 2 

BDR Bronchodilator reversibility 

CEV Cumulative expired volume 

CINAHL Cumulative Index to Nursing and Allied Health Literature 

cmH20 Centimeter of water 

Crs Respiratory system compliance 

ERS European Respiratory Society 

ƒ Frequency 

FEF25–75 Maximal expiratory flow between 25% and 75% of forced vital capacity 

FeNO Fractional exhaled nitric oxide 

FEV1 Forced expiratory volume in 1 second 

FOT Forced oscillation technique 

FVC Forced vital capacity 

FRC Functional residual capacity 

Fres  Resonance frequency  

GINA Global Initiative for Asthma 

GLI Global Lung Function Initiative 

He Helium 

ICS Inhaled corticosteroids 

IgE Immunoglobulin E 

IOS   Impulse oscillometry 

ISAAC International Study of Asthma and Allergies in Childhood 

kPa  Kilopascal 

L Liter 

LCI Lung clearance index 

MBW Multiple breath washout 



 

xi 

MBNW Multiple breath nitrogen washout 

μg Microgram  

ms Millisecond 

N2 Nitrogen 

NHLBI National Heart, Lung, and Blood Institute 

NICE National Institute for Health and Care Excellence 

NO Nitric oxide 

p Pressure   

PEF Peak expiratory flow 

POPS Paediatric Observation Priority Score 

QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies 

r Correlation coefficient 

RAST Radioallergosorbent test 

ROC Receiver operating characteristic 

Rrs Resistance 

Rrs5 Resistance at 5 Hz 

Rrs7 Resistance at 7 Hz 

Rrs5-20 The resistance at 5 Hz minus the resistance at 20 Hz 

Rrs7-20 The resistance at 7 Hz minus the resistance at 20 Hz 

R0 Resistance at zero Hz   

Raw Airway resistance 

Rcw   The resistance of the chest wall and the diaphragm 

Rm Mean reactance 

Rtis The resistance of the lung tissue and the parenchymal component 

sec Second 

S Slope of the resistive component of the impedance 

Sacin Ventilation heterogeneity in the acinar airways 

SBW Single breath washout 

Scond Ventilation heterogeneity in the conductive airways 

SD Standard deviation 

SF6 Sulfur hexafluoride 

TO Lung turnover 

UHL University Hospitals of Leicester 



 

xii 

v̇ Flow 

Xrs Reactance 

Xrs5 Reactance at 5 Hz 

Xrs7 Reactance at 7 Hz 

Zrs Impedance 

Z-score Standard score 

 



 

xiii 

Table of Content 

 

CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 1 

1.1 Overview 1 

1.2 Physiology of small airways 1 

1.3 Asthma overview 4 

1.3.1 Definition 4 

1.3.2 Pathophysiology of small airways in asthma 6 

1.4 Diagnosis and monitoring of asthma 6 

1.4.1 Asthma diagnosis in children 6 

1.4.2 Physiology and function test 8 

1.4.2.1 Standard tests 8 

1.4.2.1.1 Spirometry 8 

1.4.2.1.2 Bronchodilator reversibility 9 

1.4.2.1.3 Test of variability of lung function 10 

1.4.2.1.4 Fractional exhaled nitric oxide 10 

1.4.2.2 Other tests 10 

1.4.2.2.1 Multiple breath washout 10 

1.4.3 Rationale to improve asthma diagnosis 11 

1.5 Forced oscillation technique 12 

1.5.1 Principle of the test 13 

1.5.2 Impedance 15 

1.5.3 Practical considerations 19 

1.5.4 Limitations and artefacts 19 

1.5.5 Quality control 20 

1.5.5.1 Coherence 20 

1.5.5.2 Coefficient of variation (CV) 20 

1.5.6 The significance of FOT in asthma 20 

1.5.7 Feasibility of FOT in children 22 

1.5.8 Dependence and reference values of FOT 22 

1.5.9 Multifrequency signals 23 

1.5.10 Clinical applications 23 



 

xiv 

1.5.11 Relevance of oscillometry in clinical practice 24 

1.5.11.1 Sensitivity of FOT in detecting the peripheral airway impairment 24 

1.5.11.2 Assessment of peripheral airways and reversibility 25 

1.5.12 Variability and repeatability 26 

1.5.13 Devices 27 

CHAPTER 2 THESIS AIMS AND HYPOTHESES 29 

2.1 Where are we? 29 

2.2 Where is the gap in knowledge? 29 

2.3 Thesis aims 30 

2.4 Thesis hypotheses 31 

2.5 Structure of the thesis 32 

CHAPTER 3 METHODS 33 

3.1 Summary of the study design 33 

3.2 Participants 33 

3.2.1 Children with asthma 33 

3.2.2 Healthy controls 34 

3.3 Ethical approval 35 

3.4 Test procedure 35 

3.4.1 Spirometry 35 

3.4.1.1 Equipment and calibration 35 

3.4.1.2 Data collection and reporting 37 

3.4.2 Multiple breath nitrogen washout 39 

3.4.2.1 Equipment and calibration 39 

3.4.2.2 Data collection and reporting 42 

3.4.3 Fractional exhaled nitric oxide 44 

3.4.3.1 Equipment and calibration 44 

3.4.3.2 Data collection and reporting 44 

3.4.4 Electronic monitoring 46 

3.4.4.1 Equipment and calibration 46 

3.4.4.2 Data collection and reporting 46 



 

xv 

3.4.5 Forced oscillation technique 47 

3.4.5.1 Equipment and calibration 47 

3.4.5.2 Data collection and reporting 50 

3.4.5.3 Acceptable and replicate measures 58 

3.5 General testing consideration 61 

3.5.1 Guidelines 61 

3.6 Statistical methods 61 

3.6.1 Samples sizes 61 

3.6.2 Statistical analysis 62 

CHAPTER 4 DIAGNOSIS OF ASTHMA IN CHILDREN AGED 5 TO 18 YEARS 

USING THE FORCED OSCILLATION TECHNIQUE: A SYSTEMATIC REVIEW 63 

4.1 Abstract 63 

4.2 Introduction 64 

4.3 Methods 65 

4.3.1 Eligibility criteria 65 

4.3.2 Technique used 65 

4.3.3 Outcomes 65 

4.3.4 Search strategy 66 

4.3.5 Study selection and data extraction 66 

4.3.6 Risk of bias assessment 67 

4.3.7 Statistical analysis 67 

4.4 Results 68 

4.4.1 Study selection 68 

4.4.2 Study characteristics 69 

4.4.3 Population selection and recruitment setting 77 

4.4.4 Index and reference tests 77 

4.4.5 Reference standard 77 

4.4.6 Comparison of test accuracy 77 

4.4.7 Risk of bias 78 

4.4.8 Quantitative data assessment 78 

4.4.9 Methodological quality 79 



 

xvi 

4.4.10 Assessing measurements of impulse oscillometry and spirometry before and after 

the administration of bronchodilator 80 

4.5 Discussion 87 

4.5.1 General interpretation of the results based on previous studies 87 

4.5.2 Limitations of the review and the evidence included 88 

4.5.3 Implication of the systematic review for practice, policy and future research 89 

4.6 Other information 89 

4.6.1 Registration 89 

CHAPTER 5 FORCED OSCILLATION TECHNIQUE IN HEALTHY CHILDREN 90 

5.1 Introduction and rationale 90 

5.2 Aims 91 

5.3 Hypotheses 91 

5.4 Materials, Methods and Participants 91 

5.4.1 Participants and study design 91 

5.4.2 Data collection and analysis 91 

5.4.3 Statistical analysis 92 

5.4.4 Approach to analysis 93 

5.5 Results 93 

5.5.1 Measurements of FOT in healthy children tested in a local population 95 

5.5.2 Correlation of the forced oscillation technique measurements at 5–37 Hz and 7–41 

Hz to the anthropometric data 97 

5.6 Discussion 100 

CHAPTER 6 FORCED OSCILLATION TECHNIQUE IN CHILDREN WITH 

STABLE ASTHMA 102 

6.1 Introduction and rationale 102 

6.2 Aims 103 

6.3 Hypotheses 103 

6.4 Materials, Methods and Participants 104 

6.4.1 Study design and participants 104 



 

xvii 

6.4.2 Eligibility criteria 104 

6.4.3 Data collection and analysis 104 

6.4.4 Statistical analysis 105 

6.4.5 Approach to analysis 105 

6.5 Results 108 

6.5.1 Sensitivity and specificity of FOT parameters (Rrs5, Rrs5-20 and AX) in detecting 

asthma in children attending the asthma clinic 111 

6.5.2 Correlations between the FOT indices (Rrs5, Rrs5-20 and AX) Z-scores to the 

spirometry indices (FEV1, FVC and FEV1/FVC) Z-scores 120 

6.5.3 Correlation of the Rrs5 Z-scores and to the FeNO levels in children attending the 

asthma clinic 127 

6.6 Discussion 129 

CHAPTER 7 FORCED OSCILLATION TECHNIQUE IN CHILDREN WITH 

ACUTE ASTHMA 133 

7.1 Introduction and rationale 133 

7.2 Aims 134 

7.3 Hypotheses 134 

7.4 Materials, Methods and Participants 135 

7.4.1 Study design and participants 135 

7.4.2 Data collection and analysis 135 

7.4.3 Statistical analysis 136 

7.4.4 Approach to analysis 136 

7.5 Results 138 

7.5.1 Evaluation of FOT parameters in children with acute asthma with acceptable 

baseline measurements 140 

7.5.2 Evaluation of FOT parameters in children with acute asthma and bronchodilator 

reversibility 141 

7.5.3 Comparison of normal and abnormal FOT measurement Z-scores at baseline and 

their relation to the actual values percentage change following bronchodilator 151 

7.5.4 Baseline readings and response to bronchodilator administration in relation to 

clinical condition 153 



 

xviii 

7.5.5 Exploring the differences between FOT measurements at the 5–37 Hz and 7–41 Hz 

waveform frequencies in detecting abnormalities and assessing bronchodilator 

reversibility in children with acute asthma 155 

7.6 Discussion 158 

CHAPTER 8 FORCED OSCILLATION TECHNIQUE IN CHILDREN WITH 

UNCONTROLLED ASTHMA 161 

8.1 Introduction and rationale 161 

8.2 Aims 162 

8.3 Hypotheses 163 

8.4 Materials, Methods and Participants 163 

8.4.1 Study design and participants 163 

8.4.2 Data collection and analysis 164 

8.4.3 Statistical analysis 164 

8.4.4 Approach to analysis 165 

8.5 Results 166 

8.5.1 Correlation of the forced oscillation technique indices (Rrs5, Xrs5, Rrs7 and Xrs7) 

Z-scores to the spirometry indices (FEV1 and FEV1/FVC) Z-scores, lung clearance index 

Z-scores and fractional exhaled nitric oxide 168 

8.5.2 Correlation between the asthma control test (ACT) and childhood asthma control 

test (cACT) and the forced oscillation technique indices (Rrs5, Xrs5, Rrs7 and Xrs7) and 

spirometry indices (FEV1 and FEV1/FVC) 182 

8.5.3 Comparing the forced oscillation technique measurements at the initial and follow-

up visits 184 

8.5.4 Monitoring adherence to the treatment 189 

8.5.5 Evaluation of bronchodilator reversibility of forced oscillation technique indices in 

children with uncontrolled asthma 190 

8.6 Discussion 196 

CHAPTER 9 CONCLUSIONS AND FUTURE WORK 199 

9.1 Summary of key research findings 199 

9.2 Strengths and limitations 200 



 

xix 

9.3 Clinical implications and directions for future research 201 

9.4 Learning techniques 202 

9.5 Conclusion 202 

APPENDICIES 203 

APPENDIX A: Service Improvement Project Audit Documents (invitation letter, 

information sheets) 203 

APPENDIX B: Ethical Approval 208 

APPENDIX C: Parent Information Sheets 215 

APPENDIX D: Patient Information Sheets 230 

APPENDIX E: Consent and Assent 250 

APPENDIX F: Questionnaires and Poster 264 

APPENDIX G: Additional documents; Honorary Contract and certificates for Good 

Clinical Practice (GCP) training, consent training and site file training 273 

APPENDIX H: Systematic review database strategies 287 

APPENDIX I: Correlations of the FOT parameters (Rrs5, Rrs5-20 and AX) Z-scores with 

the spirometry parameters (FEV1, FVC and FEV1/FVC) Z-scores 292 

REFERENCES 297 

ACKNOWLEDGMENTS 318 

 

  



 

xx 

List of Figures  

 

Figure 1.1: Schematic structure of the airways 2 

Figure 1.2: Airway cross sectional area and airway generation 3 

Figure 1.3: Forced oscillation technique setup and measurements 14 

Figure 1.4: Forced oscillation waves through the airways 16 

Figure 1.5: Resistance and reactance change as the frequency changes 18 

Figure 3.1: Components of the spirometry setup 36 

Figure 3.2: First spirometry calibration 37 

Figure 3.3: Calibration at low and high flow rates 37 

Figure 3.4: Calibration check report 37 

Figure 3.5: Child performing spirometry (with permission) 38 

Figure 3.6: Setup of the device 39 

Figure 3.7: Components of the apparatus 40 

Figure 3.8: Flow calibration 41 

Figure 3.9: Channel Calibration 41 

Figure 3.10: Child performing multiple breath nitrogen washout (MBNW) (with permission) 

 43 

Figure 3.11: Test screen 43 

Figure 3.12: Components of the apparatus 44 

Figure 3.13: Child performing fractional exhaled nitric oxide (FeNO) (with permission) 45 

Figure 3.14: Display screen of FeNO 46 

Figure 3.15: Components of the apparatus 48 

Figure 3.16: Calibration test load adaptor 49 

Figure 3.17: Field calibration 49 

Figure 3.18: Calibration results screen 50 

Figure 3.19: Child performing the forced oscillation technique (FOT) (with permission) 51 

Figure 3.20: Forced oscillation measurement (Breath preparation by quiet breathing) 52 

Figure 3.21: Forced oscillation measurement (Starting the test by applying the vibration) 52 

Figure 3.22: Acceptable measurements 53 

Figure 3.23: Test results represented at the side of the screen 54 

Figure 3.24: Impedance chart 55 

Figure 3.25: Results in table view 55 

Figure 3.26: Before and after bronchodilator administration test results comparison 56 



 

xxi 

Figure 3.27: Artefacts 58 

Figure 3.28: Acceptable measurements and traces of forced oscillation technique 60 

Figure 3.29: Unacceptable measurements and traces of forced oscillation technique 60 

Figure 4.1: PRISMA flow diagram of search results and study selection 70 

Figure 4.2: QUADAS-2 tool for assessing methodological quality and risk of bias of the 

included studies 78 

Figure 5.1: Flow chart of the entire cohort of healthy school-aged children who were 

approached 94 

Figure 5.2:Z-scores for the measurements at 5–37 Hz in the healthy group 96 

Figure 5.3:Z-scores for the measurements at 7–41 Hz in the healthy group 96 

Figure 6.1:Population of children with asthma with complete evidence divided according to 

the availability of Z-scores of Rrs5, Rrs5-20 and AX 106 

Figure 6.2: Population of children with asthma with incomplete evidence divided according 

to the availability of Z-scores of Rrs5, Rrs5-20 and AX 107 

Figure 6.3: Population of children suspected asthma with no objective evidence divided 

according to the availability of Z-scores of Rrs5, Rrs5-20 and AX 107 

Figure 6.4: The entire cohort of school-aged children approached at the asthma clinic 109 

Figure 6.5: Rrs5 Z-scores for the different study groups 117 

Figure 6.6: Rrs5-20 Z-scores for the different study groups 118 

Figure 6.7: AX Z-scores for different study groups 119 

Figure 6.8: Correlation of the resistance at 5 Hz (Rrs5) with the forced expiratory volume in 1 

second to the forced vital capacity (FEV1/FVC) in the group with asthma and complete 

evidence 121 

Figure 6.9: Correlation of the resistance at 5 Hz (Rrs5) to the forced expiratory volume in 1 

second (FEV1) in the group with asthma and complete evidence 123 

Figure 6.10: Correlation of the resistance difference between 5–20 Hz (Rrs5-20) to the forced 

expiratory volume in 1 second to the forced vital capacity ratio (FEV1/FVC) in the group 

with asthma and complete evidence 123 

Figure 6.11 Correlation of the resistance at 5Hz (Rrs5) to the forced expiratory volume in 1 

second to the forced vital capacity (FEV1/FVC) in the group of asthma with complete 

evidence 126 

Figure 6.12 Figure 6.12: Correlation of the area under the curve (AX) to the forced expiratory 

volume in 1 second (FEV1) in the group of asthma with complete evidence 126 

file:///D:/Afnan-2021/Afnan%202022/Thesis%20and%20correction%20table/21.08.2022/21.08.2022.docx%23_Toc111994834


 

xxii 

Figure 6.13: Comparing Rrs5 Z-scores with the FeNO readings in the combined group (n=73)

 128 

Figure 6.14: Comparing Rrs5 Z-scores with the FeNO readings in the group with asthma and 

complete evidence (n=33) 128 

Figure 6.15: Comparing Rrs5 Z-scores with the FeNO readings in the group with asthma and 

incomplete evidence (n=40) 129 

Figure 7.1: Flow chart of the entire cohort of school-aged children with acute asthma who 

were approached 139 

Figure 7.2: Z-scores of FOT measurements using waveform 5–37 Hz before and after 

administration of a bronchodilator 144 

Figure 7.3: Z-scores of FOT measurements using waveform 7–41 Hz before and after 

administration of a bronchodilator 145 

Figure 7.4: Z-scores of FOT measurements using waveform 5–37 and 7–41 Hz before and 

after bronchodilator administration in the group with both readings (n=15) 158 

Figure 8.1: Flow chart of the entire cohort of school-aged children with uncontrolled asthma 

who were approached 167 

Figure 8.2: Z-scores of the forced oscillation technique measurements at 5–37 Hz and 7–41 

Hz, FEV1, FEV1/FVC and lung clearance index at the initial laboratory visit 180 

Figure 8.3: Z-scores of the forced oscillation technique measurements at 5–37 Hz and 7–41 

Hz, FEV1, FEV1/FVC and lung clearance index at the follow-up laboratory visit 181 

Figure 8.4: Asthma control test scores at the initial and follow-up laboratory visits 190 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xxiii 

 

 

List of Tables  

 

Table 3.1: Quality control 57 

Table 4.1: Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool 68 

Table 4.2:Participant characteristics of the included studies on the accuracy of impulse 

oscillometry and the forced oscillation in the diagnosis of asthma 71 

Table 4.3: Study characteristics of the included studies on the accuracy of impulse 

oscillometry and the forced oscillation in the diagnosis of asthma 72 

Table 4.4: Study description of the included studies on the accuracy of impulse oscillometry 

and the forced oscillation in the diagnosis of asthma 75 

Table 4.5:Risk of bias and applicability concerns assessed by the reviewers for the included 

studies 78 

Table 4.6:Quality reporting of the included studies 80 

Table 4.7:Baseline measurements and bronchodilator response for spirometry and impulse 

oscillometry/forced oscillation technique 83 

Table 4.8:Diagnosis parameters of asthma for spirometry and impulse oscillometry/forced 

oscillation technique 85 

Table 4.9:Cut-off points following bronchodilator administration (according to change as 

percentage) and area under the receiver operating characteristic curve of parameters of 

spirometry and impulse oscillometry/forced oscillation technique 86 

Table 5.1:Summary of references dataset by TremoFlo 92 

Table 5.2: Demographic characteristics of enrolled healthy children 94 

Table 5.3: Forced oscillation technique measurements at 5–37 Hz and 7–41 Hz in healthy 

children 95 

Table 5.4: Correlation of the forced oscillation technique measurements to height and age 98 

Table 5.5: Correlation of the actual values of the forced oscillation technique measurements 

at 5–37 Hz to the height, weight and age 99 

Table 5.6: Correlation of the actual values of the forced oscillation technique measurements 

at 7–41 Hz to the height, weight and age 99 

Table 6.1: Clinical characteristics of children studied in the asthma clinic 110 

Table 6.2: Characteristics of children diagnosed with acute asthma, asthma with complete 

evidence, asthma with incomplete evidence, suspected asthma with no objective 

evidence and healthy control group 111 



 

xxiv 

Table 6.3:Forced oscillation technique, spirometry and fractional exhaled nitric oxide for 

different study groups 112 

Table 6.4: Forced oscillation Z-score of Rrs5, Rs5-20 and AX and Spirometry Z-scores of 

FEV1 and FEV1/FVC for the different study groups 115 

Table 6.5: Correlation between the Rrs5 Z-scores to spirometry indices Z-scores 120 

Table 6.6: Correlation between the Rrs5 Z-scores and Rrs5-20 Z-scores to the spirometry 

indices Z-scores 122 

Table 6.7: Correlation between the Rrs5 Z-scores and AX Z-scores to the spirometry indices 

Z-scores 125 

Table 6.8: Characteristics of the children with FeNO readings in the asthma with complete 

evidence, asthma with incomplete evidence and the combined groups 127 

Table 7.1: Characteristics of children diagnosed with acute asthma using FOT at frequency 

waveform of 5–37 Hz and 7–41 Hz 141 

Table 7.2: Forced oscillation Z-scores for Rrs5 and Rrs7 in children with doctor-diagnosed 

acute asthma 143 

Table 7.3: Forced oscillation Z-score of Xrs5 and Xrs7 in children with doctor-diagnosed 

acute asthma 143 

Table 7.4: Forced oscillation Z-score of AX using 5–37 Hz in children with doctor- 

diagnosed acute asthma 144 

Table 7.5: Paired T-test for acute asthma with FOT measurements using waveform 5–37 Hz 

before and after bronchodilator (n=19) 146 

Table 7.6: FOT measurements using waveform 5–37 Hz before and after administration of 

bronchodilator 147 

Table 7.7: Paired T-test for acute asthma with FOT measurements using waveform 7–41 Hz 

before and after bronchodilator (n=21) 149 

Table 7.8: FOT measurements using waveform 7–41 Hz before and after bronchodilator 150 

Table 7.9:Clinical characteristics of children diagnosed with acute asthma using FOT at 

frequency waveform of 5–37 Hz and 7–41 Hz 154 

Table 8.1: Characteristics of children diagnosed with uncontrolled asthma using forced 

oscillation technique at frequency waveforms of 5–37 Hz and 7–41 Hz 168 

Table 8.2: Forced oscillation, spirometry and lung clearance index Z-scores in children with 

uncontrolled asthma at the initial laboratory visit 169 

Table 8.3: Forced oscillation, spirometry and lung clearance index Z-scores in children with 

uncontrolled asthma at the follow-up laboratory visit 169 



 

xxv 

Table 8.4:Forced oscillation, spirometry, lung clearance index and ACT/cACT measurements 

in children with uncontrolled asthma at the initial laboratory visit 170 

Table 8.5: Forced oscillation, spirometry, lung clearance index and ACT/cACT 

measurements in children with uncontrolled asthma at the follow-up laboratory visit 171 

Table 8.6: Correlation between the Rrs5 and Xrs5 Z-scores to FEV1 and FEV1/FVC Z-scores 

at the initial and follow-up visits 172 

Table 8.7: Figures presenting the correlations between the Rrs5 and Xrs5 Z-scores to the 

FEV1 and FEV1/FVC Z-scores at the initial and follow-up visits 173 

Table 8.8: Correlation between the Rrs7 and Xrs7 Z-scores to FEV1 and FEV1/FVC Z-scores 

at the initial and follow-up visits 174 

Table 8.9: Figures presenting the correlation between the Rrs7 and Xrs7 Z-scores to FEV1 

and FEV1/FVC Z-scores at the initial and follow-up visits 175 

Table 8.10: Correlation between the Rrs5, Xrs5, Rrs7 and Xrs7 Z-scores and LCI Z-scores at 

the initial and follow-up visits 177 

Table 8.11: Figures presenting the correlations between the Rrs5 and Xrs5 Z-scores and the 

LCI Z-scores at the initial and follow-up visits 178 

Table 8.12: Figures presenting the correlations between the Rrs7 and Xrs7 Z-scores and the 

LCI Z-scores at the initial and follow-up visits 179 

Table 8.13:Correlation between the asthma control test (ACT) and childhood asthma control 

test (cACT) and the forced oscillation technique index (Rrs5 and Xrs5) Z-scores and 

actual values at the initial and follow-up visits 182 

Table 8.14: Correlation between the asthma control test (ACT) and childhood asthma control 

test (cACT) and the forced oscillation technique index (Rrs7 and Xrs7) Z-scores and 

actual values at the initial and follow-up visit 183 

Table 8.15: Correlation between the asthma control test (ACT) and childhood asthma control 

test (cACT)  and the spirometry index (FEV1 and FEV1/FVC) Z-scores and actual values 

at the initial and follow-up visits 184 

Table 8.16: Forced oscillation technique measurements using waveform 5–37 Hz at the initial 

and follow-up laboratory visits 185 

Table 8.17: Paired t-test for uncontrolled asthma with forced oscillation technique 

measurements using waveform 5–37 Hz at the initial and follow-up laboratory visits 

(n=5) 186 

Table 8.18: Forced oscillation technique measurements using waveform 7–41 Hz at the initial 

and follow-up laboratory visits 187 



 

xxvi 

Table 8.19: Paired t-test for uncontrolled asthma with forced oscillation technique 

measurements using waveform 7–41 Hz at the initial and follow-up laboratory visits 

(n=3) 189 

Table 8.20: Forced oscillation technique measurements using waveform 5–37 Hz before and 

after bronchodilator administration at the initial and follow-up laboratory visits 191 

Table 8.21: Forced oscillation technique measurements using waveform 7–41 Hz before and 

after the bronchodilator administration at the initial and follow-up laboratory visits 194 

 



 

1 

CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 
 

1.1 Overview 
 

Asthma is a chronic respiratory disorder and the most common condition affecting the paedi-

atric population. It is characterized by reversible airflow obstruction and is linked with airway 

inflammation and remodelling. Clinical symptoms, such as wheezing, coughing, shortness of 

breath, and chest tightness, are associated with asthmatic patients (1-3). 

The entire respiratory system, including the central and peripheral airways, is affected in 

asthma (4). However, the evaluation of the small airways in asthma is debatable (5). Various 

studies in the field have addressed several methods and parameters that could be used to reflect 

the pathological presentation of the small airways in asthma. However, no gold standard is 

accepted and used widely to represent the small airway disease in lung function laboratories 

(4-6).  

The forced oscillation technique (FOT) is a non-invasive method used to reflect breathing me-

chanics by applying external pressure waves to the lung while the patient is breathing sponta-

neously. The relationship between external pressure waves and their developed flow is respon-

sible for reflecting lung parameters. Impedance measurements, including resistance and reac-

tance derived from the FOT, are used to reflect the central and peripheral ai rways (7). It is 

suggested that these impedance measurements of resistance at 5 Hz (Rrs5), resistance of 5−20 

Hz (Rrs5-20), reactance at 5 Hz (Xrs5), and reactance area (AX) represent small airway im-

pairment. Impedance is also used in the assessment of asthma exacerbation and the effect of 

the inhaled treatment on the small airways (7-9) 

This introduction focuses on the physiology of the small airways. In addition, it presents an 

overview and the pathophysiology of asthma, followed by different methods used to diagnose 

and monitor asthma.  

1.2 Physiology of small airways  

 

The trachea separates into the main right and left bronchi. Although some branching patterns 

are asymmetrical, the bronchial tree branches mainly into large and small peripheral airways, 

and the length and diameter of these airways decrease as the airways divide and the number of 

branches of the airways increases. Each bronchus divides into smaller bronchioles, which com-

prise 23 generations that further divide into 300 million alveoli in the human lung. The 
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branches of the airways start at the trachea (generation 0), followed by the conducting air-

ways—the bronchi, bronchioles, and terminal bronchioles (generations 1–14) which lead to 

generation 15, the transitional airway, followed by generations 16–23, which represent the ac-

inar area that terminates in the alveolar ducts and alveolar sacs (10-12)(Figure 1.1). The airway 

tree is responsible for ventilation and gas exchange. The tree is designed in a way that fulfils 

the role of ventilation through different physical strategies. The central airways are mainly 

responsible for convection at the level of generations 15–18, and then gas transport by diffusion 

is mainly performed by the peripheral airways at the level of the alveoli, where gas exchange 

occurs (13,14). 

Figure 1.1: Schematic structure of the airways  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The small airways start at generation 8 and continue to the alveoli level, where they are less 

than 2 mm in diameter and lack cartilage in their walls (15,16). The cross-sectional area of the 

small airways is larger than the cross-sectional area of the large airways because of the struc-

tural difference between the small and large airways. In the large airways, the velocity of the 

flow is high, and the gas flow is turbulent. By contrast, in small airways, the laminar flow is a 

 

Legend:  Schematic structure representing the airways’ 

branches and generations (Figure adopted from [Wiebel, 

2005]) with permission  
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result of considerably lower gas velocity compared with that in the large airways. For this 

reason, the resistance in the large airways is affected by the gas density; however, the gas den-

sity has very minimal to no effect on the small airways’ resistance (17). 

Although the resistance in a single small airway is higher than that in a single large airway, the 

total resistance to airflow depends on the total number of airways. Because the small airways 

are numerous compared with the large and the medium airways, the total cross-sectional area 

is higher in the small airways, resulting in lower resistance in the small airways compared with 

that in the large airways (14) (Figure 1.2). In healthy patients with normal lungs, the contribu-

tion of the small airways’ resistance to the total resistance is low. However, the peripheral 

airway resistance is considered a main site of resistance in unhealthy lungs. This was demon-

strated in a study by Yanai et al. in which a catheter-tipped micromanometer was inserted into 

the right lobe of conscious humans to reflect central and peripheral airway resistance in differ-

ent groups of patients; the results revealed that peripheral airway obstruction significantly in-

creased in patients with emphysema, chronic bronchitis, and bronchial asthma with airflow 

obstruction (18). 

Figure 1.2: Airway cross sectional area and airway generation  

 

 

 

 

 

Airway inflammation and remodelling occurs not only in the central airway but also in periph-

eral airways, and it spreads to the lung parenchyma (19). In asthma, this occurs because the 

accumulation of macrophages, T lymphocytes, neutrophils, and eosinophils leads to airway 

Legend: The relationship between the total cross-sec-

tional area and airway generation is represented in this 

figure. The cross-sections (in cm2) become large as the 

airways approach to the peripheral airways (figure 

adopted from [Lumb, 2016]) with permission 
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obstruction (20). Brown, Woolcock, et al. assessed the effect of obstruction in small and central 

airways; they used large and small beads to artificially obstruct the airways of excised lobes in 

dog and pig lungs. The vital capacity in pigs dropped to 50%, unlike in dogs, in which the small 

airway obstruction had very minimal effect on the vital capacity. This is due to the lack of 

collateral ventilation in pigs, whereas dogs have collateral channels (21). For this reason, in 

humans, who have collateral ventilation, the disease could present with no or little effect on 

the spirometry (16,22). 

Despite the importance of different methods used to assess the airways and their clinical sig-

nificance in the field, assessing new techniques and methods are still valuable. Within this 

thesis, a newly suggested non-invasive method is used to assess the small airways; this method 

will be discussed further.  

1.3 Asthma overview  

1.3.1 Definition  

 

Asthma is a serious health problem worldwide and affects different age groups. The prevalence 

of asthma is increasing, especially among children (23). It is the most common chronic disease 

of childhood, affecting approximately 1.1 million children in the UK, and can result in consid-

erable morbidity and mortality (24). Asthma, especially paediatric asthma, also impacts the 

health care system and productivity in workplaces and society (23). 

Because of the complexity of the disease, numerous definitions of asthma were found in the 

literature. However, the most updated definition from the Global Initiative for Asthma (GINA) 

report (2020 update) states: “Asthma is a heterogeneous disease, usually characterized by 

chronic airway inflammation. It is defined by the history of respiratory symptoms such as 

wheeze, shortness of breath, chest tightness and cough that vary over time and in intensity, 

together with variable expiratory airflow limitation” (25). 

The clinical presentation of asthma depends on and differs according to the underlying mech-

anism; some of the asthma phenotypes are easily identified according to the clinical presenta-

tion. On the other hand, some phenotypes are challenging to distinguish. Childhood asthma is 

typically associated with eczema, food allergies, rhinitis, a family history of asthma, and viral 

infection with coughing and wheezing (26). Approximately one-third of children with wheez-

ing retain this symptom into adulthood. The likelihood of the deterioration and persistence of 

asthma rises with exposure to smoking and allergen sensitivity in the early stages of life (27). 

When children with severe asthma reach adulthood, they are likely to have airflow limitation 
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and worse lung function (28). Non-allergic asthma involves respiratory infection and can occur 

at any age; in children, it typically resolves in adolescence (26,29). In some cases, exercise-

induced bronchoconstriction may be the only symptom of asthma, especially in those who per-

form high-level aerobic workouts, are exposed to cold air, or swim in chlorinated pools (30). 

Previously, airway inflammation was the main feature of asthma, and exercise-induced bron-

choconstriction was primarily used to diagnose asthma. Nevertheless, today, different symp-

toms and airflow limitations are assigned with the definition of asthma (26). 

The majority of the children have good asthma control while using low to medium doses (<500 

µg /day fluticasone equivalents) of inhaled corticosteroids (ICS) (31). However, in children 

with severe asthma, the disease remains uncontrolled, with abnormal lung function, exacerba-

tions, and persistence of symptoms even with optimal treatment using high doses of ICS or oral 

corticosteroids. This group represents approximately 5% of the cases of asthma in children. 

Severe asthma is categorized into two categories: difficult-to-treat asthma and severe therapy-

resistant asthma. Difficult-to-treat asthma is asthma with poor control due to different factors, 

such as inappropriate diagnosis, poor adherence, and comorbidities. However, treatment-re-

sistant asthma is defined as asthma that remains severe even with optimal control of the men-

tioned factors (1,26,31). 

Approximately 20% to 36% of patients with asthma develop asthma exacerbations (32). 

Asthma exacerbation, also known as an asthma attack or flare-up, is a result of an acute or 

subacute increase in symptoms. Flare-ups suggest a change of the asthma nature, and at this 

point, adjusting or changing the treatment is required (26). An increase in shortness of breath, 

chest tightness, cough, wheezing, and deterioration of lung function are characteristics associ-

ated with exacerbations (33). The onset can be sudden in children. Asthma exacerbation influ-

ences quality of life, and it is also considered a lethal disease (26,34,35). 

Poor adherence to the treatment of asthma is one of the recognised problems in children and 

adolescents with asthma. Poor adherence could lead to poor control and may result in asthma 

attacks (36,37). There is no gold standard to report adherence in patients with asthma (37). 

However, reporting the adherence using electronic monitoring has been shown to be more ac-

curate than reporting by patients (38).  
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1.3.2 Pathophysiology of small airways in asthma  

 

Asthma is a chronic variable respiratory disease characterized by airway inflammation, remod-

elling, and airflow obstruction (1,39,40). Different studies have demonstrated that inflamma-

tion in asthma is localized not only in the trachea and bronchi but also spreads to the terminal 

bronchioles (41). Additionally, some investigators revealed the presence of inflammatory cells 

in the parenchyma (41). 

Comparing asthmatic patients to non-asthmatic controls using various methods, such as bron-

choscopy, bronchoalveolar lavage and bronchial biopsy, to assess the inflammation in the air-

ways revealed that the airways in patients with asthma are swollen and erythematous (41).  This 

inflammation in the lower airways possibly occurs because of both genetic and environmental 

factors. Most patients with asthma had type 2 inflammation, which is named for type 2 lym-

phocytes. Type 2 inflammation is linked with a specific cytokine profile and certain inflamma-

tory cells (immunoglobulin E [IgE], mast cells, eosinophils, basophils, activated macrophages, 

and type 2 T helper lymphocytes) (41,42). 

The pathological alternation in the lower airways in both the mucosa and the submucosa is 

referred to as tissue remodelling. It includes changes in the metaplasia of goblet cells, epithelial 

hyperplasia, muscle hypertrophy, and an increase in mucus production. Changes in the tissue 

result in airway remodelling (42,43). Airway remodelling can occur at early stages in child-

hood, although it is not purely an outcome of inflammation (44,45). Another characterization 

of airway remodelling leads to the thickening of the airways, luminal narrowing, destruction 

of small airways, and mucus plugging (26). 

The strongest predictor of airflow limitation is the smooth muscles mass. However, other at-

tributes can affect airflow, as damage to epithelial cells, thickening of the lamina and the base-

ment membrane, and goblet cells hyperplasia. In addition, an increase of the smooth muscle 

mass, vascularity, subepithelial myofibroblasts, and fibrocytes a role in airflow obstruction 

(26,46,47). All these structural and cellular alterations can lead to airflow limitation, which 

may increase the resistance within the airway (48). 

1.4 Diagnosis and monitoring of asthma  

1.4.1 Asthma diagnosis in children  

 

The signs and symptoms of asthma include cough, chest tightness, shortness of breath and 

wheezing. The asthma characteristics vary according to the pattern and the nature of the 
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symptoms, timing of the triggers, and the response to treatment (26). The signs of asthma are 

not specific (26); it is therefore insufficient to base a diagnosis on symptoms alone (2). Children 

should have objective lung function testing to support the diagnosis of asthma, namely spirom-

etry, bronchodilator reversibility testing and FeNO  (49).  

National and international guidelines for asthma diagnosis in clinical practice have been devel-

oped. The Global Initiative for Asthma (GINA) recommends that specific criteria should be 

met for a diagnosis of asthma, including a history of respiratory symptoms and evidence of 

airflow limitation (25). The UK National Institute for Health and Care Excellence (NICE) 

guidelines for asthma diagnosis suggest the use of a clinical history in addition to objective 

testing (50,51). Furthermore, clinical judgment and objective testing were also suggested by 

the British Guideline on the Management of Asthma (BTS/SIGN) to asthma diagnosis (51,52). 

The European Respiratory Society (ERS) has also developed a specific protocol to improve 

asthma diagnosis in children based on objective testing and proposed cut-offs for these objec-

tive tests (53).  

There is no single gold standard test for asthma diagnosis (50). Asthma is a heterogeneous 

disease characterized by variable airflow obstruction; therefore, airflow obstruction may not 

always be present (26,49). Expiratory airflow limitation is defined as an abnormal value of the 

ratio of the forced expiratory volume in 1 second (FEV1) to the forced vital capacity (FVC), 

outside of normal reference ranges for healthy people according to age, sex, height and race 

(26). Assessment of the variability in expiratory airflow can be examined in different ways 

(26). The most common is to evaluate the bronchodilator reversibility, which is defined by an 

increase in FEV1 of more than 12% of the predicted value 10–15 minutes after the administra-

tion of a rapid-action bronchodilator (β2 agonist) (54,55). Variability in expiratory flow can 

also be investigated by measuring the average daily variability of peak expiratory flow (PEF) 

measurements, with an average variability of more than 12% considered to be indicative of 

asthma in children (53). Another technique that is used to confirm asthma diagnosis is the 

bronchial provocation test using a direct challenge drug (methacholine and histamine) or an 

indirect challenge (mannitol, hypertonic saline, or eucapnic hyperventilation). An asthma di-

agnosis is confirmed by a reduction in FEV1 of at least 20% for the direct challenge or 15% for 

the indirect challenge. These tests are less frequently conducted in children (26). The GINA 

indicates that a positive exercise challenge test in children can confirm the presence of airflow 

limitation. Unfortunately, exercise challenges are difficult to perform properly in practice, and 

the criteria for a positive exercise challenge are controversial (23,26). The appropriate 
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performance of these tests is crucial to avoid false-positive results. Negative tests do not nec-

essarily exclude a diagnosis of asthma (26). Fractional exhaled nitric oxide can serve as a fur-

ther test to support an asthma diagnosis (52). Eosinophilic inflammation associated with asthma 

is suggested by FeNO levels of 25–35 ppb (50,52,53). In summary, diagnosis of asthma 

should not be made on the basis of symptoms alone and objective tests are required to confirm 

the diagnosis. 

Correspondingly, several other variables support the assessment and identification of asthma. 

First, the presence of asthma symptoms and exacerbations (if the symptoms were consistently 

present within the past 4 weeks or if the number of exacerbations and hospitalization increased 

because of acute asthma within the last year) indicate probable asthma (56). Furthermore, other 

variables can affect asthma and can be easily identified from interviews, such as age, sex, time 

of the first onset of asthma symptoms, physician diagnosis, any type of allergies, family history 

of asthma, smoking exposure, and the presence of pets at home. In addition, other objective 

measurements upon examination, such as height, weight, and body mass index, along with 

serum eosinophil and total serum IgE measurements, may be beneficial in the diagnosis of 

asthma (56). 

Although different techniques can be used to diagnose asthma, unfortunately, there is no gold 

standard tool (57). The different methods and techniques to assess and diagnose asthma are 

explored in chapter 3.  

1.4.2 Physiology and function test 

1.4.2.1 Standard tests 

1.4.2.1.1 Spirometry  

 

In children, spirometry is a recommended method for evaluating lung function because it is 

considered a method to assess acute and chronic lung disease. The use of spirometry is sug-

gested to differentiate between respiratory obstructive and restrictive diseases (58). It also plays 

a role in evaluating the severity of the disease and the progression of the disease over time, 

ruling out other causes of wheezing, and assessing the effect of medication on the disease 

(59,60). Additionally, it is also used to reflect lung function objective measurements, the se-

verity of the obstruction, and the response to treatment (58). 

The most common values obtained of spirometry are the FEV1, FVC, and FEV1/FVC ratio. 

Many other measurements can be extracted from either the time–volume or the flow–volume 

loop. However, many studies have attempted to find a better indicator to represent small airway 
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disease, as described in a literature review (61). Some of these studies demonstrated that a 

maximal expiratory flow between 25% and 75% of FVC (FEF25–75) could serve as a good 

measure in the detection of peripheral airway abnormalities because some deterioration in these 

parameters was noticed even with normal FEV1 and FVC in patients with small airway abnor-

malities (62,63). Nevertheless, a study by Viegi et al. suggested that during the forced exhala-

tion, abnormalities in mid-flow measurements are not specific to small airway disease (64). 

This was supported by the suggestion of Philip et al. that the mid-expiratory flow rate does not 

add any diagnostic importance in the detection of small airway abnormalities because it is 

highly dependent on the expiratory flow indices and is affected by the quality of the FVC per-

formance. In addition, it may represent some biological and statical noise variability correlated 

with spirometry (65). 

The interpretation of the spirometry results is crucial in assessing lung function, developing a 

proper diagnosis, and monitoring the disease (58). It is also essential to consider age, weight, 

gender, height, race, type of medication, and the time at which it was taken, as these could 

affect the lung function values and the interpretation of these results (58). The GINA guidelines 

suggest conducting this assessment early, at the diagnostic stage, followed by different inter-

vals at which the patient may experience deterioration or improvement in his or her condition. 

Following the guidelines provides a relevant perception of the asthma diagnosis and manage-

ment in clinical practice in addition to a better outcome for patients (66). 

Although spirometry is a crucial tool in pulmonary function testing, it still has some limitations; 

for example, performing the manoeuvre requires effort and coordination by the patient to pro-

vide an accurate measurement. It is also challenging for young children to follow the instruc-

tions and coordinate to perform the spirometry (67). This makes it difficult for children to 

perform different respiratory manoeuvres to reach the end test requirements, although children 

aged 6 years and older are mostly capable of performing acceptable spirometry (68). 

1.4.2.1.2  Bronchodilator reversibility  

 

Diagnosis of asthma can be supported by the presence of a response to the administration of a 

bronchodilator. This is done by performing spirometry tests before and after the administration 

of short-acting  agonist. An increase of more than 12% in the FEV1 is consistent with an 

asthma diagnosis in children (69). However, it has noted that there is no evidence supporting 

the use of this cut-off in children and a cut-off of 8% may give better diagnostic sensitivity 

(49).  
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1.4.2.1.3 Test of variability of lung function  

 

Variation of airway obstruction can be captured by monitoring lung function on a monthly, 

weekly or daily basis (69). Peak expiratory flow rate (PEF) is a physiological measurement 

used to assess the variation of airway obstruction. Measurements of the PEF are made at home 

and these measurements must be collected in the morning and evening for 1–2 weeks (53,69). 

The PEF results are then assessed by the clinician to determine the variability of the obstruction 

(53,69). A variable expiratory airway obstruction in children is indicated by a variability of 

more than 12% (53), but other cut-offs have been proposed (25,49,69).  

1.4.2.1.4 Fractional exhaled nitric oxide  

 

Airway obstruction can be identified using several diagnostic methods. However, further de-

tails about the disease are required in some of the conditions. For instance, an assessment of 

airway inflammation cannot be achieved by measuring spirometry or another physiological 

parameter. Fraction of exhaled nitric oxide (FeNO) testing is the most widely used non-inva-

sive test in paediatric clinical practice to monitor airway inflammation and is useful to assess 

the risk of exacerbation (70). Exhaled nitric oxide (NO) can serve as a useful method for asthma 

diagnosis and adherence to the use of inhaled corticosteroids in conjunction with other clinical 

diagnostic methods to reach optimal asthma management (70). This is feasible with the avail-

ability of both online and offline NO collection (71). This is accomplished by measuring a 

steady exhalation breath after maximal inhalation, with both inhalation and exhalation per-

formed into the mouthpiece of the machine (72). The exhaled NO readings are issued as a 

reflective measure of inflammation, especially eosinophilic inflammation (73). 

1.4.2.2  Other tests  

1.4.2.2.1 Multiple breath washout 

 

Ventilation heterogeneity is present in asthma; it is aggravated by increased inflammation, air-

way closure, and bronchospasm (74). Ventilation distribution efficiency is assessed by both 

multiple breath inert gas washout (MBW) and single breath inert gas washout (SBW). MBW 

reflects the efficacy of the inert gas clearance from the lungs; on the other hand, gas mixing 

within a certain time frame is represented by SBW. Inert gases should be ideal and safe to use 

at different concentrations, should not be involved in gas exchange, and should not dissolve in 

the blood or other tissues. Both endogenous gases (nitrogen [N2] and argon [Ar]), and exoge-

nous gases (sulphur hexafluoride [SF6], helium [He], and methane) are ideal for use in MBW. 

In patients with obstructive lung diseases, ventilation distribution abnormalities appear even 
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with normal ventilatory capacity as measured by spirometry. Washout tests could provide a 

better perception of the mechanism of abnormal ventilation distribution and the pathology lo-

cation (75). 

In asthma, both the conducting and the acinar (the peripheral area in the lung of the small 

airways) regions are affected by the inflammation and remodelling characteristics of the dis-

ease (48,76). Assessing the ventilation heterogeneity is accomplished by the N2 SBW or MBW 

techniques. These techniques are used to reflect heterogeneity by representing the dependent 

indices of the phase III slope, the diffusion (Sacin), and the convection (Scond). Scond represents 

the ventilation heterogeneity in the conducting airways in which the pressures gradient differ-

ence influences the gas transport, whereas ventilation heterogeneity in the acinar region of the 

lungs is reflected by the Sacin (76,77). However, both Scond and Sacin values are crucial and sen-

sitive in detecting any changes in the heterogeneity of ventilation; in the paediatric literature, 

the lung clearance index (LCI) is the most commonly reported index of the MBW. The LCI is 

the volume ratio of the cumulative expired lung volumes over the functional lung residual ca-

pacity, lung turnover (TO, calculated as CEV/FRC), and represents the central and peripheral 

airways. Functional residual capacity (FRC) is the ratio of the volume of the exhaled nitrogen 

to the difference between initial and final end-tidal nitrogen concentration. The net cumulative 

volume required to wash out the nitrogen to the level of 1/40 th of the initial concentration is 

known as the cumulative expired volume; all these indices are used together to support the 

assessment of the ventilation distribution (75-78). 

1.4.3 Rationale to improve asthma diagnosis  

 

Asthma is a heterogeneous disease. Although recent years have seen an improvement in the 

understanding of asthma mechanisms and phenotypes, the definition and diagnosis of asthma 

is still a challenge (79). Although various studies and guidelines have suggested methods to 

support the diagnosis of asthma beyond taking a history and performing a physical examination 

(23,80), there is still no single gold standard test to diagnose asthma, and all  of the objective 

tests described above are considered supportive evidence for an asthma diagnosis (49,50,79). 

Misdiagnosis of asthma resulting in over- or undertreatment remains a problem (81).  

With the absence of a gold standard test, and the variability in asthma phenotypes and mani-

festation (25,49) , the diagnosis of asthma is based on symptoms and tests to classify the path-

ophysiological traits of asthma (49). Objective testing, such as spirometry, reversibility testing, 

PEF, challenge testing and FeNO, is used to diagnose asthma alongside observation of clinical 
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manifestations of disease, such as airflow obstruction, variation of the airflow, airway respon-

siveness and eosinophilic inflammation (52). However, there is a lack of adequate objective 

tests for phenotypes and endotypes of the disease that present with airflow limitation with no 

obstruction or with no eosinophilic inflammation (49).  

Many children report uncontrolled asthma during routine follow-up, but this correlates poorly 

with objective measures of lung function and lung inflammation (82). In some cases, spirome-

try reveals normal results in asthmatic children when they are tested between exacerbations 

(83). This makes management decisions difficult, especially when the diagnosis of asthma can-

not be confirmed in health care settings in which spirometry and FeNO measurements are not 

available, such as in primary care settings, or in children for whom spirometry and FeNO can-

not be easily obtained (82,84). A further issue is that, while spirometry provides useful infor-

mation on large airway function, it is relatively insensitive to peripheral airway disease (82). 

Assessment of lung function is crucial to aid the diagnosis and evaluation of asthma. It is also 

vital for monitoring the response to treatment. As small airway disease is common in children 

with asthma, FOT has been suggested as an objective test as it can detect small airway abnor-

malities (85,86). No categorisation of asthma phenotypes using FOT has been described, alt-

hough it has been speculated that FOT could be useful to the phenotyping of asthma according 

to the detection of small airway obstruction. 

FOT is a promising method in the field of asthma diagnosis and monitoring, especially for 

young children upon whom other objective lung function tests, such as spirometry, cannot be 

performed. FOT can also detect disorders of the small airways, which could lead to better con-

trol of asthma. 

1.5 Forced oscillation technique  

 

FOT is a non-invasive method that is being assessed in different studies to determine whether 

it can be used to diagnose and evaluate asthma, measure lung dynamics, and assess lung im-

pairment (87). FOT provides information on the resistance (Rrs) and reactance (Xrs) of the 

airways. FOT uses external pressure signals and the resulting flows to measure lung mechanics. 

These pressure flow relationships are distinct from the normal pattern of breathing. It is there-

fore a non-invasive method for assessing the mechanical characteristics of the airways. The 

test is quick, painless and requires little active participation by the patient  (2,67). The ease of 

use of FOT makes it attractive as a diagnostic and monitoring tool, especially for children as 

young as 3 years old, for whom the administration of other lung function tests is difficult (7,88). 
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1.5.1 Principle of the test  

 

The concept of the FOT was introduced by Dubois et al. several years ago (89).  FOT meas-

urements are represented widely by impulse oscillometry (IOS) using a commercial clinical 

device (90). However, the FOT and IOS differ in several ways. During the performance of the 

FOT, the patient breathes normally (tidal breathing) through a mouthpiece for approximately 

30 seconds (87,91,92). The machine generates waves, which are superimposed to the lungs 

while the participants perform normal tidal breathing (93) (Figure 1.3). The pressure waves of 

the FOT are generated by the vibrating mesh (94). However, the principle of generating the 

wave in some machines depends on a computer-driven loudspeaker that forms either mono- or 

multifrequency pressure waves in the form of pseudorandom noise waveforms (93). To differ-

entiate between the regular breathing component of the respiratory system and the other oscil-

latory component (pressure and flow components) created by the forced oscillation, the soft-

ware of the machine analyses the waves on the basis of the superimposition principle, which 

has the ability to separate the unique frequency from the other components (93). The ratio of 

the pressure to flow (i.e., impedance) is measured at each frequency (Equation 1) (2). 

Equation 1:  
𝑝

�̇�
= 𝑍𝑟𝑠(𝑓) = 𝑅𝑟𝑠(𝑓) + 𝑋𝑟𝑠(𝑓) 

The final numbers generated reflect the measurements, which include the ratio for both pres-

sure and flow magnitude in addition to the phase shift between these signals (95). All the sig-

nals generated by the machine are separated and then analysed. They are also converted to 

digital form using an analogue to ensure the reliability of the measurement by processing it 

using a specific sorting and standardisation process (93). 

Mono-frequency waves apply oscillations near the Fres (the point at which the reactance is 

near zero). This method has been commonly used to assess airway resistance in different sleep 

breathing disorders and measure the impedance of the respiratory system during the respiratory 

cycle. This method typically reflects the resistance only. In contrast, multi-frequency waves 

measure the resistance and reactance at different frequencies, which is achieved through ap-

plying the frequencies both below and above the Fres. This method is mostly used in clinics to 

assess the manifestation and the severity in the airways (93,96). 
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Figure 1.3: Forced oscillation technique setup and measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The IOS machine applies intermittent direct pressure, known as an impulse, of 30–40 millisec-

onds. The impulse is a result of the reversible motion of the generator loudspeaker membrane 

that creates positive and negative pressure changes; during quiet breathing, signals are forced 

into the respiratory system, and these signals alter all anatomic structures within the respiratory 

system into oscillometry motion (7,93). A change in flow and pressure follows the forced os-

cillation. Analysis of both input and physiological impedance is achieved by calculating the 

pressure and flow characteristics that reflect all the mechanical properties of the respiratory 

system (93). 

The FOT applies the sinusoidal waveform; within the FOT, the spectral analysis of the pressure 

and flow is discontinuous (93). The FOT has the advantage of providing a measurement of the 

respiratory resistance with very good time resolution and a good signal-to-noise ratio (93,97). 

The impulses in IOS are in triangular waveforms, the analysis of the pressure and flow is con-

tinuous. In theory, the use of IOS is beneficial in reflecting underlying conditions of the respir-

atory system, such as pathologies presenting non-homogeneity of the impedance characteristics 

(93). However, the resolution of IOS is slightly low, and the pulses sent to the lungs by IOS 

may be uncomfortable (97). 

 

Legend: A representation of the forced oscillation tech-

nique’s arrangements for the impedance measurements  
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Comparing and contrasting FOT and IOS demonstrated that the main crucial elements in the 

evaluation of the respiratory system, such as the resistance frequency (Rrs) and reactance fre-

quency (Xrs) curve morphology, are the same in both methods (98). However, values provided 

by the IOS and FOT devices are not necessarily similar, even though both use multiple fre-

quencies in the measurements of the resistance and reactance (97). The values for resistance 

measured at high frequencies by the IOS and the FOT have a fair agreement. However, they 

differ at low frequencies. Indeed, measuring high impedance values at a very low frequency is 

not recommended for the signal-to-noise ratio. Moreover, IOS applies impulses, unlike FOT, 

which uses pseudorandom noise. The former signals have a limited number of frequencies, 

providing an advantage to the signal-to-noise ratio for the FOT compared with IOS (95). 

1.5.2 Impedance 

 

At the airway opening, the sinusoidal pressure waves are applied, and the flow is recorded. The 

pressure difference (between the airway opening and the alveoli) that is generated is known as 

the transrespiratory pressure (99). Impedance is calculated as the ratio of the transrespiratory 

pressure to the flow. It is reflected as the input impedance because the flow and pressure meas-

urements are both recorded at the airway opening (93). 

Impedance (Zrs) is composed of resistance, the value expressed as a relation of the pressure 

and the flow amplitude, and the reactance, which is the mathematical calculation of the time 

required for the pressure change to originate a flow change. Impedance measured in cmH2O⋅L−1 

⋅ sec−1 or kPa⋅L−1 ⋅ sec−1 (93,97). 

The resistance (Rrs) measurement is the real part of the impedance “in phase” portion of the 

pressure oscillation, and it is defined as the pressure–flow relationship. Resistance is consid-

ered the most familiar parameter in the measurement of the FOT (87,98). It is composed of 

airway resistance (Raw), the resistant of the lung tissue and the parenchymal component (Rtis), 

and the resistance of the chest wall and the diaphragm (Rcw) (98). Resistance is measured in 

cmH2O⋅L−1 ⋅ sec−1 or kPa⋅L−1 ⋅ sec−1. Oscillometry evaluates the resistance of the respiratory 

system components with high sensitivity. However, the specificities of each of these compo-

nents are not equal, excluding how resistance would differentiate between the central and pe-

ripheral resistance. Resistance at higher frequencies, such as 20 Hz, is mainly a reflection of 

the central airways, and the total airway resistance is represented by the resistance at 5 Hz. By 

contrast, the peripheral airway resistance is reflected at lower frequencies and can be calculated 

by subtracting Rrs20 from Rrs5 (93,97) (Figure 1.4). 
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The reactance (Xrs) is the imaginary part of the impedance “out phase”; it is a representation 

of two opposing forces of the respiratory system. The first is the inertial component of the Xrs, 

which represents the energy influence of the inertial forces. Inertial forces consist of the central 

airway air column motion and the respiratory system total tissue mass motion (parenchymal or 

non-parenchymal). The inertia component is a pressure acceleration relationship, and the im-

portance of this component in the clinical field is still not clear (87,93,97). The other force is 

the capacitive component of the respiratory system; this reflects the pressure–volume relation-

ship of the total respiratory system compliance, Crs, which represents both lung and bronchial 

wall compliance, in addition to the compliance of the thoracic gas compression and the upper 

airway compliance and the compliance of the abdominal and chest wall compartments 

(89,93,100). Reactance values are measured in cmH2O⋅L−1 ⋅ sec−1 or kPa⋅L−1 ⋅ sec−1 (97). 

Figure 1.4: Forced oscillation waves through the airways 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Elastic work is negative during normal inspiration, and it is a reflection of elastic energy stor-

age. However, during passive normal expiration, when there is no impact of any additional 

energy, the elastic work is positive. This tends to bring the respiratory system elastic energy 

back to its former state of equilibrium (FRC) to overcome the resistance and the inertial forces 

(93). The effect of the flow changes that result in a pressure change is mainly in the form of 

 

Legend: A representation of the forced oscillation sound 

waves travelling different distances through the airways 

according to the frequencies (Figure adopted form 

[Brashier, 2015]) with permission 

 



 

17 

elastic recoil. Therefore, this results in a negative phase difference because the pressure change 

follows the flow change. However, pressure changes causing a flow change are essential to 

overcome the inertial forces. Therefore, when pressure changes are followed by flow changes, 

the phase difference is positive (93,96). Normally in low-frequency oscillation, the forced os-

cillation response is mainly due to the elastic element. The pressure changes following the flow 

changes result in negative Xrs values and phase differences (93). At a lower frequency, the 

capacitive properties are dominant within the peripheral airways; this is because the amount of 

loss of the oscillometry capacitive pressure is relatively high compared with the inertive pres-

sure loss (97). The opposite occurs when the inertial forces are dominant in high-frequency 

oscillation because of the high value of acceleration; to create the flow, adequate pressure is 

needed. Additionally, as the pressure changes create flow changes, the phase difference and 

the Xrs value are positive (93). The inertive pressure increases while the oscillation frequency 

increases with a parallel decrease in the capacitive pressure (97). In an ideal respiratory system, 

the resistance is not influenced by the frequency of oscillation. By contrast, the reactance is 

affected by the frequency of the forced oscillation (93) (Figure 1.5). 

Although the influence of the elastance at the lower frequency of 5 Hz would dominate, the 

reactance at 5 Hz (Xrs5) still represents both the effects of the inertance and the tissue elastance. 

Xrs5 also represent the elastic recoil of the lung periphery, and it reflects significant infor-

mation of the small distal airway. This is because the lungs are capable of maintaining and 

storing capacitive energy, which is mainly represented in the small airways. In some condi-

tions, when the lung elasticity decreases, the capacitance increases negatively, which results in 

more negative values of Xrs5 (97). 

Resonant frequency (Fres) is the frequency at which the inertial component forces and the 

capacitive forces are equal, and the value of the reactance and the phase difference between the 

pressure and the flow is equal to zero. This typically occurs at an intermediate frequency. Fres 

is the point of transition between the capacitive forces at the lower frequency and the inertive 

forces at the higher frequency. Within this point, the total impedance to the airflow is mainly 

due to the resistive flow (93,97). 

The area under the curve (AX), also called the Goldman Triangle, is a representation of two 

axis curves: the point of the intersection of the y-axis to the curve at the minimum point of the 

Xrs and the point of the intersection of the x-axis to the curve at the resonant frequency point. 

This is a representation of the respiratory reactance at all the frequencies between the resonant 
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frequency and the frequency at 5 Hz (93,97). It is measured in cmH2O⋅L−1 or kPa⋅L −1.  AX is 

crucial in the evaluation of the total reactance of the respiratory system at frequencies lower 

than the Fres, the resonant frequency, and the curvature function of the Xrs. AX expresses the 

airway closure at the point of the closure at which the pressure wave diffusion travels to the 

bronchial tree periphery, which results in an increase in the AX values that elevates the effec-

tive elastance of the respiratory system (93,97). AX also represents the compliance of the res-

piratory system, mainly of the small airways; it is useful in the assessment of the degree of 

obstruction and the change in the peripheral airways. AX is somewhat related to the Rrs5-20 

(97). 

Figure 1.5: Resistance and reactance change as the frequency changes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Conclusion, the components of the respiratory system that can be evaluated using forced 

oscillation are the resistance of the respiratory system consisting of the central and the periph-

eral airways, chest wall, tissue mass, diaphragm, and the lung resistance as well as the bronchial 

tree, extrathoracic airway, pulmonary, chest wall, and diaphragm compliance. FOT also re-

flects the air column inertia and tissue mass compliance of the respiratory system (parenchymal 

or non-parenchymal). The resistance of the central and peripheral airways is the main indicator 

 

Legend: This figure represents the resistance (Rrs) and 

reactance (Xrs) changes according to different frequen-

cies of the forced oscillation. It also represents the reso-

nant frequency (Fres) and the area under the curve (AX) 

(Figure adopted from [Alblooshi, 2017]) with permission  
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of the resistance, Rrs. However, other factors, such as the chest wall, diaphragm, lung, bron-

chial, extrathoracic, and inertial force compliance, reflect the reactance (Xrs)  (93). 

1.5.3 Practical considerations 

 

The FOT measurements must be taken in a seated position with a nose clip applied to the nose. 

The machine measuring head must be aligned with the body to keep the head and neck in a 

relaxed posture and avoid any other motion that may affect the impedance values. To minimize 

the artefacts from the upper airway, the cheeks must be supported by the patient or the techni-

cian (7,87,93). The lips and teeth must be sealed and adapted around the mouthpiece, keeping 

the tongue below the mouthpiece to prevent occlusion. The patient is instructed to breathe nor-

mally and quietly at the FRC level to achieve normal tidal breathing, and no further instructions 

regarding the depth and frequency of the breathing are needed. Any deviation from normal 

breathing could lead to a rejection of the attempt; for this reason, the technician should contin-

uously monitor the breathing flow and volume for the 30 second interval (93,101). Three 

minutes is required between any forced maneuverer performance and the next test. It i s recom-

mended to perform the oscillometry before any other test that requires a forced maneuverer to 

prevent the effect of the changes to the bronchomotor tone caused by these tests. Three to five 

measurements are taken with a rest between the measurements, and the patient then moves his 

or her mouth away from the mouthpiece (93). 

1.5.4 Limitations and artefacts 

 

Different artefacts could develop while performing the test that may affect the measurements. 

This is typically because of improper technique during the examination, such as the use of 

bacterial filters. Adding a bacterial filter adds approximately 60 mL of dead space, and this 

leads to an increase in the resistance while performing the FOT. For this reason, the resistance 

values are higher when measurements are taken using a bacterial filter compared with those 

when the test is performed without the filter (96,97). In addition, improper tongue position 

could affect the measurements. Positioning the tongue into the mouthpiece restricts the airflow 

and results in a similar increase in the resistance at all frequencies, with a minimal effect on 

the reactance (93,96).  Similarly, poor cheek support can influence the measurements. If the 

cheeks are not supported firmly throughout the test, the impedance will be affected by the 

extrathoracic airways, such as the upper airway, and the cheeks, mouthpiece, and the tongue, 

which affects the measurements. This could result in the underestimation of the results due to 

the decrease in the Rrs20 values. In addition, in patients with obstructive lung disease, the lack 
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of cheek support could significantly impact the values of Rrs5 and Xrs5, with less impact on 

healthy participants (97,102). The peripheral reactance could increase because of a mechanical 

load that is imposed on the respiratory system, such as tight clothes or belts. For this reason, 

these items must be removed before performing the test. Impedance parameters could also vary 

in participants with severe obstructions while performing the cheek support because of a wors-

ening of the normal kinetics of the quiet breathing due to the hand elevation, which increases 

the mechanical load on the chest wall. In these conditions, it is recommended that the operator 

supports the cheeks. Other common artefacts, such as holding the breath, swallowing, vocal-

ization, and air leak, must be avoided (97). 

There are several other technical issues that the technician must be aware of to optimise the 

measurements, such as the apparatus and equipment quality control, excitation frequencies, 

signal and analysis, acquisition and reporting of results, and the report and interpretation (103). 

1.5.5 Quality control 

1.5.5.1 Coherence 

 

Coherence is a statistical representation of reproducibility that reflects trial -to-trial variability 

(104). It is an important factor in interpreting the acceptability, measuring the linearity, and 

assessing the validity of the FOT measurements (7,104,105). Coherence is measured by com-

paring the back pressure wave of the respiratory system with the airflow of the lungs (91). 

Improper technique when performing the test, irregular breathing, swallowing, and glottis clo-

sure during the test could lower the coherence values (104). A coherence of more than 80–90 

is considered acceptable for the FOT data (106). Coherence is usually calculated by the device 

software.  

1.5.5.2 Coefficient of variation (CV) 

 

The coefficient of variation is the measure of the trial-to-trial variability of the oscillometric 

parameters (7,87). It also reflects the quality of the impedance measurements by comparing the 

input and the measurements signals during the test (104). In children, the coefficient of varia-

tion is suggested to be less than or equal to 15% to accept the measurements (107).  

1.5.6 The significance of FOT in asthma 

 

To date, no method used to diagnose and monitor asthma has been established as a gold stand-

ard. Spirometry is commonly used in asthma. However, it requires an effort by the patient in 

addition to coordination, which may result in inaccurate measurements if  it is not performed 
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accurately (108).Some research suggests that IOS could be used as a supplement to spirometry 

to support the diagnosis of asthma, especially when the spirometry expiratory curve is irregular 

(109). 

IOS is a method that evaluates lung function through measurements of resistance and reactance; 

it is simple and requires minimal cooperation from the participants. Different pathophysiolog-

ical features of asthma could be reflected by the resistance and reactance. The degree of ob-

struction is mainly reflected by the AX and the reactance at 5 Hz. However, the obstruction 

characteristics of the small and large airways could be reflected by the resistance at 5 Hz. Re-

sistance at 20 Hz is mainly responsible for the resistance in the large airways. Rrs20 is sub-

tracted from Rrs5 to measure the resistance of the small airways (91,108). Changes in the small 

airways at early stages could be used to diagnose asthma (86). Rrs5 and AX have the highest 

sensitivities for differentiation between patients with and without asthma. (110,111). One study 

suggested that Rrs5 is the proper parameter to assess the obstruction in the airways because it 

has a strong correlation of IOS with FEV1, although this study only assessed a group of patients 

with asthma (112). Moreover, AX was suggested to be a sensitive measure of airflow obstruc-

tion (113).However, to rule out asthma, Xrs5 is used because it reveals any variation and the 

degree of obstruction in the peripheral airways (108). 

IOS could be a beneficial assessment tool in children and preschool children (114). The IOS in 

children was shown to be superior in detecting peripheral airway impairments, rather than other 

pathologies of asthma in the central airways, compared with spirometry (115). 

Several guidelines suggest the use of bronchodilator in the diagnosis of asthma because as-

sessing the reversibility degree in lung function after the administration of a bronchodilator 

plays a major role in the diagnosis of obstructive lung diseases (23,50,116,117). 

Measuring the response of the bronchodilator during spirometry is characterized by an increase 

in FEV1 by more than 12%, with some significant changes in forced vital capacity (FVC) and 

forced expiratory flow at 25–75% (FEF25–75) (108,118). However, the positive response of us-

ing the bronchodilator during the FOT is mainly described to be the reduction of resistance. 

Some changes are noticed in the measurements of FOT, such as Rrs5, Rrs20, Xrs5 and AX, 

but the highest sensitivity was observed in Rrs5 and AX (66,87,108,110). Different studies 

suggested cut-off points to assess the reversibility in FOT measurements after the bronchodi-

lator administration (110,111,119-122).  However, the exact percentage of the resistant reduc-

tion that confirms the positive response of the bronchodilator relies on the patients’ condition, 
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age, and the measured resistance to specific frequencies. All these factors must be taken into 

consideration (2,87). 

Studies have demonstrated that assessing bronchodilator reversibility using the FOT was able 

to discriminate between healthy participants and patients with asthma (111,123). Some other 

studies demonstrated that the FOT has a higher sensitivity in detecting bronchodilator reversi-

bility compared with other lung function testing in children with asthma (119). However, other 

data revealed a similar relationship between the FOT and other lung function tests, such as 

spirometry, in assessing the response of bronchodilator administration (110,124). 

Research results support the use of IOS/FOT in the early detection of asthma and the assess-

ment of airway obstruction in children as young as 3 years old and in some cases when other 

lung function tests are not applicable or when forced expiratory manoeuvre cannot be per-

formed by children, especially preschool children (110,111,122,125). Studies have also sup-

ported the use of the FOT to monitor patients with asthma and to assess the severity and asthma 

control in children (86,111). 

1.5.7 Feasibility of FOT in children 

 

IOS is an easy method to assess the airways properties because it is passive and requires only 

normal tidal breathing, with no forced effort while performing the test (126). The feasibility of 

the forced oscillation measurements has been reported by different studies in the paediatric 

population. A study conducted by Malmberg et al. showed that preschool children were able 

to perform the test easily (127). Delacourt et al. found that 313 patients aged 4.3–15.7 years 

were also able to complete the test successfully (122). Moreover, in a younger group aged 2–4 

years, the participants achieved the forced oscillation manoeuvre (128). Likewise, Hellincks et 

al. recruited participants in kindergarten, and they were able to perform the FOT measurements 

effectively (129). 

1.5.8 Dependence and reference values of FOT  

 

Different predictors and regression equations have been reported for both resistance and reac-

tance in children in several studies (88,130-134). The main factors considered in providing 

reference data and the prediction equation of the FOT measurements were height, weight, age, 

gender, and the machine used (88,132,134). However, among these studies, height was the 

strongest predictor that affected the resistance and reactance values  (88,130-134), with a neg-

ligible contribution of gender (130,134). 



 

23 

In children, the values of resistance and reactance could be affected by age and height. The 

number and size of the alveoli and the airway calibre increase as the lungs grow. For this rea-

son, as the age and height increase, the respiratory resistance values decrease. Nevertheless, 

the value of Xrs5 becomes less negative as height and age increase, with a minimal change in 

the Xrs20 values. However, height is the main dependent factor; it has an impact of 56–60% 

variance for the impedance, including resistance, reactance, AX, and Fres values (97). In con-

clusion, an increase in height increases the reactance and decreases the resistance. This means 

that an increase in height affects the resistance and the reactance in opposite ways (93). 

1.5.9 Multifrequency signals 

 

Different studies recommended using the signal frequency range of 4–30 Hz to better reflect 

impedance, especially at lower frequencies (87). In healthy children and children with stable 

and acute asthma, the resistance was studied at different frequencies.   

The resistance at different frequencies was studied for the best presentation of airway obstruc-

tion. Resistance at 0, 4, 5, 8 and 10 Hz were shown to be a reflective measure of children with 

asthma and either correlated to spirometry values, clinical asthma severity, or the response to 

the bronchodilator (122,135-138). However, FOT-specific index to reflect the airway obstruc-

tion in children is still needed (87). In this study, multifrequency waveform ranges of 5–37 Hz 

and 7–41 Hz were used to reflect the impedance in healthy children and children with asthma.  

1.5.10 Clinical applications  

 

The application of FOT in the clinical field could target different aspects. First, it could reflect 

different clinical conditions of chronic respiratory disorders in the paediatric population 

(103), as it was estimated that the FOT parameter could reflect some respiratory properties that 

differ from spirometry (139). It could also be used in longitudinal studies that provide a follow-

up assessment from early childhood to adolescence (140). FOT also evaluates the effect of 

interventions on inflammation (141). Second, FOT could be used as a diagnostic tool to 

identify patients with bronchial asthma and assess bronchial responsiveness . In reversi-

bility testing, the FOT can be used to assess the effect of bronchodilator on the airways in 

children with asthma. In addition, FOT is considered a diagnostic tool used in airway challenge 

testing to assess bronchoconstriction (87,103). Third, FOT could be used to assess and study 

any physiological or pathological situation that may affect the respiratory system (103). 
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The most essential information gathered by the FOT is resistance and reactance. Resistance 

mainly represents the airways; however, reactance reflects the respiratory elastic properties. In 

the past decade, paediatric applications of FOT have increased, especially with uncooperative 

children. Findings of FOT abnormalities in children with asthma were high when the FOT was 

studied in asthma clinics. In longitudinal studies conducted over weeks to months in children 

with asthma, Xrs was identified among the FOT parameter to be sensitive in the management 

of the inflammation, including allergen control and inhaled steroids (103,142). A decrease in 

Rrs after bronchodilator administration could suggest asthma because a decrease in Rrs is un-

usual in healthy children (143). A positive response to an indirect airway challenge, such as 

exercise, cold airway hyperventilation, or inhaled adenosine 5-monophosphate, is reflected by 

an increase in Rrs and decrease in Xrs, in line with the results of spirometry in response to the 

histamine and the methacholine challenge. In asthma and other obstructive lung diseases, the 

frequency response and respiratory impedance time course aid the understanding of the patho-

logical mechanics of ventilation inhomogeneity, airway compliance, and bronchomotor tone 

(103,136,143). 

1.5.11 Relevance of oscillometry in clinical practice  

1.5.11.1 Sensitivity of FOT in detecting the peripheral airway impairment 

 

Since FOT is a new approach in the field of asthma diagnosis, it has been studied and compared 

with other diagnostic procedures. The main distinguishing feature in the FOT is the sensitivity 

of detecting a small airway obstruction. Although spirometry provides reflective measurements 

and loops of airway obstruction, it is mainly focused on the large airways rather than the small 

airways. Additionally, spirometry readings could be affected by other factors, such as the pa-

tient’s effort while performing the procedure, the strength of the respiratory muscles, lung vol-

ume, and elastic recoil. The following section provides a review of clinical studies, including 

a comparison of the FOT and spirometry and their sensitivities (7,73). 

Several studies were conducted in both adults and children to compare the sensitivities of FOT 

and spirometry in detecting peripheral airway obstruction, evaluating the bronchodilator effect 

on the airways, and assessing the airway hyperactivity. For example, a study that compared 

adults with asthma with healthy controls showed that the sensitivity and specificity of detecting 

patients with asthma were highest in the resistant (R0), mean reactant (Rm), and the slope of 

the resistive component of the impedance (S), which represent the measurements of the FOT 

(144). Conversely, another study comparing the effect of bronchodilators on patients with 

asthma revealed similar sensitivities of the FOT and spirometry in identifying the 
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bronchodilator effect on the airways (145). However, the FOT was suggested as a solution to 

one of the drawbacks that affect the readings during the performance of spirometry. This is 

because the performance of deep inspiration during the manoeuvre of spirometry affects the 

bronchomotor tone of the lung momentary, which may affect the reading (145). By contrast, a 

study conducted in children that assessed the sensitivity of FOT in identifying airway hyperre-

activity revealed that the sensitivities of FOT and spirometry were similar. However, this study 

suggested the use of the FOT because it is considered to require less effort and cause less stress 

in children (146). 

1.5.11.2 Assessment of peripheral airways and reversibility  

 

The FOT is not used only as a diagnostic method; it is also used to assess and monitor the  

response of the treatment. Monitoring the therapy is crucial in assessing the disease and the 

improvement of airway functions (7). 

To assess the FOT in detecting peripheral airway obstruction and monitor the response to the 

bronchodilator in asthmatic patients, various studies conducted in children and adults used the 

FOT as one measure compared with spirometry as another measure. These studies were con-

ducted in patients with asthma as well as control groups of healthy volunteers. Different spi-

rometry measurements, such as FEV1, FVC, the ratio of FEV1 to FVC (FEV1/FVC), and the 

forced expiratory flow between 25% and 75% were collected in these studies. However, the 

values of Rrs and Xrs at different frequencies, in addition to AX and Fres, were gathered to 

represent FOT measurements. Two studies that compared the use of the FOT to spirometry in 

adults and children demonstrated that the FOT was superior in detecting peripheral airway 

obstruction compared with spirometry (122,147). In the study by Delacourt et al., the FOT and 

spirometry were similar in providing data about asthma, although the FOT reflected the pe-

ripheral airways, which makes the FOT an additive informative method to diagnose and control 

asthma (122). Further studies were conducted to compare the use of the FOT and spirometry 

in detecting the response of the bronchodilator effect and the values of spirometry and the FOT 

were evaluated before and after the administration of salbutamol. One study revealed that the 

resistance at 5 Hz had a higher sensitivity in detecting the bronchodilator effect, and the re-

sistance at 5 and 10 Hz was more sensitive in distinguishing the asthmatic and non-asthmatic 

groups when comparing FOT measurements to spirometry (111,148). The FOT also demon-

strated a higher capability of detecting the reversibility of bronchodilators in children with mild 

asthma compared with spirometry, as it showed that 71% of the children with asthma had an 



 

26 

improvement in the FOT parameters after bronchodilator administration; by contrast, spirom-

etry determined that 39% of patients showed improvements in FEV1 (119). However, another 

study that was conducted for the same purpose demonstrated that the IOS and spirometry meas-

urements after bronchodilator administration correlated with each other, which led the authors 

to suggest the use of IOS as an alternative method to spirometry in the clinical setting (110). 

Some studies have explored the effect of bronchodilators on FOT measurements. One study 

showed that the resistance decreases after bronchodilator administration, and the reactance be-

comes less negative (143). Another study specifically identified the effect of bronchodilator on 

inspiratory and expiratory resistance and reactance. After the administration of the bronchodi-

lator, the inspiratory and expiratory resistance improved. However, a significant change was 

noticed for the expiratory reactance but not the inspiratory reactance. To identify asthma, com-

paring the measurements of the FOT before and after bronchodilator administration is superior 

to solely using baseline measurements (123). 

Cut-off points for significant changes in IOS/FOT measurements following bronchodilator ad-

ministration have been suggested. In a study performed in children aged 2–5 years attending 

the outpatient asthma clinic, a 40% change in resistance at 5 Hz following bronchodilator ad-

ministration was proposed as a positive bronchodilator response, with resistance measurements 

made by IOS (149). However, in 4-year-old children with asthma, a change of −26.9% in Rrs5 

and 35.8% in Xrs5 was suggested as a positive bronchodilator response (105). In a study of 

children aged 3–18 years, an Rrs10 cut-off of −8.6% and an AX cut-off of −29.1% were pro-

posed  (111). In a study by Batamz et al. including a group of children with both acute and 

stable asthma, a percent change of −39.05% response change in AX was suggested to detect 

airway reversibility following bronchodilator administration (110). 

1.5.12 Variability and repeatability  

 

The measurement of the FOT requires some cooperation of the patient, which allows the meas-

urements to be easily obtained during normal tidal breathing while performing good support of 

the cheeks. A specific standard for both the data collection and the machine specification is 

available. Within-session variability, between-session variability, and repeatability are essen-

tial and must be documented to assess the bronchomotor response (103). Regarding variabil-

ity, after the measurements by the FOT, variability should be reported in addition to the mean 

resistance and reactance. Variability was considered an index for quality control of lung func-

tion (103). However, an increase in airway variability is noticed in patients with asthma; this 



 

27 

could be explained by the increase in the variability in the airway calibre (150). Some studies 

showed an increase in the Rrs variability in children with asthma compared with the control 

group (151). Regarding repeatability, while performing the FOT, repeatability should be as-

sessed by repeating the measurements after 10–20 minutes; this technique could be used as a 

reference when evaluating the response to bronchodilation or bronchoconstriction agents 

(93,103). 

The repeatability and variability of the FOT in school-aged children were explored using dif-

ferent methods in several studies. This was accomplished by evaluating the within-test, daily, 

and weekly variability. Specific consideration was given to measuring the variability;  within 

the test variability, a specific time was maintained between the measurements. Furthermore, 

for the daily and weekly variability, measurements were collected at the same time of day. In 

one study, the variation in the FOT was larger than that in spirometry within participants be-

tween the days and within participants between immediately repeated measurements; by con-

trast, the other study found that the resistance and reactance did not change significantly in 

terms of the within-test variation. In addition, the day-to-day variability of FOT increased in 

children with asthma, and it was affected by the asthma severity and control  (152-154). 

1.5.13 Devices  

 

Various devices have been developed based on the concept of forced oscillometry to assess 

lung mechanics. Examples of these are the PulmoScan by Cognita Labs (Santa Ana, United 

States), the Resmon PRO by MGC Diagnostics Corporation (Milan, Italy) and the Tremo-

Flo®C100 by Thorasys (Copenhagen, Denmark). Although these devices are all based on the 

same principle of measuring lung mechanics, they differ in some important features, such as 

the multifrequency waveforms used, test times and the analysis of the breathing pattern. The 

TremoFlo was chosen for our study due to the availability of the device, the ease of installation 

and calibration, the portability of the device and the short testing period. The device has an 

intra-breath analysis and an automated workflow for before and after administration of the 

bronchodilator test.  

To summarize, the FOT allows testing to be performed without any active effort or forced 

manoeuvre, and it could be used in children and participants who cannot perform the forced 

expiratory manoeuvre. It also reflects the mechanical properties of the respiratory system and 

aids in the evaluation of the small airways. In the clinical field, FOT could be used as an 
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alternative or an additional method to support other lung function testing. However, further 

studies are needed to assess the use of the FOT in the field.   
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CHAPTER 2 THESIS AIMS AND HYPOTHESES 
 

2.1 Where are we? 

 

Asthma mainly affects the central airways. However, in recent years, various pathological and 

physiological evidence has suggested that the inflammatory effect of asthma extends to the 

small airways (155). The pathological changes within the small airways usually appear in the 

early stage of the disease, even before the appearance of symptoms or changes in the spirometry 

measures (73). Therefore, a new method to assess the peripheral airways was introduced to the 

field. The forced oscillation technique (FOT) is a non-invasive, effort-independent method that 

showed the ability to detect early changes in the peripheral airways and to effectively monitor 

asthma (73,156). In children, FOT measurements have been shown to be more sensitive than 

spirometry in detecting peripheral airway obstruction and in distinguishing uncontrolled 

asthma (157). In addition, FOT has been shown to be feasible in children and suitable for pa-

tients who cannot perform forced manoeuvres (73,141). 

2.2 Where is the gap in knowledge? 

 

Even though the FOT is an easier and faster way to measure lung functions compared to spi-

rometry, the relative lack of data comparing the repeatability and performance of spirometry 

to FOT in children must be considered (2). In addition, in some cases, FOT was not considered 

a satisfactory analysis tool to discriminate between obstructive and restrictive diseases (141). 

Further studies are suggested to measure the repeatability and sensitivity to detect an effect of 

a bronchodilator in obstruction cases. Specific interpretation and assessment of the resistance 

and reactance in different lung conditions is also crucial (2). Studies are also needed to evaluate 

the ability of the FOT/IOS and single-breath or multiple-breath nitrogen washout combined 

with spirometry to assess the peripheral airways in children with asthma (106,158,159). More-

over, future work is required to determine the role of FOT in the diagnosis and monitoring of 

asthma in the clinical field and the relevance of FOT in clinical practice (108,160). 

All these points must be acknowledged in further studies to fill the gaps in knowledge about 

the FOT and to determine whether it should be considered an alternative to spirometry or an 

additional tool that may aid the clinical diagnosis and management of asthma. 
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2.3 Thesis aims 

 

1- To investigate whether measurements of FOT in healthy children tested in a local pop-

ulation would match the reference data set of healthy children based on the pre-pro-

grammed predicted values in TremoFlo. 

2- To study the correlation of the height, weight, and age to the measurements of the FOT 

at 5–37 Hz and 7–41 Hz using TremoFlo in healthy children. 

3- To assess the accuracy (sensitivity and specificity) of the FOT using TremoFlo in de-

tecting asthma in children attending the asthma clinic. 

4- To investigate the association of the FOT indices using TremoFlo to other traditional 

measures of lung function (e.g., spirometry) in children attending the asthma clinic. 

5- To investigate the association of the FOT indices using TremoFlo with the measures of 

airway inflammation (FeNO) in children attending the asthma clinic. 

6- To assess FOT indices using TremoFlo in children with acute asthma attending the emer-

gency department or following admission to the children’s ward.  

7- To evaluate FOT parameters before and after bronchodilator administration in children 

with acute asthma.  

8- To explore the differences between the FOT measurements at 5–37 Hz and 7–41 Hz 

waveform frequencies in children with acute asthma. 

9- To investigate the association between FOT indices at the frequency waveforms 5–37 

Hz and 7–41 Hz using TremoFlo and spirometry parameters (forced expiratory volume 

in 1 second [FEV1] and FEV1/forced vital capacity [FEV1/FVC]), the lung clearance 

index (LCI) from multiple breath nitrogen washout (MBNW) and airway inflammation 

(FeNO) in children with uncontrolled asthma. 

10- To monitor changes in asthma control and clinical outcomes between two visits over a 

period of 2 to 4 months using the ACT or cACT and measurements of FOT at the fre-

quency waveforms 5–37 Hz and 7–41 Hz in relation to the adherence to inhaled corti-

costeroids by remote monitoring using electronic smart inhalers monitoring devices in 

children with uncontrolled asthma. 

11- To evaluate the BDR on FOT indices at the frequency waveforms 5–37 Hz and 7–41 Hz 

in children with uncontrolled asthma. 
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2.4 Thesis hypotheses 

 

1- In healthy children, the FOT measurements of resistance and reactance by TremoFlo 

using frequency waveforms at 5–37 Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 

5–37 Hz, Rrs7, Rrs7-20 and Xrs7) fall within the reference ranges of the pre-pro-

grammed predicted values dataset.  

2- The FOT measurements of resistance and reactance using frequency waveforms at 5–

37 Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, Rrs7-20, Xrs7 and 

AX using 7–41 Hz) correlate to the height, weight, and age in healthy children, with 

the highest correlation to the height.  

3- The FOT measurements of resistance and reactance by TremoFlo using 5–37 Hz oscil-

lation waveforms (Rrs5-Rrs5-20 and AX) are sensitive measurements in reflecting air-

way obstruction and the subsequent diagnosis of asthma in school-age children attend-

ing the asthma clinic. 

4- The FOT measurements of resistance and reactance using 5–37 Hz oscillation wave-

forms (Rrs5, Rrs5-20 and AX) correlate with the spirometry parameters (FEV1, FVC, 

FEV1/FVC) of school-age children with asthma attending the asthma clinic.  

5- FOT measurements of resistance using 5–37 Hz oscillation waveforms (Rrs5) corre-

lates to the FeNO in school-age children attending the asthma clinic. 

6- The FOT measurements of resistance and reactance by TremoFlo using frequency 

waveforms at 5–37 Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, 

Rrs7-20 and Xrs7) reflect airway obstruction in school-age children with acute asthma.  

7- Most of the abnormal FOT measurements of resistance and reactance using frequency 

waveforms at 5–37 Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, 

Rrs7-20, Xrs7 and AX using 7–41 Hz) exhibit change after bronchodilator administra-

tion in school-age children with acute asthma.  

8- The measurements of FOT using waveforms at 7–41 Hz will be more useful reflection 

of abnormalities than measurements at 5–37 Hz in school-age children with acute 

asthma. 

9-  FOT measurements of resistance and reactance using TremoFlo at the 5–37 Hz and 7–

41 Hz oscillation waveforms (Rrs5, Xrs7, Rrs7 and Xrs7) correlate with spirometry 

parameters (FEV1 and FEV1/FVC), the LCI and the FeNO in school-age children with 

uncontrolled asthma. 
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10- FOT measurements of resistance and reactance (Rrs5, Rsr5-20, Xrs5, AX using 5–37 

Hz, Rrs7, Rrs7-20, Xrs7 and AX using 7–41 Hz) and ACT scores improve with good 

adherence to inhaled corticosteroids in school-age children with uncontrolled asthma. 

11-  FOT measurements of resistance and reactance at the frequency waveforms 5–37 Hz 

and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, Rrs7-20, Xrs7 and AX 

using 7–41 Hz) exhibit a change after bronchodilator administration in school-age chil-

dren with uncontrolled asthma. 

2.5 Structure of the thesis 

 

This thesis contains nine chapters. The introduction and literature review are presented in 

Chapter 1, followed by the aims and the hypotheses in Chapter 2. The other chapters will in-

clude: 

• Materials and methods, including data collection, reporting, and processing  

• Diagnosis of asthma in children aged 5–18 years using the forced oscillation technique: 

A systematic review 

• Assessing the forced oscillation technique in healthy children 

• Assessing the forced oscillation technique in children with asthma   

• Comparison of the forced oscillation technique to other lung function tests 

• Assessing the adherence to treatment using the smart inhaler in children with asthma  

• Conclusion chapter including a summary of the most important results and their clinical 

implications for future research  

Each chapter includes the results of the study, as well as a description of the aims, hypotheses, 

populations, statistical methods and analysis and an interpretation of the results. Descriptions 

of the equipment and data processing will be summarised in the methods chapter.  
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CHAPTER 3 METHODS 
 

3.1 Summary of the study design  

 

This chapter includes a description of the equipment, the method of the procedures, and the 

data processing employed throughout the research study. The study aimed to: 

1- Collect longitudinal lung function data, including the FOT, spirometry, and MBNW 

and measures of airway inflammation (FeNO) from school-aged children with wheez-

ing/asthma. 

2- Conduct a cross-sectional study with lung function data from age-matched healthy con-

trol children. 

3- Conduct a cross-sectional study to measure adherence using the smart inhaler in school-

aged children with asthma.  

3.2 Participants  

3.2.1 Children with asthma  

 

Children aged 5–16 years who attended the asthma clinic at Leicester Royal Infirmary with 

stable asthma were recruited. Asthma was defined as stable based on physician diagnosis of 

non-frequent use of SABA and no asthma attacks for an extended period. All diagnoses were 

supported by objective testing as recommended by the NICE and ERS guidelines (50,53).  

Children aged 5–15 years who attended the asthma clinic at Leicester Royal Infirmary with 

uncontrolled asthma were recruited. Uncontrolled asthma was defined as a childhood asthma 

control test (cACT) score of <20 in children aged 4–11 (seven questions) and an asthma control 

test (ACT) score of <20 (five questions) in children aged 12 and older (161). 

Children aged 5–15 years who attended the emergency departments or wards at Leicester Royal 

Infirmary with acute asthma were recruited following a physician diagnosis of acute wheeze 

or asthma. 

The age ranges differed between groups: in children with stable asthma, the age range of in-

clusion was up to and including 16 years, however, in children with acute and uncontrolled 

asthma included in the longitudinal study, the maximum age at recruitment was 14 years as we 

intended that each child would participate for up to 12 months and not remain in the study 

beyond their 16th birthday, in accordance with our ethical approval.  

Participants were invited to perform lung function tests in the emergency department (ED), 

wards, asthma clinic, or the lung function laboratory. Children with acute and stable asthma 
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were studied upon their arrival to the ED, ward, or asthma clinic. However, children with un-

controlled asthma were studied in the lung function laboratory and were invited to a follow-up 

visit to the respiratory laboratory. 

3.2.2 Healthy controls 

 

Healthy children with no history of wheezing or chronic respiratory conditions aged 5–15 years 

were recruited from Leicester Royal Infirmary using posters in different departments within 

the hospital, such as the medical, surgical, dermatology, and diabetes clinics; other general or 

specialist non-respiratory clinics; and paediatric wards. The researcher approached the consult-

ant in charge of each clinic and gave him or her the information about the study. When possible, 

one of the research team members approached the control children by approaching the parents 

and the children attending the hospital for non-respiratory problems in the waiting area when 

they attended outpatient clinics or in the wards; the study was discussed with the family, and 

they were left with an information sheet and an age-appropriate child information leaflet. Con-

tact details were taken from the family, and the researcher approached the family after 24 hours 

to ask if they were willing to join the study. If the family agreed to join, they were invited to 

one lab visit to perform lung function tests. On some occasions, tests were performed in the 

wards within the period of admission.  

Participants could not enter the study if any of the following applied: 

• Children and young people less than 5 years old or older than 16 years old  

• Any child or young person without informed consent from the parent or guardian 

• Any child or young person who is unable or unwilling to give informed consent or who, 

in the opinion of the researcher working with the child, appeared unwilling to give as-

sent 

• Major co-morbidities that, in the opinion of the Chief Investigator, could influence the 

results, such as other chronic respiratory conditions or significant known musculoskel-

etal abnormalities (e.g., severe scoliosis) 

• Unable to understand spoken or written English  
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3.3 Ethical approval  

 

Ethical approval was obtained by Cambridge South Research Ethics Committee for all the pro-

cedures within this thesis. Information sheets for both parents and children were provided to 

the participants and parents before their involvement in the study. Consent and assent from the 

parent and the participants were obtained before enrolment in the study. (Appendices B-E) 

Assent and informed consent were obtained from children with acute asthma and their parents 

during the emergency department visit or upon admission. However, informed consent and 

assent of the uncontrolled asthma and control group were obtained at the laboratory visit  or on 

the wards within the period of hospital admission. Eligibility criteria were confirmed through 

phone calls before the visits.  

3.4 Test procedure  

 

Within the emergency department, ward, and the laboratory visits, the procedures were ex-

plained to the patient and their parent. Demonstration of lung function tests through videos 

were also shown to the patients when possible. At each visit and for each participant, baseline 

characteristics were obtained. Each participant’s standing height was measured without shoes, 

and weight was measured using a calibrated scale. Questionnaires were completed by the par-

ent either by phone, at the emergency department, in the ward, or during the lab visits. The 

participant then performed the FOT, FeNO, MBNW, and spirometry. Education about the elec-

tronic monitoring fitting for the smart inhaler was also provided. Adherence was discussed by 

the researcher with both the parent and the participants within their first and follow-up lab visit 

after the smart inhaler fitting. All the procedures were performed following specific study pro-

tocols. Details about the procedures are provided below.  

3.4.1 Spirometry 

3.4.1.1 Equipment and calibration  

 

Portable spirometry devices CareFusion MicroLoop or CareFusion MicroLab (Micro Medical, 

Quayside, U.K) were used for participant testing. The turbine (Vyaire Medical GmbH, Berlin, 

Germany) was fitted to the turbine transducer, which was connected and plugged into the ma-

chine through a socket at the side of the instrument (Figure 3.1). 
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Figure 3.1: Components of the spirometry setup 

 

 

All the participants’ data were entered into the machine prior to the testing, including their 

name, ethnicity, sex, height, weight, and date of birth. If a participant’s ethnic group had no 

prediction value set in the device, a factor was added manually. The factor allowed for a change 

in the predicted values of volumes by applying a percentage to it. A suggested factor was pro-

vided by the spirometry manual for specific ethnic groups, such as Hong Kong Chinese 

(100%), Japanese American (89%), Polynesians (90%), North Indians and Pakistanis (90%), 

and South Indians and those of African descent (87%) (162). 

Calibration was performed using a 3 L syringe that was connected to a transducer using an 

adaptor. Calibration started by emptying the syringe by pushing the handle fully, followed by 

filling the syringe through pulling the handle, which was performed slowly and at a constant 

rate to maintain the flow rate and keep the trace within the grey area (Figure 3.2). If this was 

not achieved, the trial was rejected, and a repetition of the calibration was performed. Another 

calibration was also performed at low and high flow rates following the first calibration, start-

ing with the calibration at a low flow rate, and the calibration was performed again at a higher 

flow rate (Figure 3.3). After the three calibrations were completed at the three flow rates, the 
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calibration result was checked, and spirometry was ready to be used (Figure 3.4) To pass the 

calibration check, an error of less than 3% needed to be achieved; if this was not achieved and 

the error was higher than 3%, the calibration was repeated to reach the acceptance cr iteria for 

calibration with special consideration to emptying the syringe in a smooth manner and inspect-

ing the turbine transducer to check if any cleaning was needed. 

 

3.4.1.2 Data collection and reporting   

 

All participants performed the measurements in an upright standing position with a nose clip 

on their nose. A disposable bacterial/viral filter (MicroGrad ®CareFusion GmbH, Berlin, Ger-

many) was attached to the turbine part of the transducers. 

Participants were asked to take a deep maximal inspiration away from the device; they were 

then instructed to put their mouth around the mouthpiece, maintain a good mouth seal, and 

exhale forcefully (Figure 3.5). During the test, the participants were encouraged to perform 

their best and to maintain their exhalation. An incentive screen by CareFusion MicroLoop and 

MicroLab software was used for some of the participants to encourage them to blow as fast 

and hard as possible, and to continue the exhalation. To maintain acceptable measurements, 

the patient’s effort, flow volume loop, volume time curve, and the obtained measurements on 

the screen within and between the tests were continuously monitored. The test was repeated up 

to eight times to obtain three acceptable performances with two repeatable tests; the two largest 

Figure 3.2: First spirome-

try calibration 

Figure 3.3: Calibration at 

low and high flow rates 

Figure 3.4: Calibration 

check report 
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values of FVC were required to be within 150 mL of each other or within 5% FVC or <100 

mL if FVC was <1000 mL, and the two largest values of FEV1 needed to be within 5% FVC 

or <100 mL if FVC was < 1000 mL for repeatability. An acceptable manoeuvre was defined 

to be free of artefacts of cough, leak, glottis closure, early termination of the test, poor effort, 

and mouthpiece obstruction. A maximal forced exhalation without any hesitation or cough 

within the first second of the exhalation represented a good start of the test. A satisfactory end 

test criterion in children was maintaining the exhalation to 3 seconds (60,163). A review of the 

results was available on the screen. Measurements were taken before and after the administra-

tion of the bronchodilator in children with asthma, and only a baseline measurement was taken 

in the healthy control group. 

 

Figure 3.5: Child performing spirometry (with permission) 

 

 

 

 

Unacceptable measurements were excluded but not deleted. The highest value of the FEV1 and 

the highest value of the FVC were reported, along with the ratio of these highest values 

(FEV1/FVC). The data measured were compared to the predicted values, which were the 

Legend: The transducer is attached to a bacteria/viral filter and mouthpiece. The child is in 

a standing position and instructed to take a deep breath and blow as fast and as strong as 

possible while wearing a nose clip 
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reference values that were based on healthy individuals with the same characteristics of age, 

sex, height, and ethnic group (64,164).  

Predicted values in percentages and the actual values in litres of the FEV1 and the FVC were 

reported, in addition to the actual value of the FEV1/FVC. Z-scores were also reported; this 

was recommended because they are applied to different ages, sexes, and ethnic groups among 

the spirometry indices (165). 

3.4.2 Multiple breath nitrogen washout 

3.4.2.1 Equipment and calibration  

 

An open circuit MBNW was measured using the indirect technique operated by the EXHA-

LYZER® D and Spiroware 3.2.1 (Eco Medics, Dürnten, Switzerland) (Figure 3.6) to determine 

the N2 concentration; this was achieved through the measurement of carbon dioxide (CO2) with 

a mainstream infrared analyser and side stream sampling for the oxygen (O2) measurements 

with a flow of 200 mL/min to the O2 analyser (166). 

Figure 3.6: Setup of the device 

 

 

The bacterial filter was connected to the mainstream CO2 sensor with the side stream O2 sensor, 

which was followed by a Dead Space Reducer (DSR) inserted into a Spirette, with DSR Set 2 
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for participants weighing 15–35 kg and DSR Set 3 for participants weight >35 kg, followed by 

an ultrasonic flowmeter connected to a continuous bypass flow system (Figure 3.7). 

Figure 3.7: Components of the apparatus  

 

 

The device was calibrated on a daily basis, starting with the flow calibration followed by chan-

nel calibration. The calibration was performed a few minutes after switching the machine on 

to reach the maximal performance after a warm-up period. Flow calibration was performed by 

applying 10 strokes using a certified syringe for calibration, starting with the plunger of the 

syringe all the way in, then connecting the syringe to the bacterial filter and applying 10 strokes 

steadily to maintain the flow between the green lines on the screen. Successful flow calibration 

was indicated when the peak flow was maintained within the shaded area on the screen, the 

volumes recorded were similar to what was expected with a mean volume of 1000 mL ± 30 

mL, and deviation both inspiratory and expiratory were less than ±2%. Recording the flow and 

volume of the new calibration was performed by comparing it with the previously stored cali-

bration and updating if necessary. Channel calibration was performed at two points: a high 

point of 100% O2 and a low point of 20.94% O2 (medical air) following the flow calibration. 

The system typically started the calibration at the low point of the medical air, and after a few 

moments, it switched automatically to the level of 100% O2, resulting in a stepwise change. 

Flow during the channel calibration was observed to be 950 mL/s throughout the calibration. 

The calibration typically stopped automatically once it was complete (Figure 3.8, Figure 3.9). 
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Figure 3.8: Flow calibration  

 

 

Figure 3.9: Channel Calibration  
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3.4.2.2 Data collection and reporting  

 

The test was performed while the participants were in a seated position using a nose clip, and 

the participants were instructed to maintain a good mouth seal around the filter mouthpiece and 

breathe normally (Figure 3.10). The EXHALYZER® D provides a continuous flow while the 

participant is breathing through the circuit. Once a stable breathing pattern was achieved, the 

process of the washout started by providing 100% O2 to the participants using a continuous 

bypass flow. The participants were instructed and encouraged during the performance of the 

test to breathe normally. An incentive graph from the software was displayed; breathing within 

the tidal volume limit was guided by a smiley face animation incentive displayed on the screen 

while the participant was breathing. The face becomes a smiley green face when the participant 

breathes within the pre-set tidal volume limit and turned into a red sad face if the participant 

breathes above or below the tidal volume limits. The washout trace, nitrogen concentration, 

breathing pattern, and appearance of the leak were monitored to maintain acceptable measure-

ments (Figure 3.11). In case of the appearance of a leak, the test was stopped. The test was 

terminated automatically after achieving three consecutive breaths with a nitrogen concentra-

tion of less than 1/40 of the starting concentration. The test was repeated to obtain three ac-

ceptable measurements, maintaining the recommended wait time between the measurements 

of at least the washout time for the inert gas concentration to return to baseline.  

The recordings obtained after the performance of the test were reviewed by the operator. An-

other review was conducted by another investigator (Dr Caroline Beardsmore). Any unaccepta-

ble measurements due to artefacts, leaks, or an inappropriate start of the test were excluded 

from the average of the recordings. Any unacceptable test was not deleted in case further in-

spection was needed. The lung clearance index (LCI) was reported as the mean of at least two 

acceptable measurements within a 10% difference of the FRC with a coefficient of variation of 

less than 10% (75,167). 
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Figure 3.10: Child performing multiple breath nitrogen washout (MBNW) (with per-

mission) 

 

 

Figure 3.11: Test screen 

 

Legend: The child is in seated position and instructed to breathe normally, maintaining good 

mouth seal around the filter, while wearing a nose clip 
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3.4.3 Fractional exhaled nitric oxide  

3.4.3.1 Equipment and calibration  

 

A NIOX VERO® machine was used for the FeNO measurements. The device was connected 

to the breathing handle, to which the filter was attached (Figure 3.12). The machine requires 

no calibration prior to use; it is already calibrated when it is manufactured.  

Figure 3.12: Components of the apparatus  

 

 

3.4.3.2 Data collection and reporting  

 

Participants were given the breathing handle and were instructed to breathe out until their lungs 

were empty. This was followed by the insertion of the mouthpiece into the mouth and main-

taining a good seal to prevent any air leakage around the mouth; the participants were then 

instructed to inhale deeply to the maximal lung capacity, followed by an exhalation while main-

taining appropriate exhalation pressure. This was achieved by instructing the participants to 

breathe out at a steady rate, resulting in a consistent beeping sound from the machine. If the 

pitch of the noise changed, reflecting exhalation pressure that was too high or too low, the 

participants were instructed to breathe more slowly or slightly harder if needed. Also, inhala-

tion and exhalation were guided by the animation incentives that appeared on the screen (Figure 

3.13). At the end of a successful manoeuvre, measurements of FeNO appeared in numerical 

format measured in parts per billion (ppb) (Figure 3.14). 
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Figure 3.13: Child performing fractional exhaled nitric oxide (FeNO) (with permission) 
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Legend: The child is instructed to take a deep breath and then exhale at a steady rate  
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Figure 3.14: Display screen of FeNO 

 

 

3.4.4 Electronic monitoring  

3.4.4.1 Equipment and calibration 

 

An electronic monitoring device (smart inhaler), the Hailie sensor® for Seretide HFA, for Ven-

tolin HFA and for Symbicort Turbuhaler, (Adherium, Auckland, New Zealand) was used to 

monitor the adherence to the treatment. The prescribed medications were fitted into the sensor. 

No calibration was required prior to use.  

3.4.4.2 Data collection and reporting 

 

Participants with uncontrolled asthma who had been prescribed preventer or reliever medica-

tion and arrived for treatment at the asthma clinic were eligible to be fitted for the smart inhaler 

monitor. The first step was creating an account for the participant on the Hailie web portal. 

Families were asked to download the Hailie app onto their smartphones. The prescribed med-

ication was then fitted to the sensor, followed by pairing the sensor to the smartphone, ensuring 

that Bluetooth was turned on. Once the Hailie sensor was paired, it appeared in the paired 

section in the application. All medical data needed, including the participants’ basic infor-

mation, prescribed medication, and usage of the medication, appeared on both the Hailie app 

and the web portal.  
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Participants were instructed to maintain the regular usage of their medication as prescribed, 

ensuring that they established a good press of the medication by holding the canister with one 

hand and keeping the thumb under the bottom of the Hailie sensor and the index or the other 

fingers on the top of the canister. The Hailie LED in the sensor flashes after three seconds, 

which reflects successful detection of the administered medication. The sensor tracked each 

time the inhaler was used by the participants, reminded the participants through the Hailie app 

if any of the prescribed doses were missed and displayed the usage over time. Parents were 

provided with contact information for the investigator in case any technical problems appeared.  

3.4.5 Forced oscillation technique  

3.4.5.1 Equipment and calibration  

 

The FOT reflects lung functions by measuring the resistance and reactance of the lung. Multi-

frequency airwaves of pressure and flow are superimposed over the spontaneous breathing of 

the patient (flow nominal range ± 2.5 L/s with the mouth pressure nominal range of ±10 cmH20) 

(87). Measurements of impedance were taken using a portable TremoFlo®C100-Thorasys ma-

chine (Nowus Healthcare, Copenhagen, Denmark), which consists of a handheld unit con-

nected to the software through an Ethernet connection (Figure 3.15). 
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Figure 3.15: Components of the apparatus 

 

 

A field calibration was conducted daily, as recommended by the TremoFlo manual, to detect 

any changes or damage to the machine and ensure the accuracy of the measurements. The field 

calibration took less than 1 minute. It was achieved by connecting the test load calibration and 

entering the ID assigned to the calibrator (Figure 3.16). This ID was needed because the cali-

bration test load was changed annually per the expiration date. By starting the calibration, a 

waveform was generated; each waveform during the test took approximately 8–16 seconds 

(Figure 3.17). Once the calibration was complete, the software proceeded directly to the results 

screen. If the results screen displayed a green checkmark, it indicated that the calibration had 

reached the acceptance criteria that were predefined to the test calibration load, and the cali-

bration was complete (Figure 3.18). 
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Figure 3.16: Calibration test load adaptor 

 
 

Figure 3.17: Field calibration 
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Figure 3.18: Calibration results screen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.5.2 Data collection and reporting  

 

The participant was instructed to breathe normally through a mouthpiece into the TremoFlo 

machine for a period of 16–20 seconds in a seated position. The nasal airflow was blocked by 

a nose clip, and the participants were instructed to hold their cheeks while performing the test. 

In some cases, the cheeks were supported by the parent or the operator if assistance was needed 

(Figure 3.19). By the end of the test, the results were displayed by the software. Special con-

sideration was given to the insertion of the mouthpiece into the mouth, maintaining a good seal 

around the mouthpiece, and assuring that the participants were instructed to place their tongues 

under the mouthpiece to prevent obstructing the airflow pathway. Moreover, to prevent any 

resistance due to the compression as a result of the position, the participants were instructed to 

look forward and upward slightly and were encouraged to maintain quiet and steady breathing 

for the whole period of the test. The operator observed the breathing pattern of the participants 

to eliminate any heavy or shallow breathing while performing the test. Between the tests, the 

mouthpiece was removed from the mouth to allow relaxation.  
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Figure 3.19: Child performing the forced oscillation technique (FOT) (with permission) 

 

 

 

 

In preparation for measurements, the participants were instructed to perform quiet breathing 

for a few seconds before the operator applied the vibration to start the test (Figure 3.20 and 

3.21). During the performance of the test, multi-frequency airway oscillometry waveforms 

(AOS 5 to 37 Hz and AOS 7 to 41 Hz) were used for the FOT measurements. The software 

analysed the resistance and reactance at each frequency with an intra-breath and whole-breath 

analysis. The measurements were recorded for 16–20 seconds, with pressure, flow, and volume 

time course shown on the left side of the screen and the numerical reading displayed on the 

right side of the screen by the end of the test after 20 seconds of measurement (Figure 3.21). 

 

 

 

 

 

Legend: Participant maintained an upright head posture supporting the cheeks and the 

mouth with the hands and maintained good seal around the mouth while wearing a nose clip 
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Figure 3.20: Forced oscillation measurement (Breath preparation by quiet breathing) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21: Forced oscillation measurement (Starting the test by applying the vibra-

tion) 
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A baseline test was performed with at least three acceptable measurements; measurements were 

repeated up to five times if needed (Figure 3.22). Each measurement was reviewed to meet the 

acceptable criteria. At the end of the measurements, all numerical and graphical results and 

quality control were reviewed and reported. 

Figure 3.22: Acceptable measurements 

 

 

 

 

 

 

 

 

 

 

 

During the tests, the artefacts were minimized as much as possible. In cases in which this was 

not possible, the software was able to exclude brief artefacts, such as swallowing, coughing, 

air leaks around the mouthpiece, speaking, or laughing. However, if many of these artefacts 

appeared within a measurement, the measurement was excluded; typically, the machine ex-

cluded it automatically. If a strong cough occurred during the test, the device was reset before 

taking any other measurements to prevent errors in the further attempt. If at any time the oper-

ator noticed unacceptable measurements, the test was stopped, and the machine automatically 

assessed the measurement to store part of the measurements or to discard it.  

The results were reviewed on the right side of the screen, and the value of each single parameter 

appeared as a number in addition to the reference value, Z-scores, coefficient variation of the 

parameter, and a visual gauge scale. A black diamond indicator within each gauge ranged be-

tween green, yellow, or red to indicate the outcome of the patient measurement relative to the 

normal reference value. Each colour represented the significance of the measurement’s read-

ing. Green indicated that the outcome readings were within the 95% confidence interval of the 

predicted value. Yellow indicated that the readings were around the upper and lower normal 

limits of the 95% confidence interval of the normal values. Red indicated that the readings 

 



 

54 

were either above or below the limit of the normal values, outside the 95% confidence interval 

of approximately the normal value (Figure 3.23). 

Figure 3.23: Test results represented at the side of the screen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Further interpretation was also carried out for the impedance using the impedance chart. The 

impedance chart was represented by a graph visualizing both the resistance and reactance. Each 

measurement was displayed by thin lines in different colours. A test average was represented 

by a thick, dark blue line; normal reference values for the same age, sex, height, and weight of 

the studied participants appeared in a black line, with the sources of the reference values at the 

bottom left of the chart. The upper and lower normal limits were represented by a black dashed 

line (Figure 3.24). 
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Figure 3.24: Impedance chart 

 

 

An additional detailed evaluation of the results was completed by reviewing all the results in 

the form of a table. The table view presented the reference value, unit of measurement, test 

average, coefficient variation, standard deviation, % predicted, and the Z-score. In addition, 

the individual readings for each were measured separately.  In some cases, when the outcome 

of the reactance value was a normal value close to zero, neither of the % predicted nor the 

coefficient variation were evaluated for these parameters because of the risk of divisions by 

zero and because the parameters are not meaningful. Furthermore, the % predicted and the Z-

score were evaluated only for parameters that had reference values (Figure 3.25). 

Figure 3.25: Results in table view 
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Readings and traces of the resistance and reactance before and after the administration of the 

bronchodilator were available for viewing after the bronchodilator administration in addition 

to the percent change for each of the displayed measures of the FOT (Figure 3.26). 

Figure 3.26: Before and after bronchodilator administration test results comparison 

 

 

The results were reviewed for the quality control before the final reports, which were performed 

by the smart processing of the TremoFlo and by reviewing the result navigation panel and 

toolbar (Table 3.1). 
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Table 3.1: Quality control  

Raw data  

validation 

TremoFlo software at the stage of data analysis typically assesses raw data 

collection; if any problem exists within the data, the software automati-

cally excludes the data. 

Artefacts  

detection 

The software identifies any artefacts in the resistance and reactance and 

scans for any irregularities, such as a negative or excessive outlier. This is 

achieved through a default set to anything more than three standard devi-

ations of the resistance. These irregularities could appear because of arte-

facts, and they could also visually appear within the display in the time 

course view.  

 

Flattening of the flow and volume curve, in addition to the suppression of 

the oscillation amplitude and a large fluctuation in the resonance and re-

actance, could represent swallowing or tongue blockage artefacts. How-

ever, a leak is represented by a flattened volume curve, and resistance and 

reactance are near zero. Speaking is displayed as irregular breathing pat-

tern, with negative resistance values and random excursion in the re-

sistance and reactance with noisy expiration. A large change in the re-

sistance, reactance, volume, and flow readings is probably a reflection of 

a coughing artefact (Figure 3.27) 

Measurements 

validation 

The software either issues a warning or excludes the measurements di-

rectly. The measurement will typically be automatically excluded if the 

minimum duration of less than 6 seconds is not met. However, the meas-

urements are not excluded automatically in case of invalid percentages, 

valid percentages of ≥70% of the portion of valid data among all the fre-

quencies, and with poor coherence of less than 0.6. Coherence was calcu-

lated to assure the stability between the different data and the waveform.  

Test  

validation 

The test was validated by three valid measurements and a coefficient of 

variation of ≤15%, as per the ERS guidelines measured after the exclusion 

of the outlier’s measurements (117). 
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Figure 3.27: Artefacts 

 

 

3.4.5.3 Acceptable and replicate measures   

  

It is crucial to develop acceptability criteria for the test. Testing acceptability could be con-

firmed by visual inspection of the traces during the test; this is essential to capture replicates 

of three artefact-free breaths (107).  

In children, it is recommended by King et al. to take the mean of three acceptable measures 

with no artefacts. All measurements with artefacts must be removed before the calculation of 

the mean. A coefficient of variation of 15% is recommended for the replicated measurements; 

any outliers must be excluded from the calculation of the mean (107).  

Any negative resistance values must be excluded because this physiologically impossible and 

is likely the result of an artefact, such as cough. Impedance values could be affected by the 

presence of a leak. Special consideration was given to the flow time and volume time traces 

that would provide an identification of common artefacts while performing the test (107). Ac-

cording to Alblooshi et al., the reactance is negative at low frequencies and becomes positive 

at higher frequencies, and the resistance decreases as the frequency increases (168). 
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Acceptability and exclusion criteria developed for the study:  

All tests and traces were reviewed individually. They were visually inspected and assessed for 

acceptability as follows: 

1- Test duration of 20 seconds for each trial 

2- If any inconsistent breathing or artefacts were noticed during the performance of the 

test or upon observation of the traces, the trial was rejected 

3- Three acceptable replicates were required to calculate the mean 

4- Coherence (calculated by the machine) of more than 90% 

5- Coefficient of variation of less than or equal to 15% 

6- Positive resistance values, with resistance decreasing as frequency increased 

7- Reactance negative at low frequencies and becoming positive at higher frequencies 

(Figure 3.28 and Figure 3.29 depict examples of acceptable and unacceptable traces, respec-

tively) 

If any of the criteria above were not met, the test was rejected. This was applied for all meas-

urements collected at both 5–37 Hz and 7–41 Hz for all participants. For healthy children, 

baseline measurements were reviewed. In children with asthma, measurements both before and 

after the bronchodilator administration were assessed. Traces about which the author was un-

certain were reviewed in collaboration with the clinical science director of Thorasys. 
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Figure 3.28: Acceptable measurements and traces of forced oscillation technique 

 

 

Figure 3.29: Unacceptable measurements and traces of forced oscillation technique 
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3.5 General testing consideration 

3.5.1 Guidelines 

 

To maintain standardisation, all the measurements were performed according to the European 

Respiratory Society and the American Thoracic Society (ERS/ATS) guidelines and specific 

task forces (117). Calibration was performed daily to maintain the accuracy of the measure-

ments in consideration of the ambient and pressure adjustments. The operator maintained close 

supervision of the participants while performing the test, and the opinion of a second reviewer 

was sought when necessary. 

3.6 Statistical methods  

3.6.1 Samples sizes 

 

Power calculations were initially conducted to identify the appropriate sample size needed to 

determine whether FOT is appropriate for the diagnosis and monitoring of children with 

asthma.  

A total of 146 children needed be recruited into the study, comprising: 

• 86 children with stable asthma, acute asthma and uncontrolled asthma, recruited from Uni-

versity Hospitals of Leicester (UHL) paediatric asthma clinics, UHL children’s wards or 

children’s Emergency Department  

• 60 control children 

Kreetapirom et al. reported a 32% difference in mean Rrs5 between cohorts of children with 

controlled and uncontrolled asthma (169). Based on published data, we expect about half the 

uncontrolled children to become controlled after asthma education and using electronic moni-

toring with appropriate feed-back (170). 

Based on these data, a sample size of 86 participants aged 5–16 years (72 + 20% inflation for 

loss to follow-up, unusable FOT data, etc.) was calculated to be sufficient to detect a clinically 

meaningful 20% difference between the Rrs5 of children who become controlled from baseline 

and the Rrs5 of children who remained uncontrolled, with power of 80% and two sided signif-

icance level of 5%.  

We will compare FOT data from healthy controls with that obtained from asthma patients. 

There is little data available from the Tremoflo device in healthy children. Children with stable 

asthma often have spirometry results that are similar to those of healthy controls. This 
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comparison will establish whether children with stable asthma have similar airway resistance 

and reactance to healthy controls.  

3.6.2 Statistical analysis 

 

The statistical analyses within this thesis were performed using Statistical Package for the So-

cial Sciences (SPSS, IBM SPSS Statistics 26) and (GraphPad Prism, GraphPad Prism 9). Fur-

ther detailed statistical analysis description and the study population will be provided in the 

coming chapters. 
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CHAPTER 4 DIAGNOSIS OF ASTHMA IN CHILDREN AGED 5 TO 18 

YEARS USING THE FORCED OSCILLATION TECHNIQUE: A SYS-

TEMATIC REVIEW 

 

4.1 Abstract 

 

Background: The diagnosis of asthma in children is often difficult. Studies have evaluated the 

use of impulse oscillometry (IOS)/forced oscillation technique (FOT) for the diagnosis of 

asthma in children. We aimed to determine the diagnostic accuracy of FOT in children with 

asthma using spirometry with bronchodilator reversibility as a comparator. 

 

Method: A systematic review of the literature on the diagnostic accuracy of FOT in children 

with asthma aged 5–18 years was performed. The Ovid MEDLINE, Cumulative Index to Nurs-

ing and Allied Health Literature (CINAHL) via EBSCO, Elsevier’s Scopus, Web of Science 

and Cochrane Library databases were searched. Quality assessment was performed by two in-

dependent reviewers using the QUADAS-2 tool. The sensitivity and specificity of FOT re-

sistance and reactance was reported from the studies. 

 

Results: Three case-control studies of children with asthma and healthy controls were eligible 

to be included, for a total of 447 participants with and without asthma. The systematic review 

showed that IOS/FOT measurements can discriminate between children with asthma and 

healthy children. A meta-analysis was not feasible with the available data.   

 

Discussion: The results of the included studies suggested that IOS/FOT may be useful to dis-

tinguish between children with asthma and healthy children. However, this systematic review 

was limited by the small number of studies and study participants. In addition, there were in-

consistencies in some reported measures at different frequencies. Further, there were different 

ages, ethnicities and asthma severities in each group within these studies, which could lead to 

bias in the data interpretation. Further work is required to assess the usefulness of the FOT in 

the monitoring and diagnosing of asthma in children in the clinical setting.  

 

PROSPERO registration number: CRD42021231843 
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4.2 Introduction  

 

Asthma is one of the most common diseases affecting children (171). It is a heterogeneous 

disease that varies from patient to patient and within the same patient over time (172,173). 

Though the diagnosis of asthma depends on the clinical findings, it is crucial to also have ob-

jective evidence, including bronchodilator reversibility (BDR) testing, to support the diagnosis 

(172). However, due to the variable nature of asthma and the difficulty of performing some of 

the recommended objective tests in children, diagnosing asthma in children is challenging 

(174,175).  

Spirometry and BDR are used as objective tests to confirm the diagnosis of asthma (23). Per-

forming spirometry, especially in young children, can be difficult because the tests require 

cooperation from the child performing the expiratory manoeuvres (157). Impulse oscillometry 

(IOS) and the forced oscillation technique (FOT) are lung function tests that can be used in 

younger children because these tests are effort-independent and only require passive breathing 

(91,114). FOT measures the resistance and reactance of the airways (96), and measurements of 

the resistance and reactance at different frequencies are used to reflect the airway mechanics. 

For instance, the resistance at 5 Hz (Rrs5) reflects the total airway resistance, the resistance at 

20 Hz (Rrs20) indicates the resistance of the large airway, and the difference between these  

two resistances (Rrs5-20) reflects the resistance of the small airways. In addition, the reactance 

(Xrs) provides information about the peripheral airways, as it reflects the capacitive properties 

of the small airways (91,176). The area under the curve (AX) represents the reactance at all the 

frequencies in which the elastic properties are mainly reflected by the capacitance. Both Xrs 

and AX are considered informative measures reflecting the properties of the peripheral airways 

(91). 

Several studies have shown that IOS/FOT may be more sensitive than spirometry for the diag-

nosis of asthma or could serve as an additional tool to confirm the diagnosis of asthma in chil-

dren attending the pulmonary clinic (122,148).In this systematic review, we aimed to study the 

role of the FOT in the diagnosis of asthma in children and to assess the sensitivity and speci-

ficity of FOT resistance and reactance measures (Rrs, Xrs, AX and the resonant frequency 

[Fres]) in identifying children with asthma. We also compared these FOT parameters to spi-

rometry and BDR in school-aged children with asthma.  

 



 

65 

4.3 Methods  

4.3.1 Eligibility criteria   

 

Inclusion criteria: Studies that were relevant to the main objective of the systematic review 

were included. These studies included randomised controlled trials, observational studies and 

case-control studies that compared FOT with spirometry and BDR tests to detect asthma in 

school-aged children. Only studies published in the English language or translated into English 

were included. Studies of children aged 5–18 years with wheeze or asthma were included if 

they contained a clear definition of the disease that was based on clinical diagnosis or guide-

lines and used the objective reference tests spirometry and BDR testing. Studies included FOT 

measurements of resistance and reactance that were compared to spirometry and BDR.  

Exclusion criteria: Studies of populations with another respiratory disease; non-original re-

search studies such as reviews, editorials, or case reports; studies with no control group; and 

studies with populations predominantly aged less than 5 years or more than 18 years were 

excluded. Finally, studies with insufficient data to calculate the sensitivity and specificity of 

relevant FOT parameters were also excluded.  

4.3.2 Technique used 

 

Impulse oscillometry (IOS) and forced oscillation techniques (FOT) were used in the included 

studies to assess airway mechanics (110,111,177). IOS measures both resistance and reactance 

of the airways by applying small pressure oscillations at the mouth that are transmitted to the 

airways throughout passive breathing and allow the evaluation of airflow limitation (110,111).  

In one study, FOT was used to measure respiratory function by two techniques referred to as 

standard generator (SG) and head generator (HG) (177). In the SG technique, the oscillation 

was applied around the mouth using a loudspeaker to generate excitation signals; such signals 

commonly consist of pseudorandom noise (177,178). When using this technique, the upper 

airway shunt could affect impedance values, especially at high frequency, which may result in 

underestimation of the airway obstruction (87,177). In the HG technique the oscillation is ap-

plied around the head. This helps to minimise artefacts as it cancels the transmural pressure 

across the upper airways to minimise the upper airway shunts (87,177). 

4.3.3 Outcomes 

The main objective of the review was to study the accuracy (sensitivity and specificity) of the 

FOT parameters of resistance and reactance (Rrs, Xrs, Fres and AX) in the diagnosis of asthma 
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in children aged 5 to 18 years. The secondary objective was to compare the diagnostic accuracy 

of FOT parameters to that of spirometry and BDR.  

4.3.4 Search strategy  

 

A literature search was carried out in the following databases: Ovid MEDLINE, Cumulative 

Index to Nursing and Allied Health Literature (CINAHL) via EBSCO, Elsevier’s Scopus, the 

Web of Science database and the Cochrane Library database. Searches were restricted to the 

English language. The search terms included: “forced oscillation*”, “impulse oscillometry*”, 

FOT, IOS, “respiratory resistance”, “airway resistance”, “respiratory impedance”, “respiratory 

reactance”, “airway impedance”, “airway reactance”, “peripheral airway*”, “peripheral 

lung*”, “small airway*”, “distal airway*”, “distal lung*”, asthma*, wheez*, bronchocon-

striction, “bronchial spasm”, bronchospasm, “pulmonary function”, “respiratory function”, 

“lung function”, spirometry, spiromet*, BDR, bronchodilation*, “bronchodilator*, “broncho-

dilator response*”, “airway reversibility” and “reversibility test”. 

The following search strategy was used: 1- “forced oscillation*”OR “impulse oscillometry*” 

OR FOT OR IOS OR “respiratory resistance” OR “airway resistance” OR “respiratory imped-

ance” OR “respiratory reactance”, “airway impedance” OR “Airway reactance”; 2- “peripheral 

airway*” OR “peripheral lung*” OR “small airway*” OR “distal airway*” OR “distal lung*” 

OR asthma* OR wheez* OR bronchoconstriction OR “bronchial spasm” OR bronchospasm; 

3- “pulmonary function” OR “respiratory function” OR “lung function” OR spirometry OR 

spiromet*; 4- BDR OR bronchodilation* OR bronchodilator* OR “bronchodilator response*” 

OR “airway reversibility” OR “reversibility test”; 5- 1 AND 2 AND 3 AND 4. A limit to studies 

of children and adolescents or all children (0–18 years) was applied via check box options in 

Ovid, EBSCO and Scopus. Since this was not applicable in Web of Science and Cochrane, 

additional keywords were used to apply this limit: child*, children, “school age” and “adoles-

cent*”. 

A detailed search strategy for each database is included in Appendix H.   

4.3.5 Study selection and data extraction  

 

Titles and abstracts were screened and reviewed by the two reviewers (including myself) to 

assess the eligibility of the study according to the inclusion and exclusion criteria listed above. 

Ten percent of the titles and abstracts were reviewed by the two supervisors to check for con-

sistency. All data were recorded in an Excel spreadsheet that was used during the review 
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process and to de-duplicate references both via RefWorks and manually. The two main review-

ers (my colleague and I) checked all the relevant studies independently to assess the quality of 

the studies.  

Data were extracted from the three studies included in the review. Information extracted in-

cluded study design and methodology, patients’ demographics, baseline characteristics, diag-

nostic details, and all reported patient-important outcomes, all of which were collected using a 

customised electronic data extraction form through the Covidence website. The data extraction 

form was assessed by the reviewers. If there was missing data or additional detail was required, 

authors were contacted through email. An Excel spreadsheet was used to record data and deci-

sions. 

4.3.6 Risk of bias assessment  

 

The Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) was used to evaluate 

the methodological quality of the selected research articles (Table 4.1) (179). Three studies 

received the quality assessment. This was undertaken by two separate reviewers (my colleague 

and I). Where there was disagreement, a third reviewer served as an arbitrator. 

4.3.7 Statistical analysis  

 

This is a systematic review without a meta-analysis due to the heterogeneity of the data. The 

methodological characteristics, population and intervention were extracted from each study. In 

addition, the statistical data were reported from each study separately. The results from each 

study were summarised, followed by a cross-evaluation of the results across the studies with 

consideration to the populations, interventions and reported outcomes. 
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Table 4.1: Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool  

 

Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, Leeflang MM, Sterne JA, Bossuyt PM, QUADAS-2 Group*. QUADAS-2: a revised 

tool for the quality assessment of diagnostic accuracy studies. Annals of Internal Medicine. 2011 Oct 18;155(8):529-36. 

 

 

4.4 Results  

4.4.1 Study selection  

 

A total of 421 abstracts and titles were screened, as presented in the PRISMA flow diagram 

(Figure 4.1). Of the 421 articles, 315 remained after removing the duplicated articles. Thirty-

three articles were included in the full text review based on the inclusion criteria for the ab-

stracts. Of these, three case-control studies were selected for this systematic review 

(110,111,177). The other 30 articles were excluded for the reasons shown in Figure 4.1. Eleven 

studies included insufficient or no data to allow the calculation of the sensitivity and specificity 

of FOT. Four studies focused on an adult population and two studies included predominantly 

preschool-aged children. For three studies, participants under 5 years or more than 18 years of 

age were included, and the results for the intended age group of 5–18 years were not separately 

presented in the study. We were unable to obtain the full text articles for three studies either 

because the abstract was available, but not the published article, or the abstract was in the 

English language, but the full text was in another languages. Two studies had a different study 

aim than asthma diagnosis. Two studies included no clear definition of asthma, or the 
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investigators studied different diseases. Two studies did not use FOT or IOS techniques. One 

study did not include a control group.(86,114,119-122,124,125,135,140,147,148,151,159,180-

195). 

4.4.2 Study characteristics 

 

The selected studies included a total of 447 participants aged 3 to 18 years. Study summaries 

are shown in Tables 4.2, 4.3 and 4.4. 
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Figure 4.1: PRISMA flow diagram of search results and study selection 
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Reports excluded: 

-Insufficient or no data on the sen-
sitivity and specificity (n = 11) 
-Different age group (n = 6) 
-The data for the intended group 
age were not separately presented 
in the study (n = 3) 

-Different aim than asthma diagno-
sis (n = 2)  
-Unclear definition of asthma or 
studying different disease (n = 2) 
-Different technique than FOT or 
IOS (n = 2)  

-No control group (n = 1) 
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Table 4.2:Participant characteristics of the included studies on the accuracy of impulse oscillometry and the forced oscillation in the  

diagnosis of asthma 

*66 performed spirometry; **16 performed spirometry; ‡ 57 and 55 had successful measurements for SG FOT and HG FOT, respectively; ‡‡ 

22 and 23 had successful measurements for SG FOT and HG FOT, respectively 

 Sample number Age (years) 

Mean (SD) 

Height (cm) 

Mean (SD) 

Weight (Kg) 

Mean (SD) 

Asthma  

group 

Control 

group 

Asthma 

group 

Control 

group 

Asthma 

group 

Control 

group 

Asthma 

group 

Control 

group 

Komarow 

2012 

88* 

(50 male) 

29** 

(16 male) 

3–18 

7.7 (±3.6) 

3–17 

7.3 (±4.2) 

 

126.4 (±19.9) 

 

126.8 (±25.5) 

 

33.9 (±27.2) 

 

30.4 (±16.9) 

Batmaz 

2015 

35 acute 

asthma exacer-

bation 

(17 male) 

107 stable 

asthma 

(58 male) 

103 

(55 male) 

Acute 

Asthma 

10.28 

(±2.53) 

6–16 

Stable 

asthma 

10.57 (±2.5) 

7–17 

11.35 

(±2.54) 

7–17 

 

Acute 

Asthma 

144.68 

(±13.88) 

Stable 

asthma 

143.94 

(±14.04) 

146.78 

(±14.63) 

Acute 

Asthma 

40.37 

(±12.65) 

Stable 

asthma 

40.64 

(±16.11) 

21-77 

Ioan 

2015 

58 ‡ 

(36 male) 

27‡‡ 

(12 male) 

8.1 (±1.5) 7.9 (±1.7) 129 (±10) 131 (±13) 27 (±5) 28 (±8) 



 

72 

Table 4.3: Study characteristics of the included studies on the accuracy of impulse oscillometry and the forced oscillation in the diagnosis 

of asthma 

 Country Population       

description 

Setting Asthma diagnosis Treatments in 

group of children 

with asthma   

Healthy control 

population  

Komarow 

2012 

 

 

 

 

 

 

 

 

 

 

 
 

USA All children who 

were referred to 

the paediatric al-

lergy clinic 

 

Paediatric al-

lergy clinic 

Children were included based on 

confirmation of the asthma diagnosis 

through history, physical examina-

tion, clinical manifestation, and phy-

sician diagnosis. The physician diag-

nosis was based on the NHBLI 

guidelines, only subset of the group 

had their diagnosis confirmed on 

lung functions of abnormal spirome-

try suggesting an airway obstruction 

and improvement of ≥12% following 

the bronchodilator administration 

Of the 88 children 

with asthma: 

32 (36.4%) use of 

inhaled corticoster-

oids 

18 (20.5%) use of 

the leukotriene in-

hibitor 

56 (64.1%) use 

short or long-acting 

beta 2 agonist 

There was no 

difference in the 

mean of the 

height, age, gen-

der and weight 

between the 

group of the 

healthy control 

and the group of 

asthma 
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Table 4.3 (Continued) 

 Country Population       

description 

Setting Asthma diagnosis Treatments in 

group of children 

with asthma 

Healthy control 

population 

Batmaz 

2015 

Turkey All children diag-

nosed with asthma 

and who came to 

the paediatric de-

partment 

Department 

of paediatric 

-Asthma diagnosis according to the 

National Heart, Lung and Blood In-

stitute (NHLBI) guidelines 

-Asthma exacerbations were defined 

as an acute or subacute episode of 

progressively worsening of cough, 

shortness of breath, tachypnea, chest 

tightness, and wheezing, or some of 

these symptoms and findings on 

physical examination.   

-Well-controlled asthma according to 

the NHLBI was assigned for the sta-

ble asthma for at least three months 

-Short acting beta 2 

agonist was stopped 

12 hours prior the 

test  

-None of children 

with asthma were 

on any medication 

at their presentation 

-If any of the chil-

dren had taken any 

medication prior to 

the test, they were 

excluded  

-Nothing was re-

ported regarding the 

use of the inhaled 

corticosteroids 

There was no 

difference in the 

mean of the 

height, age, gen-

der and weight 

between the 

group of the 

healthy control 

and the group of 

asthma 
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Table 4.3 (Continued) 

 Country Population       

description 

Setting Asthma diagnosis Treatments in 

group of children 

with asthma   

Healthy control 

population  

Ioan 

2015 

France Children 

attending paediat-

ric pulmonary 

clinic 

Paediatric 

pulmonary 

clinic 

Asthma was confirmed in children 

with past medical history, positive 

skin prick test, the presentation of the 

one or more of the following: 

wheeze, cough, dyspnoea, and bene-

ficial use of anti-asthma medication 

for the past year.   

-The antileukotriene 

and the inhaled ster-

oids were docu-

mented  

-Bronchodilations 

were stopped for 12 

hours prior to the 

test 

-Nothing was re-

ported regarding the 

use of the inhaled 

corticosteroids 

There was no 

difference in the 

mean of the 

height, age and 

weight between 

the group of the 

healthy control 

and the group of 

asthma  

(62% male of 

the group of 

asthma and 44% 

male in the 

group of healthy 

control) 
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Table 4.4: Study description of the included studies on the accuracy of impulse oscillometry and the forced oscillation in the diagnosis of 

asthma 

Study Index and reference test Type of the bron-

chodilator used  

Type of the device used 

for index test  

Type of devise used 

for reference test 

Values  

reported  

Komarow 

2012 

Index test: 

IOS 

Reference test: 

Spirometry and BDR 

Tests were done before and after 

bronchodilator administration 

Salbutamol 

(180 µg) 

IOS system Master-

Screen Impulse Oscil-

lometry by CareFusion, 

Yorba Linda, CA, USA 

Care Fusion, Yorba 

Linda, CA, USA 

Absolute values 

Batmaz 

2015 

Index test: 

IOS 

Reference test: 

Spirometry and BDR 

Tests were done before and after 

bronchodilator administration 

Salbutamol 

(200 µg) 

MasterScreen Impulse 

Oscillometry 

System, Jaeger Co., 

Würzburg, Germany 

Master 

Screen Spirometry 

System, Jaeger Co., 

Würzburg, Germany 

Absolute values 
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Table 4.4 (Continued) 

Study Index and reference test Type of the bron-

chodilator used 

Type of the device used 

for index test 

Type of devise used 

for reference test 

Values  

reported 

Ioan 2015 

 

Index test: 

Standard generator FOT (SG) 

Head generator FOT (HG) 

Reference test: 

Spirometry and BDR 

Tests were done before and after 

bronchodilator administration 

Salbutamol 

(200 µg) 

 

Pulmosfor, SEFAM, 

France 

Masterscope Erich 

Jaeger GmbH, 

Würzburg, Germany 

Absolute values 
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4.4.3 Population selection and recruitment setting  

 

The children in these studies were recruited from paediatric allergy clinics and paediatric res-

piratory departments. However, there was no clear information about how participants were 

invited to join the studies. All participants were included according to the inclusion criter ia of 

children with the confirmation of asthma diagnosis through history, physical examination, clin-

ical manifestation, physician diagnosis or asthma diagnosis according to the National Heart, 

Lung, and Blood Institute (NHLBI) guidelines (173). In addition to the group of children with 

asthma, a group of healthy children were included in each study, which allowed a comparison 

of the spirometry and FOT/IOS data between the two groups and calculation of both sensitivity 

and specificity of the FOT/IOS measurements of the resistance and reactance, as well as the 

spirometry flow and volume measures.  

4.4.4 Index and reference tests  

 

The index test was the IOS or FOT test, with a reference to spirometry with the use of bron-

chodilator. Both the IOS and spirometry tests were performed at baseline and after the admin-

istration of a bronchodilator. A clear, detailed description of the instructions to perform both 

tests following specific guidelines was provided in the three studies (87,117), which allowed 

high standards for the test procedure to be maintained.   

4.4.5 Reference standard 

 

In the included studies, spirometry with bronchodilator reversibility was the reference standard. 

In one study, it was clearly stated that the spirometry was performed by one trained research 

nurse. However, no description of who performed the test was found in the other two studies.   

4.4.6 Comparison of test accuracy 

 

Asthma diagnosis in the children included in these studies was based on the International Study 

of Asthma and Allergies in Childhood, ISAAC-based questionnaire data, clinical history and 

allergy testing using either skin prick testing or RAST testing according to the National Heart, 

Lung, and Blood Institute NHBLI guidelines (173,196). A history of positive episodes of 

cough, wheeze and the use of asthma controller medication was considered to aid the diagnosis 

of asthma. The comparator groups included age-matched healthy children with no history of 

respiratory problems. 

 



 

78 

4.4.7 Risk of bias  

 

The risk of bias in the three studies was assessed using the QUADAS-2 evaluation tool (179). 

The QUADAS-2 tool contains four main domains composed several questions to assess the 

quality of the study. Figure 4.2 and Table 4.5 present the quality assessment for the three studies 

that were included in this systematic review.  

Figure 4.2: QUADAS-2 tool for assessing methodological quality and risk of bias of the 

included studies  

 

Table 4.5:Risk of bias and applicability concerns assessed by the reviewers for the in-

cluded studies 

 

 

4.4.8 Quantitative data assessment  

 

The studies were mainly assessed for the reported sensitivity and specificity of FOT resistance 

and reactance. In addition to determining the area under the curve (AUC) of the receiver oper-

ating characteristic (ROC) curve, cut-off points were adopted for the definition of asthma and 

the area under the ROC curves of spirometry and IOS/FOT measurements, while cut-off points 
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for BDR test were based on the percentage of change after bronchodilator administration and 

the area under the ROC curves of spirometry and IOS/FOT measurements, with the Youden 

index when applicable. The positive and negative likelihood ratios were calculated manually 

as required for the IOS/FOT and spirometry measurements in each study.  

4.4.9 Methodological quality 

 

Most of the studies had a clear description of the number of participants and the category of 

asthma. Nothing was mentioned about the number of or reasons for withdrawals in any of the 

studies. A customised quality of reporting assessment was performed in addition to the risk of 

bias assessment (Table 4.6). These studies were designed to make clinical recommendations; 

it is therefore important to assess the quality of these studies in order to establish the strength 

of the recommendations. The quality of data reporting and the effect of performing the 

FOT/IOS before or after the spirometry in the included studies in respect to both reference and 

index tests was considered in addition to other criteria that were not clearly seen in the 

QUADAS-2 tool.  
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Table 4.6:Quality reporting of the included studies  

 

 

 

4.4.10 Assessing measurements of impulse oscillometry and spirometry before and after 

the administration of bronchodilator 

 

Baseline measurements and bronchodilator response for spirometry and IOS/FOT shown in 

Table 4.7. Sensitivity, specificity and positive and negative likelihood ratios are presented in 

Table 4.8. A summary of the cut-off values of the percent change following the bronchodilator 

administration is shown in Table 4.9. In addition, the AUC of the ROC curve/Youden index 

for the IOS/FOT and spirometry measurements are presented in Table 4.9. (Likelihood ratios 

were calculated manually) 

In the study by Komarow, there was no significant difference observed between the baseline 

measurement for either spirometry or IOS between the groups with and without asthma. How-

ever, there were significant changes in the R5, R10, X5 and AX following the bronchodilator 

administration in the in children with asthma compared to children without asthma, whereas 

none of the spirometry indices showed a significant change after the administration of 

Criteria  
Komarow 

2012 

Batmaz 

2015 

Ioan             

2015 

Clear description of the recruitment Y Y Y 

Clear description of the participants Y Y Y 

Clear description of withdrawals N N N 

Participant flow diagram N N N 

Standard diagnostic criteria Y Y Y 

Index test performance following guidelines Y Y Y 

Reference test performance following guidelines Y Y Y 

The order effect was considered* Y Y Y 

All participants performed spirometry N Y N 

Clinical data available representative of routine 

practice 
Y Y U 

*FOT/IOS was performed before the spirometry 

 Y=yes, N=No, U=Unclear  



 

81 

bronchodilator. According to the ROC curve, the R10 cut-off point of −8.6% presented the best 

profile of sensitivity (77%) and specificity (76%) to discriminate between children with asthma 

and healthy children. This was followed by the AX, which had a sensitivity and specificity of 

67% and 69%, respectively, for the cut-off point of −29.1% to correctly diagnose children with 

asthma. However, comparing the percent change between the spirometry and IOS measure-

ments between children with and without asthma revealed that changes in the response to the 

bronchodilator administration was significant for the AX (p = 0.0092), but not for any of the 

spirometry measurements. Based on the ROC cut-off points, sensitivity and specificity in the 

study by Komarow et al., IOS was a better tool than spirometry to identify children with asthma 

and healthy children (111).   

In the study by Batmaz et al., all the baseline measurements for spirometry, as well as the R5, 

R5-20, X5, X10, X5, Fres and AX of the IOS, were able to discriminate between the studied 

groups of children with acute asthma, children with stable asthma and healthy children. Nota-

bly, the highest AUC was seen with the AX. The sensitivity and specificity of the AX cut-off 

point to discriminate between the children with acute asthma and stable asthma were 85% and 

79.2%, respectively. In addition, a 79.3% sensitivity with 83.1% specificity to differentiate 

between children with stable asthma and healthy children was observed. However, the mean 

values of the forced expiratory volume in 1 second (FEV1), R5, R10, Fres and AX following 

bronchodilator administration were able to differentiate between the studied groups. The high-

est AUC cut-off values (≤−39.05% change in the BDR test) were seen for ∆AX, which had a 

sensitivity of 72.3% and a specificity of 56.7%. Thus, the AX parameter of the IOS was found 

to be useful to differentiate between children with acute asthma, children with stable asthma 

and healthy children (110).   

In the third study by Ioan, spirometry, FOT using the standard generator (SG) and FOT using 

the head generator (HG) were studied for their diagnostic values in asthma. The Rrs at baseline 

using the HG was the most discriminative measure to differentiate between children with 

asthma and healthy children. An indicator of the response to the bronchodilator administration, 

ΔRrs, was significantly different between children with asthma and the healthy control with 

HG, with no significant difference noticed using the SG. However, the Xrs had a very minimal 

difference between the children with asthma and healthy children at baseline; similarly, this 

was noticed with the Xrs response to bronchodilator. Nonetheless, the diagnostic values of the 

Xrs at baseline and following the bronchodilator administrator were greater with the SG than 

the HG. In the separation of children with asthma and healthy children, the highest Youden 
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index values for the bronchodilator response were seen for both the forced expiratory volume 

in 0.5 second (FEV0.5) from spirometry and the Rrs of the FOT using the HG (177).  

In all three studies, there was correlation between the spirometry and IOS measurements. How-

ever, the IOS/FOT measurements more clearly differentiated between children with asthma 

and healthy children. 
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Table 4.7:Baseline measurements and bronchodilator response for spirometry and impulse oscillometry/forced oscillation technique 

  Study groups  Study groups 

Komarow 2012 Asthma  Healthy  Asthma  Healthy 

Baseline measurements  Bronchodilator response  

n (Spirometry)  66  16 n (Spirometry) 66  16 

FEV1 (%) 91.3 (23.9)  88.9 (15.2) Δ FEV1 (%) 6.1 (10.2)  4.2 (6.9) 

FVC 2.3 (0.9)  2.3 (1.0) Δ FVC (%) 2.7 (7.3)  3.2 (5.8) 

FEV1/FVC 80.6 (9.9)  87.4 (8.1) Δ FEV1/FVC (%) 4.9 (8.0)  1.7 (8.2) 

n (IOS) 66  16 n (IOS) 66  16 

R5 (cmH2O/L/sec) 104.1 (26.0)  100.3 (18.6) Δ R5 (%) − 15.6 (12.1)  −10.6 (11.1) 

R10 (cmH2O/L/sec) 96.0 (23.8)  95.5 (15.1) Δ R10 (%) − 15.4 (10.4)  −10.7 (11.2) 

R20 (cmH2O/L/sec) 94.7 (23.5)  90.0 (18.0) Δ R20 (%) − 9.6 (12.5)  −10.0 (14.0) 

X5 (cmH2O/L/sec) 117.6 (53.0)  123.6 (41.1) Δ X5 (%) − 16.5 (24.6)  − 7.4 (20.5) 

AX (cmH2O/L) 126.8 (80.0)  131.7 (44.2) Δ AX (%) − 37.0 (20.9)  −18.5 (23.5) 

Batmaz 2015 Acute asthma Stable asthma Healthy  Acute asthma Stable asthma Healthy 

Baseline measurements  Bronchodilator response  

n (Spirometry)  35 107 103 n (Spirometry) 35 107 103 

FEV1 (%) 83.5 (19.5) 95.7 (13.2) 105.9 (13.9) Δ FEV1 (%) 13.20 (7.96) 7.15 (7.17) 5.21 (6.04) 

FEV1/FVC 72.51 (10.45) 80.53 (7.99) 87.58 (8.75) Δ FEV1/FVC  8.38 (9.9) 5.79 (5.55) 4.53 (8.51) 

MMEF (%) 52.3 (28.4) 70.6 (24.5) 100.7 (27.9) Δ MMEF (%) 33.49 (24.36) 27.49 (26.89) 24.69 (31.35) 

n (IOS) 35 107 103 n (IOS) 35 107 103 

R5 (kPaL-1s) 0.86 (0.24) 0.74 (0.22) 0.67 (0.19) Δ R5 (%) −19.66 (14.31) −17.45 (10.77) −15.40 (12.28) 

R10 (kPaL-1s) 0.68 (0.27) 0.61 (0.17) 0.55 (0.16) Δ R10 (%) −16.55 (17.94) −13.68 (11.67) −9.12 (19.55) 

R15 (kPaL-1s) 0.56 (0.15) 0.57 (0.15) 0.49 (0.14) Δ R15 (%) −11.92 (17.84) −8.02 (36.25) −11.6 (12.93) 

R20 (kPaL-1s) 0.51 (0.15) 0.56 (0.15) 0.46 (0.12) Δ R20 (%) −14.55 (28.82) −11.16 (10.7) −9.07 (13.16) 
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Table 4.7 (Continued)     

Batmaz 2015 Acute asthma Stable asthma Healthy  Acute asthma Stable asthma Healthy 

Baseline measurements  Bronchodilator response 

R5-20 (kPaL-1s) 0.35 (0.18) 0.24 (0.10) 0.18 (0.11) Δ R5-20 (%) −31.00 (25.54) −35.86 (52.13) −29.12 (56.7) 

X5 (kPaL-1s) − 0.29 (0.15) −0.22 (0.09) −0.19 (0.1) Δ X5 (%) −20.66 (30.65) −18.05 (36.45) −25.86 (47.88) 

X10 (kPaL-1s) −0.2 (0.12) −0.11 (0.07) −0.08 (0.18) Δ X10 (%) −23.39 (57.55) −43.67 (55.38) −34.97 (70.47) 

X15 (kPaL-1s) −0.15 (0.09) −0.09 (0.07) −0.06 (0.07) Δ X15 (%) −46.3 (47.68) −32.2 (24.87) −18.85 (134.2) 

X20 (kPaL-1s) 0.01 (0.07) −0.01 (0.6) −0.2 (0.6) Δ X20 (%) −46.91 (31.65) −77.06 (44.9) 25.68 (43.61) 

Fres (Hz) 23.94 (6.14) 18.87 (5.88) 15.13 (5.72) Δ Fres (%) −18.91 (21.49) −13.10 (31.64) −11.64 (15.64) 

AX (kPa/L) 2.16 (2.02) 1.79 (1.25) 1.23 (1.02) Δ AX (%) − 47.32 (26.01) −42.82 (24.81) −37.87 (45.81) 

 Study groups  Study groups 

Ioan 2015  Asthma  Healthy  Asthma  Healthy 

Baseline measurements  Bronchodilator response 

n (Spirometry)  58  27 n (Spirometry) 57  26 

FVC (L) 2.0 (0.5)  2.0 (0.5) - -  - 

FEV1 (L) 1.7 (0.4)  1.8 (0.5) FEV1(%) 6.1 (8.5)  2.8 (5.3) 

FEV0.5 (L) 1.2 (0.3)  1.4 (0.4) FEV0.5 (%) 11.8 (10)  4.6 (6.0) 

MMEF (L/S) 1.5 (0.5)  2.1 (0.7) MMEF (%) 26 (26)  14 (15) 

n (FOT-SG) 57  22 n (FOT-SG) 53  21 

Rrs (hPa.s/L) 5.9 (1.4)  5.4 (1.3) Rrs (%) −13 (19)  − 11 (12) 

Xrs (hPa.s/L) − 1.0 (0.6)  −1.3 (0.6) Xrs (%) 7 (10)  5 (5) 

n (FOT-HG) 55  23 n (FOT-HG) 53  21 

Rrs (hPa.s/L) 9.4 (3.4)  6.6 (1.8) Rrs (%) −25 (14)  −14 (12) 

Xrs (hPa.s/L) −0.02 (0.5)  0.1 (0.4) Xrs (%) 2 (4)  1 (5) 

Data presented as mean (SD) unless otherwise stated 
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Table 4.8:Diagnosis parameters of asthma for spirometry and impulse oscillometry/forced oscillation technique  

 Spirometry IOS/FOT 

  Sensitivity 

(%) 

Specificity 

(%) 

Positive 

likelihood 

Negative 

likelihood 

 Sensitivity 

(%) 

Specificity 

(%) 

Positive 

likelihood 

Negative 

likelihood 

Komarow 2012 FEV1  54 60 1.35 0.76 R5 73 66 2.15 0.41 

FVC - - - - R10 77 76 3.20 0.30 

FEV1/FVC - - - - R20 62 65 1.77 0.58 

     X5 59 69 1.90 0.59 

     AX 67 69 2.16 0.47 

Batmaz 2015 

 

FEV1 -  - - - R5  47.7 75.6 1.95 0.69 

FEV1/FVC - - - - R10 47.7 73.9 1.83 0.71 

MMEF - - - - R15 73.8 13.9 0.86 1.88 

     R20 35.4 72.8 1.3 0.89 

     R5-20 56.7 66.6 1.7 0.65 

     X5 50 79.1 2.39 0.63 

     X10 65.8 84.2 4.16 0.41 

     X15 77.1 70.7 2.63 0.32 

     X20 84.0 45.6 1.43 0.48 

     Fres 52.3 68.9 1.68 0.69 

     AX 72.3 56.7 1.67 0.49 

Ioan 2015  

 

FEV1 44 85 2.93 0.66 FOT–SG Rrs 49 86 3.5 0.59 

FEV0.5 50 96 12.5 0.52 FOT-SG Xrs 57 71 1.97 0.61 

MMEF 56 73 2.07 0.6 FOT–HG Rrs 79 65 2.26 0.32 

     FOT-HG Xrs 62 50 1.24 0.76 

 



 

86 

Table 4.9:Cut-off points following bronchodilator administration (according to change as percentage) and area under the receiver oper-

ating characteristic curve of parameters of spirometry and impulse oscillometry/forced oscillation technique 

 Spirometry IOS/FOT 

  Cut -off Area under 

 ROC curve 

 Cut -off  Area under  

ROC curve 

Komarow 2012 

 

FEV1  6.23 0.576 R5 − 11.24 0.650 

FVC - - R10 − 8.58 0.662 

FEV1/FVC - - R20 − 5.91 - 

   X5 − 18.15 0.658 

   AX − 29.11 0.641 

Batmaz 2015 

 

FEV1 12 - R5  ≤− 22.34 0.599 

FEV1/FVC - - R10 ≤− 22.81 0.564 

MMEF - - R15 ≤6.38 0.517 

   R20 >− 2.7 0.507 

   R5-20 ≤16.9 0.509 

   X5 ≤− 33.85 0.658 

   X10 ≤18.7 0.567 

   X15 ≤− 23.1 0.502 

   X20 ≤11.81 0.578 

   Fres ≤− 21.77 0.599 

   AX ≤− 39.05 0.649 

Ioan 2015 FEV1 6 0.28* FOT –SG Rrs − 20 0.35* 

FEV0.5 12 0.46* FOT- SG Xrs 6 0.28* 

MMEF 20 0.29* FOT -HG Rrs − 13 0.44* 

   FOT- HG Xrs 1 0.13* 

*Maximal Youden index 
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4.5 Discussion  

4.5.1 General interpretation of the results based on previous studies 

 

Using the sensitivity and specificity in addition to the AUC of the ROC in these studies was 

effective for describing the diagnostic accuracy of the clinical test (197). In this systematic 

review, the results provided evidence supporting the use of IOS/FOT to distinguish between 

children with asthma and healthy children. However, in one study, the values of the AUC were 

not described; thus, the interpretation was made based on the sensitivity, specificity and 

Youden index (110,111,177).  

Correlations were observed between the spirometry and IOS/FOT measurements in children 

with asthma (110,177), which are supported by other studies that reported correlations between 

FOT and spirometry measurements in children (157,187,191). A study demonstrated a signif-

icant correlation between the resistance measurement at 8 Hz and the spirometry measures 

(FEV1, FEV1/FVC and FEF25–75) in groups of children having a mean age of 11.6 years with 

moderate to severe asthma who attended the clinic (157). Others have shown a correlation be-

tween the FEV1 and the impedance measurements at different frequencies of 5, 10, 20 and 35 

Hz in groups of children with asthma aged 7–15 years (187). Though there was a satisfactory 

AUC value for the spirometry measures to discriminate between the children with asthma and 

healthy children following bronchodilator administration, as seen with the FEV1 percent 

change (110), the IOS/FOT measures were even more discriminative in detecting asthma than 

the spirometry measures (110,111,177). In studies performed in preschool-aged children, stud-

ying the bronchodilator response for both spirometry and IOS at different frequencies ranges 

from 5 to 35 Hz, showed that IOS could statistically significantly discriminate between children 

with asthma and healthy children (105,114). However, no statistically significant finding was 

observed for the spirometry measurements (105,114), which suggests the superiority of IOS in 

differentiating between children with and without asthma based on the bronchodilator response 

(105,114). This was also proposed by Galant et al., who stated that IOS was superior to spi-

rometry in determining asthma in children and predicting exacerbations and control loss (115). 

Thus, in children and adults with asthma, IOS could be used as an alternative or complement 

to spirometry (198).   

In two of the studies, overall diagnostic accuracy was determined using the area under the ROC 

curve, and in the third, Youden’s index was used. Reported areas under the curves (AUC) for 

FOT/IOS parameters ranged from 0.502 to 0.661 and Youden’s index from 0.13 to 0.44. Most 

of the AUCs and Youden’s indices were considered to be imperfectly discriminative diagnostic 



 

88 

measures, although higher AUC values and Youden’s indices were reported for some of the 

FOT/IOS measures of the resistance and the area under the curve, which were found to effec-

tively discriminate between children with asthma and healthy children. This was also supported 

by the higher sensitivities of these measures.  

The most informative IOS/FOT measures were the resistance, the reactance at different fre-

quencies and the area under the reactance curve  (110,111,177). In particular, there was statis-

tical significance value of the resistances at 5, 8, and 10 Hz and AX in discriminating between 

children with asthma and healthy children (110,111,177). This was compatible with previous 

studies showing the value of the resistance and the reactance at 5 and 10 Hz in differentiating 

between children with and without asthma (105,114). Though R5-15 and R5-20 have been 

reported to statistically significantly detect airway obstruction and assess asthma, this was not 

revealed in this systematic review as these measures were not addressed within two of the 

included studies (86,113,194). However, AX had great value in evaluating airways and differ-

entiating between healthy children and adolescents and with asthma, a finding also supported 

by this review (86,113,194). A similar pattern of results was obtained in children aged 6–17 

years, with AX being superior in differentiating asthma to all other IOS measures of resistance 

and reactance that were studied at frequencies of 5–20 Hz (86). Results directly aligning with 

the conclusion of AX superiority among IOS measurements using frequency wave forms of 5–

35 Hz were also observed in children with small airway impairment (194). Moreover, AX was 

suggested to be a sensitive measure for reflecting airflow obstruction in adolescents with 

asthma (113). 

4.5.2 Limitations of the review and the evidence included 

 

The studies included in this systematic review differed in terms of the age groups, ethnicities, 

and asthma severities, which could lead to interpretation bias and influence the comparison of 

the studies. There were also differences in the methodologies, IOS/FOT and spirometry equip-

ment, and frequency ranges of the oscillations. There could also be some limitations due to the 

methodological limitations in the included studies. For example, in one study, the performance 

of the spirometry was found to be more difficult in younger children, which may affect the 

accuracy of the testing. In addition, it was noticed in one of the studies that the number of the 

participants in some groups was lower than in the other group, which may influence some the 

statistical comparisons. Moreover, in one study, the measurements of IOS were performed at 

only a single frequency. In the same study, two different FOT methods were used, with 
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substantial division in the sample: the sample was divided for each FOT method used and for 

spirometry, and there was another subdivision of the sample for the bronchodilator reversibility 

testing (110,111,177).  

4.5.3 Implication of the systematic review for practice, policy and future research 

 

Findings from this systematic review suggest that IOS/FOT can be used to diagnose and assess 

the response to bronchodilator in children with asthma. Further studies with well-defined meth-

odology, groups and number of participants are recommended to study the role of the FOT in 

the diagnosis of asthma in children aged 5–18 years. In future studies, special consideration 

should be given to including the recruitment criteria, exclusion criteria and information about 

the withdrawal of participants.  

4.6 Other information  

4.6.1 Registration 

 

This systematic review is registered in the International Prospective Register of Systematic 

Reviews (PROSPERO, CRD42021231843) and was conducted under the recommendations of 

PRISMA Transparent Reporting of Systematic Review and Meta-Analysis and reported fol-

lowing the PRISMA 2020 checklist. 
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CHAPTER 5 FORCED OSCILLATION TECHNIQUE IN HEALTHY 

CHILDREN  

 

5.1 Introduction and rationale 

 

Lung function testing is crucial in the diagnosis and evaluation of lung problems in children 

(199). These measurements of lung functions are vital in the assessment of disease prognosis, 

the effect of therapy and the severity of the abnormality.   

In asthma, spirometry is a major component of diagnostic testing. However, it is difficult to 

perform the forced expiratory manoeuvre in younger children, which may limit the role of the 

spirometry (168). The forced oscillation technique (FOT) could be used to measure the respir-

atory properties and lung mechanics with minimal cooperation required of the participants 

(200). 

Reference values from healthy children are crucial for the assessment of children with respira-

tory disease (199,201). Having a healthy control group from the same population as the studied 

group can improve the accuracy of the results (202). This was also recommended by the Amer-

ican Thoracic Society/ European Respiratory Society (ATS/ERS), which suggested using nor-

mal populations to generate reference values for respiratory measurements (117). Various stud-

ies in the field have reported reference values for the resistance and reactance of IOS/FOT at 

different frequency ranges with consideration of height, weight, age, gender, and ethnicity 

(88,123,131,133,143,199,200,203-206), since the interpretation of the lung function in clinical 

practice usually depends on the most important anthropometric factors, such as the height, age, 

weight, and gender (207). It is also important to report the race or ethnicity, as these character-

istics may also affect the interpretation of the lung function (118). Reference equations in these 

studies varied according to the population included in the study and their characteristics, the 

protocol, the methodological approach, and the equipment used. Thus, all these factors should 

be considered during the interpretation of FOT measurements based on other reference predic-

tion equations.  
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5.2 Aims 

 

1- To investigate whether measurements of FOT in healthy children tested in a local popula-

tion would match the reference data set of healthy children based on the pre-programmed 

predicted values in TremoFlo. 

2- To study the correlation of the height, weight, age, and gender to the measurements of the 

FOT at 5–37 Hz and 7–41 Hz using TremoFlo in healthy children. 

5.3 Hypotheses 

 

1- In healthy children, the FOT measurements of resistance and reactance by TremoFlo using 

frequency waveforms at 5–37 Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, 

Rrs7, Rrs7-20 and Xrs7) fall within the reference ranges of the pre-programmed predicted 

values dataset.  

2- The FOT measurements of resistance and reactance using frequency waveforms at 5–37 

Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, Rrs7-20, Xrs7 and AX 

using 7–41 Hz) correlate to the height, weight, and age in healthy children, with the highest 

correlation to the height.  

5.4 Materials, Methods and Participants  

5.4.1 Participants and study design  

 

The participants in this study were children aged 5 to 15 years with no history of wheeze or 

respiratory problems who were recruited from the paediatric wards and non-respiratory outpa-

tient clinics (such as surgical, dermatology, diabetes and other general or specialist non-respir-

atory clinics) at the Leicester Royal Infirmary. Information about the health condition of the 

participants was obtained through a questionnaire (Questionnaire on Breathing Problems in 

Children, Appendix F) that was provided to the parents of the participants to report the child’s 

health condition, smoking history of the family and any previous respiratory problem to ex-

clude the diagnosis of asthma. Informed consent from the parents and participants was also 

collected as part of the protocol.  

5.4.2 Data collection and analysis 

 

The FOT was performed until three tests had acceptable results (please refer to section 3.4.5.3 

in chapter 3). Each test was performed at frequency ranges of 5–37 Hz and 7–41 Hz for 20 

seconds each. Spirometry was not performed on all participants, as some declined to take this 
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test. All participants attempted FeNO testing, however, it was not successful for all participants. 

Impedance measurements of the forced oscillation were reflected as resistance at 5 Hz (Rrs5), 

resistance difference of 5–20 Hz (Rrs5-20), reactance at 5 Hz (Xrs5), reactance area using 5–

37 Hz (AX using 5–37 Hz), resistance at 7 Hz (Rrs7), resistance difference of 7–20 Hz (Rrs7-

20), reactance at 7 Hz (Xrs7) and reactance area using 7–41 Hz (AX using 7–41 Hz). Absolute 

values and Z-scores were recorded based on two references dataset by TremoFlo for the in-

tended studied group (88,133) (Table 5.1). The best reference data set was retrieved automati-

cally by the TremoFlo depending on the age, height, and weight of the participant. Spirometry 

measurements were taken, with indices of flow limitation and lung volumes reflected as the 

forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC) and FEV1/FVC ab-

solute values, the predicted percentages and Z-scores published by Quanjer et al. in 2012 were 

obtained (164). FeNO is reported as a number in parts per billion (ppb). A detailed description 

of the procedures and the acceptance criteria is provided in Chapter 3. 

Table 5.1:Summary of references dataset by TremoFlo  

Reference  Nowoweiejska et al.  Calogero et al.  

Year of publication  2008 2013 

Subject number   626 760 

Age (years), range  3.1-18.9 2.7-12.9 

Height (cm), range   95-193 92.3-159 

Weight (kg), range  14-93  13-68 

Ethnic group  Caucasian - Polish 
Caucasian- Italian and 

Australian 

Reported prediction equation 

variables  

R at 5-35 Hz  

X at 5-35 Hz /Fres 

Rrs at 6, 8 and 10 Hz /Xrs 

at 6, 8 and 10 Hz /Fres/AX 

 

5.4.3 Statistical analysis 

 

All the participants’ characteristics (age, height, weight, and sex) were reported. Per the rec-

ommendation of ATS/ERS, we used the Z-score as an interpretive method since it is independ-

ent of age, height, and sex (64,117). The Z-scores were calculated as (measured – predicted 

mean)/ (standard deviation of the residuals) (208,209), with Z-scores of less than −1.64 or more 
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than +1.64 classified as an abnormal result (165,208). The normality of the data was tested 

using histograms and the Shapiro–Wilk test of normality, for which a normal distribution is 

indicated by a p-value > 0.05. Relationships between the anthropometric measurements and 

the FOT indices were determined using the Pearson correlation coefficient (r). Linear regres-

sion analysis was performed if any correlation was observed, and the square of the correlation 

coefficient (r2) was reported, with p-values of less than 0.05 indicating statistical significance.  

5.4.4 Approach to analysis 

To determine whether the studied population fell within the reference ranges for the pre-pro-

grammed predicted values in healthy children, normal and abnormal Z-scores for all the FOT 

measurements in healthy children were determined, with the exception of the AX using 7–41 

Hz, since there were no reference values or Z-scores available for this measure in the TremoFlo 

machine for the studied population. Z-scores of the spirometry and numerical FeNO data avail-

able were also reported.  

5.5 Results 

Of the 52 families approached, 22 participants agreed to join the study (Figure 5.1). Demo-

graphic characteristics of the population are shown in Table 5.2 and group mean data for FOT 

measurements are shown in Table 5.3.  
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Figure 5.1: Flow chart of the entire cohort of healthy school-aged children who were ap-

proached 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2: Demographic characteristics of enrolled healthy children 

 Mean (SD) 

Sex (male: female) 8:14 

Age (years) 9.39 (2.79) 

Height (cm) 135.5 (17.95) 

Weight (kg) 36.14 (15.58) 

                Data presented as mean (SD) unless otherwise stated 

 

 

 

Approached and invited to the study 

(n=52) 

Participants recruited in the study 

(n=22) 

Family declined to 

participate (n=30) 

 

Participants with acceptable measurements 

at both waveforms (5–37 Hz and 7–41 Hz) 

(n=22) 
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Table 5.3: Forced oscillation technique measurements at 5–37 Hz and 7–41 Hz in healthy 

children  

Measurements 

at 5–37 Hz 

Actual 

values 

Z-scores 

Measurements 

at 7–41 Hz 

Actual    

values 

Z-scores 

n 
Mean 

(SD) 
n 

Mean 

(SD) 
n 

Mean 

(SD) 
n 

Mean 

(SD) 

Rrs5 

(cmH2O⋅sec/L) 

22 

 

6.48 

(1.98) 

 

22 
0.106 

(0.75) 

 

Rrs7 

(cmH2O⋅sec/L) 
22 

6.27 

(1.83) 

 

22 
0.044 

(0.99) 

 

Rrs5-20 

(cmH2O⋅sec/L) 

22 

 

1.58 

(1.13) 

 

4 
−0.035 

(0.08) 

 

Rrs7-20 

(cmH2O⋅sec/L) 
22 

1.38 

(1.15) 

 

4 
−0.073 

(0.06) 

 

Xrs5 

(cmH2O⋅sec/L) 
22 

−3.21 

(1.19) 

 

22 
0.338 

(1.08) 

 

Xrs7 

(cmH2O⋅sec/L) 
22 

−2.53 

(1.31) 

 

22 
0.425 

(1.11) 

 

AX using 5–37 

Hz (cmH2O/L) 
22 

31.11 

(21.16) 

 

18 
0.662 

(1.09) 

 

AX using 7–41 

Hz (cmH2O/L) 
22 

24.69 

(18.66) 

 

- - 

Data presented as mean (SD), n= number of the participants with available data, no reference 

values, or Z-scores available for AX using 7–41 by the TremoFlo  

 

5.5.1 Measurements of FOT in healthy children tested in a local population 

 

Among the 22 healthy participants tested with the FOT measurements at 5–37 Hz and 7–41 

Hz, 11 were able to perform spirometry, and data from 10 of these participants were acceptable 

and reportable. In addition, 15 participants performed FeNO successfully. Of the 22 partici-

pants, an abnormal Z-score for Rrs5 was seen in 1 participant, 3 participants had abnormal Z-

scores for Xrs5, and 4 participants had abnormal AX using 5–37 Hz Z-scores. Abnormal Z-

scores for Rrs7 were observed in two participants, and three participants were found to have 

abnormal Z-scores for Xrs7. However, among those who had Z-scores for Rrs5-20 and Rrs7-

20, all were normal (Figure 5.2 and Figure 5.3). Spirometry Z-scores for FEV1, FVC and 

FEV1/FVC were found to be normal in all participants except two: one had an abnormal Z-

score for FEV1 and the other had an abnormal Z-score for FEV1/FVC. None of these partici-

pants had abnormal Z-scores for the FOT measurements at 5–37 Hz or 7–41 Hz. All partici-

pants with FeNO readings had normal readings of less than 35 ppb. None of the participants 

presented with known allergies.  
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Figure 5.2:Z-scores for the measurements at 5–37 Hz in the healthy group  
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……. Represents cut-off for abnormal Z-score of ≥1.64 or ≤−1.64 

(Black) Normal Z-scores (Red) Abnormal Z-scores 

 

Figure 5.3:Z-scores for the measurements at 7–41 Hz in the healthy group  
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5.5.2 Correlation of the forced oscillation technique measurements at 5–37 Hz and 7–41 

Hz to the anthropometric data 

 

A significant correlation was observed between the height, weight, and age and all the FOT 

measurements at 5–37 Hz. The standing height had the strongest correlation to the resistance 

measurement (Rrs5), followed by the age (r = −0.791 and r = −0.784, respectively). This was 

also seen for the Rrs5-20. However, age had a higher correlation to the reactance measure of 

Xrs5 than did height (r = 0.725 and r = 0.712, respectively), which was similar to what it was 

seen for the correlation between the AX using 5–37 Hz and these participant characteristics. 

The lowest correlation was observed between the FOT parameters at 5–37 Hz and weight (fig-

ures in Table 5.4 and Table 5.5).  

For the measurements at 7–41 Hz, there was a significant correlation between the age and 

height and all the resistance and reactance FOT measurements. The Rrs7-20 and the AX using 

7–41 Hz had no significant correlation to the weight. The strongest correlation between the 

FOT measurements at 7-41 Hz was seen for age to the Rrs7 (r = −0.703). The lowest correlation 

for age was observed for the Rrs7-20 (r = −0.480; Tables 5.4 and 5.6).  

In comparing the FOT measurements at 5–37 Hz and 7–41 Hz and their relationship to the 

gender, no significant differences were observed between female and male participants for any 

of the FOT measurements (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, Rrs7-20, Xrs7 and 

AX using 7–41 Hz) in the studied healthy group.  

For both FOT measurements at 5–37 Hz and 7–41 Hz, the height, weight, and age were nega-

tively correlated to the Rrs5, Rrs7, Rrs5-20, Rrs7-20 and AX using 5–37 Hz and 7–41 Hz. In 

addition, positive correlations were observed between these anthropometric variables and the 

Xrs5 and Xrs7. Correlations of the height, weight and age were higher to FOT measurements 

at 5–37 Hz than to the measurements at 7–41 Hz. 
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Table 5.4: Correlation of the forced oscillation technique measurements to height and age  
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Table 5.5: Correlation of the actual values of the forced oscillation technique measure-

ments at 5–37 Hz to the height, weight and age 

 

Height (cm) Weight (kg) Age (years) 

r p-value r p-value r p-value 

Rrs5  

(cmH2O⋅sec/L) 
−0.791 0.000* −0.615 0.002* −0.784 0.000* 

Rrs5-20 

(cmH2O⋅sec/L) 
−0.584 0.004* −0.426 0.048* −0.550 0.008* 

Xrs5  

(cmH2O⋅sec/L) 
0.712 0.000* 0.678 0.001* 0.725 0.000* 

AX using 5–37 Hz 

(cmH2O/L) 
−0.612 0.002* −0.539 0.010* −0.640 0.001* 

 r = correlation coefficient; *statistically significant  

 

Table 5.6: Correlation of the actual values of the forced oscillation technique measure-

ments at 7–41 Hz to the height, weight and age 

 
Height (cm) Weight (kg) Age (years) 

r p-value r p-value r p-value 

Rrs7  

(cmH2O⋅sec/L) 
−0.668 0.001* −0.464 0.030* −0.703 0.000* 

Rrs7-20 

(cmH2O⋅sec/L) 
−0.443 0.038* −0.270 0.225 −0.480 0.023* 

Xrs7  

(cmH2O⋅sec/L) 
0.659 0.001* 0.513 0.015* 0.685 0.000* 

AX using 7–41 Hz 

(cmH2O/L) 
−0.569 0.006* −0.417 0.054 −0.621 0.002* 

r = correlation coefficient; *statistically significant  
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5.6 Discussion  

 

The choice of reference values is critical, as it impacts the interpretation of lung function data 

in children and thus has a substantial influence on research and patient care (117). The data in 

our study of healthy children are mostly in line with the reference prediction equation used by 

the TremoFlo (88,133).Recently, larger data set of reference values for respiratory measure-

ments for TremoFlo has been by published (210). In our study, there were a few abnormal Z-

scores. Notably, the lung function variables between healthy children and children with the 

disease could overlap to some extent, and abnormal values of lung function will not necessarily 

be associated with disease (117). 

 In this study, the participants’ characteristics were correlated to the FOT measurements; in 

addition, the raw FOT data was plotted against height and age to generate a linear regression. 

In agreement with most previous studies, height was the variable with the greatest influence on 

resistance measurements (129,131,200,211-215). Overall, these findings are in accordance 

with those of a previous study in healthy children aged 2–18 years in which height was the only 

predictor for the impedance measurements at 2, 4 and 12 Hz (211). They are also consistent 

with the findings based on a group of 360 healthy children aged 2–11 years, in whom the res-

piratory resistance and reactance at 5, 10, 15 and 20 Hz showed the highest correlation to height 

and a weak relationship to weight (200). Previous findings also demonstrated that height was 

one of the main determinants of the oscillometric variables at 5 Hz and 25 Hz in children and 

adolescents (131,212). Even though this study was done in school-aged children, other studies 

in preschool-aged children reported similar results, demonstrating that height was the main 

factor affecting resistance and reactance measurements since growth affects lung volumes and 

airway dimensions (213-215). In our study, the strongest correlation to height was observed 

for the resistance at 5 Hz. However, there were significant correlations between the height, age, 

and weight for most of the FOT variables at different frequencies. This agrees with some pre-

vious studies done in children belonging to different ethnic groups (143,213-215). Our results 

broadly align with those of a study showing that height was the predictor most strongly corre-

lated to FOT measurements using frequency waveforms of 4–32 Hz in preschool-aged children 

(214). A similar pattern was also noticed in FOT measurements of the resistance and reactance 

at 8 Hz, which had a significant correlation to height in a population of healthy children aged 

6–11 years (143). Additionally, in children aged 2–7 years, IOS measurements at a frequency 

range of 5–35 Hz correlated to height, age, and weight (213,215). 
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The results of other studies have shown that height is negatively correlated with resistance and 

positively correlated with reactance (199,204,215). These reports were in line with the conclu-

sion reached by Fri et al., who showed that height correlated positively to the reactance and 

negatively to the resistance studied by IOS at a frequency range of 5–35 Hz in healthy children 

aged 3–10 years (204). Similar results have been noted in different groups of preschool-aged 

children (199,215).  

No significant difference in FOT measurements was observed between the female and male 

participants in this study. These results are in accord with those of previous studies in the field 

in preschool and school-aged children (129,200,204). 

Though this study followed the recommendation of testing healthy controls with similar char-

acteristics to the population to be studied (117), the results of this study were in agreement with 

those of other studies. However, the results of this study could be biased due to the small sample 

size, making these results from healthy controls perhaps less useful as a reference values. No-

tably, special consideration must be taken in interpreting the data and the results, as the studied 

local population had a different ethnicity than individuals who were previously studied. In ad-

dition, consideration must be given to the different software, methods and equipment used.  

This study’s findings aligned with its hypotheses and aims. The majority of resistance and 

reactance of FOT measurements in the healthy control group fell within the predicted values 

and reference ranges provided by the TremoFlo. In addition, most of FOT resistance and reac-

tance measurements at both frequency waveforms 5–37 Hz and 7–41 Hz were correlated with 

height, age, and weight, with the strongest correlation between height and FOT resistance at 5 

Hz. 
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CHAPTER 6 FORCED OSCILLATION TECHNIQUE IN CHILDREN 

WITH STABLE ASTHMA  

 

6.1 Introduction and rationale  

 

Asthma is the most common chronic childhood respiratory disease (24). According to the 

GINA guidelines, an asthma diagnosis can depend on the patient’s medical history as well as 

a physical examination and pulmonary function testing (25,216). Many children with asthma 

are misdiagnosed (217), which could be because asthma is frequently diagnosed in primary 

care, with the diagnosis based on clinical criteria and children are not usually assessed with 

objective tests in this setting (218). In addition, a patient is often asymptomatic unless they 

have had an exacerbation at the time of their clinical examination (218). New tests and bi-

omarkers are urgently needed to improve asthma diagnosis, and this has been highlighted as a 

research priority by Asthma UK (219).  

In children aged five years and above, spirometry is considered standard test to diagnose and 

monitor asthma (50,163,175). Both large and moderately sized airways can be investigated 

using spirometry (220,221) with the FEV1, FVC and FEV1/FVC values indicating abnormal 

airways in children with asthma (222), particularly if the FEV1/FVC ratio is less than the lower 

limit of normal (LLN) (50,164). Bronchodilator reversibility testing can also be used to diag-

nose asthma, with a 12% improvement in FEV1 after the administration of a bronchodilator 

confirming the diagnosis (50). However, even though spirometry is widely used in pulmonary 

function testing, it requires the patient to be fully cooperative and can be exhausting (223). This 

makes it particularly difficult to achieve good spirometry results in children (175). 

One of the main symptoms of asthma is airway inflammation. This can be represented by the 

presence of eosinophilic airway inflammation and be reflected by the fractional exhaled nitric 

oxide (FeNO) test. FeNO testing adds a clinical benefit in supporting the diagnosis and the 

monitoring of asthma in children (50,224). In patients with asthma, FeNO levels will decrease 

with the use of inhaled steroids, oral steroids and other anti-inflammatory medications (225). 

Reducing FeNO levels in patients with asthma could lead to better clinical outcomes and a 

lower incidence of exacerbation. This represents a high clinical value of FeNO in the manage-

ment of asthma (226,227). However, the utility of FeNO in guiding the treatment of children 

with asthma is still debatable as adding routine measures of FeNO in children with asthma did 
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not seem to add any value to the treatment guidance compared with basing treatment decisions 

on asthma symptoms only (228).  

The forced oscillation technique (FOT) is a novel, non-invasive technique for measuring air-

way dynamics. The test does not require forced expiration making it suitable for young children 

(7,87,89). The FOT test provides information on the resistance (Rrs) and reactance (Xrs) of the 

airways by using external pressure signals and their resulting flows to measure lung mechanics. 

The test is quick, painless, and requires little active participation by the patient (2,67,107). In 

children with asthma, the FOT test was able to identify baseline airway obstruction (122) as it 

can reflect total airway resistance, including the peripheral and larger airways (122,135). The 

FOT could facilitate the diagnosis and the management of asthma as a reflective measure of 

lung dynamics in children who are unable to tolerate spirometry (168). 

6.2 Aims  

 

1- To assess the accuracy (sensitivity and specificity) of the FOT in detecting asthma in 

children attending the asthma clinic. 

2- To investigate the association of the FOT indices using TremoFlo to other traditional 

measures of lung function (e.g., spirometry) in children attending the asthma clinic. 

3- To investigate the association of the FOT indices using TremoFlo with the measures of 

airway inflammation (FeNO) in children attending the asthma clinic. 

6.3 Hypotheses  

 

1- The FOT measurements of resistance and reactance by TremoFlo using 5–37 Hz oscil-

lation waveforms (Rrs5-Rrs5-20 and AX) are sensitive measurements in reflecting air-

way obstruction and the subsequent diagnosis of asthma in school-age children attend-

ing the asthma clinic. 

2- The FOT measurements of resistance and reactance using 5–37 Hz oscillation wave-

forms (Rrs5, Rrs5-20 and AX) correlate with the spirometry parameters (FEV1, FVC, 

FEV1/FVC) of school-age children with asthma attending the asthma clinic.  

3- FOT measurements of resistance using 5–37 Hz oscillation waveforms (Rrs5) corre-

lates to the FeNO in school-age children attending the asthma clinic. 
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6.4 Materials, Methods and Participants 

6.4.1 Study design and participants 

 

An observational prospective cohort study (UHL Clinical Audit No. 9986) was conducted on 

school-age children aged 5–16 who attended the Leicester Royal Infirmary asthma clinic from 

September 2018 to November 2019 as part of their clinical review. A FOT was performed in 

addition to their regular care.  

The parents of the participants were initially approached during their clinical visit. An expla-

nation of the service improvement project and how the FOT test was performed was provided 

to both the children and their parents. They then were asked if the child would agree to partic-

ipate in the service improvement project by performing the FOT test. They were informed that 

it was completely voluntary and that they could decline to participate. However, most of the 

participants approached agreed to perform the test. (Appendix A)  

6.4.2 Eligibility criteria 

 

Patients attended the asthma clinic and were not acutely unwell. The diagnosis of stable asthma 

during the clinical visit was based on a physician’s assessment. Subsequently, objective evi-

dence of lung function measures and evidence of airway inflammation were extracted from 

patient records to categorize the groups according to NICE and ERS criteria (50,53). All spi-

rometry, FOT and FeNO data reported and used for the analysis within this chapter were col-

lected during the clinic visit. Asthma severity for these participants was classified according to 

the GINA guidelines based on the daily dose of asthma controller medication (25).  

6.4.3 Data collection and analysis  

 

Children attending the asthma clinic performed the FOT test during their clinical visit. Spirom-

etry and FeNO tests were also performed, when possible, by the respiratory physiologist as part 

of the participants’ clinical review. The FOT was performed until three acceptable test results 

were achieved. Each test lasted approximately 20 seconds and was measured in the 5–37 Hz 

frequency range. Impedance measurements of the forced oscillation were reflected as re-

sistance at 5 Hz (Rrs5), resistance difference of 5–20 Hz (Rrs5-20) and reactance area (AX). 

Absolute values with Z-scores were recorded based on two reference datasets provided by the 

TremoFlo for the intended studied group (88,133). The best reference dataset was retrieved 

automatically by the TremoFlo depending on the age, height, and weight of the participant. 

Spirometry measurements with indices of flow limitation and lung volumes reflected as FEV1, 
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FVC and FEV1/FVC absolute values, were collected in addition to predicted percentage and 

the Z-scores based on the GLI data published by Quanjer et al. (164). The FeNO values were 

reported in parts per billion (ppb). The spirometry and FOT data were performed according to 

the ATS/ERS guidelines (60,117). The guidelines used for FOT are for preschool-aged chil-

dren. However, they can be applied to school-aged children even though they are intended for 

preschool-aged children as they were based on some studies of school-aged children.  A de-

tailed description of the procedures and the acceptance criteria is provided in Chapter 3. 

6.4.4 Statistical analysis  

The participants’ demographics (age, height, weight, and sex) were collected, and the diagnos-

tic accuracy when reporting sensitivity and specificity are reflected in a 2 x 2 classification 

table (197). The normality of the data was tested using histograms and the Shapiro–Wilk nor-

mality test. The relationship between the FOT indices, the spirometry indices and the FeNO 

values was studied for each group using either a Pearson or Spearman’s correlation coefficient 

(r). Linear regression analysis was performed to test for correlations. The square of the corre-

lation coefficient was reported (r2) with a p-value of less than 0.05 denoting statistical signifi-

cance. Any correlations between the FOT and the spirometry indices for each group were de-

termined by comparing the Z-scores as per the recommendation of ATS/ERS to use the Z-score 

as an interpretive method since it is independent of age, height, and sex (64,117). The Z -scores 

were determined as (measured – predicted mean) / (standard deviation of the residuals) 

(208,209).With Z-scores of less than –1.64 or more than +1.64 classified as an abnormal result 

(165,208). Comparisons between the groups were made using the Kruskal–Wallis test, and 

comparisons of different groups were made using the unpaired t-test for the parametric data 

and the Mann–Whitney U test for the non-parametric data, with a p-value of less than 0.05 

denoting statistical significance.  

6.4.5 Approach to analysis 

 

The participating patients were divided into three groups. A group of asthma patients with the 

diagnosis confirmed by objective tests according to NICE and or ERS guidelines (50,53). The 

second group consisted of asthma patients with incomplete objective evidence of asthma based 

on NICE and/or ERS guidelines, and third group consisted of patients with suspected asthma 

but no objective evidence. 
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In order to determine the ability of the FOT parameters (Rrs5, Rrs5-20 and AX) to correctly 

identify asthma in children attending the asthma clinic, the three groups were further subdi-

vided according to the availability of the Z-scores of these measures. Each group was divided 

depending on whether they had Rrs5-20 or AX Z-scores. The availability of the Z-scores de-

pended on the reference that was selected by TremoFlo. The best reference dataset was re-

trieved automatically by the TremoFlo depending on the age, height, and weight of the partic-

ipant (88,133), the pre-set programmed references had either the Rrs5-20 or the AX reference 

values (Figures 6.1–6.3). 

Figure 6.1:Population of children with asthma with complete evidence divided according 

to the availability of Z-scores of Rrs5, Rrs5-20 and AX 
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Figure 6.2: Population of children with asthma with incomplete evidence divided accord-

ing to the availability of Z-scores of Rrs5, Rrs5-20 and AX 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Population of children suspected asthma with no objective evidence divided 

according to the availability of Z-scores of Rrs5, Rrs5-20 and AX 
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6.5 Results  
 

A total of 183 school-aged children were approached in the asthma clinic. Of these, 37 were 

excluded from the study for reasons that included unsuccessful tests, software errors, no Z-

score for the Rrs5 FOT measurement, or FOT without associated spirometry readings. Also, 

some of the children or their families declined to participate (Figure 6.4).  

The group of children who were diagnosed with asthma with complete evidence followed the 

ERS and the NICE guidelines for asthma diagnosis in children aged 5–16 years and considered 

abnormal FeNO levels to be ≥25 ppb and ≥ 35 ppb (50,53). The group containing children who 

were diagnosed with asthma with incomplete evidence was defined as having one or more 

abnormal objective tests as suggested by the ERS and NICE guidelines. The borderline bron-

chodilator response cut-off point for the group of children with incomplete objective evidence 

was set at an 8% improvement in FEV1 after administering of short-acting beta-2 agonists 

(SABA), as lower cut-off points than 12% have greater sensitivity but lower specificity when 

differentiating between children who have asthma and those who do not (229-231). However, 

for children who had a BDR falling between 8 and <12%, we considered this as supporting but 

not confirming an asthma diagnosis. The group of children who had suspected asthma, but no 

objective evidence had normal spirometry and FeNO levels and had never suffered an asthma 

attack according to their all-past medical records (Figure 6.4).  

For the 146 children who attended the asthma clinic, controller medicine was as follows: leu-

kotriene inhibitor (20.5%), inhaled corticosteroid (40.4%), and combination of long acting β2 

agonist and inhaled corticosteroid (37.7%). Oral steroids had been taken by 4.8% of the partic-

ipants according to family reports. Asthma attacks within the past two years were reported in 

12.3% of these 146 children. Only 4.1% of participants or their families reported frequent use 

of SABA. (Table 6.1). 
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Patients approached at the asthma clinic (n=183) 

Excluded (n=37) 

-Family or participants decline to participate or 

perform the test (n=15) 

-Test unsuccessful (n=7) 

-Software error (n=2) 

-No Z-score of the Rrs5 FOT measures (n=7) 

-FOT recording alone with no spirometry (n=6) 

Asthma according to 

the objective  
evidence from  

guidelines 

 (n=56) 

Suspected asthma 

with no objective  

evidence from 

guidelines ** 

(n=24) 

Asthma with    

incomplete objective  

evidence from  

guidelines * 

(n=66) 

ERS guidelines 

(n=56) 

NICE guidelines 

(n=36) 

Normal spirometry 

(n=19) 

Abnormal spirometry 

 (n=47) 

 

Borderline BDR 
response and  

abnormal FeNO 
(n=6) 

 

Borderline BDR 
response only  

 
(n=5) 

 

Abnormal FeNO 
only 

  
 (n=19) 

 

 

No BDR  
response and 
normal FeNO 

(n=17) 

Borderline BDR 
response and  

abnormal FeNO 
(n=1) 

Borderline BDR 
response only  

 
(n=0) 

 

Abnormal FeNO 
only 

 
 (n=12) 

 
 

 

No BDR  
response and 
normal FeNO  

(n=6) 

 

 
*AA (n=1) 

 
*AA (n=4) 

 
*AA (n=2) 

 

*AA (n=6) 

 

Figure 6.4: The entire cohort of school-aged children approached at the asthma clinic 

 

*AA (n=3) 

 

*AA (n=1) 

 

Abnormal spirometry: FEV1/FVC or FEV1 Z-score above 1.64 or below –1.64 

Abnormal FeNO: FeNO level ≥25 ppb 
Borderline BDR response: ≥8% 
*17 participants had asthma attack (n= 14 type-1 asthma attack with low FeNO levels, n=3 type-2 asthma attack with high FeNO levels). 
** Participants had normal spirometry, FeNO and had never had an asthma attack. 

*AA= Asthma attack (presented at the Emergency Department with worsening symptoms and who had either been treated with salbutamol or were hospitalised within the last two years) 
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Table 6.1: Clinical characteristics of children studied in the asthma clinic  

 

  

 

 

 

Asthma with  

complete evidence 

 

(n=56) 

Asthma with        

incomplete           

evidence 

(n=66) 

Suspected asthma 

with no objective 

evidence 

(n=24) 

Asthma attack, n 

(%) 
1 (1.8%) 17 (25.8%) 0 (0%) 

Beclometasone di-

propionate, n (%) 
21 (37.5%) 31 (47%) 8 (33.3%) 

Combination of 

long acting β2 ago-

nist and inhaled 

corticosteroid, n 

(%)  

31 (55.4%) 21 (31.8%) 3 (12.5%) 

Leukotriene inhibi-

tor, n (%)  
19 (33.9%) 11 (16.7%) 0 (0%) 

Oral steroids, n 

(%) 
5 (8.9%) 2 (3%) 0 (0%) 

Frequent use of 

SABA, n (%)  
3 (5.4%) 3 (4.5%) 0 (0%) 

Severity according 

to the GINA strat-

egy document us-

age of the of the 

medication, n (%) 

None in any medica-

tion  

0 (0%) 

Mild asthma  

43 (76.8%) 

Moderate asthma  

12 (21.4%) 

Severe asthma  

1 (1.8%) 

None in any medica-

tion  

12 (18.2%) 

Mild asthma  

43 (65.2%) 

Moderate asthma  

10 (15.1%) 

Severe asthma  

1 (1.5%) 

None in any medica-

tion  

13 (54.2%) 

Mild asthma  

10 (41.7%) 

Moderate asthma  

1 (4.2%) 

Severe asthma 

0 (0%) 
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6.5.1 Sensitivity and specificity of FOT parameters (Rrs5, Rrs5-20 and AX) in detecting 

asthma in children attending the asthma clinic 

 

A group of children aged 5–15 years with acute asthma who were diagnosed after presenting 

with an asthma attack in the emergency department or on the children’s ward (please refer to 

section 7.4.1 and 7.4.2 in chapter 7). And healthy children aged 5–15 years with no history of 

wheeze or respiratory problems who were recruited from the paediatric wards and non-respir-

atory outpatient clinics (please refer to section 5.4.1 and 5.4.2 in chapter 5) were used as a 

control group. The demographic characteristics of the study population are presented in Table 

6.2. Forced oscillation technique, spirometry and fractional exhaled nitric oxide measurements 

for different study groups are shown in Table 6.3. 

Table 6.2: Characteristics of children diagnosed with acute asthma, asthma with com-

plete evidence, asthma with incomplete evidence, suspected asthma with no objective ev-

idence and healthy control group 

Data presented as mean (SD) unless otherwise stated  

(There were no statistically significant differences in age, height, and weight between any of 

the groups studied) 

 

 

 Acute 

asthma 

 

 

(n=22)  

 Asthma 

with  

complete  

evidence 

(n=56) 

Asthma 

with 

 incomplete  

evidence 

(n=66) 

Suspected 

asthma with 

no objective 

evidence  

(n=24) 

Healthy 

control 

group 

 

(n=22) 

Sex, Male n 

(%) 

16  

(72.7%) 

39  

(69.6%) 

39 

 (59.1%) 

14  

(53.3%) 

8  

(36.4%) 

Age (years) 8.41  

(2.49) 

10.28  

(2.75) 

10.15 

 (3.32) 

10.42  

(2.87) 

9.40  

(2.79) 

Height (cm) 132.8 

(14.77) 

140.8  

(17.96) 

140.4  

(19.51) 

141.4 

(20.96) 

135.5 

(17.95) 

Weight (kg) 32.49 

(15.58) 

38.40 

 (15.34) 

39.96  

(16.65) 

39.50 

(19.07) 

36.14 

(15.58) 
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Table 6.3:Forced oscillation technique, spirometry and fractional exhaled nitric oxide for 

different study groups  

 Acute 

asthma 

 

 

 

(n=22)  

 Asthma 

with  

Complete 

 evidence 

 

(n=56) 

Asthma 

with  

incomplete 

evidence 

 

(n=66) 

Suspected 

asthma 

with no  

objective 

evidence  

(n=24) 

Healthy 

control 

group 

 

 

(n=22) 

Number of 

participants 

with FOT 

readings  

(n=22) (n=56) (n=66) (n=24) (n=22) 

Rrs5 

(cmH2O⋅sec/L) 

8.64  

(2.38) 

7.68  

(2.49) 

6.43  

(2.62) 

5.90  

(1.82) 

6.48  

(1.98) 

Rrs5-20 

(cmH2O⋅sec/L) 

3.43  

(1.37) 

2.53 

 (1.53) 

1.57  

(1.33) 

1.29  

(1.30) 

1.58  

(1.13) 

AX (cmH2O/L) 62.07 

(32.69) 

41.32  

(27.94) 

25.98 

 (20.91) 

20.38 

(15.25) 

31.11 

(21.16) 

Number of 

participants 

with Rrs5 Z-

score 

(n=22) (n=56) (n=66) (n=24) (n=22) 

Rrs5 Z-scores  1.25  

(1.28) 

1.04  

(0.97) 

0.24 

 (1.02) 

0.11  

(0.79) 

0.11  

(0.75) 

Number of 

participants 

with Rrs5-20 

Z-score 

(n=2) (n=12) (n=15) (n=6) (n=4) 

Rrs5-20 Z-

scores 

0.59  

(0.98) 

0.08  

(0.29) 

−0.10  

(0.20) 

−0.08 

 (0.20) 

0.85  

(0.39) 
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Table 6.3 (Continued) 

 Acute 

asthma 

 

 

 

(n=22)  

 Asthma 

with  

Complete 

 evidence 

 

(n=56) 

Asthma 

with 

 incomplete 

evidence 

 

(n=66) 

Suspected 

asthma 

with no  

objective 

evidence  

(n=24) 

Healthy 

control 

group 

 

 

(n=22) 

Number of 

participants 

with AX Z-

score 

(n=20) (n=44) (n=51) (n=18) (n=18) 

AX Z-scores  2.18 

(1.43) 

1.50 

(1.20) 

0.60 

(0.94) 

0.18 

(0.91) 

0.66 

(1.09) 

Number of the 

participants 

with spirome-

try readings  

(n=1) (n=56) (n=66) (n=24) (n=10) 

FEV1  

(% predicted) 

115 * 80.27 

(18.75) 

94.02 

(12.19) 

100.5 

 (9.07) 

95.6 

(8.91) 

FVC  

(% predicted) 
123* 

90.70 

(18.97) 

98.83 

(12.44) 

100.9  

(9.94) 

98.4 

(8.36) 

FEV1/FVC % 82* 

 

77.64 

(9.34) 

83.97 

(7.25) 

88 

(5.19) 

86.8 

(4.78) 

FEV1 Z-scores  1.28* 

 

−1.53 

(1.71) 

−0.43 

(1.07) 

0.04 

(0.77) 

−0.38 

(0.74) 

FVC Z-scores 1.94* −0.77  

(1.63) 

−0.11  

(1.03) 

0.07    

(0.85) 

−0.14 

(0.68) 

FEV1/FVC Z-

scores  

−1.16* 

 

−1.72 

(1.59) 

−0.82 

(1.21) 

−0.14 

(0.75) 

−0.54 

(0.76) 
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Table 6.3 (Continued) 

Data presented as mean (SD) unless otherwise stated  

* Represents the reading for one participant  

Resistances at 5 Hz (Rrs5) were compared between the different study groups. In children with 

acute asthma, Rrs5 had the highest percentage of abnormal Rrs5 Z-scores (41%) compared 

with the other groups. This was followed by the group that had asthma with complete evidence 

and the group with incomplete evidence, with 18% and 15% abnormal Rrs5 Z-scores, respec-

tively. The lowest percentages of abnormal Rrs5 Z-scores were found in the group that had 

suspected asthma with no objective evidence and the healthy control group. Interestingly, no 

abnormal Rrs5-20 Z-scores were found in any of the groups. By contrast, AX had the highest 

percentages of abnormal Z-scores in the group of children with acute asthma (50%) and in the 

group of children with asthma with complete evidence (41%). The AX had a higher percentage 

of abnormal Z-scores compared with the Rrs5 in all of the groups except for the group of chil-

dren with suspected asthma and no objective evidence, similar percentages have been noticed, 

where both Rrs5 and AX had one participant with abnormal Z-scores (Table 6.4). 

 

 

 

 

 Acute 

asthma 

 

 

 

(n=22)  

 Asthma 

with  

Complete 

 evidence 

 

(n=56) 

Asthma 

with 

 incomplete 

evidence 

 

(n=66) 

Suspected 

asthma 

with no  

objective 

evidence  

(n=24) 

Healthy 

control 

group 

 

 

(n=22) 

Number of the 

participants 

with FeNO 

readings 

(n=4) (n=33) (n=40) (n=16) (n=15) 

FeNO (ppb) 40.5 

 (25.38) 

57.45 

(49) 

42.5 

(39.45) 

14.69 

(5.89) 

10.60 

(3.92) 
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Table 6.4: Forced oscillation Z-score of Rrs5, Rs5-20 and AX and Spirometry Z-scores of 

FEV1 and FEV1/FVC for the different study groups 

 Acute 

Asthma 

 

 

 

Asthma 

with  

complete 

evidence 

 

Asthma 

with  

incomplete 

evidence 

 

Suspected 

asthma and 

no  

objective 

evidence 

Healthy 

control 

group 

 

 

Number of 

participants 

with FOT 

readings 

(n=22) (n=56) (n=66) (n=24) (n=22) 

Abnormal 

Rrs5 Z-score,  

n (%)  

9 (40.9%) 10 (17.9%) 10 (15.2%) 1 (4.2%) 1 (4.5%) 

Number of 

participants 

with Rrs5-20 

Z-score  

(n=2) (n=12) (n=15) (n=6) (n=4) 

Abnormal 

Rrs5-20 Z-

score  

No abnormal Z-scores of Rrs5-20 

Number of 

participants 

with AX Z-

score  

(n=20) (n=44) (n=51) (n=18) (n=18) 

Abnormal AX 

Z-score, n (%) 
10 (50%) 18 (40.9%) 7 (13.7%) 1 (5.6%) 4 (22.2%) 
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Table 6.4 (Continued) 

 Acute 

Asthma 

 

 

Asthma 

with  

complete 

evidence 

Asthma 

with  

incomplete 

evidence 

 

Suspected 

asthma and 

no  

objective 

evidence 

Healthy 

control 

group 

 

 

Number of the 

participants 

with spirome-

try readings 

(n=1) (n=56) (n=66) (n=24) (n=10) 

Abnormal 

FEV1 Z-score, 

n (%)  

0 (%) 29 (51.8%) 9 (13.6%) 0 (%) 1 (10%) 

Abnormal 

FVC Z-score,  

n (%) 

1 (100%) 13 (23.2%) 7 (10.6%) 1 (4.2%) 0 (%) 

Abnormal 

FEV1/FVC Z-

score, n (%) 

0 (%) 25 (44.6%) 21 (%31.8) 0 (%) 1 (10%) 

Abnormal Z-score: Z-score of ≥1.64 or ≤ −1.64 

The sensitivity of the Rrs5 Z-scores in the group with stable asthma and complete evidence 

was 18% with a specificity of 95%, while the sensitivity and specificity of the Rrs5 Z-scores 

in the group with asthma and incomplete evidence were 15% and 95%, respectively. The AX 

had a higher sensitivity (41%) in the group with complete evidence compared with the Rrs5, 

and a lower specificity of 61%. In the group with incomplete evidence, the sensitivity and 

specificity for the AX Z-scores were 14% and 61%, respectively. Sensitivity and specificity 

were measured in the group with incomplete evidence as we assumed children had asthma 

based on at least one objective test. 

The Rrs5 Z-scores were statistically different between the groups, p <0.0001. The different 

groups that were studied are; group of acute asthma (n=22), group with complete evidence for 

asthma (n=56), group with incomplete evidence (n=66) group with suspected asthma with no 

objective evidence (n=24), healthy control (n=22).Specified by a statistically significant dif-

ference between the group with acute asthma compared with the group with incomplete 
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evidence, the group with suspected asthma and no objective evidence and the healthy control 

group, with p-values of 0.0003, 0.0013 and 0.0008, respectively, but not with the group that 

had asthma with complete evidence. However, there was a statistically significant difference 

between the group with asthma and complete evidence compared with the group with asthma 

and incomplete evidence, the group with suspected asthma with no objective evidence and the 

healthy control group, with p-values of <0.0001 for all. The group with asthma and incomplete 

evidence showed no significant differences with either the group with suspected asthma and 

no objective evidence or the healthy control group. There was also no significant difference 

between the group with suspected asthma and no objective evidence and the healthy control 

group (Figure 6.5). 

Figure 6.5: Rrs5 Z-scores for the different study groups 
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……. Represents cut-off for abnormal Z-score of ≥1.64 or ≤−1.64 

 Normal Z-scores      Abnormal Z-scores 

 

The Kruskal–Wallis test showed statistically significant Rrs5-20 Z-scores between the different 

groups of acute asthma (n=2), complete evidence (n=12), incomplete evidence (n=15) 
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suspected asthma and no objective evidence (n=6) and the healthy control (n=4), p-value= 

0.0093, though there were no abnormal Rrs5-20 Z-scores in any of the groups. A separate 

comparison between the groups showed that there were no statistically significant differences 

between the groups, except for between the healthy control group and the group with asthma 

and complete evidence, asthma with incomplete evidence, and suspected asthma with no ob-

jective evidence, with p-values of 0.0011, 0.0005 and 0.0095, respectively (Figure 6.6). 

Figure 6.6: Rrs5-20 Z-scores for the different study groups 
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……. Represents cut-off for abnormal Z-score of ≥1.64 or ≤−1.64 

Normal Z-scores    Abnormal Z-scores 

 

The Z-scores of the AX between the different groups of acute asthma (n=20), complete evi-

dence (n=44), incomplete evidence (n=51) suspected asthma and no objective evidence (n=18) 

and the healthy control (n=18) were statistically significant, p-value = <0.0001. This was de-

scribed by statistically significant difference between the group with acute asthma and the 
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groups with incomplete evidence, suspected asthma with no objective evidence and the healthy 

control group, with p-values of <0.0001, <0.0001 and 0.0029, respectively, but not with the 

group with asthma and complete evidence. However, there was a statistically significant dif-

ference between the group with asthma and complete evidence and the group with incomplete 

evidence, suspected asthma with no objective evidence and the healthy control group, with p-

values of <0.0001, <0.0001 and < 0.05, respectively. There was no statistically significant dif-

ference between the group with asthma and incomplete evidence and the group with suspected 

asthma and no objective evidence or the healthy control group. There was also no difference 

between the group with suspected asthma and no objective evidence and the healthy control 

group, when either the unpaired t-test or the Mann–Whitney U test were used for separate 

means comparison (Figure 6.7). 

Figure 6.7: AX Z-scores for different study groups 
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6.5.2 Correlations between the FOT indices (Rrs5, Rrs5-20 and AX) Z-scores to the spi-

rometry indices (FEV1, FVC and FEV1/FVC) Z-scores 

 

The correlation of the Rrs5 Z-scores to the spirometry indices (FEV1, FVC and FEV1/FVC) Z-

scores in children attending the asthma clinic is shown in Table 6.5. In the group that had 

asthma with complete evidence (n=56), a significant correlation was seen between the Rrs5 

and both of the FEV1 and the FEV1/FVC Z-scores, with the highest correlation of Rrs5 to the 

FEV1/FVC of r = −0.497 and p < 0.001 (Figure 6.8), followed by the correlation of the Rrs5 to 

the FEV1 r = −0.465 and p < 0.001. However, no correlation was noted between the Rrs5 and 

the FVC Z-scores. Conversely, in the group with asthma and incomplete evidence (n=66) and 

in the group with suspected asthma and no objective evidence (n=24), no correlation was noted 

between the Rrs5 Z-scores and any of the spirometry indices Z-scores (Appendix I). 

Table 6.5: Correlation between the Rrs5 Z-scores to spirometry indices Z-scores 

r = correlation coefficient * statistically significant  

Spirometry and FOT were done during the same lab visit  

 

 

 

 

 

 

 

 

 

Rrs5  

Z-score  

Asthma with complete 

evidence 

 

(n=56) 

Asthma with  

incomplete evidence 

 

(n=66) 

Suspected asthma 

with no objective  

evidence  

(n=24) 

r p-value r p-value r p-value 

FEV1       

Z-score  
−0.465 < 0.001* −0.195 0.117 0.042 0.846 

FVC        

Z-score  
−0.221 0.101 0.072 0.565 0.076 0.723 

FEV1/FVC 

Z-score  
−0.497 < 0.001* −0.165 0.186 −0.146 0.495 
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Figure 6.8: Correlation of the resistance at 5 Hz (Rrs5) with the forced expiratory volume 

in 1 second to the forced vital capacity (FEV1/FVC) in the group with asthma and com-

plete evidence 
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The line represents the line of best fit 

 

 

 

The correlations of the Rrs5 and Rrs5-20 Z-scores to the spirometry indices Z-scores in the 

group with asthma and complete evidence (n=12), asthma with incomplete evidence (n=15) 

and suspected asthma with no objective evidence (n=6) are shown in Table 6.6. The sample 

was customised in this approach because of the availability of the Rrs5-20 Z-scores, as shown 

in Figures 6.1–6.3. No significant associations were noticed between the FOT indices and the 

spirometry indices Z-scores in the group with asthma and incomplete evidence and the group 

with suspected asthma and no objective evidence. However, in the group with asthma and 

complete evidence, a significant correlation was observed between the Rrs5 Z-scores to the 

FEV1 and FEV1/FVC Z-scores, with values of r = −0.663 and r = −0.635 respectively, the 

highest correlation of Rrs5 to the FEV1 Z-scores (Figure 6.9). Conversely, Rrs5-20 Z-scores 

only correlated significantly with the FEV1/FVC Z-scores (r = −0.775 and p = 0.0031) (Figure 

6.10). 

 

 

Legend: Note the significant negative relationship between the 

Rrs5 Z-scores and the FEV1/FVC Z-scores in children with asthma 

and complete evidence (r2 = 0.247 and p = <0.001) 
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Table 6.6: Correlation between the Rrs5 Z-scores and Rrs5-20 Z-scores to the spirometry 

indices Z-scores 

r = correlation coefficient * statistically significant 

Spirometry and FOT were done during the same lab visit  

 

  

 

 

 Asthma with         

complete evidence 

 

(n=12) 

Asthma with           

incomplete evidence 

 

(n=15) 

Suspected asthma 

with no objective  

evidence  

(n=6) 

r p-value r p-value r p-value 

Rrs5 Z-score 

and                       

FEV1 Z-score  

−0.663 0.019* 0.000 > 0.999 0.086 0.919 

Rrs5 Z-score 

and 

 FVC Z-score  

−0.351 0.263 0.175 0.529 −0.257 0.658 

Rrs5 Z-score 

and FEV1/FVC 

Z-score  

−0.635 0.027* −0.257 0.354 0.714 0.136 

Rrs5-20 Z-

score and        

FEV1 Z-score  

−0.377 0.227 −0.086 0.760 0.143 0.803 

Rrs5-20 Z-

score and          

FVC Z-score  

0.064 0.843 0.306 0.266 0.086 0.919 

Rrs5-20 Z-

score and 

FEV1/FVC Z-

score  

−0.775 0.003* −0.164 0.558 0.200 0.714 
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Figure 6.9: Correlation of the resistance at 5 Hz (Rrs5) to the forced expiratory volume 

in 1 second (FEV1) in the group with asthma and complete evidence 
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The line represents the line of best fit 

 

 

 

 

 

Figure 6.10: Correlation of the resistance difference between 5–20 Hz (Rrs5-20) to the 

forced expiratory volume in 1 second to the forced vital capacity ratio (FEV1/FVC) in the 

group with asthma and complete evidence 
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The line represents the line of best fit 

 

 

 

 

Legend: Note the significant negative relationship between Rrs5 

Z-scores and the FEV1 Z-scores in children with asthma and com-

plete evidence (r2 = 0.440 and p = 0.019) 

 

Legend: Note the significant negative relationship between Rrs5-

20 Z-scores and the FEV1/FVC Z-scores in children with asthma 

and complete evidence (r2 = 0.600 and p = 0.003) 
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The correlation of the Rrs5 and the AX Z-scores to the Z-scores of the spirometry indices was 

studied in the group with asthma and complete evidence (n=44), asthma with incomplete evi-

dence (n=51) and suspected asthma with no objective evidence (n=18) as shown in Table 6.7. 

The sample was represented in this format due to the availability of the AX Z-scores (see Fig-

ures 6.1–6.3). The Rrs5 Z-scores correlated to the FEV1 and the FEV1/FVC Z-scores in the 

group of complete evidence, with values of r = −0.461 and r = −0.498, respectively (Figure 

6.11). All spirometry indices Z-scores of FEV1, FVC and the FEV1/FVC correlated with the 

AX Z-scores, with the highest correlation being to the FEV1 Z-scores (r = −0.604) (Figure 

6.12). However, in the group with asthma and incomplete evidence and the group with sus-

pected asthma and no objective evidence, none of the spirometry indices Z-scores correlated 

with the Rrs5 Z-scores or the AX Z-scores.  
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Table 6.7: Correlation between the Rrs5 Z-scores and AX Z-scores to the spirometry in-

dices Z-scores 

 

 

Asthma with        

complete evidence 

 

(n=44) 

Asthma with  

incomplete evidence 

 

(n=51) 

Suspected asthma 

with no  

objective evidence  

(n=18) 

r p-value r p-value r p-value 

Rrs5 Z-score 

and   

FEV1 Z-score  

−0.461  0.002* −0.178 0.213 0.040 0.875 

Rrs5 Z-score 

and               

FVC Z-score  

−0.227 0.138 0.060 0.676 0.107 0.672 

Rrs5 Z-score 

and FEV1/FVC 

Z-score  

−0.498 0.001* −0.159 0.264 −0.225 0.370 

AX Z-score  

and 

 FEV1 Z-score  

−0.604  < 0.001* −0.243 0.086 −0.116 0.646 

AX Z-score  

and 

FVC Z-score  

−0.399  0.007* −0.068 0.636 0.061 0.809 

AX Z-score and  

FEV1/FVC Z-

score  

−0.454  0.002* −0.036 0.805 −0.369 0.132 

r = correlation coefficient * statistically significant  

Spirometry and FOT were done during the same lab visit  
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Figure 6.11 Correlation of the resistance at 5Hz (Rrs5) to the forced expiratory volume 

in 1 second to the forced vital capacity (FEV1/FVC) in the group of asthma with complete 

evidence 

-2 -1 1 2 3 4

-8

-6

-4

-2

2

Simple scatter plot of Rrs5 and FEV1/FVC Z-scores

r=-0.498

F
E

V
1
/F

V
C

 Z
-s

c
o

r
e

Rrs5 Z-score

 

The line represents the line of best fit 

 

 

 

Figure 6.12 Figure 6.12: Correlation of the area under the curve (AX) to the forced ex-

piratory volume in 1 second (FEV1) in the group of asthma with complete evidence 
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) 
 

 

Legend: Note the significant negative relationship between Rrs5 

Z-scores and the FEV1/FVC Z-scores in children with asthma with 

complete evidence (r2 = 0.248 and p = 0.002) 

 

Legend: Note the significant negative relationship between AX Z-

scores and the FEV1 Z-scores in children with asthma with com-

plete evidence (r2 =0.365 and p = <0.0001) 

All the correlation figures of the FOT indices to the spirometry indices Z-score are presented 

in the Appendix I. 
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6.5.3 Correlation of the Rrs5 Z-scores and to the FeNO levels in children attending the 

asthma clinic  

 

A correlation between the Rrs5 Z-scores and FeNO values was conducted to assess the rela-

tionship between the FOT and the FeNO measurements in the children attending the asthma 

clinic. The two groups of children with asthma who had complete and incomplete evidence 

were combined and the correlation was run on that group in addition each group separately of 

asthma with complete evidence and asthma with incomplete evidence. The group of children 

with suspected asthma was not analysed in this part, as the FeNO readings were essential for 

categorisation and all FeNO readings within that particular group were normal. Data included 

within this part of analysis were from children who had FeNO readings. The characteristics of 

these groups are shown in Table 6.8.  

The Rrs5 Z-scores did not correlate with the FeNO values in the group with asthma and com-

plete evidence, the group with asthma and incomplete evidence, or the combined group (Fig-

ures 6.13–6.15). 

Table 6.8: Characteristics of the children with FeNO readings in the asthma with com-

plete evidence, asthma with incomplete evidence and the combined groups  

 

Combined group 

 

 

(n=73) 

 Asthma with  

complete evidence 

 

(n=33) 

Asthma with  

incomplete  

evidence 

(n=40) 

Sex, Male (%) 46 (63%) 24 (72.7%)  22 (55%) 

Age (years) 11.38 (2.36) 11.09 (2.44) 11.61 (2.31) 

Height (cm) 148.4 (14.57) 145.8 (16.04) 150.6 (13.06) 

Weight (kg) 44.51 (13.85) 41.38 (12.82) 47.08 (14.30) 

Data presented as mean (SD) unless otherwise stated  
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Figure 6.13: Comparing Rrs5 Z-scores with the FeNO readings in the combined group 

(n=73) 
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The line represents the line of best fit 

 

 

 

 

 

Figure 6.14: Comparing Rrs5 Z-scores with the FeNO readings in the group with asthma 

and complete evidence (n=33) 
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The line represents the line of best fit 

 

 

Legend: No significant relationship between the Rrs5 Z-scores and the 

FeNO values in the combined group of children with asthma and complete 

evidence and asthma with incomplete evidence (r= 0.0453, p = 0.704) 

Legend: No significant relationship between the Rrs5 Z-scores and the 

FeNO values in children with asthma and complete evidence (r= −0.0956, 

p = 0.597) 
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Figure 6.15: Comparing Rrs5 Z-scores with the FeNO readings in the group with 

asthma and incomplete evidence (n=40) 
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The line represents the line of best fit 

 
 

 

 

 

 

6.6 Discussion  

 

The FOT measurements of the resistance and the area under the reactance curve at the baseline 

were able to reflect abnormalities in children with asthma. This was shown by the mostly ab-

normal Z-scores of the Rrs5 and the AX values in children with asthma compared with the 

normal Z-scores in the children in the healthy control group. However, AX had higher sensi-

tivity compared with the Rrs5 in children with asthma. Though Rrs5-20 suggested small airway 

obstruction (97,108), Rrs5-20 could not determine any abnormalities in children with asthma 

in this study. This could be due to the limited availability of data on the Rrs5-20 Z-scores in 

our study. Previously, Xrs5 was used to study the peripheral airways (108). However, it was 

not studied here due to technical issues with the TremeFlo machine and loss of data from the 

software at the data collection stage. 

Our findings regarding the ability of the FOT parameters to identify asthma were in agreement 

with other findings of other studies in this field (88,113).The area under the reactance curve at 

the baseline measures was shown to be the best indicator for differentiating between children 

Legend: No significant relationship between the Rrs5 Z-scores and the 

FeNO values in children with asthma and incomplete evidence (r= 

−0.111, p = 0.494) 
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with chronic and acute asthma compared with the healthy control group (110). This is because 

AX is considered to be a sensitive index of the reactance, with the ability to reflect airflow 

obstruction in children and adolescents (88,113). In contrast, another study reflected that the 

Rrs5 was the best indicator for assessing peripheral airway obstruction in children with mild to 

moderate asthma aged 6–17 years (112). 

Seventy eight percent of the participants in the stable asthma group were using ICS treatment. 

Sharif et al. reported that small airway obstruction in children with asthma could be signifi-

cantly reversed by ICS treatment (232). However, patients in whom small airway disease was 

particularly marked would be expected to show a greater response to treatment (233). IOS was 

also suggested to be an informative tool in determining lung mechanics in children with asthma 

using inhaled corticosteroids (111,139). In addition, IOS could also be used to measure the 

effect of the treatment on the small airways, which is not reflected by spirometry (139).  

Others showed that studying bronchodilator reversibility using FOT added additional value in 

differentiating acute and chronic asthma from the healthy control group (110). However, there 

were no significant differences in the baseline measurements between healthy and asthmatic 

children (110). This would indicate that the bronchodilator response has better diagnostic effi-

cacy than the baseline values of the FOT measurements. Unfortunately, only the baseline meas-

urements were available for this study.  

It was noted in our study that the Rrs5 Z-scores correlated with both FEV1/FVC and FEV1 at 

the baseline measurements. This linear association between the spirometry and FOT indices 

could indicate peripheral airway obstruction (157). This was supported by Lauhkonen et al. 

and Olaguibel et al., who showed that there was a correlation between the spirometry and 

IOS/FOT indices in children with asthma (157,189). A similar pattern was seen in a group of 

preschool children with asthma presented with a correlation of the FEV1 to airway resistance 

(189). Additionally, in a group of children aged from 3.8 to 17.7 who were recruited from the 

asthma clinic (and were similar to the group in the current study), a significant correlation with 

the resistance at 8 Hz to the FEV1 and the FEV1/FVC was noted (157). Both studies showed a 

correlation with the IOS/FOT and the spirometry measurements both at the baseline and fol-

lowing bronchodilator administration (157,189). This was in accordance with the results of our 

study, although only for the baseline measurements; correlations were not taken following 

bronchodilator. 
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Both FEV1 and FEV1/FVC are considered reflective measures of spirometry (73), although a 

diagnosis of asthma depends mainly on interpreting the reduction in the FEV1/FVC ratio, which 

would reflect airway obstruction (24,50,73). In contrast, a reduction in the FEV1 could indicate 

large airways obstruction until a significant degree of small airway obstruction was evident 

(73). This could be revealed by the higher correlation that was observed between the Rrs5 and 

the FEV1/FVC than with the FEV1 Z-scores, and the significant correlation presented between 

the Rrs5-20 and the FEV1/FVC ratio Z-scores, since FEV1 and the Rrs reflect different patho-

physiological characterisations of airway obstruction (187). For example, changes in airflow 

limitation will result in changes in the FEV1 values. However, any changes in the calibre of the 

airway will be directly related to the changes in resistance (187). 

Among all the FOT indices, the AX Z-scores were the only scores that correlated with all of 

the spirometry indices Z-scores (FEV1, FVC and FEV1/FVC). This could reiterate the theory 

that AX can be a better indicator of peripheral airway obstruction relative to the clinical presen-

tation of a patient with asthma (168,176). 

In our study, a correlation of the spirometry Z-scores with the FOT Z-scores was only evident 

in the group with asthma and complete evidence. However, no correlations between the FOT 

and the spirometry Z-scores were noticed in any of the other groups. This could be due to the 

different levels of airflow obstruction and the pattern of the disease seen between these groups, 

which would influence the spirometry flow measures, the respiratory resistive properties, and 

the resistance of the airways (144). In addition to that, this was affected also by the level of 

certainty of the diagnosis within the group of asthma. This was based on both ERS and NICE 

guidelines to define a confirmed asthma diagnosis based on objective testing (50,53). The se-

verity between these groups did not differ significantly.  

The FeNO values did not correlate with the FOT indices. This was in line with studies by Seo 

et al. and Nishida et al., who showed no significant associations between FeNO and the FOT 

in patients with asthma (234,235). However, it is recommended that the FeNO measurements 

be used in conjunction with impulse oscillometry in children with asthma. This will aid in 

assessing the degree of asthma as well as predicting potential asthma exacerbation (236,237). 

However, no correlation between FeNO and FOT was seen in this study. It is also worth adding 

the FeNO testing to the FOT measurements as it could support the diagnosis and subsequent 

monitoring of asthma in children.  
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This study had some limitations, the most major of which was the sample size. Using a larger 

sample size could decrease the incidence of type 2 errors, particularly in the population with 

Rrs5-20 Z-score readings. Additionally, adding bronchodilator reversibility testing would add 

great value for diagnosing asthma using FOT test. It may add value in differentiating healthy 

children from children with asthma, which is not reflected by the use of the baseline measure-

ments solely (110).Moreover, the use of the Xrs values could serve as a better indication of 

obstruction in the small airways (108). This value was not collected within this study due to 

technical issue of the machine at the data collection stage.   

In conclusion, our study showed that FOT measurements at 5–37 Hz could detect airway ob-

struction in children with asthma, except for the Rrs5-20 measurements. Additionally, the FOT 

measurements correlated with at least one of the spirometry measurements, with a particularly 

strong correlation noted between the FOT parameter, the FEV1 and the FEV1/FVC. Neverthe-

less, no correlation between the FeNO readings and FOT measurements was noted. However, 

performing FOT could be useful in diagnosing asthma in children who cannot tolerate spirom-

etry, but it is not ideal for all children. Still, it could be used in conjunction with other methods 

for diagnosing asthma.  
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CHAPTER 7 FORCED OSCILLATION TECHNIQUE IN CHILDREN 

WITH ACUTE ASTHMA  

 

7.1 Introduction and rationale  

 

Acute asthma exacerbations are one of the most common reasons why children present to the 

emergency department or are admitted to the hospital (238). Clinical symptoms can include 

chest tightness, coughing, wheezing and shortness of breath (239). However, the signs and 

symptoms of acute asthma can differ from one patient to another and may not all appear at once 

(240). In a clinical setting, it is often difficult to estimate the severity of the airway obstruction 

(240). Therefore, it is important that the severity of the airway obstruction in acute asthma 

cases is determined objectively in order to more effectively manage and treat the disease (240). 

The National Asthma Education and Prevention Programme expert panel guidelines recom-

mend the use of the physiological assessment of FEV1 and PEF as objective tests. In children 

and adolescents, the predicted percentage of FEV1, and PEF are the primary predictors of the 

severity of asthma exacerbation (173). However, the above-mentioned testing methods may 

not be comfortable for the patient and is often not possible during an asthma attack. At present, 

there is no specific recommended assessment tool to identify the severity of asthma exacerba-

tions in children (83,239). The forced oscillation technique is a potentially useful diagnostic 

tool for children with an asthma attack because it is quick, requires minimal effort and can 

reflect small and large airway dynamics. Additionally, it is possible that airway dynamics as  

measured by FOT are altered by airways inflammation (122,137,141,168). Ducharme et al. 

studied the feasibility of using the FOT with acutely asthmatic children aged 2–17 and deter-

mined that the FOT could be used as an alternative method of objective testing to spirometry 

in younger or uncooperative children (137). 

Asthma severity is usually assessed by evaluating the reflective parameters of the lungs before 

and after treatment (241). In adolescents and children with acute asthma, the use of short-acting 

beta-2 agonists (SABA) bronchodilator is usually beneficial for those with an acute asthma 

exacerbation (242). Using the FOT in acute asthma cases could serve as a tool in assessing the 

bronchodilator response and the severity of the asthma attack. FOT was studied to determine 

the effect of bronchodilator on the resistance and reactance of the airways at different wave-

form frequencies, by expressing the change from baseline (168). Different studies assessed the 

bronchodilator (SABA) effect on FOT measurements and determined cut-off points in healthy 
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children and in children with chronic but stable asthma (88,123,143,203,243,244). The cut-off 

for SABA percentage change was calculated to be 40% for Rrs and 65% for Xrs (244), and 

suspected asthma is indicated if there is a greater than 30% drop in the Rrs (168).There is still 

a need to assess the efficacy of FOT in assessing bronchodilator response and severity of airway 

obstruction in children with acute asthma.  

Measurements of FOT at lower frequencies are considered to be more sensitive at reflecting 

airway obstruction than those measured at higher frequencies (87). However, an indirect con-

firmation of airway obstruction associated with asthma can be suspected when there is a posi-

tive bronchodilator response on the FOT measurements (87). Choosing the best frequency and 

FOT measurement to diagnose asthma in children depends on the bronchodilator effect on the 

FOT measurements in relation to the improvement and the percentage change of FEV1 after 

the bronchodilator administration, which will reflect the best cut-off points, sensitivity, and 

specificity of the measurements at different frequencies (87). Hellinckx et al. reported a posi-

tive response to bronchodilator, presented as a 40% change in the resistance at 5 Hz following 

SABA administration (129). In contrast, Ducharme et al. suggested the use of the resistance at 

8 Hz, with a 19% change after bronchodilator administration indicates a positive response 

(137), while Delacourt et al. recommended the use of the Rrs0 to assess airway obstruction and 

reversibility in children (122). The best cut-off points following SABA administration using 

FOT at different frequencies are still debatable.  

7.2 Aims  

 

1- To assess FOT indices using TremoFlo in children with acute asthma attending the 

emergency department or following admission to the children’s ward.  

2- To evaluate FOT parameters before and after bronchodilator administration in children 

with acute asthma.  

3- To explore the differences between the FOT measurements at 5–37 Hz and 7–41 Hz 

waveform frequencies in children with acute asthma.  

7.3 Hypotheses 

 

1- The FOT measurements of resistance and reactance by TremoFlo using frequency 

waveforms at 5–37 Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, 

Rrs7-20 and Xrs7) reflect airway obstruction in school-age children with acute asthma.  

2- Most of the abnormal FOT measurements of resistance and reactance using frequency 

waveforms at 5–37 Hz and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, 
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Rrs7-20, Xrs7 and AX using 7–41 Hz) exhibit change after bronchodilator administra-

tion in school-age children with acute asthma.  

3- The measurements of FOT using waveforms at 7–41 Hz will be more useful reflection 

of abnormalities than measurements at 5–37 Hz in school-age children with acute 

asthma. 

7.4 Materials, Methods and Participants   

7.4.1 Study design and participants   

 

This was an observational prospective cohort study in school-aged children aged 5–15 years 

who attended the Leicester Royal Infirmary emergency department (ED) or were hospitalised. 

The study was conducted with the approval of the Cambridge South Research Ethics Commit-

tee and our tests were performed in addition to the patients’ regular care during this period.  

The parents of the children were approached either at the ED or during their hospital admission. 

After the initial approach, detailed information sheets were given to both the parents and chil-

dren, who were then given at least 30 minutes to read the papers, with extra time provided if 

necessary. Before enrolling into the study, and after they had read the information sheets, the 

children and parents had the opportunity to ask further questions. If they subsequently agreed 

to join the study, a consent form was given to them to sign before they were formally enrolled.  

Once they were enrolled, they filled in a respiratory questionnaire and the ACT or cACT de-

pending on the age of the child. Then, the tests began with the FOT as a baseline measure 

before administration of four to ten puffs of salbutamol as prescribed by the attending physi-

cian. Repeat FOT measurements were made 15 minutes after bronchodilator administration. 

FeNO was attempted depending on the child’s ability to perform the FeNO according to his/her 

clinical status.  

7.4.2 Data collection and analysis  

 

FOT was repeated until three acceptable tests were obtained. Each test lasted approximately 20 

seconds and was measured at frequency ranges of 5–37 Hz and 7–41 Hz. Impedance measure-

ments of the forced oscillation were reflected as resistance at 5 Hz (Rrs5), resistance difference 

of 5-20 Hz (Rrs5-20), reactance at 5 Hz (Xrs5), reactance area using 5–37 Hz (AX using 5–37 

Hz), resistance at 7 Hz (Rrs7), resistance difference of 7-20 Hz (Rrs7-20), reactance at 7 Hz 

(Xrs7) and reactance area using 7–41 Hz (AX using 7–41 Hz). The Z-scores were recorded 

based on two references dataset by the TremoFlo for the intended studied group (88,133). The 
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best reference dataset was retrieved automatically by the TremoFlo depending on the age, 

height, and weight of the participant. FeNO was reported in parts per billion (ppb). The data 

from the FOT were reported according to the ATS/ERS guidelines (117). The guidelines used 

for FOT are for preschool-aged children. However, they can be applied to school-aged children 

even though they are intended for preschool-aged children as they were based on some studies 

of school-aged children. A detailed description of the procedures and the acceptance criteria is 

provided in Chapter 3. 

7.4.3 Statistical analysis 

 

All the participant’s demographic characteristics (age, height, weight, and sex) were collected. 

The Z-score was used as the interpretive method for FOT, as per the recommendation of 

ATS/ERS since it is independent of age, height, and sex (64,117). The Z -scores were calcu-

lated as (measured – predicted mean)/ (standard deviation of the residuals) (208,209) where Z-

scores of less than −1.64 or greater than + 1.64 were classified as an abnormal result (165,208). 

The normality of the data was tested using histograms and the Shapiro–Wilk test. Comparisons 

between the measurements were made using ANOVA and the Kruskal–Wallis test, followed 

by an unpaired t-test for parametric data and the Mann–Whitney U test for non-parametric data. 

A paired t-test was used to compare data before and after bronchodilator, with a significant p-

value less than 0.05 denoting statistical significance for all the tests.  

7.4.4 Approach to analysis 

 

In order to study the FOT parameters in children with acute asthma, children were divided into 

a group of participants with FOT measurements using waveform 5–37 Hz, a group with FOT 

measurements using waveform 7–41 Hz and a group with FOT measurements using both wave-

forms. These groups were also subdivided according to the availability of the Z-scores of these 

measurements, which depended on the reference that was retrieved by TremoFlo (88,133).   

In order to determine how the FOT parameters were presented in children with acute asthma 

and to evaluate the bronchodilator reversibility. The Z-scores for Rrs5, Rrs5-20, Xrs5, AX 

using 5–37 Hz, Rrs7, Rrs7-20 and Xrs7 were classified to normal and abnormal Z-scores. This 

was done for the group with measurements at frequency waveform 5–37 Hz and the group with 

measurements at 7–41 Hz. No reference values or Z-scores were available for the AX using 7–

41 Hz by the machine according to the references used for the studied population. The Z-scores 

collected for both groups with baseline measures only and those with acceptable measures be-

fore and after the administration of the bronchodilator were classified.  
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Comparison between the Z-scores of the parameters (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz) 

were made using the Kruskal–Wallis test for the baseline and following bronchodilator meas-

urements. Where a statistically significant difference was present, unpaired t -test and Mann–

Whitney U test was also performed for the parametric data and the non-parametric data. This 

was also done for the Z-scores of the parameters at the oscillation waveform of 7–41 Hz, but 

not for AX as no reference values or Z-scores were available for the AX using 7–41 Hz by the 

machine according to the references used for the studied population. 

The average percentage change following bronchodilator administration was calculated for 

Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, and Rrs7, Rrs7-20, Xrs7 and AX using 7–41 Hz 

values. A comparison of the percentage change after bronchodilator administration of Rrs5, 

Rrs5-20, Xrs5, AX using 5–37 Hz was performed using an ANOVA test followed by a paired 

t-test to determine any statistically significant difference. This was also done to determine the 

percentage change after bronchodilator for Rrs7, Rrs7-20, Xrs7 and AX using 7–41 Hz. A 

paired t-test was used for parametric data, to study the actual readings of the resistance and the 

reactance at 5–37 Hz and 7–41 Hz both before and after bronchodilator administration.  

To explore the differences between the FOT measurements at the 5–37 Hz and 7–41 Hz wave-

form frequencies in detecting abnormalities and assessing bronchodilator response, the Z-

scores were studied for the group with measurements at both waveform frequencies (n=15). Z-

scores were classified separately as normal and abnormal for Rrs5, Rrs5-20, Xrs5, AX using 

5–37 Hz, Rrs7, Rrs7-20 and Xrs7. No reference values or Z-scores were available for the AX 

using 7–41 Hz by the TremoFlo machine. The average percentage changes following broncho-

dilator administration was also calculated for actual readings of Rrs5, Rrs5-20, Xrs5, AX using 

5–37 Hz, Rrs7, Rrs7-20, Xrs7 and AX using 7–41 Hz.  An unpaired t-test was used for the 

parametric study data. The Z-scores and the average percentage changes of the resistance and 

the reactance difference between the measurements at 5–37 Hz with measurements at 7–41 Hz 

were compared.  
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7.5 Results 

 

A total of 61 school-aged children were approached to take part in the study either at the ED 

or on the ward. Initially, 20 families out of the 61 declined to participate. However, other par-

ticipants were subsequently excluded due to reasons such as the participants either being too 

unwell, refusing to complete the test or not providing acceptable measurements and traces. All 

participants had been diagnosed with acute asthma by a physician, and the entire population is 

presented in the flowchart in Figure 7.1.  
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Figure 7.1: Flow chart of the entire cohort of school-aged children with acute asthma 

who were approached 
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7.5.1 Evaluation of FOT parameters in children with acute asthma with acceptable 

baseline measurements  

 

Among children with acute asthma, acceptable FOT measurements at baseline using wave-

forms of 5–37 Hz, 7–41 Hz and both were available for 27 participants (n = 5 at 5–37 Hz, n = 

5 at 7–41 Hz and n = 17 at both 5–37 Hz and 7–41 Hz). Among children with FOT measure-

ments at 5–37 Hz (n = 22), all participants had both Rrs5 and Xrs5 Z-scores, 2 had Rrs5-20 Z-

scores and 20 had Z-scores for AX using 5–37 Hz. However, among children with FOT meas-

urements at 7–41 Hz (n = 22), all participants had Rrs7 and Xrs7 Z-scores, 3 had Rrs7-20 Z-

scores and none had Z-scores for AX using 7–41 Hz. Among children with readings at both 5–

37 Hz and 7–41 Hz (n = 17), all 17 participants had Rrs5, Rrs7, Xrs5 and Xrs7 Z-scores, 2 had 

Rrs5-20 Z-scores, 2 had Rrs7-20 Z-scores, 15 had Z-scores for AX 5–37 Hz and none had Z-

scores for AX using 7–41 Hz. No reference values or Z-scores were available for AX using 7–

41 Hz from the machine according based on the references used for the studied population. 

Comparing children with FOT measurements using waveforms of 5–37 Hz and 7–41 Hz at 

baseline  

Baseline Z-scores for FOT at 5–37 Hz: The Z-scores for resistance at 5 Hz (Rrs5), Rrs5-20, 

Xrs5 and AX 5–37 Hz (mean ± SD) were 1.24 ± 1.26, 0.59 ± 0.98, 2.22 ± 3.58 and 2.18 ± 1.43, 

respectively. Abnormal Rrs5 Z-scores were observed in 40.9% of the participants. All Rrs5-20 

Z-scores were normal. Xrs5 abnormal Z-scores were observed in 59.1% of the participants, 

and 50% of the Z-scores for AX using 5–37 Hz were abnormal. Eight participants had abnormal 

Z-scores for three measurements, three participants had abnormal Z-scores for two measure-

ments, and two participants had abnormal Z-scores for one measurement. Nine participants had 

normal Z-scores for all FOT measurements in the range 5–37 Hz. 

Baseline Z-scores for FOT at 7–41 Hz: Resistance at 7 Hz (Rrs7), Rrs7-20 and Xrs7 Z-scores 

(mean± SD) were 0.82 ± 1.06, 0.42 ± 0.57 and 1.60 ± 3.85, respectively. Resistance at 7 Hz 

presented with 27.3% abnormal Z-scores. All Rrs7-20 Z-scores were normal, and 68.2% ab-

normal Xrs7 Z-scores were observed. Four participants had abnormal Z-scores for three meas-

urements, two participants had abnormal Z-scores for two measurements, and nine participants 

had abnormal Z-scores for one measurement. Seven participants had normal Z-scores for all 

FOT measurements in the range 7–41 Hz. 
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Xrs5 and Xrs7 had the highest proportion of abnormal Z-scores, followed by AX using 5–37 

Hz and finally, Rrs5 and Rrs7. However, no abnormal Z-scores were observed for Rrs5-20 and 

Rrs7-20. 

7.5.2 Evaluation of FOT parameters in children with acute asthma and bronchodilator 

reversibility 

 

In our population of children with acute asthma having acceptable FOT measurements before 

and after bronchodilator administration using waveforms of 5–37 Hz, 7–41 Hz and both was 

divided according to Z-score availability. In the group of children with FOT measurements at 

5–37 Hz (n = 19), all participants had both Rrs5 and Xrs5 Z-scores, 2 had Rrs5-20 Z-scores 

and 17 had Z-scores for AX using 5–37 Hz. However, in the group of children with FOT meas-

urements using waveforms of 7–41 Hz (n = 21), all participants had Rrs7 and Xrs7 Z-scores, 3 

had Rrs7-20 Z-scores and none had Z-scores for AX using 7–41 Hz. Among children with 

readings at both 5–37 Hz and 7–41 Hz (n = 15), all participants had Rrs5, Rrs7, Xrs5 and Xrs7 

Z-scores, 2 had Rrs5-20 Z-scores, 2 had Rrs7-20 Z-scores, 13 had Z-scores for AX using 5–37 

Hz and none had Z-scores AX using 7–41 Hz. No reference values or Z-scores were available 

for AX using 7–41 Hz from the machine according based on the references used for the studied 

population. The demographic characteristics of these groups are shown in Table 7.1.  

Table 7.1: Characteristics of children diagnosed with acute asthma using FOT at fre-

quency waveform of 5–37 Hz and 7–41 Hz  

 Acute asthma            

5–37 Hz 

 

(n=19) 

Acute asthma           

7–41 Hz 

 

(n=21) 

Acute asthma            

5–37 Hz and  

7–41 Hz 

(n=15) 

Sex, Male (%) 13 (68.4%) 15 (71.4%) 11 (73.3%) 

Age (years) 8.42 (2.66) 8.34 (2.67) 8.47 (2.83) 

Height (cm) 133.4 (15.75) 132.9 (15.63) 133.5 (15.10) 

Weight (kg) 33.72 (16.46) 33.24 (15.71) 34.03 (17.17) 

Data presented as mean (SD) unless otherwise stated 

(There were no statistically significant differences in age, height or weight between the groups)  
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Comparing Z-scores among children with FOT measurements using waveforms of 5–37 Hz (n 

= 19) and 7–41 Hz (n = 21) before and after bronchodilator administration 

Z-scores for FOT at 5–37 Hz before bronchodilator administration: The Rrs5 Z-scores were 

abnormal in 42% of participants with acute asthma. All Rrs5-20 Z-scores were normal. Abnor-

mal Z-scores were also observed, with 63.2% of children having abnormal Xrs5 Z-scores and 

52.9% having abnormal Z-scores for AX using 5–37 Hz. No statistically significant differences 

were found among the Z-scores of Rrs5, Rrs5-20, Xrs5 and AX using 5–37 Hz at baseline. 

Z-scores for FOT at 7–41 Hz before bronchodilator administration: Rrs7 presented with 28.6% 

abnormal Z-scores. All Rrs7-20 Z-scores were normal, and 61.9% of the studied population 

had abnormal Xrs7 Z-scores. Statistically significant differences were only present between 

the Z-scores of Rrs7 and Xrs7, with a p-value of 0.022. 

The highest proportion of abnormal Z-scores was observed for Xrs5 and Xrs7, followed by AX 

using 5–37 Hz and finally, Rrs5 and Rrs7. However, no abnormal Z-scores were observed for 

Rrs5-20 and Rrs7-20.  

Z-scores for FOT at 5–37 Hz after bronchodilator administration: Abnormal Rrs5 Z-scores 

after bronchodilator administration were presented by 5.2% of the studied population. No ab-

normalities were observed in the Rrs5-20 Z-scores. Abnormal Xrs5 Z-scores fell slightly to 

57.9% following bronchodilator, while the proportion of participants with abnormal Z-scores 

for AX using 5–37 Hz before and after bronchodilator remained the same at 52.9% of the stud-

ied population. Statistically significant differences were noted following bronchodilator be-

tween the Z-scores of Rrs5 and Xrs5, Rrs5 and AX using 5–37 Hz and Rrs5-20 and AX using 

5–37 Hz, with p-values of 0.037, 0.011 and 0.047, respectively. 

Z-scores for FOT at 7–41 Hz after bronchodilator administration: A decrease to 14.3% abnor-

mal Rrs7 Z-scores was noted after bronchodilator, while the Rrs7-20 Z-scores remained nor-

mal. However, an abnormal Z-score for Xrs7 was observed in 66.7% of participants after bron-

chodilator. Statistically significant differences were only present between the Z-scores of Rrs7 

and Xrs7, with a p-value of 0.008. 

There were statistically significant differences in the Z-scores before and after the bronchodi-

lator administration using 5–37 Hz for Rrs5 and AX, with p-values of 0.021 and 0.004, respec-

tively. The Z-scores for Rrs7 and Xrs7 before and after the bronchodilator administration using 

7–41 Hz were significantly different, with p-values of 0.003 and 0.023, respectively.  
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The Z-scores of the FOT parameters at 5–37 Hz and 7–41 Hz before and after bronchodilator 

are presented in Tables 7.2–7.4 and Figures 7.2 and 7.3.  

Table 7.2: Forced oscillation Z-scores for Rrs5 and Rrs7 in children with doctor-diag-

nosed acute asthma  

 Acute Asthma 

(Rrs5) 

Acute Asthma 

(Rrs7) 

Number of participants with Z-

scores (n=19) (n=21) 

Z-scores at the baseline, mean 

(SD) 1.20 (1.29) 0.81 (1.09) 

Abnormal Z-scores at the base-

line, n (%) 8 (42%) 6 (28.6%) 

Abnormal Z-scores after bron-

chodilator, mean (SD) 0.67 (0.94) 0.48 (0.99) 

Abnormal Z-scores after bron-

chodilator, n (%) 1 (5.2%) 3 (14.3%) 

 

Table 7.3: Forced oscillation Z-score of Xrs5 and Xrs7 in children with doctor-diag-

nosed acute asthma  

 Acute Asthma 

(Xrs5) 

Acute Asthma 

(Xrs7) 

Number of participants with Z-

scores  n=19 n=21 

Z-scores at the baseline, mean 

(SD) 2.18 (3.80) 1.58 (3.93) 

Abnormal Z-scores at the base-

line, n (%) 12 (63.2%) 13 (61.9%) 

Abnormal Z-scores after bron-

chodilator, mean (SD) 1.54 (1.94) 1.06 (2.81) 

Abnormal Z-score after bron-

chodilator, n (%) 
11(57.9%) 14 (66.7%) 
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Table 7.4: Forced oscillation Z-score of AX using 5–37 Hz in children with doctor- diag-

nosed acute asthma  

 Acute Asthma 

(AX using 5–37 Hz) 

Number of participants with Z-

scores  n=17 

Z-scores at the baseline, mean 

(SD) 2.14 (1.39) 

Abnormal Z-scores at the base-

line, n (%) 9 (52.9%) 

Abnormal Z-scores after bron-

chodilator, mean (SD) 1.52 (0.95) 

Abnormal Z-scores after bron-

chodilator, n (%) 9 (52.9%) 

 

 

 

Figure 7.2: Z-scores of FOT measurements using waveform 5–37 Hz before and after 

administration of a bronchodilator  
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Figure 7.3: Z-scores of FOT measurements using waveform 7–41 Hz before and after 

administration of a bronchodilator 
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Comparing percent change in the raw data in children with FOT measurements at 5–37 Hz (n 

= 19) and 7–41 Hz (n = 21) before and after bronchodilator administration 

FOT measurements using waveforms of 5–37 Hz before and after bronchodilator administra-

tion: An average of −9.63% improvement following bronchodilator was observed for Rrs5, 

with an average change of −17.30% for Rrs5-20. An average percent change of 13.55% was 

noted for Xrs5. The highest average percent change after bronchodilator administration among 

the FOT measurements at 5–37 Hz was noted for AX, at −20.07%. FOT measurements for 

Rrs5, Rrs5-20, Xrs5 and AX using 5–37 Hz showed statistically significant changes following 

bronchodilation, as shown in Table 7.5. The FOT measurements using waveforms of 5–37 Hz 

before and after bronchodilator are shown in the figures in Table 7.6.  

When comparing the percentage change after bronchodilator administration of ΔRrs5, ΔRrs5-

20, ΔXrs5 and ΔAX using 5–37 Hz, a significant difference was observed between ΔRrs5 and 

ΔXrs5, ΔRrs5-20 and ΔXrs5 and ΔXrs5 and ΔAX using 5–37 Hz, all with p-values < 0.0001.  
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Table 7.5: Paired T-test for acute asthma with FOT measurements using waveform 5–

37 Hz before and after bronchodilator (n=19) 

 Pre-BD Post-BD p-value 

Rrs5 (cmH2O⋅sec/L)  8.52 (2.29) 7.49 (1.91) 0.028* 

Rrs5-20 (cmH2O⋅sec/L)  3.41 (1.42) 2.66 (0.96) 0.009* 

Xrs5 (cmH2O⋅sec/L)  −5.88 (2.65) −4.62 (1.52) 0.018* 

AX (cmH2O/L) 60.88 (30.71) 44.93 (19.49) 0.004* 

Data represented mean (SD)*statistically significant  
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Table 7.6: FOT measurements using waveform 5–37 Hz before and after administration 

of bronchodilator  

FOT measurements using 

5–37 Hz  
(n=19) 

Rrs5 (cmH2O⋅sec/L)  

Pre Rs5 Post Rs5 Post Rs5

-

Pre Rs5

5

10

-5

0

5

Rrs5

M
ea

n
 o

f d
ifferen

ces

 

Rrs5-20 (cmH2O⋅sec/L) 

Pre
 R

rs
5-

20

Pos
t R

rs
5-

20

Pos
t R

rs
5-

20
-

Pre
 R

rs
5-

20

0

2

4

6

8

-2

0

2

4

Rs5-20

M
ea

n
 o

f d
ifferen

ces

 

 

 

 

 

 

 

 

 

 

 

 

 



 

148 

Table 7.6 (Continued) 

FOT measurements us-
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FOT measurements using waveforms of 7–41 Hz before and after bronchodilator administra-

tion: The lowest average percent change following bronchodilator was noted for Rrs7, at 

−7.02%. An average percent change of –17.40% was observed for Rrs7-20, and similar average 

percent changes were observed for Xrs7 and AX using 7–41 Hz, at 14.18% and −18.32%, 

respectively. Statistically significant changes in the Rrs7, Rrs7-20, Xrs7 and AX using 7–41 

Hz readings before and after bronchodilator were also noted by the paired t-test (Table 7.7). 

The percent changes after bronchodilator administration of ΔRrs7, ΔRrs7-20, ΔXrs7 and Δ AX 

using 7–41 Hz were also compared, and statistically significant differences were observed be-

tween ΔRrs7 and ΔXrs7, ΔRrs7-20 and ΔXrs7 and ΔXrs7 and ΔAX using 7–41 Hz, all with p-
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values < 0.0001. The values of the FOT measurements before and after bronchodilator are 

shown in the figures in Table 7.8.  

Table 7.7: Paired T-test for acute asthma with FOT measurements using waveform 7–41 

Hz before and after bronchodilator (n=21) 

 Pre-BD Post-BD p-value 

Rrs7 (cmH2O⋅sec/L) 7.83 (2.20) 

 

7.23 (2.01) 0.005* 

 
Rrs7-20 (cmH2O⋅sec/L) 2.51 (1.10) 

 

2.07 (1.03) 

 

0.007* 

 
Xrs7 (cmH2O⋅sec/L) −5.02 (2.14) 

 

−4.06 (1.42) 

 

0.003* 

 
AX (cmH2O/L) 51.59 (25.83) 

 

39.80 (19.08) 

 

0.003* 

 

 

Data represented mean (SD)*statistically significant  
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Table 7.8: FOT measurements using waveform 7–41 Hz before and after bronchodilator 

FOT measurements using 

7-41 Hz  
(n=21) 
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Table 7.8 (Continued)  

FOT measurements using 

7-41 Hz  
(n=21) 
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7.5.3 Comparison of normal and abnormal FOT measurement Z-scores at baseline and 

their relation to the actual values percentage change following bronchodilator 

 

FOT measurements, using waveforms of 5–37 Hz: For 19 participants with Rrs5 Z-scores, 

seven participants presented with abnormal Rrs5 Z-scores at baseline who showed a change of 

more than −10% of the actual values following bronchodilator administration, BDR (mean ± 

SD, −26.83 ±10.08), one participant showed an abnormal Rrs5 Z-score at baseline with no 

improvement following bronchodilator administration. However, 11 participants had normal 

Rrs5 Z-scores at baseline; 3 showed a percent change of more than −10 %, 3 improved by less 

than −10 %, BDR (mean ± SD, −18.30 ± 8.46 and −4.19 ± 1.77), and 5 showed no improve-

ment. Regarding Rrs5-20, 2 had normal Rrs5-20 Z-scores at baseline and reflected a percent 
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change following bronchodilator of more than −10%. Reactance at 5 Hz (Xrs5) was found for 

19 participants, 10 whom had abnormal Xrs5 Z-scores at baseline; 8 showed a change of more 

than 10% and 2 less than 10%, BDR (mean ± SD, 37.40 ± 14.33 and 7.94 ± 2.41).  However, 

2 participants had abnormal Xrs5 Z-scores of that indicated no improvement following the 

bronchodilator administration. Normal Xrs5 Z-scores at baseline were observed in seven par-

ticipants; 3 presented a change of more than 10%, BDR (mean ± SD, 14.51 ± 3.31), while 4 

participants showed no improvement. In 9 of 17 participants had AX using 5–37 Hz Z-scores, 

were noted to be abnormal at the baseline; 5 showed a change of more than −10 %, BDR (mean 

± SD, −42.58 ± 8.19), 2 showed improvement of AX using 5–37 Hz of less than −10%, while 

2 showed no improvement following bronchodilator. However, 8 participants showed normal 

Z-scores of AX using 5–37 Hz; 5 showed a change of more than −10 %, BDR (mean ± SD, 

−21.41 ± 9.53), 2 showed improvement of AX using 5–37 Hz of less than −10%, while 1 

showed no improvement following bronchodilator. 

 

FOT measurements using waveforms of 7–41 Hz: In 21 participants with Rrs7 Z-scores, 4 

participants presented with abnormal Rrs7 Z-scores at baseline with a change of more than 

−10% of the actual values following bronchodilator administration, BDR (mean ± SD, −21.94 

±4.15). Moreover, one with an abnormal Rrs7 Z-score showed a change of less than −10%, 

while 1 with an abnormal Rrs7 Z-score showed no improvement following bronchodilator. 

However, 15 participants had normal Rrs7 Z-Scores; 4 participants presented with bronchodi-

lation change of more than −10%, 8 with a less than −10% change, while 3 participants showed 

no improvement with BDR (mean ± SD, −7.36 ± 12.56, −4.52 ± 2.86 and 1.80 ± 1.98, respec-

tively). Three participants in this group had Rrs7-20 Z-scores, two of whom were normal but 

presented a change of more than −10% and one who showed no improvement following bron-

chodilator administration. The reactance at the 7 Hz (Xrs7) Z-scores was observed for 21 par-

ticipants. 14 showed abnormal Xrs7 Z-scores; 11 showed a change of more than 10%, BDR 

(mean ± SD 27.91± 13.98), 1 a change of less than 10%, and 2 had no improvement following 

bronchodilator administration. However, seven had normal Xrs7 Z-scores; 2 showed a change 

of more than 10%, 2 with change of less than 10 %, BDR (mean ± SD, 16.96 ± 2.48 and 6.37± 

0.55, respectively), and 3 showed no improvement subsequent to bronchodilator administra-

tion. No Z-scores were available for the AX using 7–41 Hz by the machine according to the 

references used for the population studied. 
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7.5.4 Baseline readings and response to bronchodilator administration in relation to 

clinical condition  

 

Studying children with acute wheezing or asthma in the ED is challenging. Most received in-

creased doses of SABA either at home prior to admission or from the referring GP. Many 

children were acutely unwell with some requiring supplemental oxygen and for safety reasons 

these children were not studied until they were breathing room air and judged to be stable 

enough for FOT measurements by the attending medical team in the ED or on the ward. 

Of the 25 participants with acute asthma that were tested using the FOT measurements, twelve 

were tested upon their arrival at the ED, and the remaining 13 were tested after admission to 

the ward. All participants had been given SABA in the ED and on the ward. All FOT measure-

ments were taken at least one hour after SABA administration. Oral steroids were recorded for 

60% of these participants. Asthma control test and childhood asthma control test scores were 

lower than 20 for 72% of the participants (Table 7.9). 

Participants with close-to-normal baseline measurements of resistance and reactance and with 

minimal or no improvement following bronchodilator administration were found among chil-

dren who received a dexamethasone dose at their ED visit and those who were tested on the 

children’s wards. Within this category of participants, the childhood asthma control test 

(cACT) or asthma control test (ACT) scores were higher than in the group of participants that 

presented with higher resistance readings and higher percent changes following bronchodilator. 

Participants who showed more improvement following bronchodilator administration were 

tested during an ED visit, and most of them were admitted to the hospital. However, some such 

participant needed oxygen treatment upon admission, while others were clinically stable. The 

resistance at 5 Hz for one of the participants increased markedly after they underwent bron-

chodilator administration during the ED visit. This patient was found to have received only one 

dose of bronchodilator and prednisolone in the ED with no further bronchodilator treatment. 

No direct relationship between higher resistance and lower reactance FOT measurements and 

oxygen administration was noted among the children with acute asthma in our study.  
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Table 7.9:Clinical characteristics of children diagnosed with acute asthma using FOT at 

frequency waveform of 5–37 Hz and 7–41 Hz 

Acute asthma 

(n=25) 

Characteristics  

Ethnicity 

White, n (%) 

Black, n (%) 

Asian, n (%) 

Mixed /other, n (%) 

 

9  (36%)  

1  (4%)  

6  (24%) 

9  (36%)  

History 

History of Eczema  

Yes, n (%) 

No, n (%) 

 

10 (40%)  

15 (60%)  

Age at the first wheeze  

1–3 years, n (%) 

4–6 years, n (%) 

7–10 years, n (%) 

 

12 (48%)  

9   (36%)  

4   (16%)  

Asthma exacerbation within the last year 

Yes, n (%) 

No, n (%) 

 

12 (48%)  

13 (52%)   

Smoking history of the family  

Yes, n (%) 

No, n (%) 

 

9   (36%)  

16 (64%) 

At their presentation with asthma exacerbation  

Patient using previously prescribed medication   

Corticosteroids, n (%) 

Combination of long acting β2 agonist and inhaled corti-

costeroid, n (%) 

No medication, n (%) 

 

7  (28%) 

 

5  (20%) 

13(52%)  

Oral steroids given  

Before the FOT measurements, n (%) 

After the FOT measurements, n (%) 

No oral steroids recorded, n (%) 

 

10 (40%)  

5   (20%) 

10 (40%) 

SABA given  

Before the FOT measurements, n (%) 

After the FOT measurements, n (%) 

 

16 (64%)  

9   (36%) 

Patient testing location 

ED, n (%) 

Ward, n (%) 

 

12 (48%) 

13 (52%) 

Patients was admitted after 4 hours in the ED 

Yes, n (%) 

No, n (%) 

 

18 (72%) 

7   (28%) 

O2 therapy required  

Yes, n (%) 

             No, n (%) 

 

7   (28%) 

18 (72%) 
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Table 7.9 (Continued) 

Acute asthma 

(n=25) 

At their presentation with asthma exacerbation 

ACT/cACT 

Mean (SD)  

≤ 20, n (%) 

>20, n (%) 

 

16.64 (5.84) 

   18 (72%) 

   7   (28%) 

POPS* 

Mean (SD)  

Score (0-1), n (%) 

Score (2-3), n (%) 

Score (4-7), n (%) 

 

1.68 (1.55) 

   15 (60%) 

   8   (32%) 

   2   (8%) 

* The Paediatric Observation Priority Score is an emergency score use known- risk parameter 

in addition to the physiological, behavioural identifier (245). This early warning score consists 

of eight domains (background history, level of nursing concern, level of alertness, heart rate, 

extent of breathing difficulty, oxygen saturation, respiratory rate and temperature), each 

graded from 0 to 2 for a maximum score of 16 (246). This score is used to assess the severity 

of the illness and guide staff in clinical decisions (245).  

7.5.5 Exploring the differences between FOT measurements at the 5–37 Hz and 7–41 Hz 

waveform frequencies in detecting abnormalities and assessing bronchodilator reversi-

bility in children with acute asthma  

 

Comparing Z-scores in children with FOT measurements at both 5–37 Hz and 7–41 Hz (n = 

15) before and after bronchodilator administration 

Z-scores for FOT at 5–37 Hz before bronchodilator administration: Abnormal Rrs5 Z-scores 

were noticed in 40% of the studied population. All Rrs5-20 Z-scores were found to be normal. 

Abnormal Xrs5 Z-scores were observed in 66.7% of children, and 53.8% of participants had 

abnormal Z-scores for AX using 5–37 Hz. No statistically significant differences were found 

between the Z-scores of the measurements at 5–37 Hz at baseline. 

Z-scores for FOT at 7–41 Hz before bronchodilator administration: Rrs7 presented with 26.7% 

abnormal Z-scores. All Rrs7-20 Z-scores were normal. Moreover, 66.7% of the studied popu-

lation had abnormal Xrs7 Z-scores. No statistically significant differences were found at base-

line among the Z-scores of the measurements at 7–41 Hz.  

Z-scores for FOT at 5–37 Hz after bronchodilator administration: Abnormal Rrs5 Z-scores 

after bronchodilator were presented by 6.7 % of the studied population, while no abnormalities 
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were observed in Rrs5-20 Z-scores. The proportion of abnormal Xrs5 Z-scores following bron-

chodilator fell slightly to 53.3%. The percentage of participants with abnormal Z-scores for 

AX using 5–37 Hz before and after bronchodilator remained the same at 53.8% of the studied 

population. No statistically significant differences were found among the Z-scores of the meas-

urements at 5–37 Hz following bronchodilator administration.  

Z-scores for FOT at 7–41 Hz after bronchodilator administration: The proportion of abnormal 

Rrs7 Z-scores decreased to 6.7% after bronchodilator administration. The Rrs7-20 Z-scores 

remained normal. However, an abnormal Xrs7 Z-score was observed in 66.7% of participants 

after bronchodilator. No statistically significant differences were found between the Z-scores 

of the measurements at 7–41 Hz following bronchodilator administration. 

All Z-scores for Rrs5-20 and Rrs7-20 were found to be normal both before and after broncho-

dilator administration. The highest percentage of abnormal Z-scores was observed for both 

Xrs5 and Xrs7, followed by AX using 5–37 Hz. However, Rrs5 had a higher percentage of 

abnormal Z-scores compared with Rrs7 at baseline. Although Xrs5 and Xrs7 had the same 

percentage of abnormal values at baseline, the percentage remained the same for Xrs7 after 

bronchodilator, while it decreased for Xrs5. The percentage of abnormal Z-scores after bron-

chodilator remained the same for AX using 5–37 Hz. In contrast, a drop in the percentage of 

abnormal Z-scores for both Rrs5 and Rrs7 was observed following bronchodilator. A represen-

tation of the Z-scores for the FOT measurements is shown in Figure 7.4.  

Comparing percent change in the raw data in children with FOT measurements at both 5–37 

Hz and 7–41 Hz (n = 15) before and after bronchodilator administration 

FOT measurements using waveforms of 5–37 Hz before and after bronchodilator administra-

tion: An average percent change of −8.99% was noted for Rrs5 following bronchodilator ad-

ministration, with an average change of −10.12% in Rrs5-20. However, an average percent 

change of 13.48% was noted for Xrs5, and the highest average percent change after broncho-

dilator among the FOT measurements at 5–37 Hz was noted for AX, at −17.05%. Only Xrs5 

showed statistically significant changes following bronchodilator. 

Actual Rrs5 values presented a percent change of more than −10% following bronchodilator 

administration in 7 participants and less than −10 % in 3 participants, BDR (mean ± SD: −23.60 

± 10.96 and −4.18 ± 1.77, respectively). However, 5 participants presented with no improve-

ment of Rrs5 following bronchodilator administration. Following bronchodilator administra-

tion, Rrs5-20 improved more than −10% in 8 participants, BDR (mean ± SD: −25.93 ± 22.59) 
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and less than −10% in 2 participants, while 5 participants had no improvement following bron-

chodilator. This pattern was also observed for Xrs measurements following bronchodilator ad-

ministration; 8 participants showed improvements of more than 10% BDR (mean ± SD: 31.50 

± 14.97), 2 improved by less than 10% and 5 showed no improvement. However, regarding 

AX using 5–37 Hz values, an improvement of more than −10 % was noted in 9 participants 

and 3 participants showed an improvement of less than −10%, BDR (mean ± SD: −30.18 ± 

18.85 and −2.38 ± 2.82, respectively), while 3 participants showed no improvement following 

bronchodilator administration.  

FOT measurements using waveforms of 7–41 Hz before and after bronchodilator administra-

tion: The lowest average percent change after bronchodilator was noted for Rrs7, at −10.66%. 

An average percent change of −18.09% was observed for Rrs7-20, while that of Xrs7 was 

17.98%. However, AX using 7–41 Hz had the highest average changes (−25.31%) among the 

measurements at 7-41 Hz. Statistically significant changes in Rrs7, Rrs7-20 and Xrs7 readings 

before and after bronchodilator were noted by the paired t-test. 

Actual Rrs7 values presented a percent change of more than −10% following bronchodilator 

administration in 7 participants and less than −10 % in 6 participants, BDR (mean ± SD: −18.29 

± 5.87 and −5.54 ± 2.56, respectively). However, 2 participants presented with no improvement 

in Rrs7 following bronchodilator administration. Following bronchodilator administration, 

Rrs7-20 improved by −10 % in 10 participants, BDR (mean ± SD: −33.60 ± 12.48) and less 

than −10% in 1 participant, with 4 participants showing no improvement after bronchodilator. 

Moreover, 10 participants presented with improvements of more than 10% BDR (mean ± SD: 

26.41 ± 13.89) in Xrs7 measurement following bronchodilator administration, 3 with improve-

ments less than 10% and 2 with no improvement. However, regarding AX using 7–41 Hz val-

ues, an improvement of more −10 % was noticed in 12 participants, BDR (mean ± SD: −32.67 

± 17.43), and 3 participants showed no improvement following bronchodilator administration.  

The highest average percent change in FOT measurements at 5–37 Hz following bronchodila-

tor administration was observed for AX using 5–37 Hz followed by Xrs5, while the lowest 

percent change was noted for Rrs5. However, the highest average percent change among the 

FOT measurements at 7–41 Hz after bronchodilator administration was noted for AX using 7–

41 Hz. This was followed by Rrs7-20 and Xrs7, while Rrs7 had the lowest percent change 

among the measurements at 7–41 Hz. Although the percent changes were higher for the meas-

urements at 7–41 Hz compared with those at 5–37 Hz, this difference was not significant.  
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Figure 7.4: Z-scores of FOT measurements using waveform 5–37 and 7–41 Hz before 

and after bronchodilator administration in the group with both readings (n=15) 
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7.6 Discussion 

 

Both resistance and reactance FOT parameters were used within this study to show airway 

dynamics in children with acute asthma, with the intention of using a lower oscillation fre-

quency for a better overview of the peripheral airways (168). The main findings of this study 

showed that the reactance and the area under the curve were the best parameter to represent 

abnormalities in children with acute asthma at baseline, followed by airway resistance. These 

findings are supported by the findings of Goldman et al., who showed that the Xrs and AX 

gave a clearer representation of peripheral airway obstruction compared to resistance (176), 

and with the ability of the AX measure to differentiate between children with asthma or with 

small airways disease from children with healthy lungs (168). Following bronchodilator, we 
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found that the average percentage changes were highest for AX using 5–37 Hz and 7–41 Hz, 

followed by Rrs5-20 and Rrs7-20, then Xrs5 and Xrs7, and lastly Rrs5 and Rrs7. This was also 

seen when studying the bronchodilator response of Rrs5-20, Rrs20 and AX, showing that AX 

and Rrs5-20 were markedly changed compared with Rrs20 (247). Nevertheless, in some par-

ticipants, Rrs presented with a higher percent change compared with AX and Xrs in the same 

participant following bronchodilator administration. This could be explained by the fact that 

the effect of SABA is mainly observed on larger airways, with no significant changes to the 

small airway measures in some children with asthma (248). 

This study showed that individuals with higher resistance as demonstrated by the FOT and less 

asthma control as reflected by the ACT/cACT showed greater improvement after bronchodila-

tor. This finding supports other studies that found a greater response to the bronchodilator in 

patients with asthma having lower lung functions at baseline compared with those having 

higher baseline function (231). 

In our study, we assessed the percent change following bronchodilator administration in chil-

dren with asthma, and some of our findings agree with those of other studies. However, some 

differences to what was observed in the field were also noted. This could be because different 

populations and ethnic groups of varying ages were studied using different oscillation fre-

quency waveforms, machines, and sample sizes in addition to some studies using a healthy 

control group as a reference for the children with asthma and having different waiting times 

between bronchodilator administration and the IOS/FOT assessment. In addition, the severity 

of the condition in the studied children varied (88,123,143,199,203,243,244). Using the percent 

changes of the actual values in this chapter allowed us to compare and contrast the results with 

other data in the literature, as most studies report the percent change of IOS/FOT raw values 

following bronchodilator administration. In a study performed in children aged 2–5 years at-

tending the outpatient asthma clinic, a 40% change in Rrs5 following bronchodilator admin-

istration suggested a positive bronchodilator response, where resistance measurements were 

made by IOS. However, the bronchodilator used comprised 500 µg of terbutaline, and the wait-

ing time following bronchodilator administration was 20 min, both differing from our study 

(149). A similar percent change in Rrs5 was observed in young children with stable asthma 

based on IOS measurements at frequency range of 5–35 Hz before and after 20 min of admin-

istrating 200 µg of salbutamol (129). In children aged 4 years with asthma, a positive broncho-

dilator response was suggested by a change of −26.9% in Rrs5 and 35.8% in Xrs5 following 

the administration of 2.5 mg salbutamol over 15 minutes  (105) All these studies focused on 



 

160 

age groups younger than the age group in our study (105,129,149). However, in a study done 

by Batamz et al., a similar age group to our study of children with both acute and stable asthma 

were included. Yet, a higher percent change of −39.05% response change in AX suggested  the 

detection of reversibility following bronchodilator administration in that population (110) 

However, similar findings to our study were noted in children with asthma aged 3–18 years, 

suggesting bronchodilator reversibility by a decrease of 8.6% in Rrs10 following 15 min of 

180 µg salbutamol administration. These measurements were performed by IOS using frequen-

cies from 5 to 20 Hz, although this study by Komarow at al. did not include children with acute 

asthma (111). Data on the bronchodilator response in children with acute asthma using the FOT 

were also limited.  

No difference in detecting abnormalities and assessing bronchodilator reversibility was noted 

in the measurements of FOT at the waveform frequencies of 5–37 Hz and 7–41 Hz. This could 

be because similar oscillations were used. However, this study had some limitations that could 

give a different interpretation of the findings. Within the category of the children with acute 

asthma, there was no other objective evidence to support the diagnosis of asthma; the diagnosis 

was made solely by the physician. Having more objective evidence could lead to a better re-

flection of the sensitivity and specificity of FOT in acute asthma cases. Additionally, we were 

basing the Z-score normality on other references that were used on other group ethnicities; 

having an adequate number of healthy control participants would allow us to use our own ref-

erences and Z-scores. Also, the children in the control group did not receive ethical approval 

to be given a bronchodilator, meaning that no after bronchodilator measurements were per-

formed on the healthy control group. 

In our study, FOT measurements at 5–37 Hz and 7–41 Hz could detect airway abnormalities 

in children with acute asthma except for Rrs5-20 and Rrs7-20. However, this could be due to 

the limited availability of Rrs5-20 and Rrs7-20 Z-scores. Additionally, most FOT measure-

ments at 5–37 Hz and 7–41 Hz reflected a percent change following bronchodilator, suggesting 

a positive bronchodilator response and airway improvement in children with acute asthma. 

Moreover, no significant differences were found between measurements of FOT at 7–41 Hz 

and 5–37 Hz in the reflection of abnormalities and assessment of the bronchodilator response.  
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CHAPTER 8  FORCED OSCILLATION TECHNIQUE IN CHILDREN 

WITH UNCONTROLLED ASTHMA  

 

8.1 Introduction and rationale  

 

Asthma is the most common respiratory disorder affecting children (249). Approximately 20% 

of patients with asthma are classified as having inadequately controlled asthma. These patients 

are at particular risk of asthma exacerbation, hospital admission and death (250). Appropriate 

treatment of asthma maintains clinical control and decreases the risks associated with the dis-

ease in the future. To reach this goal, continuous monitoring is necessary in children with 

asthma. Monitoring includes assessment of lung functions, inflammation and the symptoms 

associated with asthma (251).  

Spirometry is an informative indicator of lung function, it is essential for asthma diagnosis, and 

it can also be used to assess the effectiveness of treatment and the risk of future adverse out-

comes (252,253), which may be identified by a faster than typical decline in lung function 

during adulthood in patients with asthma  (253). Spirometry is a recommended objective test 

to monitor asthma at each doctor visit (254). However, MBNW, used to determine lung clear-

ance index (LCI), is also used to reflect the small airway disease and ventilation heterogeneity 

that is associated with asthma (255). Fractional exhaled nitric oxide (FeNO) is also used in 

children with asthma as indirect evidence of airway inflammation (256). Though, uncontrolled 

asthma is commonly reflected in low scores in the asthma control test (ACT) or chi ldhood ACT 

(cACT) (257). 

Guidelines recommend the use of the respiratory oscillometry in the diagnosis and monitoring 

of asthma, especially in young children (117,258). It has also been suggested that it can predict 

the loss of asthma control (259). With limited data on how the forced oscillation technique 

(FOT) presents in children with uncontrolled asthma and how it may reflect asthma control. 

Objective testing of spirometry, MBNW and FeNO has been chosen for the current study to 

test the associations between the biomarker FOT and (i) peripheral airway involvement in the 

disease process of asthma and (ii) airway inflammation in children with uncontrolled asthma, 

with consideration of the ACT/cACT scores.  
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Improving the health outcomes in asthma depends on adherence to the asthma management 

plan. Adherence is also based on the patients’ understanding of the disease, and the role of 

reliever and maintenance therapy as long-term treatment, especially in chronic diseases.  (254). 

Many patients do not usually take their medication as prescribed; thus, intervention to support 

adherence must be considered (50). Electronic monitoring devices have been suggested as use-

ful tools to reflect the use of the medication in children with asthma, especially in children with 

poor adherence (260). However, further research focusing on use of an electronic monitoring 

device and the effect of adherence on clinical control, in combination with other objective test-

ing of the abnormalities associated with asthma, is needed.  

The use of bronchodilator reversibility (BDR) testing in children with asthma could have clin-

ical significance beyond the diagnostic purpose (261). BDR assessment following inhaled cor-

ticosteroid treatments, is useful to assess uncontrolled asthma, as it could provide relevant in-

formation about asthma management (261). Bronchodilator response has also been shown to 

indicate asthma control in both adults and adolescents with asthma (262,263). In this study, the 

FOT was used to quantify the bronchodilator response in children with uncontrolled asthma.  

8.2 Aims  

 

1- To investigate the association between FOT indices at the frequency waveforms 5–

37 Hz and 7–41 Hz using TremoFlo and spirometry parameters (forced expiratory 

volume in 1 second [FEV1] and FEV1/forced vital capacity [FEV1/FVC]), the lung 

clearance index (LCI) from multiple breath nitrogen washout and airway inflam-

mation (FeNO) in children with uncontrolled asthma. 

2- To monitor changes in asthma control and clinical outcomes between two visits 

over a period of 2 to 4 months using the ACT or cACT and measurements of FOT 

at the frequency waveforms 5–37 Hz and 7–41 Hz in relation to the adherence to 

inhaled corticosteroids by remote monitoring using electronic smart inhalers moni-

toring devices in children with uncontrolled asthma. 

3- To evaluate the BDR on FOT indices at the frequency waveforms 5–37 Hz and 7–

41 Hz in children with uncontrolled asthma. 
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8.3 Hypotheses  

 

1- FOT measurements of resistance and reactance using TremoFlo at the 5–37 Hz and 7–

41 Hz oscillation waveforms (Rrs5, Xrs7, Rrs7 and Xrs7) correlate with spirometry 

parameters (FEV1 and FEV1/FVC), the LCI and the FeNO in school-age children with 

uncontrolled asthma. 

2- FOT measurements of resistance and reactance (Rrs5, Rsr5-20, Xrs5, AX using 5–37 

Hz, Rrs7, Rrs7-20, Xrs7 and AX using 7–41 Hz) and ACT/cACT scores improve with 

good adherence to inhaled corticosteroids in school-age children with uncontrolled 

asthma. 

3- FOT measurements of resistance and reactance at the frequency waveforms 5–37 Hz 

and 7–41 Hz (Rrs5, Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, Rrs7-20, Xrs7 and AX 

using 7–41 Hz) exhibit a change after bronchodilator administration in school-age chil-

dren with uncontrolled asthma. 

8.4 Materials, Methods and Participants 

8.4.1 Study design and participants  

 

This was an observational prospective cohort study performed in school-aged children (5–15 

years old) with uncontrolled asthma attending the asthma clinic at Leicester Royal Infirmary. 

The study was conducted under the approval of the Cambridge South Research Ethics Com-

mittee. The treatment and the clinical protocol were not changed during the study period. Tests 

for the study were performed in addition to the patient’s regular care. The patients with uncon-

trolled asthma were identified by the physicians and the respiratory nurse at the clinic, if their 

ACT or cACT scores were <20. Once the patients were identified, the researcher was informed. 

Detailed information sheets were given to both the parents and the children at their clinical visit 

by the physician; alternatively, the information sheets were sent to their addresses by the res-

piratory nurse if the patients had a telephone appointment. A period of 24 hours was given for 

the parents and children to read the papers after they received the information sheet, and extra 

time was provided if needed by the parents. After they read the information sheets provided, 

they had time to ask questions and obtain further explanation before enrolling in the study. 

Once these queries were answered by the researcher, if the parents and children ultimately 

decided to join the study, they were invited for a respiratory physiology laboratory visit to 

perform relevant breathing tests including FOT. During the laboratory visit, the assent and 

consent forms were given to families for their approval to join the study and signature; subse-

quently, they filled in a respiratory questionnaire and the ACT or cACT depending on the age 
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of the child. The tests were then performed, starting with the performance of the FOT as a 

baseline measure. Next, the FeNO and the MBNW were performed. Afterward, spirometry was 

performed, and 400 micrograms of salbutamol was administered. Repeated FOT measurements 

followed by spirometry were performed 15 minutes after the bronchodilator administration. 

The participants were asked to bring their prescribed inhaler medication to the laboratory visits. 

Once the breathing tests were completed, preventer and reliever inhalers were fitted into the 

electronic monitoring device. Education about the usage of electronic smart inhalers and the 

monitoring of medication administration was provided to the parents and participants. The par-

ticipants were invited for a follow-up visit that took place two to four months after the initial 

visit. During the follow-up visit, the same tests done in their initial visits were repeated, with 

the respiratory questionnaire omitted. The electronic monitoring device and adherence to the 

treatment were checked. In addition, parents and participants were asked to report adherence 

to the treatment since the initial visit. 

8.4.2 Data collection and analysis  

 

At the initial laboratory visit, FOT was performed to obtain three acceptable tests. Each test 

lasted 20 seconds at frequency ranges of 5–37 Hz and 7–41 Hz. Impedance measurements of 

the forced oscillation were reflected as resistance at 5 Hz (Rrs5), resistance difference of 5–20 

Hz (Rrs5-20), reactance at 5 Hz (Xrs5), reactance area using 5–37 (AX using 5–37), resistance 

at 7 Hz (Rrs7), resistance difference of 7–20 Hz (Rrs7-20), reactance at 7 Hz (Xrs7) and reac-

tance area using 7–41 Hz (AX using 7–41 Hz). Absolute values and Z-scores were recorded 

based on two reference datasets within TremoFlo software for the intended studied group 

(88,133). The most appropriate reference dataset was retrieved automatically by the TremoFlo 

depending on the age, height, and weight of the participant. Spirometry measurements were 

taken, with indices of flow limitation and lung volumes reflected as the FEV1 and the 

FEV1/FVC absolute values, in addition to predicted percentage and the Z-scores published by 

Quanjer PH et al. in 2012 (164). The LCI values and Z-score was reported based on the MBNW 

measurements (264). FeNO is reported as a number in parts per billion (ppb). A detailed de-

scription of the procedures and the acceptance criteria is provided in Chapter 3. 

8.4.3 Statistical analysis  

 

All the participants’ characteristics (age, height, weight, and sex) were reported. As per the 

recommendation of ATS/ERS, we used the FOT Z-score because it is independent of age, 

height, and sex (64,117). The Z-scores were calculated as (measured – predicted mean)/ 
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(standard deviation of the residuals) (208,209), with Z-scores of less than −1.64 or more than 

+1.64 classified as an abnormal result (165,208). The normality of the data was tested using 

histograms and the Shapiro–Wilk test of normality, for which a normal distribution is indicated 

by p-value > 0.05. The relationships between the FOT indices and the spirometry indices, LCI 

and FeNO were studied for each population using the Pearson correlation for parametric data 

and Spearman’s correlation coefficient (r) for non-parametric data. Paired t-tests were used to 

compare the parametric data at the initial and follow-up laboratory visits, with p-values less 

than 0.05 considered significant. Paired t-tests were used for parametric data and the Wilcoxon 

signed-rank test was used for non-parametric data before and after the bronchodilator admin-

istration, with p-values less than 0.05 considered significant.  

8.4.4 Approach to analysis 

 

We studied the correlation of the forced oscillation technique to the spirometry, lung clearance 

index and fractional exhaled nitric oxide. FOT measurements were made at both 5–37 Hz and 

7–41 Hz (Rrs5, Xrs5, Rrs7 and Xrs7) and correlated to the spirometry indices (FEV1 and 

FEV1/FVC) Z-scores, LCI Z-scores and the FeNO values.  

We studied the association between the forced oscillation technique measurements at 5–37 and 

7–41 Hz (Rrs5, Xrs5, Rrs7 and Xrs7), the spirometry indices (FEV1 and FEV1/FVC) actual 

values and Z-scores, and the ACT/cACT values. We used the Pearson correlation coefficient 

for parametric data and Spearman’s correlation coefficient (r) for non-parametric data. 

In order to compare the forced oscillation technique measurements at the initial and follow-up 

visits, the actual readings of the FOT measurements were used for the comparison. Normal and 

abnormal values were based on the upper limit of normal and the reference values that were 

retrieved automatically by the TremoFlo dataset depending on the age, height, and weight of 

the participant. A paired t-test was used to compare the parametric data at the initial and follow-

up laboratory visits. 

 To evaluate the bronchodilator reversibility of forced oscillation technique indices using 

TremoFlo in children with uncontrolled asthma, the effect of short-acting beta-2 agonists 

(SABA) administration on FOT measurements of resistance at 5–37 Hz and 7–41 Hz (Rrs5, 

Rrs5-20, Xrs5, AX using 5–37 Hz, Rrs7, Rrs7-20, Xrs7 and AX using 7–41 Hz) was evaluated 

using paired t-tests for the parametric data and the Wilcoxon signed-rank test for the non-
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parametric data before and after the bronchodilator administration for both the initial and fol-

low-up visits.  

8.5 Results 

 

Twenty school-aged children were approached at the asthma clinic. Six families declined to 

participate, four families subsequently could not be reached by telephone and three were not 

able to come to the appointments booked. Some data collected from the participants were ex-

cluded if the measurements or the traces were not acceptable. Seven participants were recruited, 

and six participants had a follow-up visit. A flow chart of the entire population of patients 

approached for the study is presented in Figure 8.1. Characteristics of the study population are 

presented in Table 8.1. Z-scores for the FOT, spirometry and LCI measurements are presented 

in Table 8.2 for the initial laboratory visit and Table 8.3 for the follow-up visit. Raw data for 

the FOT, spirometry and LCI measurements and ACT/cACT are presented in Table 8.4 for the 

initial laboratory visit and Table 8.5 for the follow-up visit. 
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Figure 8.1: Flow chart of the entire cohort of school-aged children with uncontrolled 

asthma who were approached 
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Table 8.1: Characteristics of children diagnosed with uncontrolled asthma using forced 

oscillation technique at frequency waveforms of 5–37 Hz and 7–41 Hz  

 
Uncontrolled asthma  

(n=7) 

Sex, Male (%) 6 (85.7%) 

Age (years) 11.00 (2.81) 

Height (cm) 146.8 (20.25) 

Weight (kg) 44.77 (18.00) 

Severity according to the 

GINA strategy document 

usage of the of the medica-

tion, n (%) 

    Mild asthma           1 (14.3%) 

Moderate asthma   5 (71.4%) 

    Severe asthma        1 (14.3%) 

                        Data presented as mean (SD) unless otherwise stated 

8.5.1 Correlation of the forced oscillation technique indices (Rrs5, Xrs5, Rrs7 and Xrs7) 

Z-scores to the spirometry indices (FEV1 and FEV1/FVC) Z-scores, lung clearance index 

Z-scores and fractional exhaled nitric oxide  

 

At the initial visit, all the participants had acceptable measurements for FOT at 5–37 Hz and 

spirometry, four had an acceptable measurement of FOT at 7–41 Hz and four had acceptable 

MBNW measurements. One participant did not attend the follow-up visit. The other six partic-

ipants had an acceptable FOT at 7–41 Hz, spirometry and MBNW measurements, and five of 

the participants had an acceptable FOT measurement at 5–37 Hz. Correlations between the Z-

scores of the FOT measurements and the other measurements were evaluated for both the initial 

and follow-up visits. 
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Table 8.2: Forced oscillation, spirometry and lung clearance index Z-scores in children 

with uncontrolled asthma at the initial laboratory visit  

 

Z-scores 

Rrs5 Xrs5 Rrs7 Xrs7 FEV1 FEV1/FVC LCI 

Participant 1 −0.02 0.25   -0.4 1.2 0.8 

Participant 2 −0.17 −0.85   1.01 1.08 0.1 

Participant 3 −0.39 −0.79   0.6 −1.00  

Participant 4 1.63 0.77 1.46 0.60 −0.06 −0.76 10.6 

Participant 5 −0.18 0.38 0.09 −0.68 −0.26 −3.46  

Participant 6 1.02 −0.79 0.86 −3.24 −3.02 −4.47  

Participant 7 0.03 0.58 −0.26 0.38 −1.08 −1.87 12.8 

Bold font indicates abnormal Z-scores  

 

Table 8.3: Forced oscillation, spirometry and lung clearance index Z-scores in children 

with uncontrolled asthma at the follow-up laboratory visit  

 

Z-scores 

Rrs5 Xrs5 Rrs7 Xrs7 FEV1 FEV1/FVC LCI 

Participant 1 1.08 −0.02 0.01 0.45 −0.91 0.11 2.1 

Participant 2   0.40 −0.46 1.07 1.28 1.7 

Participant 3 0.46 −0.70 0.30 −0.44 0.51 0.16 3.6 

Participant 4 1.91 1.04 1.80 0.60 0.00 −0.86 5.2 

Participant 5 0.12 −0.43 0.26 −1.31 −0.5 −2.68 3.5 

Participant 6        

Participant 7 1.60 1.18 1.09 0.90 -0.63 −1.11 4.8 

Bold font indicates abnormal Z-scores  
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Table 8.4:Forced oscillation, spirometry, lung clearance index and ACT/cACT measurements in children with uncontrolled asthma at 

the initial laboratory visit  

 

Raw data and % predicted 

Rrs5 

(cmH2O⋅sec/L) 

Xrs5 

(cmH2O⋅sec/L) 

Rrs7 

(cmH2O⋅sec/L) 

Xrs7 

(cmH2O⋅sec/L) 

FEV1 

(L) 

FEV1 

(% predicted) 

FEV1/FVC 

(%) 

LCI ACT/ 

cACT 

Participant 1 5.96 −2.66   1.83 96 94 6.79 13 

Participant 2 5.92 −1.70   2.02 111 93 6.58 9 

Participant 3 7.32 −2.82   1.23 108 87  15 

Participant 4 6.99 −2.39 6.48 −1.76 2.57 99 81 11.24 16 

Participant 5 3.31 −1.22 3.66 −0.96 2.70 97 66  19 

Participant 6 6.15 −1.89 5.49 −2.38 2.23 64 59  22 

Participant 7 4.76 −2.11 4.32 −1.47 2.42 88 74 13.04 10 
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Table 8.5: Forced oscillation, spirometry, lung clearance index and ACT/cACT measurements in children with uncontrolled asthma at 

the follow-up laboratory visit 

 

Raw data and % predicted 

Rrs5 

(cmH2O⋅sec/L) 

Xrs5 

(cmH2O⋅sec/L) 

Rrs7 

(cmH2O⋅sec/L) 

Xrs7 

(cmH2O⋅sec/L) 

FEV1 

(L) 

FEV1 

(% predicted) 

FEV1/FVC 

(%) 

LCI ACT/ 

cACT 

Participant 1 7.57 −2.38 5.89 −2.27 1.73 90 87 7.18 13 

Participant 2   6.51 −1.48 2.08 112 95 7.04 8 

Participant 3 8.75 −2.88 8.50 −2.41 1.24 106 93 7.63 16 

Participant 4 7.32 −2.59 6.84 −1.70 2.65 100 80 8.36 19 

Participant 5 3.91 −1.61 3.96 −1.26 2.91 94 71 7.71 21 

Participant 6          

Participant 7 6.67 −2.65 5.72 −1.92 2.63 93 78.80 8.2 13 
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 Correlation between the Z-scores of the forced oscillation technique measurements at 5–37 

Hz (Rrs5 and Xrs5) and the spirometry Z-scores of FEV1 and FEV1/FVC at the initial visit and 

follow-up visits  

All the participants at the initial visit had available data for FOT measurements at 5–37 Hz and 

spirometry measurement Z-scores (n=7), and for the follow-up visit, five participants had avail-

able data for Rrs5, Xrs5, FEV1 and FEV1/FVC Z-scores. No significant correlation was ob-

served between any of the FOT measurements at 5–37 Hz and the spirometry measurement Z-

scores in the initial laboratory visit or the follow-up visit (Table 8.6 and figures in Table 8.7).  

Table 8.6: Correlation between the Rrs5 and Xrs5 Z-scores to FEV1 and FEV1/FVC Z-

scores at the initial and follow-up visits  

 Initial visit  

(n=7) 

Follow-up visit  

(n=5) 

FEV1 Z-scores FEV1/FVC   

Z-scores 

FEV1 Z-scores FEV1/FVC  

Z-scores 

r p-value r p-value r p-value r p-value 

Rrs5          

Z-scores 
−0.500 0.267 −0.071 0.906 −0.136 0.827 0.240 0.697 

Xrs5         

Z-scores 
−0.004 0.993 0.014 0.976 −0.279 0.649 −0.094 0.881 

r = correlation coefficient 
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Table 8.7: Figures presenting the correlations between the Rrs5 and Xrs5 Z-scores to the 

FEV1 and FEV1/FVC Z-scores at the initial and follow-up visits  

(Please note that there are differences in the scaling on the axes between pairs of comparisons) 

Initial visit Follow-up visit 

Correlation of the Rrs5 and FEV1 Z-scores Correlation of the Rrs5 and FEV1 Z-scores 
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Table 8.7 (Continued) 

Initial visit Follow-up visit 

Correlation of the Xrs5 and FEV1/ FVC Z-

scores 

Correlation of the Xrs5 and FEV1/ FVC Z-

scores 
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Correlation between the Z-scores of the forced oscillation technique measurements at 7–41 Hz 

(Rrs7 and Xrs7) and the spirometry Z-scores of FEV1 and FEV1/FVC at the initial and follow-

up visits 

Four participants at the initial visit had available data for FOT measurements at 7–41 Hz and 

spirometry measurements Z-scores, and at the follow-up visit, six participants had available 

data for Rrs7, Xrs7, FEV1 and FEV1/FVC Z-scores. However, there was no significant corre-

lation between the Z-scores of the FOT measurements at 7–41 Hz (Rrs7 and Xrs7) to the spi-

rometry Z-scores (FEV1 and FEV1/FVC) at the initial visit or at the follow-up visit (Table 8.8, 

and figures in Table 8.9).  

Table 8.8: Correlation between the Rrs7 and Xrs7 Z-scores to FEV1 and FEV1/FVC Z-

scores at the initial and follow-up visits  

 Initial visit  

(n=4) 

Follow-up visit 

(n=6)  

FEV1 Z-scores FEV1/FVC 

 Z-scores 

FEV1 Z-scores FEV1/FVC  

Z-scores 

r p-value r p-value r p-value r p-value 

Rrs7          

Z-scores 
−0.018 0.982 0.236 0.765 0.001 0.999 −0.309 0.550 

Xrs7        

Z-scores 
0.877 0.123 0.907 0.093 −0.336 0.516 0.277 0.595 

r = correlation coefficient 
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Table 8.9: Figures presenting the correlation between the Rrs7 and Xrs7 Z-scores to FEV1 

and FEV1/FVC Z-scores at the initial and follow-up visits 

(Please note that there are differences in the scaling on the axes between pairs of comparisons) 

Initial visit Follow-up visit 
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Table 8.9 (Continued)   

Initial visit Follow-up visit 

Correlation of the Xrs7 and FEV1 Z-scores Correlation of the Xrs7 and FEV1 Z-scores 

-4 -3 -2 -1 0 1

-3

-2

-1

0

Simple scatter plot of Xrs7 and FEV1 Z-scores

Xrs7 Z-scores

F
E

V
1
 Z

-s
c
o

r
e
s

 

-1.5 -1.0 -0.5 0.5 1.0

-1.0

-0.5

0.5

1.0

1.5

Simple scatter plot of Xrs7 and FEV1 Z-scores

F
E

V
1
 Z

-s
c
o

r
e
s

Xrs7 Z-scores

 
Correlation of the Xrs7 and FEV1/FVC Z-

scores 

Correlation of the Xrs7 and FEV1/FVC Z-

scores 

-4 -3 -2 -1 0 1

-4

-3

-2

-1

0

Simple scatter plot of Xrs7 and FEV1/FVC Z-scores

Xrs7 Z-scores

F
E

V
1
/F

V
C

 Z
-s

co
re

s

 

-1.5 -1.0 -0.5 0.5 1.0

-3

-2

-1

1

2

Simple scatter plot of Xrs7 and FEV1/FVC Z-scores

F
E

V
1
/F

V
C

 Z
-s

co
re

s

Xrs7 Z-scores

 
 

At the initial laboratory visit, all the Z-scores for the available Rrs5, Xrs5 and Rrs7 measure-

ments were normal. However, one participant presented with abnormal Xrs7 Z-scores and had 

abnormal Z-scores for both FEV1 and FEV1/FVC. Two participants had abnormal Z-scores for 

FEV1/FVC with normal Z-scores for FOT at both measurements of 5–37 Hz and 7–41 Hz. 

However, at the follow-up visit, almost all the participants had normal Z-scores for all the FOT 

measurements at both 5–37 Hz and 7–41 Hz and for the spirometry parameters; notably, one 

participant presented with abnormal Z-scores for the Rrs5 and Rrs7 and normal Z-scores for 

FEV1 and FEV1/FVC. However, one participant presented with abnormal FEV1/FVC Z-scores 

and normal Z-scores for all other parameters of FOT.  
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Correlation between the Z-scores of the forced oscillation technique measurements at 5–37 Hz 

(Rrs5 and Xrs5) and the multiple breath nitrogen washout Z-scores of LCI at the initial and 

follow-up visits  

For the correlation of the measurements at 5-37 Hz, there were four participants with available 

data for Rrs5, Xrs5 and LCI Z-scores at the initial laboratory visit, and at the follow-up visit, 

there were five participants with available data for FOT at 5–37 Hz and LCI Z-scores. Corre-

lations of the FOT measurements at 5–37 Hz and LCI Z-scores are presented in Table 8.10 and 

figures in Table 8.11 There were no significant correlations between the FOT measurement Z-

scores at 5–37 Hz and the LCI Z-scores for either the initial or the follow-up visit. 

Table 8.10: Correlation between the Rrs5, Xrs5, Rrs7 and Xrs7 Z-scores and LCI Z-

scores at the initial and follow-up visits 

 

 

Initial visit 

(n=4) 

Follow-up visit 

(n=5) 

 Follow-up visit 

(n=6) 

LCI Z-scores LCI Z-scores LCI Z-scores 

r p-value r p-value r p-value 

FOT 

Rrs5      

Z-scores 
0.800 0.333 0.574 0.311 

Rrs7     

Z-scores 
0.825 0.043* 

Xrs5      

Z-scores 
0.782 0.219 0.694 0.193 Xrs7     

Z-scores 
0.400 0.432 

r = correlation coefficient* statistically significant 

(There were too few pairs to present data for the correlation between the Rrs7 and Xrs7 Z-

scores and the LCI Z-scores at the initial laboratory visit) 
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Table 8.11: Figures presenting the correlations between the Rrs5 and Xrs5 Z-scores and 

the LCI Z-scores at the initial and follow-up visits  

(Please note that there are differences in the scaling on the axes between pairs of comparisons) 
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Correlation between the Z-scores of the forced oscillation technique measurements at 7–41 Hz 

(Rrs7 and Xrs7) and the multiple breath nitrogen washout Z-scores of LCI at the initial and 

follow-up visits 

In attempting to evaluate correlations between the FOT Z-scores at 7–41 Hz and the LCI Z-

scores at the initial laboratory visit, it was found that there were only two participants with Z-

scores for both measurements, and for the follow-up visit, there were six participants with 

available data for the Rrs7, Xrs7 and LCI Z-scores., Table 8.10 and figures in Table 8.12 pre-

sent the correlations of the FOT measurements at 7–41 Hz and the LCI Z-scores. There was a 

significant correlation between the Rrs7 Z-scores and the LCI Z-scores at the follow-up visit. 

However, no statistical analysis of the correlation between the Rrs7 and Xrs7 Z-scores and the 
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LCI Z-scores was performed for the initial laboratory visit due to the small sample of only two 

participants. 

Table 8.12: Figures presenting the correlations between the Rrs7 and Xrs7 Z-scores and 

the LCI Z-scores at the initial and follow-up visits  

(Please note that there are differences in the scaling on the axes between pairs of comparisons) 
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At the initial laboratory visit, data of LCI were only available for four participants. Two of the 

four participants had abnormal Z-scores for the LCI, with normal Z-scores for the FOT meas-

urements at both 5–37 Hz and 7–41 Hz. However, at the follow-up visit, all the LCI Z-scores 

were abnormal, while only one participant presented with abnormal Z-scores for Rrs5 and Rrs7.  

Comparisons of the Z-scores of the FOT measurements at 5–37 Hz and 7–41 Hz, FEV1, 

FEV1/FVC and the LCI at the initial and follow-up visits are presented in Figures 8.2 and 8.3, 

respectively. LCI Z-scores were mostly abnormal in the studied group of children with 
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uncontrolled asthma, with most of the normal Z-scores observed for the FOT and spirometry 

measurements.  

Area under the reactance curve using 5–37 Hz Z-scores were studied separately and compared 

to the LCI Z-scores for the participants with available Z-scores for the AX. Almost all Z-scores 

for the AX were normal; the exception was one participant who had the highest abnormal Z-

score for LCI among the group and normal spirometry. There was a limited number of Z-scores 

for both Rrs5-20 and Rrs7-20; however, all the available Z-scores for these measurements were 

normal. No statistical analysis was performed for the correlation of the AX using 5–37 Hz, 

Rrs5-20 and Rrs7-20 Z-scores with the FEV1, FEV1/FVC and LCI Z-scores, as a limited 

amount of data for the Z-scores of these measurements was available.  

Figure 8.2: Z-scores of the forced oscillation technique measurements at 5–37 Hz and 7–

41 Hz, FEV1, FEV1/FVC and lung clearance index at the initial laboratory visit  

 

……. Represents cut-off for abnormal Z-score of ≥1.64 or ≤−1.64 
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Figure 8.3: Z-scores of the forced oscillation technique measurements at 5–37 Hz and 7–

41 Hz, FEV1, FEV1/FVC and lung clearance index at the follow-up laboratory visit  

 

……. Represents cut-off for abnormal Z-score of ≥1.64 or ≤−1.64 

Correlation between the Z-scores of the forced oscillation technique measurements at both 5–

37 Hz and 7–41 Hz (Rrs5, Xrs5, Rrs7 and Xrs7) and the Fractional exhaled nitric oxide at the 

initial and follow- up visits 

Six of the participants had successful FeNO readings at the initial laboratory visit, four of 

whom had acceptable measurements of FOT at both 5–37 Hz and 7–41 Hz; however, the other 

two participants only had acceptable FOT readings at 5–37 Hz. All the FeNO readings at the 

initial laboratory visit were more than 35 ppb. The Rrs5, Xrs5 and Rrs7 Z-scores were normal, 

and only one participant had abnormal Z-scores for Xrs7. There was no correlation observed 

between the FOT measurements and the FeNO levels.  

At the follow-up visit, two participants had FeNO readings of more than 35 ppb and four had 

FeNO readings of less than 35 ppb. All had acceptable measurements of FOT at 7–41 Hz and 

five had acceptable measurements at 5–37 Hz. All participants with a higher FeNO level of 

more than 35 ppb had normal FOT measurements at both 5–37 Hz and 7–41 Hz. There was no 

correlation observed between the FOT measurements and the FeNO levels.  
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8.5.2 Correlation between the asthma control test (ACT) and childhood asthma control 

test (cACT) and the forced oscillation technique indices (Rrs5, Xrs5, Rrs7 and Xrs7) and 

spirometry indices (FEV1 and FEV1/FVC) 

 

Correlation between the asthma control test (ACT) and childhood asthma control test (cACT) 

and the forced oscillation technique (Rrs5 and Xrs5) Z-scores and actual values at the initial 

and follow-up visits  

All participants had FOT measurement data available at 5–37 Hz (n=7) from the initial visit, 

and five participants had Rrs5 and Xrs5 data available from the follow-up visit. No significant 

correlation was observed between any of the FOT measurement Z-scores or actual values at 5–

37 Hz and the ACT/cACT in either the initial laboratory visit or the follow-up visit (Table 

8.13). 

Table 8.13:Correlation between the asthma control test (ACT) and childhood asthma 

control test (cACT) and the forced oscillation technique index (Rrs5 and Xrs5) Z-scores 

and actual values at the initial and follow-up visits   

 
Initial visit  

(n=7) 

Follow-up visit  

(n=5) 

ACT/ 

cACT 

Rrs5 

Z-scores 

Xrs5 

Z-scores 

Rrs5 

Z-scores 

Xrs5 

Z-scores 

r 
p- 

value 
r 

p- 

value 
r 

p-

value 
r 

p-

value 

0.214 0.662 −0.080 0.864 −0.352 0.562 −0.240 0.697 

Rrs5 

actual values 

Xrs5 

actual values 

Rrs5 

actual values 

Xrs5 

actual values 

r 
p- 

value 
r 

p- 

value 
r 

p-

value 
r 

p-

value 

−0.058 0.902 0.217 0.641 −0.576 0.309 0.587 0.298 

r = correlation coefficient 
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Correlation between the asthma control test (ACT) and childhood asthma control test (cACT) 

and the forced oscillation technique (Rrs7 and Xrs7) Z-scores and actual values at the initial 

and follow-up visits  

 Four participants had data FOT measurement data available at 7–41 Hz from the initial visit, 

and six participants, had Rrs7 and Xrs7 data available from the follow-up visit. There was no 

significant correlation between the ACT/cACT and 7–41 Hz FOT measurement (Rrs7 and 

Xrs7) Z-scores or actual values at either the initial or follow-up visit (Table 8.14).  

Table 8.14: Correlation between the asthma control test (ACT)  and childhood asthma 

control test (cACT) and the forced oscillation technique index (Rrs7 and Xrs7) Z-scores 

and actual values at the initial and follow-up visit  

 
Initial visit  

(n=4) 

Follow-up visit  

(n=6) 

ACT/ 

cACT 

Rrs7 

Z-scores 

Xrs7 

Z-scores 

Rrs7 

Z-scores 

Xrs7 

Z-scores 

r 
p-  

value 
r 

p-

value 
r 

p-

value 
r 

p-

value 

0.453 0.547 −0.796 0.204 0.257 0.623 −0.275 0.598 

Rrs7 

actual values 

Xrs7 

actual values 

Rr7 

actual values 

Xrs7 

actual values 

r 
p-  

value 
r 

p-

value 
r 

p-

value 
r 

p-

value 

0.160 0.841 −0.374 0.626 −0.263 0.615 0.187 0.722 

 r = correlation coefficient 

 

Correlation between the asthma control test (ACT) and childhood asthma control test (cACT)  

and the spirometry index (FEV1 and FEV1/FVC)) Z-scores and actual values at the initial and 

follow-up visits 

All participants had spirometry data (n=7) available from the initial visit, and six participants 

had spirometry data available from the follow-up visit. The only significant correlation was 

between the ACT/cACT and the FEV1/FVC Z-scores at both the initial and follow-up visit. 

(Table 8.15). 
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Table 8.15: Correlation between the asthma control test (ACT)  and childhood asthma 

control test (cACT) and the spirometry index (FEV1 and FEV1/FVC) Z-scores and actual 

values at the initial and follow-up visitS 

 
Initial visit  

(n=7) 

Follow-up visit  

(n=6) 

ACT/ 

cACT 

FEV1  

Z-scores 

FEV1/FVC Z-

scores 

FEV1  

Z-scores 

FEV1/FVC  

Z-scores 

r 
p- 

value 
r 

p-

value 
r 

p-

value 
r 

p- 

value 

−0.611 0.145 −0.782 0.038* −0.390 0.445 −0.826 0.043* 

FEV1  

actual values  

FEV1/FVC  

actual values 

FEV1  

actual values  

FEV1/FVC  

actual values  

r 
p- 

value 
r 

p-

value 
r 

p-

value 
r 

p- 

value 

0.230 0.620 −0.615 0.142 0.401 0.431 −0.731 0.099 

r = correlation coefficient* statistically significant 

8.5.3 Comparing the forced oscillation technique measurements at the initial and fol-

low-up visits  

Five participants had acceptable measurements of FOT at 5–37 Hz at both the initial and fol-

low-up laboratory visits. However, only three participants presented with acceptable FOT 

measurements at 7–41 Hz at both visits. ACT or cACT scores were obtained for all participants 

at both the initial and follow-up laboratory visits.  

FOT measurements using waveforms of 5–37 Hz: The FOT measurements at 5–37 Hz, for all 

the participants showed an increase in the Rrs5 and AX values at their follow-up visit compared 

to their initial laboratory visit. Though the Rrs5 and AX values remained within the normal 

levels for most of the participants, one participant had an increase to the abnormal level for 

Rrs5 and AX. The Rrs5-20 increased for all the participants except one who presented a drop 

in Rrs5-20 between the visits. Reactance at 5 Hz tended to be more negative for most of the 

participants; however, for one participant, the value moved toward zero. However, no signifi-

cant change was observed for the FOT measurements at 5–37 Hz between the two visits, with 
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the exception of Rrs5 (p = 0.018). The comparison between the two visits and the paired t-tests 

are presented in figures in Table 8.16 and Table 8.17, respectively.  

Table 8.16: Forced oscillation technique measurements using waveform 5–37 Hz at the 

initial and follow-up laboratory visits  

FOT measurements using 

5–37 Hz  
(n=5) 

Rrs5 (cmH2O⋅sec/L)  

R
rs

5 
in

iti
al

 

R
rs

5 
fo

llo
w

-u
p 

R
rs

5 
fo

llo
w

-u
p 

-

R
rs

5 
in

iti
al

 

4

6

8

-2

0

2

Rrs5

M
e
a

n
 o

f d
iffe

r
e
n

c
e
s

 

Rrs5-20 (cmH2O⋅sec/L)  

R
rs

5-
20

 in
iti

al
 

R
rs

5-
20

 fo
llo

w
-u

p

R
rs

5-
20

 fo
llo

w
-u

p
-

R
rs

5-
20

 in
iti

al
 

0.5

1.0

1.5

2.0

2.5

3.0

-0.5

0.0

0.5

1.0

1.5

Rrs5-20

M
e
a

n
 o

f d
iffe

r
e
n

c
e
s

 

 

 

 

 

 

 

 

 

 

 



 

186 

Table 8.16 (Continued) 

FOT measurements using 

5–37 Hz  
(n=5) 
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Table 8.17: Paired t-test for uncontrolled asthma with forced oscillation technique meas-

urements using waveform 5–37 Hz at the initial and follow-up laboratory visits (n=5) 

 

 Initial visit  Follow-up visit  p-value 

Rrs5 (cmH2O⋅sec/L)  5.67 (1.66) 6.84 (1.81) 0.018* 

Rrs5-20 (cmH2O⋅sec/L)  1.21 (0.59) 1.90 (0.58) 0.067 

Xrs5 (cmH2O⋅sec/L)  −2.24 (0.63) −2.42 (0.49) 0.280 

AX (cmH2O/L) 18.22 (8.25) 22.83 (8.07) 0.345 

Data represent mean (SD) *statistically significant  
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FOT measurements using waveforms of 7–41 Hz: Comparing the FOT measurements at 7–41 

Hz between the initial and follow-up visits for the three participants with available data showed 

that all Rrs7 values increased at the follow-up, with only one showing an increase to the ab-

normal level. However, two participants presented an increase, and one presented a decrease 

in Rrs7-20. The Xrs7 values became more negative in the follow-up visit for two of the partic-

ipants and remained almost the same for one of the participants. AX using 7–41 Hz varied 

between the participants: the AX values remained the same for one of the participants, another 

participant exhibited a decrease in the AX values and the third participant exhibited an increase 

in the AX values. The comparison between the two visits and the paired t-tests are presented 

in figures in Table 8.18 and Table 8.19, respectively.  

Table 8.18: Forced oscillation technique measurements using waveform 7–41 Hz at the 

initial and follow-up laboratory visits 
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Table 8.18 (Continued)  
FOT measurements using 

7–41 Hz  
(n=3) 

Rrs7-20 (cmH2O⋅sec/L) 
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Table 8.18 (Continued)  
FOT measurements using 

7–41 Hz  
(n=3) 
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Table 8.19: Paired t-test for uncontrolled asthma with forced oscillation technique meas-

urements using waveform 7–41 Hz at the initial and follow-up laboratory visits (n=3) 

 Initial visit  Follow-up visit  p-value 

Rrs7 (cmH2O⋅sec/L) 4.82 (1.47) 5.51 (1.45) 0.194 

Rrs7-20 (cmH2O⋅sec/L) 0.98 (0.41) 1.30 (0.20) 0.299 

Xrs7 (cmH2O⋅sec/L) −1.39 (0.40) −1.63 (0.34) 0.261 

AX (cmH2O/L) 11.25 (6.91) 13.19 (4.88) 0.681 

Data represent mean (SD)  

8.5.4 Monitoring adherence to the treatment  

 

We intended to monitor the medication usage by the participants through the electronic moni-

toring devices. However, this was not possible due to some technical issues, as families were 

not able to synchronize the electronic monitoring devices to their smart phones because of some 

Bluetooth issues, or the administration of the medication was not able to be detected through 

the device. These technical issues did not allow us to review accurate records of medication 

usage through the portal. Overall, the parents and participants reported good adherence to the 

medication; however, one participant reported good adherence while the parent reported the 

opposite. ACT/cACT scores increased slightly in four of the participants, remained the same 
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in one and decreased slightly in one, with no statistically significant change observed (Figure 

8.4). Though the ACT/cACT scores increased at the follow-up visit overall, most of the FOT 

measurements did not show improvements. However, the FeNO levels dropped at the follow-

up visit for all the participants except for one participant. 

Figure 8.4: Asthma control test scores at the initial and follow-up laboratory visits  
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8.5.5 Evaluation of bronchodilator reversibility of forced oscillation technique indices in 

children with uncontrolled asthma 

FOT measurements using waveforms of 5–37 Hz: For the initial laboratory visit, seven partic-

ipants had acceptable measurements for Rrs5, Rrs5-20, Xrs5 and AX using 5–37 Hz before 

and after the administration of the bronchodilator. However, only five participants had accepta-

ble FOT measurements at 5–37 Hz at the follow-up visit. Figures in Table 8.20 presents the 

FOT parameters before and after the bronchodilator administration. 
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Table 8.20: Forced oscillation technique measurements using waveform 5–37 Hz before 

and after bronchodilator administration at the initial and follow-up laboratory visits  
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Table 8.20 (Continued) 
FOT          

measurements 

using 5–37 Hz  
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At the initial visit, the Rrs5 dropped in four participants, remained almost the same in one 

participant and increased in two participants following the bronchodilator administration. One 

of the participants exhibited a huge increase in Rrs5-20 and three participants had a slight in-

crease in Rrs5-20 values following the bronchodilator. A decrease in the Rrs5-20 readings was 

noticed in three participants after the bronchodilator; two with a minor change and the other 

participant with a huge drop. Following the bronchodilator administration, the Xrs5 shifted 

toward zero in four participants, did not change for one participant and became more negative 

in two participants. However, the AX values dropped in three participants, increased in two 

participants and remained almost the same in the other two participants after the bronchodila-

tor. The highest increase in Rrs5-20 after the bronchodilator was aligned with the increase in 

the AX values in the same participants, although this was not reflected in the Rrs5 for  these 
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participants. Despite these changes before and after the bronchodilator administration at the 

initial lab visit, none of these changes were a statistically significant. The Rrs5-20 average 

percent changes did not exhibit an improvement following the bronchodilator. However, Rrs5 

and Xrs5 had very minimal percent changes at the initial laboratory visit before and after the 

bronchodilator administration. Moreover, AX using 5–37 showed an improvement following 

the BDR by average (28.4%). 

At the follow-up visit, all the Rrs5 and Rrs5-20 values decreased following the bronchodilator 

administration for the five participants for whom data were available, with statistically signif-

icant differences (p = 0.025 and p = 0.023, respectively). With the exception of one participant, 

for whom a minimal change in Xrs5 was observed, all the Xrs5 values moved toward zero. The 

AX also trended toward a decrease in four of the participants and remained the same for one 

of the participants. However, none of the changes in Xrs5 and AX were statistically significant. 

The average percent change after bronchodilator administration was highest for the Rrs5-20, 

followed by the AX using 5–37 and the Rrs5 and the lowest percent change was seen for the 

Xrs5 (mean ± SD, −39.61±22.20, −30.63±23.22, −19.10±9.76 and 12.42±10.80, respectively). 

The highest percent changes following the bronchodilator administration were all observed in 

the same participant, who had a high resistance measure of the FOT at 5–37 Hz.  

FOT measurements using waveform 7–41 Hz: The measurements of FOT at 7–41 Hz before 

and after the bronchodilator administration were compared for four participants at the initial 

laboratory visit and six participants at the follow-up visit. Figures in Table 8.21 presents the 

FOT measurements at 7–41 before and after the bronchodilator administration at the two visits.  
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Table 8.21: Forced oscillation technique measurements using waveform 7–41 Hz before 

and after the bronchodilator administration at the initial and follow-up laboratory visits  
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Table 8.21 (Continued) 
FOT measure-

ments using 

7–41 Hz  

Initial visit  

(n=4) 

Follow-up visit  

(n=6) 
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At the initial laboratory visit, three of the four participants with acceptable measurements ex-

hibited a decrease in the Rrs7 values following the bronchodilator administration, and the 

fourth had Rrs7 reading similar to that observed at baseline. However, the Rrs7-20 and AX 

values decreased in all four participants, with a huge decline in two and a minimal decrease in 

the other two participants. The reactance at 7 Hz moved toward zero in three of the participants 

following the bronchodilator administration, while a minimal change was observed in one of 

the participants. No significant differences in any of the measurements of FOT at 7–41 were 

observed before and after the administration of bronchodilator at the initial laboratory visit. 

However, all the Rrs7, Rrs7-20, Xrs7 and AX using 7–41 Hz measurements showed an im-

provement following bronchodilator administration at the initial laboratory visit, as reflected 

by the average of the percent change before and after the bronchodilator. The highest percent 

change was observed for the Rrs7-20 measurements, followed by the AX and the Xrs7 
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measurements, with the lowest percent change observed for the Rrs7 measurements (mean ± 

SD, −30.27 ±12.15, −29.30±15.64, 18.59 ±12.66 and −13.28 ±9.48, respectively). 

The Rrs7, Rrs7-20 and Xrs7 measurements improved in all six participants following the bron-

chodilator at the follow-up visit. Measurements of the resistance at 7 Hz decreased, with an 

increase in the level of the reactance observed after the bronchodilator administration. How-

ever, the AX using 7–41 Hz decreased in five participants after the bronchodilator administra-

tion, while one participant had similar readings. These changes before and after the broncho-

dilator were statistically significant. All measurements of the Rrs7-20, AX using 7–41 Hz, Xrs7 

and Rrs7 showed an improvement following the bronchodilator administration, with an average 

percent change following the bronchodilator of −53.5%, −41.1%, 24.6% and −17.2%, respec-

tively.  

Though the measurements of FOT at 7–41 Hz showed a larger improvement after the broncho-

dilator administration for both the initial and follow-up visits, a comparison to the group with 

the FOT measurements at 5–37 was not possible due to the difference in the sample studied at 

each visit for each frequency range.  

8.6 Discussion 

 

Previous studies have shown that FOT measures at multiple frequencies (5, 11 and 19 Hz) in a 

group of children and adults aged 13–39 years with controlled and uncontrolled asthma and in 

healthy controls were similarly informative as spirometry measures (147).  However, this was 

not reflected in our study, as no correlation was observed between the FOT and spirometry 

measures in children with uncontrolled asthma. Notably, when FOT was studied for its rele-

vance in the diagnosis of asthma, studies supported the correlation between FOT and spirom-

etry measures (122,135). Delacourt et al. demonstrated a correlation between the spirometry 

indices (FEV1, maximal expiratory flow at 50% MEF50) and the resistance measure of FOT 

extrapolated at 0 HZ (Rrs0) in a group of children with asthma aged 2.7–12.7 years (122). 

Additionally, the resistance measure by FOT correlated to the FEV1 reflected by the spirometry 

in children with asthma (135). However, it is important to note that these studies were con-

ducted with a population with stable asthma; in contrast, our present study included children 

with uncontrolled asthma. We also did not observe any correlation between FOT and FeNO 

levels. This is consistent with the findings of Seo et al., who showed that FeNO does not cor-

relate with the IOS variables in children with asthma (234). This could be attributed to the fact 

that these tests evaluate two independent and different aspects of the disease (265). Also, no 

association was observed between the spirometry and FeNO levels in groups of children and 
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adults with asthma (147,265) . In our study, the LCI was found to be a better parameter to 

reflect small airway abnormalities compared to the FOT parameters This could be explained 

by the LCI having been shown to have a significant role in the assessment of small airways in 

children with asthma (248). Also, LCI has been established to be a more sensitive measure for 

reflecting small airways disease than other objective evidence, as it can reflect ventilation in-

homogeneity when small airway obstruction persists, and spirometry is still normal (255). 

However, the findings of our study were based mainly on the analysis of the relationship be-

tween the Rrs5 and Xrs5 and the LCI that was performed. In our findings, the evaluation prop-

erties of FOT measures differ from what is seen for the LCI, the Rrs5 represents the total res-

piratory resistance and the Xrs5 mainly reflects the elastic properties of the small airways (97).  

Adherence to treatment has been shown to play a role in improving clinical outcomes and 

quality of life, as well as in improving lung function (266). Most of the participants demon-

strated an increase in the resistance and a decrease in the reactance measures of FOT in the 

follow-up visit. Though, adherence to the use of the inhalers was determined only by reports 

from the parents and participants; thus, adherence cannot be guaranteed, since there was no 

accurate method to assess and reflect upon the adherence by the participants. Some flaws with 

the use of the electronic monitoring devices arose during the study; these included technical 

issues with the electronic monitoring device and the connection to the families’ smart phones 

that impeded the full and accurate review of the medication taken through the smart inhaler 

portal.  

All the FOT measurements revealed improvements following the bronchodilator administra-

tion, except for the FOT measurements at 5–37 Hz in the initial visit. A persistent BDR is 

considered to be associated with low asthma control or with poor compliance with treatment 

(258). However, measurements of the FOT in the follow-up visit exhibited a higher percent 

change following the bronchodilator administration compared to those performed in the initial 

laboratory visit. This could be due to the higher values of the resistance and the lower reactance 

values of the FOT in the follow-up visit compared to the initial laboratory visit, which could 

be indicative of the higher percent change following the bronchodilator administration. This 

change is also notable with lower baseline readings of lung function in children with asthma 

(231).  

In groups of children with uncontrolled asthma, measurements of FOT mostly did not correlate 

to either of the spirometry, LCI, ACT/cACT and the FeNO. Nevertheless, FOT measurements 

were able to exhibit percent changes following the bronchodilator administration as stated, and 



 

198 

this was mainly seen in measurements of FOT using 7–41 Hz. Though these findings focus on 

patients with uncontrolled asthma, it is still considered essential as an initial observation no-

ticed in the children with asthma. Even though the statistical power is low given the small 

sample, these initial findings could be supported and extended in further studies, since the need 

to study the role of the FOT in children with uncontrolled asthma remains crucial.  
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CHAPTER 9 CONCLUSIONS AND FUTURE WORK 
 

This chapter concludes the thesis by summarising how the study’s findings align with its aims. 

It also discusses the study’s limitations and avenues for future research. 

9.1 Summary of key research findings 

 

This thesis aimed to investigate the role of the forced oscillation technique (FOT) in the diag-

nosis and monitoring of asthma in school-aged children. The results and interpretation of find-

ings have been discussed in previous chapters. This chapter summarises the key  messages of 

this study. 

The thesis began with a systematic review of the literature on the role of the IOS/FOT in asthma 

diagnosis and assessment using bronchodilator reversibility testing and spirometry. The anal-

ysis of the three studies included in the systematic review identified a correlation between the 

IOS/FOT and the spirometry measurements. However, IOS/FOT may be useful to differentiate 

between children and adolescents with asthma and healthy children and adolescents. This was 

mainly represented in the measurements of the resistance at 5, 8 and 10 Hz in addition to the 

area under the reactance curve. As a result, the IOS/FOT tool could be used to support the 

diagnosis of asthma and the assessment of bronchodilator responses in children and adoles-

cents. Nevertheless, the types of devices, frequency waveforms and populations studied in 

these works differed from the intended focus of study in this thesis.  

We studied healthy children using the FOT at 5–37 Hz and 7–41 Hz to determine how the 

measurements of this control population related to reference values from other populations. In 

addition, we studied the relationships between anthropometric characteristics and the resistance 

and reactance FOT measurements. Most of the FOT measurements from the study’s 22 healthy 

participants aligned with other reference values dataset of the prediction equations used in the 

TremoFlo software. However, these raw measurements cannot be directly compared with the 

reference data, whose values depend on the characteristics of the studied population and the 

applied frequency, which differed from those used in this study. Nevertheless, relationships 

between FOT measurements and anthropometry can be compared and are valid. Correlations 

were observed between FOT measurements and height, weight, and age. In particular, there 

was a strong negative correlation between height and FOT resistance. 

The results presented in chapter 6 indicate that FOT measurements allowed us to distinguish 

children with stable asthma (with complete or incomplete evidence) from those without asthma. 

This was mainly achieved using the AX and Rrs5 measurements. However, such distinctions 
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were not observed in the Rrs5-20 measurements, which at the baseline measure appeared nor-

mal for children both with and without asthma. In addition, FOT measurements at 5–37 Hz 

were highly correlated with the spirometry measurements of FEV1 and FEV1/FVC. However, 

the findings from this study did not entirely support our hypotheses, as there was no correlation 

between FeNO and the FOT indices in our study sample. This could be because these evaluate 

two distinct, independent aspects of the disease. 

In chapter 7, we discussed how FOT indices – primarily AX, Xrs and Rrs measurements – 

reflected airway abnormalities in children diagnosed with acute asthma who were recruited 

from the emergency department or hospital wards. Moreover, bronchodilator reversibi lity re-

flected significant improvements in the FOT indices of children with acute asthma following 

bronchodilator administration. There was no significant difference, however, between the ex-

tents to which measurements at 5–37 Hz and 7–41 Hz reflected abnormalities within the study 

sample. 

Finally, in seven participants with uncontrolled asthma, no correlation was observed between 

the FOT measurements and spirometry, MBNW, FeNO measurements, or the ACT/cACT 

scores. However, amongst these participants, the FOT measurements revealed the reversal of 

bronchoconstriction following bronchodilator administration. 

9.2 Strengths and limitations 

 

To our knowledge, this is the first study to investigate the use of the FOT through the TremoFlo 

device to assess children with different types of asthma across a variety of clinical settings. 

This study included children with stable asthma, uncontrolled asthma, and acute asthma. Chil-

dren were recruited from the asthma clinic, the emergency department and hospital wards. The 

study also included a control group of healthy children in the same age group. 

This study had several limitations. Due to the coronavirus pandemic and the disruption it 

caused, this work included only a limited number of children with acute and uncontrolled 

asthma. In addition, the 7–41 Hz frequency waveforms were introduced in a second stage of 

data collection, because the 5–37 Hz frequency waveform was found to interfere with breathing 

in a number of asthmatic participants aged 2–4 years in another study that was conducted whilst 

our study was ongoing. However, it had less effect on older children aged 5-15 years.  Moreo-

ver, the reference values used were obtained from a population different to the studied popula-

tion, originating from research conducted using different equipment, software and measure-

ment procedures. Further, time constraints inhibited the data collection process, resulting in a 

small sample size. 
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In children with acute asthma, the diagnosis of asthma was based exclusively on physician 

diagnoses, without considering additional objective evidence. We were unable to perform spi-

rometry or measure participants’ lung function in the emergency department due to COVID-

19 restrictions and participants’ physical conditions. Had they been obtained, these results 

would have provided a benchmark for the FOT measurements. 

Another limitation of this study was the difficulty of conducting spirometry measurements in 

children, as not all the children were able to perform spirometry satisfactorily. 

Furthermore, no bronchodilator reversibility testing was conducted for the children in the con-

trol group, as the Research Ethics Committee did not support the administration of bronchodi-

lator to these children. Additionally, bronchodilation reversibility was not tested for the chil-

dren with stable asthma. 

Type I errors (false positives) usually arise due to chance or improper research technique; how-

ever, Type II errors (false negatives) largely occur due to low statistical power. Within this 

project the significance level that was chosen was p ≤ 0.05. Nevertheless, raising the confidence 

threshold would increase the test accuracy and decrease the type I error rate. Using a larger 

sample size would decrease the incidence of type II errors, especially in children where no Z-

scores could be calculated. However, a larger sample size was not possible due to the impact 

of Covid-19 on this project.  

9.3 Clinical implications and directions for future research 

 

Future clinical studies with larger sample sizes and greater statistical power could adopt the 

aims of this study and continue to use the FOT to measure lung function in children and ado-

lescents with asthma. 

In addition, it would be beneficial to study bronchodilation reversibility in children with stable 

asthma, as reversibility testing would aid the diagnosis of children with reversible airway ob-

struction and help detect asthma in children with normal lung function. 

Further, studying a larger sample of the healthy population would allow for the creation of 

appropriate reference values and prediction equations specific to the sample population. Stud-

ying bronchodilator responses in healthy children would allow for sensitivity and specificity 

measurements with the use of the ROC and AUC to represent the optimal cut-off points for per 

cent change in bronchodilator within the study sample. 

Lastly, studying the FOT measurements in acute asthma cases post-discharge and during fol-

low-up visits could provide insight into changes in lung function and pathophysiology. 
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9.4  Learning techniques  

 

Research, especially that within this project and in developing the thesis, helped me to gain a 

deeper vision of the scientific process. This ranged from the development of the research ques-

tions and hypotheses, processing of the ethical approval and the data collection periods (which 

included dealing with patients and their parents). In addition to formulating the quality standard 

and the acceptability criteria for the measurements. These were an important learning aspect 

within my research that aided in reflecting a high quality and accuracy for the data collected 

and the results.  

Recruiting participants with acute asthma was the most challenging aspect of the project due 

to the restricted time available and due to the nature of work in the emergency department. 

However, during this part of the study, I learned how to identify potential participants, make 

initial contact with them (or their family), obtain informed consent and test subsequent partic-

ipants in an organised manner. In addition, working with children from different age groups 

extended my experience in dealing with children. Some initial difficulties with younger chil-

dren were overcome in time, as I learnt different techniques to work with children. In general, 

this research has widened my clinical experience in various ways.  

As a result of interacting with children and their families. I have become more aware of the 

impact of asthma on their daily lives, to the point where I learned what it is like to be a patient 

with asthma or the parent of a child with asthma  

9.5 Conclusion 

 

We found that FOT measurements provide useful information about the airways of asthmatic 

children but are more helpful for differentiating between children who do or do not have 

asthma. Of the FOT indices, the AX provides the most valuable information, as it reflects the 

state of the peripheral airways and most accurately identified children with asthma. 

Based on the findings of this thesis, it can be concluded that the FOT, after further careful 

evaluation, could constitute a useful, objective tool for the diagnosis, assessment, and monitor-

ing of children with asthma.  
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APPENDICIES  

APPENDIX A: Service Improvement Project Audit Documents (invitation letter, infor-

mation sheets) 

 
 

 



 

204 

 



 

205 

 

 

 



 

206 

 



 

207 

 
 



 

208 

APPENDIX B: Ethical Approval  
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APPENDIX C: Parent Information Sheets  
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APPENDIX D: Patient Information Sheets 
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APPENDIX E: Consent and Assent 
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APPENDIX F: Questionnaires and Poster  

 

Questionnaire on breathing problems in children aged over 14 years  
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Questionnaire on breathing problems in children aged over 14 years  
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Questionnaire on breathing problems in children aged over 14 years  
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APPENDIX G: Additional documents; Honorary Contract and certificates for Good 

Clinical Practice (GCP) training, consent training and site file training  
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APPENDIX H: Systematic review database search strategies   

 

Database Ovid Medline (14.04.2021) 

 

 

 

  

Number Key word  Number of the articles  

1. "Forced oscillation*".mp. 1309 

2. "impulse oscillometry*".mp. 574 

3. FOT.mp. 535 

4. IOS.mp. 1762 

5. "Respiratory resistance".mp. 1205 

6. "Airway resistance".mp. 16110 

7. "Respiratory impedance".mp. 490 

8. "respiratory reactance".mp. 3 

9. "airway impedance".mp. 42 

10. "Airway reactance".mp. 16 

11. "peripheral airway*".mp. 1690 

12. "peripheral lung*".mp. 2543 

13. "small airway*".mp. 4742 

14. "distal airway*".mp. 1106 

15. "distal lung*".mp. 830 

16. Asthma*.mp. 185507 

17. wheez*.mp. 14269 

18. Bronchoconstriction.mp. or Bronchocon-

striction/ 

9408 

19. Bronchial Spasm/ or broncospasm.mp. 4324 

20. "pulmonary function".mp. 32226 

21. "respiratory function".mp. 56945 

22. "lung function".mp. 35589 

23. spirometry.mp. or Spirometry/ 31538 

24. BDR.mp. 426 

25. Bronchodilator*.mp. 27868 

26. "Bronchodilator response*".mp. 1026 

27. "Airway reversibility".mp. 70 

28. "Reversibility test".mp. 150 

29. Spiromet*.mp. 35342 

30. Bronchodilation*.mp. 2457 

31. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 

10 

19220 

32. 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 

or 19 

204652 

33. 20 or 21 or 22 or 23 or 29 121642 

34. 24 or 25 or 26 or 27 or 28 or 30 29275 

35. 31 and 32 and 33 and 34 492 

36. limit 35 to ("all child (0 to 18 years)" and 

english) 

175 
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Database EBSCO (14.04.2021) 

Number Key word  Number of the articles  

1. "forced oscillation*"  161 

2. "impulse oscillometry*"  144 

3. "FOT"  80 

4. "IOS"  514 

5. "Respiratory resistance"  118 

6. "Airway resistance"  1646 

7. "Respiratory impedance"  50 

8. "respiratory reactance"  7 

9. "airway impedance"  5 

10. "Airway reactance"  5 

11. "peripheral airway*" 184 

12. "peripheral lung*" 363 

13. "small airway*" 723 

14. "distal airway*" 144 

15. "distal lung*" 68 

16. "Asthma*" 47102 

17. "wheez*" 3608 

18. "Bronchoconstriction" 1008 

19. "Bronchial Spasm" 1686 

20. “Bronchospasm” 2073 

21. "pulmonary function" 7219 

22. "respiratory function" 12375 

23. "lung function" 7785 

24. "spirometry" 8994 

25. "Spiromet*" 9155 

26. "BDR" 63 

27. "Bronchodilator*" 7701 

28. "Bronchodilation*" 406 

29. "Bronchodilator response*" 219 

30. "Airway reversibility" 12 

31. "Reversibility test" 17 

32. S1 OR S2 OR S3 OR S4 OR S5 OR S6 OR S7 

OR S8 OR S9 OR S10  

2393 

33. S11 OR S12 OR S13 OR S14 OR S15 OR S16 

OR S17 OR S18 OR S19 OR S20  

51255 

34. S21 OR S22 OR S23 OR S24 OR S25  27007 

35. S26 OR S27 OR S28 OR S29 OR S30 OR S31 

 

7944 

36. S32 AND S33 AND S34 AND S35  71 

37. S32 AND S33 AND S34 AND S35  with the 

limit of All child and English  

33 
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Database SCOPUS (14.04.2021) 

Number Key word  Number of the articles  

1. "forced oscillation*"  14734 

2. "impulse oscillometry*"  1825 

3. fot  5419 

4. ios  125922 

5. "Respiratory resistance"  4819 

6. "Airway resistance"  31661 

7. "Respiratory impedance"  2356 

8. "respiratory reactance"  107 

9. "airway impedance"  340 

10. "Airway reactance"  23 

11. "peripheral airway*" 9272 

12. "peripheral lung*" 13961 

13. "small airway*" 23465 

14. "distal airway*" 4943 

15. "distal lung*" 5348 

16. Asthma* 650928 

17. wheez* 62019 

18. Bronchoconstriction 35978 

19. "Bronchial Spasm" 3891 

20. broncospasm 14 

21. "pulmonary function" 133892 

22. "respiratory function" 104237 

23. "lung function" 208496 

24. spirometry 67751 

25. Spiromet* 81948 

26. BDR 7788 

27. Bronchodilator* 55261 

28. Bronchodilation* 8543 

29. "Bronchodilator response*" 5263 

30. "Airway reversibility" 173 

31. "Reversibility test" 485 

32. 1-2-3-4-5-6-7-8-9-10 OR 178363 

33. 11-12-13-14-15-16-17-18-19-20 OR 703429 

34. 21-22-23-24-25 OR 356223 

35. 26-27-28-29-30-31 OR 66649 

36. 32-33-34-35 AND 3456 

37.  36 with the limit to children and English  38  
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Database Web of science (14.04.2021) 

Number Key word  Number of the articles  

1. (Forced oscillation*) 34853 

2. (impulse oscillometry*)  950 

3. (FOT)  1867 

4. (IOS) 26872 

5. (Respiratory resistance)  38204 

6. (Airway resistance)  14218 

7. (Respiratory impedance)  3882 

8. (respiratory reactance)  626 

9. (airway impedance)  1673 

10. (Airway reactance)  471 

11. (peripheral airway)  7432 

12. (peripheral lung*)  40487 

13. (small airway*)  17087 

14. (distal airway*)  3069 

15. (distal lung*)  10536 

16. Asthma*  247136 

17. wheez*  14139 

18. Bronchoconstriction  10218 

19. (Bronchial Spasm)  137 

20. (broncospasm)  6 

21. (pulmonary function)  110097 

22. (respiratory function)  109910 

23. (lung function)  206003 

24. (Spirometry) 18466 

25. (Spiromet*) 23056 

26. (BDR) 1552 

27. (Bronchodilator*) 13584 

28. (Bronchodilation*) 2337 

29. (Bronchodilator response*) 3369 

30. (Airway reversibility) 918 

31. (Reversibility test) 4701 

32. Child  2126823 

33. (school age)  989833 

34. (adolescent*)  535206 

35. Children  1876151 

36. #10 OR #9 OR #8 OR #7 OR #6 OR #5 OR #4 OR #3 

OR #2 OR #1  

109791 

37. #20 OR #19 OR #18 OR #17 OR #16 OR #15 OR #14 

OR #13 OR #12 OR #11 

315904 

38. #25 OR #24 OR #23 OR #22 OR #21  308183 

39. #31 OR  #30 OR #29 OR #28 OR #27 OR #26  19614 

40. #35 OR #34 OR #33 OR #32  3183333 

41. #40 AND #39 AND #38 AND #37 AND #36 275 

42. #40 AND #39 AND #38 AND #37 AND #36 

Refined by: LANGUAGES: ( ENGLISH ) 

83 
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Database Cochrane (14.04.2021) 

Number Key word  Number of the articles  

1. "forced oscillation*"  172 

2. "impulse oscillometry*"  240 

3. FOT 133 

4. IOS 675 

5. "Respiratory resistance"  201 

6. "Airway resistance"  2174 

7. "Respiratory impedance"  47 

8. "respiratory reactance"  4 

9. "airway impedance"  10 

10. "Airway reactance"  9 

11. "peripheral airway*" 115 

12. "peripheral lung*" 181 

13. "small airway*" 242 

14. "distal airway*" 33 

15. "distal lung*" 18 

16. Asthma* 37239 

17. wheez* 3072 

18. Bronchoconstriction 2304 

19. "Bronchial Spasm" 518 

20. broncospasm 3 

21. "pulmonary function" 7852 

22. "respiratory function" 6291 

23. "lung function" 13305 

24. spirometry 6927 

25. Spiromet* 8060 

26. BDR 84 

27. Bronchodilator* 9289 

28. Bronchodilation* 1517 

29. "Bronchodilator response*" 442 

30. "Airway reversibility" 47 

31. "Reversibility test" 87 

32. Child* 183841 

33. Children 171030 

34. "school age"  1578 

35. "adolescent*" 133877 

36. #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 

OR #8 OR #9 OR #10 

3197 

37. #11 OR #12 OR #13 OR #14 OR #15 OR #16 

OR #17 OR #18 OR #19 OR #20 

39334 

38. #21 OR #22 OR #23 OR #24 OR #25 26682 

39. #26 OR #27 OR #28 OR #29 OR #30 OR #31 9993 

40. #32 OR #33 OR #34 OR #35 267706 

41. #36 AND #37 AND #38 AND #39 AND #40 92 
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APPENDIX I: Correlations of the FOT parameters (Rrs5, Rrs5-20 and AX) Z-scores with the spirometry parameters (FEV1, 

FVC and FEV1/FVC) Z-scores 
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 Asthma with complete evidence 

(n=56) 

With AX Z-

scores (n=44) 

Correlation of the area under the 

curve (AX) to the forced expiratory 
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Asthma with incomplete evidence 

(n=66) 

With Rrs5-

20 Z-scores 

(n=15) 

Figure: Correlation of the resistance 

at 5-20 Hz (Rrs5-20) to the forced ex-

piratory volume in 1 second (FEV1) 

Figure: Correlation of the resistance 

at 5-20 Hz (Rrs5-20) to the forced vi-

tal capacity (FVC) 

Figure: Correlation of the resistance 

at 5-20 Hz (Rrs5-20) to the ratio of the 

forced expiratory volume in 1 second 

to forced vital capacity (FEV1/FVC) 
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 Suspected asthma with no evidence 

(n=24) 

With Rrs5  

Z-scores 

(n=24) 
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Suspected asthma with no evidence 

(n=24) 

With AX  

Z-scores 
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