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Chronic respiratory diseases (CRD) commonly present with abnormal breathing 

patterns at rest. There is some limited evidence that breathing patterns during 

speech (speech breathing patterns), differ in CRD compared to healthy 

individuals. Monitoring speech breathing patterns could provide useful 

information about changes in respiratory health, however, little is currently 

known about speech breathing patterns in CRD. This research aimed to 

explore and evaluate speech protocols, and characterise speech breathing 

patterns in health and CRD. Information gathered was taken forward to explore 

the impact (if any) on speech breathing patterns in patients with CRD before 

and after Pulmonary Rehabilitation (PR). Respiratory Inductive Plethysmography 

(RIP) was used to quantify breathing/speech breathing patterns during various 

speech tasks in three studies. In the first study, 29 healthy adults and 11 

adults with self-reported asthma were characterised and speech breathing 

protocols were evaluated. The second study characterised 20 healthy older 

adults, and 20 patients with CRD (COPD=14, bronchiectasis=6) were assessed 

before and after a six week PR programme in the third study. Key novel 

findings were: 1) Breathing patterns were task specific between speech in 

healthy younger adults, but this finding could not be generalised to healthy 

older adults or patients with CRD. 2) Speech breathing patterns differed 

between health and CRD, but were not disease specific. 3) A recording period 

of two minutes was sufficient to provide stable breathing parameters 4) 

Conversational speech was most useful for assessing speech breathing 

patterns. 5) No changes in speech breathing patterns were observed after PR, 

but no changes in resting breathlessness or oxygen saturation were observed 

either. Conclusion: This research has permitted the optimisation of speech 

protocols for future research and produced new evidence from patient groups 

that contradicts previous assumptions about task specificity. This research has 

not produced any evidence to support the hypothesis that speech breathing 

patterns are responsive to an intervention.   
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Chapter one                                    

Introduction  

A brief outline of the contextual framework underpinning this research will 

firstly be presented, including a justification for the proposal that the use of 

speech breathing pattern analysis has potential applications in the respiratory 

monitoring field. A summary of the thesis structure will then be presented. 

1.1 Speech breathing pattern analysis – a potential 

marker of respiratory health? 

The global burden of chronic respiratory disease is on the rise, as Chronic 

Obstructive Pulmonary Disease (COPD) has been projected to become the third 

leading cause of morbidity and mortality worldwide by 2020 (BTS 2006; Rabe 

et al. 2007). Amongst the numerous socio-economic repercussions of the 

disease, acute exacerbations of COPD are one of the most common causes of 

emergency hospital admissions in the UK, and a third of all adults will be re-

admitted within three months (BTS 2006). However, the current approach to 

managing patients with chronic respiratory disease is based on a reactive 

system. Emphasis is placed on managing acute respiratory symptoms once 

they have developed, rather than monitoring changes in respiratory health 

earlier on. Monitoring would allow changes in respiratory health to be detected 

before respiratory symptoms develop (Morgan 2003), thus potentially reducing 

costly hospital admissions. 

One of the barriers to monitoring respiratory health effectively in a Primary 

Care setting is the lack of simple, objective respiratory monitoring tools which 

can sensitively quantify changes in respiratory health over time. Although 

conventional pulmonary function tests are simple to perform, cost-effective 

and reliable (Miller et al. 2005; Levy et al. 2009), these tests highlight changes 

only after significant narrowing of the airways has occurred, and therefore lack 

sensitivity to small changes (O’Donnell 2000; Miller et al. 2005). Auscultation 

is a routine component of respiratory assessment which benefits from being 
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non-invasive, and provides clinicians with valuable information about the 

function of the lungs (Pasterkamp et al. 1997). However, the interpretation of 

lung sounds is a subjective practice which is dependent upon the hearing 

ability of the observer, and whether they are able to discriminate between 

different respiratory sounds. These drawbacks mean that the interpretation of 

lung sounds has been associated with moderate to poor inter-rater reliability 

(Brooks & Thomas 1995; Welsby & Earis 2001). There is therefore a need to 

develop effective alternatives that can a) quantify small changes in lung health, 

and b) would be suitable for either a Primary Care or community setting. 

Breathing is usually the first vital sign to alter in the deteriorating patient, as 

changes in breathing pattern can often accompany several respiratory 

(Ashutosh et al. 1975; Loveridge et al. 1986; Renzi et al. 1986) and non-

respiratory disorders (Lieber & Mohsenin 1992). Furthermore, a number of 

abnormal breathing patterns have been observed in patients with Chronic 

Obstructive Pulmonary Disease (COPD) (Sassoon & Hawari 1999), 

bronchiectasis (Koulouris et al. 2003) and asthma (Ritz et al. 2011). It therefore 

appears that monitoring changes in breathing pattern could provide useful 

information about changes in respiratory health.  

Although major advances have been made into the interpretation and clinical 

significance of breathing pattern over the past 40 years (Ashutosh et al. 1975; 

Loveridge et al. 1986; Tobin 1992; Andreas et al. 1996), objective 

examinations of breathing patterns have yet to translate into routine clinical 

practice. One of the reasons for this is because monitoring breathing pattern 

has been challenging. Observation of chest wall expansion, assessing whether 

a patient is taking deep or shallow breaths, is commonly used for estimating 

lung volume (Braun 1990). However, this subjective practice has been shown to 

have poor intra-observer reliability, which is potentially dangerous for patients 

with low tidal volumes (Tobin 1992). More objective methods are available. The 

pneumotachograph (PNT) is considered as the gold standard for continuous 

monitoring of tidal flow (ATS 2003). However, the use of external 

instrumentation (such as facemasks and mouth pieces) has itself been shown 

to induce changes in respiratory pattern (Askanazi et al. 1980). Respiratory 
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Inductive Plethysmography (RIP) has been the most widely accepted non-

invasive method for quantifying the parameters of breathing pattern (Chadha & 

Sackner 1983; Tobin et al. 1983b; Loveridge et al. 1986; Brown et al. 1998). 

The benefit of this method is that it provides a detailed assessment of the 

components of breathing pattern from the movements of the chest wall, 

without the need for invasive facemasks and mouthpieces (Chadha et al. 1982; 

Cantineau et al. 1992; Poole et al. 2000). However, although this laboratory 

based technology has been used in numerous experimental studies examining 

breathing pattern (Tobin et al. 1983c; Chadha et al. 1984; Grossman et al. 

2010), extracting these parameters requires complex signal processing 

techniques, making the technology unsuitable for the clinical environment. 

Therefore, although breathing patterns can provide useful information about 

respiratory health, detailed interpretation of breathing patterns has yet to be 

translated into routine clinical practice because of the challenges associated 

with analysing them. 

At rest, abnormalities in breathing pattern can be difficult to detect, 

particularly during the early stages of respiratory pathology. Alterations in 

breathing patterns are usually  more pronounced during the later stages of 

respiratory disease (Sassoon & Hawari 1999; Garcia-Pachon 2002), and are 

more commonly associated with acute respiratory distress (Kennedy 2007). 

One way of ‘provoking’ these abnormalities, even in the early stages of 

respiratory pathology, is during conditions of high respiratory drive, such as 

physical exercise (Troosters et al. 2010), or more conveniently, during speech 

activities (Bunn & Mead 1971).  

One of the most noticeable features of respiratory deterioration is the inability 

to speak in full sentences (Mahler & Wells 1988; Kennedy 2007; Binazzi et al. 

2011). While speech and ventilation share the same anatomical structures (i.e. 

the lungs), in clinical practice these mechanisms are generally thought of as 

separate entities. ‘Speech breathing’ research was a major area of interest 

between the 1970s and 1990s. These exploratory studies were primarily of 

interest for speech and language therapists (Hixon 1973; Hoit & Hixon 1987; 

Hodge & Rochet 1989; Winkworth et al. 1994; Winkworth et al. 1995). Since 
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then, speech breathing research has been a relatively neglected area of 

research, even though there is some evidence to suggest that speech breathing 

patterns are different between health and respiratory disease (Loudon et al. 

1988; Lee et al. 1993), and a claim has been made that different respiratory 

conditions produce ‘disease specific’ breathing patterns (Lee et al. 1993). The 

detailed examination of speech breathing patterns could therefore provide 

useful information about respiratory health. However, at present, very little is 

known about speech breathing patterns in chronic respiratory disease, or how 

they may alter in response to therapeutic interventions. 

This research set out to examine if speech breathing patterns have any 

potential as a monitor of respiratory health. To that end, research was 

conducted over three studies. The first study was used to characterise speech 

breathing patterns in healthy adults, and in adults with self-reported asthma, 

using more automated methods for extracting speech breathing parameters 

than have previously been used. This study was also used to determine the 

optimal speech breathing protocols to use in terms of content and length. The 

second study characterised speech breathing patterns in a group of older 

adults, and the third study involved the recording of speech breathing patterns 

before and after a six week clinical Pulmonary Rehabilitation (PR) programme 

for patients with COPD or bronchiectasis.  
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1.2 Thesis overview 

This thesis begins with a review of the literature (chapters two, three, four and 

five), where the clinical significance of breathing/speech breathing patterns is 

discussed in relation to respiratory monitoring. Chapter six presents the 

methods, experimental procedures and the plan for statistical analysis 

employed during the three studies that were conducted with this body of 

research. This is followed by the results section in chapter seven. In this 

chapter, the findings from the three studies have been analysed and presented 

according to six sections, that is:  

1) Speech breathing patterns in healthy young adults,  

2) Speech breathing patterns in healthy older adults,  

3) The influence of age and sex on speech breathing patterns in healthy 

adults,  

4) Speech breathing patterns in patients with diagnosed chronic 

respiratory disease, 

5) Comparison of speech breathing patterns between:   

a) healthy younger adults vs healthy older adults 

b) healthy younger adults vs adults with self-reported asthma 

c) patients with COPD vs patients with bronchiectasis  

d) healthy older adults vs adults with COPD or bronchiectasis, and  

6) Speech breathing patterns before and after a six week PR programme 

in patients with COPD or bronchiectasis.  

A discussion of the findings in relation to the existing literature and study 

limitations has been presented in chapter eight. Finally, research 

conclusions and plans for future research are presented in chapters nine 

and ten respectively.
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Chapter Two                                           

Breathing pattern: Clinical significance and implications for 

respiratory monitoring  

Introduction 

This chapter begins with a review of some of the common methods currently 

used to monitor respiratory health in Primary Care. An understanding of the 

breathing patterns associated with respiratory disease requires sound 

knowledge of what constitutes normal breathing pattern. In this chapter the 

definition of ‘normal’ breathing pattern is therefore discussed. This will be 

followed by a review of some of the characteristic breathing patterns 

associated with respiratory pathology, and the complexity faced with 

monitoring them. Finally, a justification for the use of RIP in the current 

investigation, and the procedures used for calibrating RIP will be discussed 

respectively. 

2.1 Tools for monitoring chronic respiratory disease in 

Primary Care 

‘Monitoring’, which is derived from the Latin word monere (meaning ‘to warn’), 

has a number of applications in the respiratory field, including the 

identification of significant changes in respiratory health, aiding with diagnosis 

and determining the efficacy of  treatments (Cohen 1992b; Folke et al. 2003; 

Yañez et al. 2012). Advances in respiratory monitoring techniques in recent 

decades have generally benefited from being objective, cost effective and 

simple to perform. However, the value of being non-invasive and unobtrusive 

has become increasingly recognised in the Primary Care and the community 

setting. The next section will consider some of the most commonly used 

respiratory monitoring tools in Primary Care for detecting changes in 

respiratory health. 
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2.1.1 Spirometry 

Lung function parameters in relation to volume and flow are frequently used as 

a basic diagnostic and classification tool for a number of respiratory diseases 

(Miller et al. 2005; Wise 2006; Rabe et al. 2007). In particular, spirometry is a 

method for examining lung function by measuring the volume of air that can 

be forcefully expelled in one second after a maximal inhalation (FEV1) (Miller et 

al. 2005). The widespread application of spirometry has also been used to 

determine the efficacy of a number of therapeutic interventions (Enright et al. 

1994; O’Donnell 2000). With appropriate training, spirometry has been praised 

for being simple to perform, while providing a rapid and valid measure of lung 

health (Levy et al. 2009). However, these advantages only apply if the test has 

been appropriately performed. Spirometry is effort dependant, and relies on 

the training of the administrator as well as the co-operation of the patient 

(Miller et al. 2005). Poorly performed tests can often lead to misinterpretation 

of results, which may lead to the generation of inappropriate diagnosis (Levy et 

al. 2009).  

In UK GP practices the availability of spirometry has markedly increased over 

the past two decades, as manufacturers have made these devices small and 

portable, and lung function testing has become standardised for the diagnosis 

of COPD (Celli et al. 2004; Miller et al. 2005; GOLD 2014). Forced Vital 

Capacity (FVC) and Forced Expiratory Volume in one second (FEV1) are the most 

useful parameters for detecting airway obstruction, where post bronchodilator 

FEV1 is the single most important parameter for determining the severity of 

airways obstruction in COPD (Wise 2006; Rabe et al. 2007; GOLD 2014). 

However, while spirometry testing has been routinely used to inform clinical 

decision making, interpreting lung function parameters in isolation has limited 

clinical value. 

In COPD, spirometry can only be used to confirm a diagnosis in the presence of 

other clinical signs and symptoms, such as breathlessness, increased sputum 

production and reduced exercise capacity (Rabe et al. 2007; GOLD 2014). 

Furthermore, lung function measurements do not always correlate with 
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clinically relevant symptoms, like breathlessness and functional exercise 

capacity (Wise 2006; Cazzola et al. 2008). This is because, in COPD, the 

disease is typically diagnosed in the later stages of the natural progression, 

once there has been considerable narrowing of the airways, and patients are 

generally asymptomatic in the earlier stages of the disease (Rabe et al. 2007). 

In addition, improvements in patient reported outcomes following Pulmonary 

Rehabilitation have been found to be independent of changes in lung function 

(Niederman et al. 1991). These findings suggest that there can be a ‘mismatch’ 

between objective lung function findings and clinical signs and symptoms.  

Despite the diagnostic value of spirometry and its widespread application in 

classifying the progression of COPD in a Primary Care setting, it appears that 

spirometry has limited application in the daily monitoring of respiratory 

disease, primarily because the measure lacks sensitivity to small changes in 

the airways. Practical drawbacks also reduce the value of spirometry for use in 

long term monitoring. The measure is dependent on a number of technical and 

personal factors, which need careful consideration when performing the tests 

and interpreting the findings. 

2.1.2 Peak Expiratory Flow 

Peak Expiratory Flow (PEF) is the maximum flow rate of air which is reached 

during a forced expiration manoeuvre, after full inspiration (Lebowitz 1991; 

NICE 2015). The measure has potential to be a useful monitor of asthma in 

Primary Care as it reflects a range of physiological characteristics of the large 

airways including; elastic recoil, lung volume and neuromuscular integrity 

(Quackenboss et al. 1991). Like spirometry, the procedure is effort dependant 

and requires the individual to take a maximum inspiration, make a tight seal 

around the mouth piece and then breathe out with a rapid forced expiration. In 

practical terms, the PEF meter is inexpensive, portable and easy to use (Lopez 

& Del Castillo 2000).  

Traditionally, PEF measurement has been used in the management of asthma 

to a) aid diagnosis b) assess severity and c) to help identify provocative factors 
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(Jamison & McKindley 1993). In particular, large within day variability of PEF 

measures are known to be associated with severe asthma attacks, and 

increased mortality (Cross & Nelson 1991; Lebowitz 1991; Hansen et al. 2001). 

A within day variability of more than 20% has been suggested to be typical of 

asthma (Jamison & McKindley 1993; NICE 2015) and PEF variability has been 

shown to correlate with bronchial reactivity to histamine methacholine in 

patients with asthma (Parameswaran et al. 1999). The theoretical advantage of 

monitoring PEF daily is that the measure can provide clinicians with rapid, daily 

information about the function of lungs, which is objective and simple to 

obtain. 

Although PEF has made a major contribution to the management of asthma 

(NICE 2015), the advantages of monitoring PEF in patients with other chronic 

respiratory diseases, like COPD, are less clear. Clinical guidelines for the 

management of COPD are explicit in advising the use of the ratio of FEV1/FVC 

and the percentage of FEV1 rather than PEF in the ongoing monitoring of COPD 

(NICE 2010; BTS 2013; GOLD 2014). In patients with COPD, the relationship 

between FEV1 and PEF has been shown to be poor (Nolan & White 1999; 

Llewellin et al. 2002). While PEF reflects changes in lung characteristics, this 

information is limited to the large airways. FEV1 provides additional information 

about the function of the small airways, which become progressively damaged 

throughout the natural progression of COPD (Nolan & White 1999). Therefore, 

doubts concerning the usefulness of PEF over FEV1 relates back to the 

information that they each provide.  

Unlike PEF which measures peak expiration with in the first 10
th

 of a second, 

FEV1 continues to record forced expiration for a further 0.9 seconds. FEV1 

therefore records additional information about the expired air once PEF has 

been reached. Characteristics of COPD are highlighted during this component 

of the forced expiration manoeuvre and clear differences can be observed 

between health and disease (Llewellin et al. 2002). In healthy individuals, 

forced expiration produces a steady decline over time. However the decline in 

patients with COPD is more sudden, as forced expiratory flow drops as soon as 

PEF is reached. Physiologically, reductions in lung parenchyma leading to 
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reduced elastic recoil have been identified as the cause responsible for this 

sudden drop in expiratory flow (Lokke et al. 2006). These characteristics can 

be evaluated with spirometry, but not with PEF, because changes in PEF are 

usually only observed in the severe stage of COPD (Perez-Padilla et al. 2009). In 

patients with COPD, the decline in lung function is usually so slow that PEF is 

unlikely to provide significantly new information more than every one to two 

years (Nolan & White 1999)  

PEF and spirometry provide useful information about the global calibre of the 

airways during a single maximal effort breath, but are both insensitive to small 

changes in lung health.  

2.1.3 Auscultation 

Breath sounds potentially contain a wealth of information about airway 

geometry, ventilation and pathology (Pasterkamp et al. 1997). Using a 

stethoscope it is possible to detect the presence of secretions (Ceresa & 

Johnston 2008), consolidation (Metlay et al. 1997) and effusion (Rolston et al. 

2008), which can sometimes make redundant the need for more technical 

equipment such as chest radiography. In respiratory physiotherapy, lung 

sounds are usually examined either during the routine assessment of patients 

at baseline, in response to a clinical intervention, or over time (Ceresa & 

Johnston 2008). Unlike spirometry, the analysis of lung sounds does not 

require maximal breathing effort, and therefore requires minimal participation 

from the patient. This is a particular advantage for patients who are critically 

ill, or who are unable to follow instructions. Auscultation benefits from being 

simple to perform and cost effective (Pasterkamp et al. 1997). 

Breath sounds heard at the chest surface with a stethoscope are thought to be 

directly related to structural changes in the lungs. In patients with emphysema, 

dampened breath sounds have been linked with airflow limitation (Schreur et 

al. 1992). The presence of crackles has been associated with a number of 

respiratory (Baughman et al. 1991; Piirila & Sovijarvi 1995) and non-respiratory 

disorders (such as cardiovascular failure) (Kataoka 2007), and have been 
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described as discontinuous adventitious sounds, explosive and transient in 

character (Piirila & Sovijarvi 1995; Vannuccini et al. 1998). The generation of 

crackles has been subjected to a number of theories. Originally, crackles were 

thought to derive from the bubbling of air through secretions, or the motion of 

secretions through the airways (Murphy, 1985). However, this theory was 

disregarded following the observation that crackles may not always disappear 

after coughing. It is now generally believed that crackles are generated through 

the sudden opening of abnormally closed airways (Forgacs et al. 1971). 

Despite the information that lung sounds can provide, discriminating between 

different breath sounds heard through a stethoscope can be difficult. Crackles 

for example, have short durations and are low in intensity, which can make 

them challenging to hear (Vannuccini et al. 1998). The interpretation of breath 

sounds heard through a stethoscope depends of a number of personal factors: 

1) the sensitivity of the ear to different sound frequencies depends on the 

relative loudness of the sound 2) the ability of the ear in recognising short 

duration sounds and 3) the ability of the ear to distinguish between sounds 

that are separated by short intervals (Sovijarvi et al. 2000). Interpreting breath 

sounds is therefore a subjective practice which purely depends on the hearing 

ability of the observer. 

Due to subjectivity of auscultation, the inter observer reliability has been 

shown to be poor to fair between physiotherapists (Brooks et al. 1993; Brooks 

& Thomas 1995; Allingame et al. 1997). However studies examining whether 

training experience influences the reliable interpretation of breath sounds have 

reported no inter-group differences (Brooks et al. 1993; Allingame et al. 1997). 

Allingame et al (1995) examined the effect of clinical experience on the 

reliable interpretation of a number of auscultated breath sounds by comparing 

the findings from 16 new physiotherapist graduates and 16 experienced 

respiratory physiotherapists. The definition of an ‘experienced’ physiotherapist 

was not described, and the duration of their clinical experience was not 

specified. Participants were invited to listen to six characteristic breath sounds 

played through a tape recorder, where each of the six sounds were repeated 

three times in a random order, so that intra rater reliability could also be 
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examined probabilistically using Fishers exact test statistic. Intra-rater 

reliability was found to be poor for each of the breath sounds examined, as a 

maximum of nine participants (from both groups) recorded the same response 

on all three occasions (28%). However, when examining between the two 

groups (graduate v experienced physiotherapist), no significant differences 

were found for any of the breath sounds examined (p<0.05). Despite these 

findings, research examining the reliability of interpreting auscultated breath 

sounds through a stethoscope is methodologically flawed. For practical 

reasons, the breath sounds were played through a tape record within a 

laboratory environment (Brooks et al. 1993; Allingame et al. 1997). This 

provides a limited representation of a natural setting; auscultation is usually 

conducted in open clinical areas, where external sounds could further 

influence the interpretation. These implications have not been considered in 

existing studies examining the reliability of interpreting breath sounds through 

a stethoscope. 

In light of these subjective problems, standard auscultation appears to have 

limited value for the objective monitoring of respiratory health, or for being 

used as an outcome measure following a therapeutic intervention. 

2.1.4  Oxygen saturation 

Arterial oxygen saturation (SaO2) is the percentage of oxygen reversibly bound 

to haemoglobin in arterial blood and provides some information about the 

adequacy of gas exchange within the lungs. The taking of arterial samples is 

painful and invasive, so is not suitable for long term monitoring within 

community settings. A surrogate for arterial sampling is the use of pulse 

oximeters to measure arterial oxygen saturation (SpO2) noninvasively using 

light emitting diodes (Yelderman & New 1983). Bone, tissue, pigmentation, and 

venous vessels normally absorb a constant amount of light over time. 

Oxyhaemoglobin and its deoxygenated form have significantly different 

absorption pattern (Schnapp & Cohen 1990). The arteriolar bed normally 

pulsates and absorbs variable amounts of light during systole and diastole, as 

blood volume increases and decreases (Mendelson 1992). The ratio of light 
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absorbed at systole and diastole is translated into an oxygen saturation 

measurement using complex algorithms. Healthy individuals should maintain 

their SpO2 between 95-100% in order for the surrounding tissues to remain 

adequately oxygenated (Wukitsch et al. 1988). 

Monitoring of arterial oxygen saturation using pulse oximetry has had a 

number of clinical applications including in the intensive care setting (Jubran 

1999; Grap 2002), as an outcome measure following therapeutic interventions 

(Giardino et al. 2004) and for monitoring respiratory health during treatments, 

such as Long Term Oxygen Therapy (LTOT) (Sliwinski et al. 1994; Garrod et al. 

2000; Tang et al. 2012; Minami et al. 2014). However, while oxygen saturation 

is a useful indicator of clinical deterioration when considered in combination 

with other clinically relevant physiological changes (such as respiratory rate, 

heart rate, temperature and blood pressure), the use of oxygen saturation to 

monitor changes in respiratory health has limited application when considered 

in isolation.  

Studies have repeatedly demonstrated that levels of oxygen saturation 

fluctuate between day and night, as well as during different activities of daily 

living in patients with COPD (Soguel Schenkel et al. 1996; Casanova et al. 

2006; Takigawa et al. 2007; Minami et al. 2014). In patients with COPD, 

changes in oxygen saturation are reflective of physical activity as well as 

changes in health status, and it is difficult to differentiate the two. The 

evidence examining the use of oxygen saturation as a predictor of COPD 

exacerbation is both limited and conflicting, however the majority of the 

research has agreed that the examination of oxygen saturation in isolation is a 

poor predictor of prognosis in patients with COPD (Trauer et al. 2013; Minami 

et al. 2014).  

To date, only one study has reported that desaturation profiles may predict 

prognosis in patients with COPD (Takigawa et al. 2007). These findings were 

observed in patients with COPD during a six minute walk test (6MWT). 

However, field tests such as the 6MWT have primarily been criticised for their 

inability to reflect activities of daily living, because the majority of these 
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activities are conducted during submaximal levels of effort. The assessment of 

oxygen saturation during field tests such as the 6MWT may not be satisfactory 

in gaining an actual understanding of oxygen profiles in patients who have 

COPD. As a consequence, recent studies investigating the use of oxygen 

saturation as a predictor of COPD exacerbations have been conducted over a 

24 hour period, during activities of daily living (Trauer et al. 2013; Minami et 

al. 2014). 

Minami et al (2014) found no evidence that the frequency of oxygen 

desaturation predicted the risk of exacerbation in 51 patients with COPD. 

Ambulatory oxygen saturation was monitored using a portable pulse oximeter 

over a 24 hour period for each participant. Exacerbations and mortality were 

then recorded during a mean follow up period of 26.4 months. In support of 

previous findings that greater desaturations occur at night in patients with 

COPD, changes in oxygen saturation varied significantly between day (3% were 

below 90% saturation) and night (7% below 90% saturation). In total, 21 

exacerbations were reported in 13 patients during the mean follow up period 

and univariate and multivariate Cox proportional hazard analysis did not detect 

any significant factors associated with exacerbation (risk ratio 1.01; 

95%CI=0.92-1.11; p= 0.78). These findings were also in broad agreement with 

Trauer et al (2013). One of the most likely explanations for this lack of 

association could be because COPD is a heterogeneous condition with various 

different clinical manifestations which vary between individuals and differ 

according to the severity of the disease (GOLD 2014).  

In practical terms, the quality of SpO2 measurements depends on the ability of 

the pulse oximeter to distinguish between the oxyhaemoglobin and 

deoxyhaemoglobin, which can be affected by movement and poor circulation 

(Biebuyck et al. 1992). Studies examining the possibility of using pulse 

oximetry for home monitoring have generally been limited as they have 

involved healthy participants who a) had no history of cardiovascular or 

circulatory problems, and b) were young (Tang et al. 2012). In a patient 

population, circulatory problems and increased age can impair the accuracy of 

the measurement (O’Driscoll et al. 2008). Other factors include the use of nail 



 

 42 

varnish, skin pigmentation and excessive movement (Taylor & Whitwam 1986; 

Ralston et al. 1991). Although SpO2 and SaO2 are closely correlated in healthy 

individuals and in some patient groups, it has been reported that factors like 

anaemia and acidosis can affect this relationship. A study of critically ill 

patients concluded that changes in SpO2 do not reliably predict equivalent 

changes in SaO2 (Perkins et al. 2003) 

In conclusion, arterial oxygen saturations via pulse oximeters provide useful 

information about gas exchange, and are valuable for titrating oxygen supply, 

or indicating sudden, severe respiratory compromise. Pulse oximeters have 

some limitations, however, and are less useful for detecting small changes in 

respiratory function. 

2.1.5   Summary  

Despite the steady rise in emergency hospital admissions from exacerbations 

of acute respiratory symptoms (BTS 2006; Connolly et al. 2006), detecting 

early changes in respiratory health within a Primary Care setting is challenging, 

as all current methods used to monitor respiratory health are associated with a 

number of limitations. There is generally a compromise between the 

information that a tool provides, and the practicalities encountered when 

obtaining or analysing the measure.  

A number of respiratory diseases commonly present with abnormal breathing 

patterns (Tobin et al. 1983b; Brack et al. 2002; Brack et al. 2007), and it is 

possible that the detection/measurement of these abnormalities might serve 

as a useful indicator of respiratory health. The next part of this chapter will 

introduce breathing patterns with particular reference to their applications in 

monitoring respiratory health.  
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2.2   Breathing pattern  

2.2.1  Introduction 

In respiratory physiotherapy, simple observational assessments of breathing 

pattern have been useful for examining respiratory status at baseline (Tobin et 

al. 1983b; Sassoon & Hawari 1999). Alterations in breathing pattern can signify 

respiratory deterioration (Hoover 1920; Loveridge et al. 1986; Kennedy 2007), 

however breathing pattern itself is a generic term with no consensus regarding 

its definition, and various respiratory parameters have been used to 

characterise ‘normal’ breathing pattern in the medical literature.  

Some elements of breathing patterns have been described as absolute 

measures, such as indices relating to timing, volume and flow (Askanazi et al. 

1980; Tobin et al. 1983a; Loveridge et al. 1986), whereas other parameters of 

breathing pattern have historically relied on subjective interpretation, such as 

characteristic breathing rhythms (Lieber & Mohsenin 1992; Brack et al. 2007),  

and chest wall contributions (Ashutosh et al. 1975). Breathing pattern is 

therefore an ill-defined area of research because the term incorporates a 

number of different breathing parameters, some of which are challenging to 

measure objectively, even though they may provide useful information about 

respiratory health (Tobin et al. 1983b). The next section will consider some of 

the aspects of breathing pattern in health. 

2.2.2  Aspects of breathing pattern in health 

Healthy breathing pattern is largely independent of the use of accessory 

muscles and should be effortless (Tobin et al. 1983a). Resting healthy 

breathing pattern is a rhythmic process comprising of an active inspiratory 

expansion phase, followed by a passive relaxation of the rib cage at a relatively 

constant rate (Walker 1990). The clinical utility of any physiological measure is 

largely dependent on its ability to differentiate between normal and abnormal. 

However, unlike other measures of respiratory performance, which have 

internationally agreed limits and published normative data (such as lung 
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function, oxygen and carbon dioxide levels), limits for the parameters of 

normal breathing pattern have never been rigidly defined. A significant 

proportion of breathing pattern research has so far been based upon findings 

from small observational studies (Tobin et al. 1983b; Loveridge et al. 1986; 

Alves et al. 2008), where there has been considerable variability in terms of 

methodological design. As a consequence, the majority of breathing pattern 

parameters have yet to be used in routine clinical practice, outside of critical 

care environments. 

2.2.2.1 Tidal volume 

Tidal volume refers to the volume of air displaced during inspiration and 

expiration. Resting tidal volume is the volume of air displaced during quiet 

breathing at rest. Examinations of tidal volume have can be based on breath-

by-breath analysis (Gilbert et al. 1972; Tobin et al. 1983a; Kuratomi et al. 

1985), but more commonly tidal volume is determined from the average of a 

collection of breaths obtained over various time periods (Tobin et al. 1983a; 

Semmes et al. 1985; Tobin 1992; Parreira et al. 2010). During resting tidal 

breathing, the lungs have been shown to remain ‘moderately’ inflated 

throughout the inspiration and expiration phase for each breathing cycle. The 

lungs are never fully inflated or deflated at maximal capacity during tidal 

breathing, as this would involve additional respiratory effort. Anatomical build 

(Parreira et al. 2010), age (Priban 1963; Tobin et al. 1983a), sex (Parreira et al. 

2010), and positioning (Verschakelen & Demedts 1995) are known to influence 

tidal volume in healthy adults, and as a consequence, a large variety of 

‘normal’ ranges have been documented in the literature. An overview of some 

of these variations are presented in table 1. 

 

 

 

 



   

 

 45  

Study Sample 

size 

Measurement 

instrument 

Age Sex Tidal Volume 

Tobin et al 

(1983) 

47 

18 

RIP 18-60 

60-81 

Both 383±85ml 

382±109ml 

Landers et al 

(2003) 

30 PNT 23 Both 630±60ml 

Dellweg et al 

(2008) 

10 PNT 33 All male 510±20ml 

Parreira et al 

(2010) 

48 

 

18 

 

38 

RIP 29-39 

29-39 

40-59 

40-59 

60-80 

60-80 

Male 

Female 

Male 

Female 

Male 

Female 

441±114ml 

325±127ml 

325±115ml 

309±111ml 

383±124ml 

283±85ml 

RIP = Respiratory Inductive Plethysmography, PNT = Pneumotachograph  

Table 1:  Summary of the main studies documenting tidal volumes in 

healthy adults 

Based on studies presented in table 1, the major sources of variability in tidal 

volume can be attributed to sex, age and the instrument used to obtain the 

parameter. In general, the basis for sex related differences in pulmonary 

function has been broadly categorised as hormonal and structural/ 

morphological differences (Fleischer et al. 1985; Verschakelen & Demedts 

1995; Carey et al. 2007). Structural differences have been thought to account 

for the observed differences in tidal volume between males and females, as the 

diameter of the airways and thoracic length have been shown to be longer in 

males (Thurlbeck 1982). As a consequence, adult females tend to have smaller 

tidal volumes (Carey et al. 2007). 



 

 46 

It has been suggested that increasing age is associated with decreased tidal 

volumes (Tobin et al. 1983a; Hoit & Hixon 1987; Parreira et al. 2010). These 

differences have been largely attributed to decreased lung compliance and 

elastic recoil with the progression of age, as studies have repeatedly 

demonstrated a positive correlation between increasing age and reduced lung 

elastic recoil (Turner et al. 1968; Janssens et al. 1999). Physiologically, 

reductions in lung elastic recoil limit the ability for the lungs to draw in or 

expel air during the inspiratory and expiratory phase, thereby ‘restricting’ tidal 

volume to a narrower range.  

One of the most prominent sources of variability for tidal volume is the 

instrument used to obtain the parameter. Studies that have used a 

pneumotachograph (PNT) to measure tidal volume have consistently reported 

larger tidal volumes compared to those that have used non-invasive 

instruments, such as Respiratory Inductive Plethysmography (RIP). Respiratory 

monitoring systems will be examined in more detail in section 2.3.5, but it has 

been shown that the use of mouth pieces and facemasks are associated with 

increases in tidal volume (Askanazi et al. 1980; Perez & Tobin 1985). Alteration 

of the natural route of breathing and its associated discomfort has been 

thought to be the main cause (Perez & Tobin 1985). As a consequence, 

instrument induced changes in breathing pattern occur when tidal volume is 

obtained using a PNT, even though the PNT is considered to be the gold 

standard for the measurement of volume and flow. Studies using non-invasive 

respiratory monitoring tools could potentially provide a more realistic 

reflection of the actual tidal volume, as the system does not alter the natural 

route of breathing.  

2.2.2.2 Respiratory timing components 

Respiratory rate is one component of breathing pattern which has been widely 

used during clinical monitoring (Fieselmann et al. 1993; Yañez et al. 2012). 

Regulation of arterial pH within narrow limits (between 7.35 and 7.45) relies on 

the maintenance of an optimal respiratory rate (Singer & Hastings 1948). A 

wide range of respiratory rates have been documented for healthy adults at 
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rest.  In an early study by Dejours (1966), extreme variations of respiratory rate 

were measured in resting healthy adults (5-22 breaths per minute (bpm)). 

However, these findings were recorded during observational assessments of 

chest wall movements over a one minute period. The limitation of this 

technique is concerned with the subjectivity associated with visual inspection 

(section 2.3.1). More recent physiology text-books consider the average 

respiratory rate to be 14bpm (Hough 2001).  These observations suggest that 

there is intra-individual variation, even within a healthy population. 

2.2.3  The complexity of breathing pattern 

Breathing is an unusual function that is under both voluntary and involuntary 

control, as it is governed by the sympathetic and parasympathetic nervous 

system (Homma & Masaoka 2008). While breathing is predominantly regulated 

by the brain stem and is responsive to metabolic demand, it is well known that 

breathing is also responsive to psychological and behavioural changes 

including emotion, fear and anxiety (Gomez & Danuser 2004; Homma & 

Masaoka 2008). Breathing is also under voluntary control within specific 

boundaries; for example it is possible to hold your breath on impulse, but only 

for a finite period of time. Breathing patterns are therefore determined through 

a complex interaction between cognitive and autonomic factors. 

In adults, anxiety has been associated with irregular breathing patterns (Tobin 

et al. 1983b), shorter expiratory times and increased respiratory rate (RR) 

(Masaoka & Homma 1999). Respiratory rate has also been shown to increase in 

the presence of anger  (Dudley & Pitts-Poarch 1980) and in response to mental 

stress induced by loud noise and sound pressure (Masaoka & Homma 1997). 

The interpretation of breathing patterns can therefore be challenging, as they 

are not always representative of respiratory drive, because breathing is also 

influenced by behavioural factors. Fear and anxiety are emotions that are 

frequently  experienced by hospitalised patients, particularly those awaiting 

surgery (Graham & Conley 1971). These emotions are rarely taken into 

consideration when assessing breathing pattern. The majority of available 

breathing pattern data have been obtained in manipulated clinical 
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environments, with few data available in a naturalistic community setting 

(Grossman et al. 2010).  

There is also an agreement that even the use of non-invasive respiratory 

monitoring devices (such as RIP) can alter spontaneous breathing pattern 

through ‘awareness’ (Gilbert et al. 1972; Western & Patrick 1988; Han et al. 

1997). Western and Patrick (1988) examined the influence of awareness on 

changes in breathing patterns in 18 healthy male participants. Respiratory 

Inductive Plethysmography was used to record breathing pattern by fastening 

two bands around the rib-cage and abdomen (section 2.3.8). Breathing 

patterns were recorded during two periods of interest, that is, a distraction 

period and an awareness period, each lasting five minutes. During the 

distraction period, participants were misinformed that the Inductobands (see 

section 2.3.8) were for electrocardiographic (ECG) monitoring (and not 

respiratory monitoring). Participants were then equipped with headphones and 

asked to listen to a story with the aim of distracting their attention away from 

the recording session. For the second condition, participants were verbally told 

that their breathing patterns were being closely recorded using the 

Inductobands. Although it is not clear whether the headphones were enough to 

distract participants’ attention away from their breathing, the study reported a 

statistically significant increase in inspiratory and expiratory time during the 

awareness state compared with the distraction period. These findings highlight 

the possible influence of measurement awareness on breathing pattern. 

However at present, it is not known if these differences were large enough to 

be of any clinical importance. 

Even though some elements of breathing pattern appear to have a high level of 

inter-individual variability, there is some evidence to suggest that breath-by-

breath variations in breathing pattern are consistent within individuals over 

time. Shea et al (1987) examined the reproducibility of some elements of 

resting breathing pattern within individuals using RIP. Forty one healthy adults 

were involved in the study where tidal volume, inspiration and expiration time, 

respiratory rate and the proportion of time spent on inspiration (expressed as 

a percentage), were all recorded four times for five minutes each over the 
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course of two days. However, the time intervals between these recordings were 

not defined, and it is not clear whether the recording intervals were 

standardised for each participant. Between and within group differences were 

examined using Fishers F variance ratio, derived from analysis of variance 

(ANOVA), where the results demonstrated that the differences between 

individuals were significantly greater than the differences within individuals 

(Shea et al. 1987). However, these results were based on the analysis of only 

24 consecutive breath cycles for each recording session, and it was not clear 

how these were selected. Other elements of breathing pattern, such as breath-

to-breath variability and ribcage and abdomen contributions were not studied. 

Despite these limitations, these findings suggest that some components of 

breathing pattern may be stable within individuals, and therefore could be 

useful for monitoring respiratory health over time. The majority of breathing 

pattern research has been limited to examining breathing patterns in healthy 

individuals on a single occasion.  

In summary, even though there is some evidence to suggest that breathing 

patterns are consistent over time within individuals, resting breathing pattern 

can be influenced by a number of behavioural and emotional factors (Dudley & 

Pitts-Poarch 1980; Boiten et al. 1994; Masaoka & Homma 1997). These 

findings highlight the complexity associated with interpreting resting 

breathing patterns in healthy individuals, which could account for why detailed 

interpretation of resting breathing patterns has yet to be translated in to 

routine clinical practice. The next section will consider some of the changes in 

breathing patterns in patients with respiratory impairments. 

2.2.4 Aspects of breathing pattern in chronic respiratory disease 

In the past 40 years breathing pattern has been subject to extensive 

investigation regarding its interpretation and clinical significance, as 

alterations in many different respiratory variables have been studied in relation 

to respiratory impairment (Dejours 1966; Ashutosh et al. 1975; Tobin et al. 

1983b; Loveridge et al. 1986; Andreas et al. 1996). It has been suggested that 

careful inspection of changes in breathing pattern can help to inform diagnosis 
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and determine the effectiveness of therapeutic interventions (Hough 2001). 

Breathing patterns in patients with chronic respiratory disease have been 

studied previously, with the majority of these studies involving patients with 

COPD (Hoover 1920; Loveridge et al. 1986; Loring et al. 2009).  

The next section will consider some of the most significant breathing pattern 

abnormalities observed in patients with chronic respiratory disease.  

2.2.4.1 Alterations in chest wall mechanics 

2.2.4.2 Synchrony between the ribcage and abdomen during tidal 

breathing 

Movements of the chest wall during respiration have been described for 

healthy individuals (Tobin et al. 1983a) and in patients with respiratory disease 

(Ashutosh et al. 1975; Tobin et al. 1983b; Loveridge et al. 1986).  In healthy 

adults, there is an agreement that the displacements of the ribcage and 

abdominal components are synchronised with every breath, where the ribcage 

and abdomen are both displaced outwards during inspiration. (Campbell 1964; 

Konno & Mead 1967; Ashutosh et al. 1975; Troyer & Estenne 1984; Maitre et 

al. 1995). It is understood that this occurs because the downward movement of 

the diaphragm during inspiration displaces the abdominal contents in an 

outward motion, while the rib-cage simultaneously elevates (Ashutosh et al., 

1975, Campbell, 1964).  

Changes in chest wall movements have been reported in patients with 

respiratory disease. Lack of co-ordination between the ribcage and abdominal 

compartments was first documented in the in 1920s by Charles Franklin 

Hoover, who observed that the paradoxical inward drawing of the costal 

margins at the end of inspiration occurred in patients with what was then 

called ‘Obstructive Airways Disease’ (OAD) (Hoover 1920). ‘Hoover’s sign’ has 

since been interpreted to indicate the flattening of the diaphragm secondary to 

hyperinflation in patients with OAD (White et al. 1995). However, while 

Hoover’s sign has not been formally examined in relation to diaphragmatic 

function, there is evidence to suggest that the detection of breathing 
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asynchrony in patients with what is now called chronic obstructive pulmonary 

disease (COPD), is associated with a poorer prognosis compared to those who 

do not have asynchrony. Ashtoush et al (1975) examined chest wall 

movements using magnetometers (a pair of coils attached to the anterior and 

posterior body surface), in 30 patients with COPD, where 13 were identified to 

have asynchronous breathing using Hoover’s sign. Compared to the patients 

with no identifiable asynchrony, the 13 patients with breathing asynchrony had 

a significantly lower Forced Vital Capacity (FVC), with 10 of these patients 

being dependant on assisted ventilation.  

There is also evidence to suggest that the detection of breathing asynchrony is 

more prevalent in patients with advanced COPD, as Garcia-Pachon (2001) 

evaluated the diagnostic accuracy of ‘Hoover’s sign’ in detecting COPD by 

assessing intra-observer agreement. One hundred and seventy two patients 

with a diagnosis of COPD were included in the study and attended a pulmonary 

outpatient clinic, where each patient was assessed for ‘Hoover’s sign’ firstly by 

a junior medical doctor and then by a specialist pulmonologist. The results 

demonstrated that intra-observer agreement was ‘high’ between the two 

physicians (K statistic = 0.74), with Hoover’s sign being more prevalent in 

patients with severe COPD. This suggests significant asynchrony needs to be 

present before Hoover’s sign is visible. Therefore, while breathing asynchrony 

may exist, this abnormality appears to be associated with the severe stages of 

the disease pathway and may not be a useful indicator for monitoring chronic 

respiratory disease during the mild to moderate stages of the disease pathway. 

2.2.4.3 Regional contributions of the ribcage and abdomen during tidal 

breathing 

The movements induced by the chest during inspiration and expiration have 

generally been modelled as displacements arising from independent 

compartments of the ribcage and abdomen within the chest (Konno & Mead 

1967) (section 2.3.5.1). Assessment of the regional contribution of each 

compartment during tidal breathing has had little application in the clinical 

setting, even though differences in the regional contribution of each 
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compartment to tidal breathing have been known to exist between health and 

respiratory disease (Aliverti et al. 2004; Dechman & Wilson 2004). In COPD, 

diminished abdominal movement during tidal breathing has been directly 

associated with diaphragmatic insufficiency secondary to hyperinflation 

(Cahalin et al. 2002; Ottenheijm et al. 2005). As a consequence these patients 

have been shown to have a characteristic ‘apical’ breathing pattern, which 

increases in the more severe stages of the disease pathway (Troyer & Estenne 

1984). With increasing respiratory impairment and diaphragmatic insufficiency, 

accessory muscle recruitment has also been shown to increase, further 

distorting the balance between the contributions of ribcage and abdominal 

compartments (Orozco-Levi 2003).  

In contrast, healthy adults have a greater percentage of their total motion 

related to their abdomen during tidal breathing (Romei et al. 2010). In 

physiotherapy practice, breathing retraining techniques have traditionally 

involved the teaching of diaphragmatic breathing to patients with COPD. One 

of the stated aims of the teaching is to optimise the diaphragmatic 

contribution during breathing to reduce symptoms such as increased work of 

breathing and breathlessness (Casciari et al. 1981; Dechman & Wilson 2004). 

However, to date, there is an absence of rigidly defined ‘cut off’ limits which 

define the normal range for each compartmental displacement. One of the 

reasons for this is because the quantitative measurement of the regional 

contributions of the ribcage and abdomen involves the use of laboratory based 

equipment, which is not well suited to the clinical environment. Therefore, 

even though known differences in the contributions of the ribcage and 

abdomen have been observed in health and disease (Gilmartin & Gibson 1984; 

Georgiadou et al. 2007), these parameters have yet to be considered in the 

monitoring of chronic respiratory disease because of the difficulties associated 

with objectively quantifying them. 
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2.2.4.4 Abnormalities in respiratory timing components 

Respiratory rate 

Respiratory rate is  a broad indicator of respiratory stability and is easily 

obtained at the bedside (Tobin et al. 1983a). Regular documentation of 

respiratory rate has been used to assist in identifying patients at risk of serious 

adverse events such as cardiac arrest and admissions to Intensive Care Units 

(ICU) (Fieselmann et al. 1993; Hodgetts et al. 2002), as well as identifying the 

onset of COPD exacerbations (Yañez et al. 2012). In a prospective study, Yanez 

et al (2012) examined respiratory rate in 89 patients with a diagnosis of severe 

COPD, where each patient was monitored over a period of three months, or up 

until they had an exacerbation of COPD. Respiratory rate was monitored using 

a ‘VisionOx’ monitor that was installed into the home oxygen system of each 

patient. Mean respiratory rate was calculated during three different time 

periods each day over a period of three months, or until the patient had an 

acute exacerbation of COPD. However, the sampling period was not defined, 

and it was therefore not clear for how long respiratory rate was measured 

during each time period. The study reported that 30 of the 89 patients (33%) 

required hospitalisation following an exacerbation of COPD. Respiratory rate 

was shown to increase in the five days preceding an exacerbation of COPD in 

21 of the 30 patients (70%), from 15.2±4.3/min to 19.1±5.9/min (p< 0.05) 

which was found to be statistically significant. No such significant increase was 

observed in the patients who did not have an exacerbation (16.1±4.8/min at 

the start of the study and 15.9±4.9/min at the end).  

These findings highlight the clinical utility of quantifying specific elements of 

breathing pattern (such as respiratory rate) as a monitor of respiratory health. 

However, the examination of respiratory rate in isolation may have limited 

respiratory monitoring potential. Alterations in respiratory rate can accompany 

a variety of different respiratory and non-respiratory conditions, and 

respiratory rate is known to be associated with a number of behavioural and 

emotional factors (Boiten et al. 1994; Masaoka & Homma 1997).  
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Inspiration and expiration timings 

Although respiratory rate is one of the most common parameters of breathing 

pattern that is routinely measured owing its ability to signify acute respiratory 

deterioration (Tobin et al. 1983b; Tobin et al. 1983a; Kennedy 2007; Yañez et 

al. 2012),  the detailed examination of other elements of the respiratory cycle 

have yet to be translated into clinical practice. Information relating to 

respiratory timing components, such as inspiration and expiration timing (in 

seconds), has primarily been considered in the intensive care setting, during 

weaning from mechanical ventilation (Alia & Esteban 2000), or during 

laboratory based studies (Loveridge et al. 1986; Tobin 1992; Bruce 1996). 

It is known that patients with COPD often have longer expiratory phases (Tobin 

et al. 1983b; Aliverti & Macklem 2001; Niewoehner 2010), which are attributed 

to airway obstruction making it more difficult to breathe out (GOLD 2014). 

Although the extent of airways obstruction is traditionally assessed using 

spirometric lung function tests (such as FEV1 % of predicted), the examination 

of expiration time during resting breathing has yet to be translated into clinical 

practice. Furthermore, unlike respiratory rate, there is an absence of rigidly 

defined normative cut off values for expiratory time. In an early study, Tobin 

(1983) recorded respiratory timing components in 47 younger adults (<50 

years) and 18 older adults (>60 years) over a five minute period, where the 

average inspiratory time was reported to be 1.60±030 and 1.67±0.30 seconds 

respectively. These age-related differences may be too small to be of any 

clinical significance.  In the same study,  the average inspiration time in 11 

patients with COPD was reported as 1.12±0.25 seconds, in 15 patients with 

restrictive lung disease it was 0.96±0.25 seconds and in 12 patients with 

pulmonary hypertension it was 0.96±0.15seconds (Tobin et al. 1983b). While it 

was not reported if any of these differences were statistically significant, these 

observations demonstrate that the analysis of respiratory timing components 

may be able to differentiate between health and disease. These parameters 

may therefore also be useful for detecting alterations in respiratory health. 

However at present, breathing pattern research has been restricted to the 

examination of single time point measurements of breathing pattern, so it is 
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uncertain if/how these parameters alter over time, with either disease 

progression or therapeutic intervention.  

2.2.5  Summary of breathing pattern 

This section has revealed that a number of respiratory diseases commonly 

present with abnormalities in the components of breathing pattern. However 

breathing pattern is an ill-defined area of research, partly because the term 

incorporates a number of respiratory parameters (Loveridge et al. 1986; Tobin 

1992; Benchetrit 2000), and partly because most of these parameters lack any 

well-defined limits for normality. Amongst the respiratory parameters 

incorporated within breathing pattern, a decision was made to examine the 

following parameters in this research because of the information that they may 

provide about abnormalities in respiratory health: 

I. Respiratory timing parameters (inspiratory/expiratory time, 

breathing cycle time and respiratory rate) 

II. Regional contributions of the ribcage and abdomen during 

tidal breathing 

III. Relative volumes (inspiration and expiration magnitudes) 

The next section will consider the most commonly used techniques for 

measuring breathing pattern. 

 

2.3 Measurement of breathing pattern   

Alterations in the parameters of breathing pattern have been associated with a 

number of respiratory abnormalities (Tobin et al. 1983b; Loveridge et al. 1986; 

Aliverti et al. 2004; Wijdicks 2007), however the practicalities associated with 

obtaining accurate measurements of breathing pattern have been challenging. 

The following section will examine some of the current methods available for 

measuring breathing pattern, and a rationale for selecting the measurement 

system used in this research will then be presented. 
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2.3.1 Clinical observation  

Subjective observation of a number of breathing parameters can be performed 

easily at the bedside. An estimate of respiratory rate can be obtained by 

observing the number of times the chest expands within one minute, or more 

conveniently, by counting the number of breaths in 15 seconds and 

multiplying by four (Tobin 1992). While this method is relatively quick and 

easily performed, Tobin (1992) suggested that counting the number of breaths 

in a 15 second period and multiplying the by four, could induce error of up to 

four breaths per minute, particularly if a patient has an irregular breathing 

pattern. Although an error of four breaths per minute may not be important in 

healthy individuals, Tobin (1992) suggested that such error is a potentially 

dangerous if patients are respiratorily compromised, when the optimal range is 

narrower.  

Unlike respiratory rate, absolute measurement of tidal volume cannot be made 

using visual inspection alone. However, clinicians routinely qualitatively assess 

tidal volume by visually evaluating whether a patient is taking ‘deep’ or 

‘shallow’ breaths (Kennedy 2007). While this observational method is also 

quick and simple to perform, the subjective interpretation of relative tidal 

volume may vary between observers. Over estimation of tidal breathing could 

be particularly dangerous in patients with low tidal volumes (Tobin 1992). 

Observing breathing asynchrony is performed by visually examining whether 

there is a paradoxical movement between the ribcage and abdomen during 

inspiration where the rib-cage displaces inwards during inspiration. While 

‘Hoover’s sign’ has been observed in patients with COPD (Hoover 1920), some 

evidence has suggested that there is a weak correlation between the detection 

of Hoover’s sign and the presence of COPD (Godfrey et al. 1970). These 

conflicting reports indicate that observing chest wall for asynchrony is only of 

qualitative value, as the technique is highly subjective and the degree of 

breathing asynchrony can be variable between individuals.  

In summary, visual inspection of breathing pattern is easy and quick to 

perform. However, the practice is subjective, which is dependent on the ability 
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of the observer to identify any abnormalities in the components of breathing 

pattern. Some of the most commonly used objective measurement systems for 

obtaining quantitative breathing pattern data will now be examined. 

2.3.2 Pneumotachograph  

Continuous monitoring of respiratory flow can be made using a 

pneumotachograph (PNT), which is considered as the gold standard for 

measuring tidal volume and flow in both the spontaneously breathing and 

ventilated patient (ATS 2003). The device works according to the assumption 

that the measurement of flow is directly proportional to the ‘pressure 

gradient’, which is generated by an individual breathing through a mouthpiece 

into a resistive element within the PNT (Kreit & Sciurba 1996). Since flow is 

linearly related to the pressure gradient, this parameter can be converted to 

litres per second. The PNT is relatively easy to use in the ventilated patient by 

attaching the device to an endotracheal tube (a tube inserted into the trachea 

via the mouth or nose to maintain the patency of the airway) (Kreit & Sciurba 

1996).  

In the spontaneously breathing patient, a mouthpiece or tightly fitted mask is 

required to cover the nose and mouth in order to ensure there is no air leakage 

through the mask. Loosely fitted masks can lead to air leaks. However one of 

the major limitations associated with the PNT is the invasive nature of face 

masks and mouth pieces. These have been poorly tolerated by critically ill 

patients and children. Their use requires patient co-operation, which can be 

challenging to obtain in these patient groups (Crenesse et al. 2001). 

Furthermore, the use of face masks and mouth pieces has been shown to 

cause instrument induced changes in breathing pattern (Askanazi et al. 1980; 

Perez & Tobin 1985). 

2.3.3 Instrument induced changes in breathing pattern 

Experimental studies have repeatedly shown that the use of face masks and 

mouthpieces employed within  breathing pattern measurement systems (such 

as the PNT) have been associated with an increase in tidal volume (Gilbert et al. 
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1972; Askanazi et al. 1980; Perez & Tobin 1985), and a reduction in 

respiratory rate (Rodenstein & Mercenier 1980; Perez & Tobin 1985). These 

findings were reported when comparisons were made between breathing 

patterns obtained via a PNT and non-invasive measurements. The latter has 

typically been performed using Respiratory Inductive Plethysmography (RIP), 

which is a device that measures breathing patterns from the cross sectional 

changes of the rib cage and abdomen. RIP will be examined in more detail in 

section 2.3.5, but here the evidence supporting the theory that non-invasive 

measurement systems have little effect on breathing pattern in comparison to 

invasive techniques will now be critically reviewed.  

In one of the earliest studies to document the influence of respiratory 

apparatus on breathing pattern, Gilbert et al (1972) measured breathing 

patterns from 14 healthy participants during two breathing conditions: 1) 

unrestrained breathing with magnetometers to measure the anterior-posterior 

displacements of the chest wall (Section 2.3.7) and 2) simultaneous recordings 

of breathing patterns with magnetometers and a spirometer, where 

participants breathed through a mouthpiece and were fitted with a nose clip. 

One of the major findings from the study was tidal volume increased in all but 

one participant (by an average of 123mls) during the second condition (with 

nose clips and mouthpieces), while respiratory rate was found to be 

consistently lower (mean=6bpm). However, it is not known if these differences 

were statistically significant as this early observational study did not perform 

statistical tests between the two conditions. Since this study was performed 

over four decades ago, respiratory magnetometers were used to measure 

breathing pattern non-invasively. Although respiratory magnetometers have 

been frequently used in the medical literature for estimating tidal volume 

(Tobin 1992; Banzett et al. 1995; Yan et al. 1996), one of the major concerns 

with their use is associated with their estimation of tidal volume from the 

anterior-posterior displacements of the chest (section 2.3.5.1). In reality, 

inspiration and expiration causes transverse expansion of the thorax as well as 

anterior-posterior movements (Konno & Mead 1967). These movements can be 

captured by other non-invasive respiratory monitoring systems (such as RIP), 
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which measure the circumferential displacement during tidal breathing, but not 

with magnetometers. Therefore, it is unclear whether the study by Gilbert et al 

(1972) captured the true breathing pattern during their measurements. 

Despite these limitations, the finding that mouthpieces and nose clips are 

associated with an increase in tidal volume and a reduction in respiratory rate 

has been replicated in subsequent experimental studies which employed RIP as 

a non-invasive measure of breathing pattern (Perez & Tobin 1985; Rameckers 

et al. 2007). Perez and Tobin (1985) compared the breathing patterns 

produced from ten healthy participants during two different breathing 

conditions, namely 1) unrestrained breathing using RIP (with two bands 

positioned around the rib cage and abdomen), and 2) simultaneous recordings 

of breathing pattern with RIP and PNT. In line with previous findings by Gilbert 

et al (1972), when the respiratory route was altered (during the second 

condition), tidal volume was found to be significantly greater (p<0.001) when 

compared to the first condition of unrestrained breathing. Respiratory rate was 

also found to be lower, although the differences did not reach statistical 

significance, possibly because the study was insufficiently powered (n=10). 

Although Perez and Tobin (1985) reportedly occluded nasal breathing, 

adhesive tape was used to make the seal instead of nose clips, which are 

traditionally used during measuring of volume involving PNT. These 

differences further highlight the methodological differences between studies 

examining the influence of respiratory apparatus on breathing pattern. 

Askanazi et al (1980) examined breathing patterns measured from 28 healthy 

participants using a canopy spirometer system which consisted of a clear head 

chamber and neck seal to enable the monitoring of air flow and volume. 

Breathing patterns were recorded during four specific periods of interest: a) 

wearing a facemask b) using a mouthpiece c) wearing a nose clip and d) with 

no attachments at all. Results indicated that the use of a mouthpiece and nose 

clip caused an average increase of 32.5% and 15.5% in tidal volume 

respectively, when compared to breathing without any attachments. No change 

in respiratory rate was observed. However, one of the major criticisms of this 

study is concerned with the use of a ‘canopy spirometer system’, which is not 
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representative of the traditional methods used to measure volume and flow in 

clinical practice or laboratory based studies. These parameters are usually 

obtained using a PNT or spirometer (ATS 2003). Although spirometers and 

PNTs require facemasks and mouthpieces to obtain measurements of 

breathing pattern, they do not require the use of a head chamber. The use of a 

head chamber could feel restricting for participants, possibly causing an 

element of anxiety, which has been known to alter breathing pattern (Homma 

& Masaoka 2008). However, these limitations were not addressed in the study 

by Askanazi et al (1980). 

It has become evident that studies investigating the influence of respiratory 

apparatus (namely mouth pieces and nose clips) on breathing pattern have 

varied substantially in the methods that they employed. However, despite these 

differences, their effect on increasing tidal volume has been a consistent 

finding, even though the influence on respiratory rate is less clear. This is 

possibly because of the differences between the methodologies used by these 

studies.  

In summary, the PNT is considered to be the gold standard for the 

measurement of breathing parameters related to volume and flow (ATS 2003). 

In addition to the practical drawbacks associated with the placement of tightly 

fitted facemasks and mouth pieces, one of the major limitations of the 

technique relates to the change in breathing pattern induced by the face masks 

and mouth pieces (Gilbert et al. 1972; Askanazi et al. 1980; Perez & Tobin 

1985). Examining breathing patterns obtained with external apparatus may 

therefore be an inaccurate representation of the complexities of natural 

breathing pattern. These observations highlight the importance of non-invasive 

respiratory monitoring systems for measuring breathing pattern. The following 

section will examine the available non-invasive monitors. 

2.3.4 Non-invasive respiratory monitoring tools  

To overcome the problems associated with instrument induced changes in 

breathing pattern caused by facemask and mouthpieces (Askanazi et al. 1980; 
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Perez & Tobin 1985), there has been considerable interest into the 

development of non-invasive respiratory monitoring systems over the past 

four decades. 

The surface movement of the chest during tidal breathing has been used to 

extrapolate breathing pattern parameters relating to assumed volume, timing 

and relative contributions of the rib cage and abdomen (Konno & Mead 1967). 

A number of devices have been developed to capture the surface movement of 

the chest. The following section will review five of the most well recognised 

non-invasive technologies for obtaining breathing pattern from surface 

displacements of the chest, and a rationale for the selection of RIP, and the 

procedures used to calibrate RIP in this research will be provided at the end of 

this chapter. 

2.3.4.1 Electrical Impedance Tomography   

Electrical Impedance Tomography (EIT) is a non-invasive, radiation-free imaging 

technique used to estimate regional lung function and ventilation distribution 

through the production of images representing a cross sectional plane of the 

chest (Balleza et al. 2007; Balleza et al. 2010). Each image represents the 

distribution of electrical impedance across the chest according to the specific 

level that the electrodes are placed. Since the electrical conductivity of the lung 

is influenced by the air content, impedance in lung EIT is thought to be 

proportional to lung volume (Balleza et al. 2007; Leonhardt & Lachmann 2012). 

For example, an increase in lung volume (during inspiration) reduces the 

electrical impedance, while a reduction in lung volume (during expiration) 

increases the electrical impedance throughout the cross sectional plane of the 

chest.  

EIT is operated by placing 16 electrodes around the circumference of the bare 

chest. These electrodes induce a high-frequency and low amplitude electrical 

current (100millivolts) to image the impedance changes. To generate the 

images, one pair of electrodes (called ‘the driver pair’), send a weak electrical 

current through the chest to every remaining electrode pair. The remaining 13 

pairs (called ‘receiver pairs’), record the individual potential difference as a 
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voltage, depending on their location around the chest. Once a full circuit has 

been completed, the neighbouring pair of electrodes then acts as the ‘driver 

pair’. This process is completed 13 times, until every pair has recorded the 

potential difference (Figure 1) (Marquis et al. 2006; Leonhardt & Lachmann 

2012).  

 

Figure 1. Schematic representation of a) the placement of the electrodes 

around the chest (numbered 1 to 16), and b) the impedance 

distribution over the cross sectional plane of the chest. A weak, 

electric current (I1) is applied to the ‘driver electrodes’ (1 and 16), 

so that the remaining 13 ‘receiver pairs’ measure the potential 

difference as a voltage (V). 

Once the internal impedance distribution has been calculated for every 

electrode pair, this voltage data set is used to reconstruct the conductivity 

profile so that images can be computed. Since changes in electrical impedance 

are thought to be linearly related to lung volume, relative lung volume can be 

calculated (Harris et al. 1987; Balleza et al. 2007). Generation of images from 

minimum impedance (during end-expiration) to maximum impedance (during 

end-inspiration) are subtracted to create a ‘tidal image’, which is the sum of 

relative volume changes during a tidal breath (Brown et al. 1985).  

In respiratory monitoring, EIT has had some use within the acute intensive care 

setting to monitor regional lung function (Inéz 2000), although the majority of 

these studies have been conducted in the laboratory environment (Marquis et 

al. 2006; Balleza et al. 2007; Leonhardt & Lachmann 2012). Correlation 
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between changes in EIT images and global lung volume have been 

demonstrated in animal models (Adler et al. 1998), healthy adults (Brown et al. 

1985; Harris et al. 1987; Balleza et al. 2007), and patients with respiratory 

disease (Balleza et al. 2010). 

One of the most recent validation studies was performed by comparing 

measurements of tidal volume obtained from a ‘new generation’ EIT with direct 

measurements of tidal volume obtained using a gold standard PNT (Balleza et 

al. 2007). The new generation EIT claimed to save application time since the 

electrodes were already attached to the skin adhesives. Thirteen healthy adults 

aged between 20 and 55 years were fitted with a) EIT electrodes placed around 

the circumference of the thorax, and b) a PNT. Tidal volumes were 

simultaneously recorded by the two devices for a period of 30 seconds, where 

five to eight breaths were selected for the analysis. The study reported that 

mean tidal volume measured by the PNT and EIT was 0.52±0.10L and 

0.53±1.06L respectively, where the differenced were non-significant. Pearson’s 

correlation coefficients showed excellent correlation between the two devices 

(r
2

 = 0.92, p= 0.001), and Bland and Altman plots demonstrated excellent 

agreement between the two devices for measurements of tidal volume (mean 

of the differences =-0.003L, 95% confidence interval -0.045L to 0.038L), 

suggesting that tidal volume could be measured interchangeably by the two 

devices. However, the findings from this study were based on the comparison 

of only five to eight breaths, which appeared to be selected randomly from the 

30 second recording. Furthermore, the study reported an equipment failure 

rate of 10%, with artefacts caused by slippage of the electrodes, even though 

participants remained still throughout the recordings.  

Since the electrical conductivity of blood and muscle is more effective than fat 

content, concerns regarding the influence of body shape on the quality of the 

measurement using EIT have also been raised (Marquis et al. 2006). However, 

one of the major reasons why EIT has yet to be adopted for frontline 

respiratory monitoring is because the device is not practical for the world 

outside the laboratory. EIT involves the placement of 16 electrodes placed 

around the chest, where each one needs to be connected to the proper cable. 
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Even for a well-trained practitioner this procedure can take up to 20 minutes to 

prepare (Balleza et al. 2007). From a research perspective, it is not yet known if 

a single cross sectional plane is representative of global ventilation. 

2.3.4.2 Opto-Electronic Plethysmography 

Opto-Electronic plethysmography (OEP) is a method used to estimate changes 

in lung volume by mapping the displacements of the chest wall using infrared 

cameras, and reflective surface markers placed around the torso (Aliverti & 

Pedotti 2002; Parreira et al. 2012; Layton et al. 2013). Chest wall mechanics 

and lung volume can be examined regionally according to a three 

compartmental model which incorporates; a) upper ribcage, b) lower ribcage 

and c) abdomen (Aliverti & Pedotti 2002; Parreira et al. 2012). One of the major 

stated advantages of OEP is that the tool can be used to obtain measurements 

of breathing pattern without a patient-specific calibration procedure, and 

breathing patterns can also be obtained during physical activity (Aliverti & 

Pedotti 2002). 

To measure breathing pattern, an automatic analyser is used to detect the 

movement of 89 reflective markers placed around the chest wall, which 

includes 37 anterior markers, 42 posterior and 10 laterally. The anatomical 

positions of these markers are arranged between the sternal notch, and the 

clavicle, then to the level of the superior iliac crest. 

The three-dimensional coordinates of each reflective marker can be tracked 

using a minimum of four cameras positioned in the space around the 

participant. Each camera simultaneously projects a beam of infrared light at 

the same time as recording. The beam of infrared light emitted by each camera 

flash is reflected by the markers and recorded by the camera with a maximal 

sampling rate of 120Hz.  The signal from each camera is then computed 

simultaneously so that the three-dimensional X-Y-Z coordinates can be 

reconstructed using complex algorithms.  

Experimental validation studies have demonstrated that OEP has a good linear 

relationship with simultaneous measurements of tidal volume obtained using a 
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spirometer or PNT (Cala et al. 1996; Aliverti et al. 2000; Aliverti et al. 2004; 

Layton et al. 2013). In one of the most recently published validation studies, 

Layton et al (2013) compared measurements of tidal volume obtained from 

OEP and a spirometer during a maximal exercise cycling test. Thirty two 

healthy participants between the ages of 18 and 40 years performed a single 

graded exercise test on a cycle ergometer while simultaneous measurements 

of lung volume were obtained using spirometry and OEP. After a five minute 

resting period, a three minute warm up (submaximal) exercise was performed 

on the ergometer with no resistance. This was followed by a further three 

minute period described as ‘maximal’ exercise, where participants were asked 

to cycle with an increased resistive load so that they achieved ‘maximal aerobic 

capacity’. This was defined as heart rate more than 90% of the predicted 

maximum, and it was reported that all participants met this criterion. Lung 

volumes from the first three minutes of ‘submaximal’ exercise, and the last 

three minutes of ‘maximal’ exercise were analysed. It was reported that ‘equal 

numbers of breaths’ were taken from the OEP data, however there was no clear 

indication of how these breaths were selected, or how many breaths were 

selected throughout the three minute recording. Overall, the mean difference 

between tidal volume measured with spirometry and OEP during submaximal 

and maximal exercise 0.054±0.04L and 0.086±0.05L respectively. This 

equated to a discrepancy of 2.0% during submaximal and 3.9% during maximal 

exercise, which was not statistically significant. Similar discrepancies have 

previously been reported when comparing OEP and spirometry at rest, as 

differences between measurements of tidal volume have been reported to be 

between 1.7% and 3.4% (Cala et al. 1996; Aliverti et al. 2000).  In the study by 

Layton et al (2013), there was a strong correlation between measurements of 

tidal volume obtained using OEP and spirometry submaximal exercise (r = 

0.963, p<0.001), and at maximal exercise (r = 0.982, p<0.001). Bland and 

Altman limits of agreement demonstrated that tidal volume measured by OEP 

at submaximal exercise may be 0.13L above or -0.025L below spirometry, and 

at maximal exercise 0.188L above or 0.017L below spirometry, suggesting that 

the two devices can be used interchangeably to measure volume.  
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Despite the reported accuracy of OEP in obtaining changes in tidal volume, this 

technology is also confined to a laboratory setting because there is a need for 

significant financial outlay and the set-up is very complex. In addition to 

requiring the placement of 89 reflective markers around the bare torso (which 

could have limited patient acceptability), four standing cameras need to be 

positioned around the periphery. This requires a designated operational space 

and the system cannot be easily transported. 

2.3.4.3 Structured Light Plethysmography 

In the past five years, Structured Light Plethysmography (SLP) has emerged as 

an entirely contactless technology for monitoring lung function, the 

components of breathing pattern, and chest wall mechanics. The system is 

based on similar principles to OEP in that it uses computer image technology 

to estimate the parameters of breathing patterns from the movement of the 

chest wall (Chen et al. 2010; Alimohamed et al. 2011). However, unlike OEP, 

SLP is quicker and simpler to perform and is better adapted to the clinical 

environment in terms of its design. SLP works by projecting a grid pattern onto 

the anterior chest, either in a seated, standing or sitting position. Participants 

are required to wear a tightly fitted white t-shirt, and the measurement is 

ideally performed within a darkened room so that the grid can be clearly 

projected on to the anterior chest wall surface. The position of the grid is 

determined according to the location of the sternum. Two digital cameras are 

used to ‘track’ the dynamic 3D position of the grid ‘intersection points’ 

induced during inspiration and expiration. These are defined as a corner that is 

shared by four squares. Based on the movement of the grid intersection points 

induced during inspiration and expiration, a 3D image of the chest wall can be 

reconstructed using complex algorithms (Chen et al. 2010). 

The advantage of SLP is that the technology can be used to measure 

excursions of the chest wall according to right and left sides, as well as ribcage 

and abdomen. Each quadrant can be separately analysed so that breathing 

patterns can be compared between regions. From a practical perspective, the 

raw data files can be rapidly analysed and downloaded into a spreadsheet 
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format. However information regarding the reconstruction algorithms have not 

been made available by the developers. It is therefore unclear as to how the 

breathing pattern data is extrapolated from the raw data file.  

Even though the concept of SLP has been around for the past three decades, 

the device has only become commercially available in the past five years (Chen 

et al. 2010). As a consequence, independent information regarding the validity 

and reliability of the system currently remains limited. Validation studies are 

only available in the form of conference abstracts, and have been funded by 

the developers (Alimohamed et al. 2011). So far, these preliminary studies have 

suggested good validity against the gold standard PNT in healthy adults in 

terms of inspiration time. In a recently published conference abstract, 

Alimohamed et al (2011) examined the validity of SLP against a PNT in terms of 

reproducibility and repeatability, as well as the influence of body positon. SLP 

and PNT were simultaneously used to measure breathing patterns from 10 

‘randomly chosen’ adults (ages were not stated), although it is not clear how 

long each recording period lasted. Reproducibility was examined by recording 

breathing patterns by three different operators, while repeatability was 

examined by collecting data from one participant and then another data set 40 

minutes after the initial one. Only one breathing parameter was extracted 

(inspiration time (sec)) and paired t tests revealed that the differences between 

mean inspiration time obtained by the two devices were not statistically 

significant. However, paired t tests are an inappropriate tool for method 

comparison studies because they do not examine the agreement between the 

two devices (Bland 1986). Comparisons of inspiration time obtained by three 

different operators found no significant differences between the recordings; (1 

vs 2, p = 0.73; 1 vs 3, p = 0.97; 2 vs 3, p = 0.73) or between two different body 

positions (sitting and lying). It was therefore concluded that SLP is not time, 

operator or position dependant. (Alimohamed et al. 2011). However, the 

analysis was limited to the examination of mean inspiration time, and therefore 

the positive conclusions of the investigation cannot be assumed for other 

breathing parameters. Furthermore, comparing the SLP to the PNT is not a 

direct like-for-like comparison, as the two technologies are designed to 
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measure different things. A more logical comparison would be between the SLP 

and RIP as both measure chest wall excursion, but this has yet to be carried 

out. These findings highlight that while SLP has been appropriately designed 

for clinical use, there is a need for peer-reviewed research that validates the 

device independently to determine its accuracy in obtaining measurements of 

breathing patterns 

Another concern regarding SLP relates to the location where the breathing 

pattern data are acquired. While every non-invasive monitoring system 

extrapolates breathing patterns from the cross sectional movements of the 

chest wall, SLP obtains data exclusively from the anterior excursions of the 

chest, and not the lateral or posterior excursion. Examining the possibility of 

extrapolating breathing patterns from anterior excursions of the chest wall as 

a surrogate for circumferential measurements needs further evaluation. Finally, 

the system requires patients to wear a tightly fitted white t-shirt. This may 

affect patient acceptability as patients with respiratory diseases may find this 

difficult to put on and restricting to movement. Patients also need to remain 

completely still throughout the recording period. Any additional movement can 

distort the tracking of the grid intersection points, causing artefacts in the 

data. 

For all the above reasons, SLP is not yet recommended for clinical use, nor was 

it appropriate for the research in this thesis. 

2.3.5 Respiratory magnetometers and Respiratory Inductive 

Plethysmography 

OEP uses a three-compartment model of respiration, but other devices 

(respiratory magnetometers and Respiratory Inductive Plethysmography (RIP)) 

have used a two-compartment model. These latter devices measure breathing 

pattern from the cross sectional changes in the rib cage and abdomen during 

inspiration and expiration. The next section will examine the theory 

underpinning the estimation of tidal volume from the movements of the rib 

cage and abdomen. The use of respiratory magnetometers and RIP for 
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measuring cross sectional area changes will be examined due to their 

widespread documented use, and procedures used for calibrating RIP will also 

be presented. Finally, a justification for the selection of RIP and the procedure 

used to calibrate the breathing pattern data in the current research will be 

discussed.  

2.3.5.1 The Konno and Mead Model (1967)  

Konno and Mead (1967) proposed that the volume of air moving in and out of 

the lungs could be deduced from chest wall movements (Konno & Mead 1967). 

Movements of the chest wall are caused by respiratory muscle activity in 

response to changes in intra-thoracic pressure which results in inspiration and 

expiration. To produce inspiration, contraction of the diaphragm moves the 

abdomen forward and downwards, increasing the vertical dimensions of the 

thorax (Romei et al. 2010). The rib cage, which is attached to the external 

intercostal muscles, is also lifted outwards and forwards during inspiration, 

increasing the diameter of the thorax both laterally, and anterioposteriorly. 

Movement of the chest wall during expiration is a passive process. To permit 

expiration, the diaphragm and intercostal muscles relax so that the chest wall 

returns to the position it adopts for resting volume (Romei et al. 2010; Kaneko 

& Horie 2012). 

Under the Konno and Mead model (1967), the chest was described as having 

two anatomical subdivisions; the rib cage (RC) and abdomen (AB), where the 

dividing surface between them was said to be the diaphragm. Anatomically, 

each ‘compartment’ incorporates parts of the body outside the lungs which 

share changes in lung volume during inspiration and expiration. Konno and 

Mead (1967) highlighted that while the two compartments could move as a 

single unit during tidal breathing, the two parts could also move 

independently. For example, it is possible inspire predominantly from the 

abdomen, or the ribcage. Inward displacement of one compartment, while the 

other compartment is displaced outward can also be achieved. In light of these 

observations, the Konno and Mead model was based on the following 

assumptions; 
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1. The chest moves with two degrees of freedom, from the rib cage and 

the abdomen during inspiration and expiration. 

2. Each degree of freedom corresponds to the radial expansion of a given 

compartment. 

 

Based on these assumptions, Konno and Mead (1967) developed the following 

hypotheses: 

1. Changes in volume can be deduced from the changes in cross sectional 

area of each of the two compartments (ie, the RC and AB). 

2. Changes in volume in each individual compartment (RC and AB) can be 

summed to estimate tidal volume: 

 

                                       VT  = ∆VRC +∆VAB                               (1) 

In formula 1, VT refers to tidal volume, where ∆VRC and ∆VAB are the changes in 

the volume of the rib cage and abdomen respectively. This is the formula for 

estimating tidal volume using RIP that is presented in most published papers 

(Loudon et al. 1988; Tobin 1992; Lee et al. 1993; Winkworth et al. 1994). It is 

implicit in the application of this model to RIP measurements that any change 

in volume can be estimated from changes in the cross sectional area of each 

compartment, where the height of each compartment is assumed to be fixed. 

Any device that measures the changes in the cross sectional area of the rib 

cage and abdomen during inspiration and expiration could therefore 

theoretically be used to calculate tidal volume (discussed later in this chapter). 

However, in order to derive absolute tidal volume from the cross sectional area 

change, direct calibration is needed. For example, this can be achieved by 

simultaneously measuring tidal volume from the device that measures rib cage 

and abdominal excursions (like RIP), and a PNT, and using regression methods. 

Any change in tidal volume measured using a PNT is assumed to be linearly 

related to the radial expansion of each compartment. However, this calibration 

process can be time consuming, and the use of face masks and mouthpieces 

are poorly tolerated by children and critically ill patients (Crenesse et al. 2001). 

Furthermore, if a PNT is able to be used, the additional advantage of using RIP 
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in parallel is not clear. As a consequence, techniques used for measuring lung 

volume based on the Konno and Mead model have frequently concentrated on 

relative changes in tidal volume (Chadha et al. 1982; Sackner et al. 1989; 

Banzett et al. 1995; De Groote et al. 2001). These changes can be measured 

with simpler calibration processes than those used to measure absolute tidal 

volume. The available RIP calibration methods will be discussed later in this 

chapter (section 2.3.9).  

2.3.5.2 Limitations of the Konno and Mead model 

To date, a small number of devices have been developed which have been 

based on the Konno and Mead model (section 2.3.7), and this method of 

estimating tidal volume has been used extensively in the literature (Chadha et 

al. 1982; Loudon et al. 1988; Lee et al. 1993; Fiamma et al. 2007). However, 

the majority of these studies have accepted all the assumptions of the Konno 

and Mead model without any consideration for the potential flaws, and the 

impact that these may have on their measurements. An important point in the 

model is the assumption of two degrees of freedom. In reality the chest wall 

moves with four degrees of freedom, these are the expansions of the rib cage 

and abdomen (radially), and the change in the height of each of the 

compartments (vertically) (Tobin et al. 1983c). The change in the height of the 

chest was not considered in the Konno and Mead model, instead the heights of 

each compartment were assumed to be fixed. The assumption that the height 

of each compartment is fixed becomes less convincing if posture changes 

during measurement. In sitting, moving to a ‘slumped’ posture can reduce the 

height of the compartments, while sitting upright increases the vertical 

dimensions of each compartment. These factors need careful consideration in 

studies measuring breathing patterns while in sitting, as subconscious changes 

in sitting posture throughout the recording period can potentially violate the 

assumptions of the Konno and Mead model. However, studies incorporating 

RIP to measure breathing pattern in a sitting position have not indicated 

whether the sitting position of participants were monitored or controlled 

(Loudon et al. 1988; Lee et al. 1993; Winkworth et al. 1995; Brown et al. 1998).  
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A limitation of any method that measures changes in rib cage and abdominal 

displacements to estimate tidal volume is that the overall changes in lung 

volume incorporate not only changes in air volume (induced during inspiration 

and expiration), but also changes in blood volume that shifts in and out of the 

chest cavity. Therefore, the measurement of chest wall displacements as a 

surrogate for measuring tidal volume directly could also be influenced by 

blood shifting in the chest cavity. This can occur when the lungs are subject to 

large pressure changes, such as extreme changes in posture. While this may 

not pose a problem in studies examining breathing patterns during a single 

posture, such as sitting, such influence should be considered during studies 

that involve changes in posture, such as during sleep studies. 

While these issues highlight some of the drawbacks associated with the Konno 

and Mead model for estimating tidal volume from the displacements of the 

individual rib cage and abdominal compartments, it is generally agreed that a 

better model has yet to be proposed. The next section will examine the devices 

available for measuring breathing pattern according to the Konno and Mead 

model. 

2.3.6 Devices based on the Konno and Mead Model 

Two devices, namely respiratory magnetometers and Respiratory Inductive 

Plethysmography (RIP), have been extensively used in the literature for 

estimating changes in tidal volume (based on the Konno and Mead model). The 

major difference between these two devices is concerned with the way in which 

the cross sectional area of the ribcage and abdominal compartment are 

measured. While respiratory magnetometers assume that the change in the 

cross sectional area is concentrated in the anterior-posterior motion of the 

anterior chest, RIP measures the cross sectional changes from the 

circumferential change in each compartment. Other devices have also been 

developed to measure changes in cross sectional area, such pneumobelts, 

however these devices are no longer commercially available. Therefore, the two 

main devices available for measuring rib cage and abdominal motion, 

respiratory magnetometers and RIP, will now be discussed. 
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2.3.7 Respiratory magnetometers 

Respiratory magnetometers measure the displacement of the rib cage and 

abdominal compartments during tidal breathing. They consist of pairs of 

electromagnetic coils which are placed parallel to each other around the 

circumference of the rib cage and abdominal compartments of the chest 

(Konno & Mead 1967). Within each pair, one coil acts as the transducer, 

transmitting a high frequency electromagnetic field to the ‘receiver coil’. To 

measure the changes in the antero-posterior diameter of the ribcage during 

tidal breathing, one coil is placed over the sternum at the level of the fourth 

intercostal space, and the other is placed over the spine at the same level. For 

measuring changes in the antero-posterior diameter of the abdomen, another 

pair of magnetometer coils are placed one on the abdomen at the level of the 

umbilicus, and the other over the spine at the same level. As the rib cage and 

abdomen displace inwards and outwards during tidal breathing, the distance 

between the anterior and posterior coils at the level of the rib cage and 

abdomen increases (during and inspiration) and decreases (during expiration). 

During this process, the output voltage is linearly related to the distance 

between the pair of coils. However, this is only applies if each pair of 

magnetometers remain on the same parallel axis (Banzett et al. 1995).  

Displacement of the coils, caused by slippage or rotation of the trunk, can alter 

the voltage induced between the transducer and receiver coil. Therefore, the 

magnetometer must be well secured around the bare chest, and trunk rotation 

minimised. One limitation concerns the influence of surrounding metal 

structures and electric devices. These devices project additional 

electromagnetic fields which can interfere with the electromagnetic field 

produced by the magnetometers, and as a consequence, this can interfere with 

the magnetometer output voltage.  

While this interference may be easily manipulated in a laboratory setting, these 

drawbacks highlight the reasons why magnetometers have generally been 

confined to the laboratory environment. However, the major drawback of 

respiratory magnetometers concerns their measurement of antero-posterior 
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changes of the rib cage and abdominal compartments. In reality, the chest wall 

displaces transversely, as well as antero-posteriorly. Therefore, respiratory 

magnetometers may be insensitive to lateral motion of the chest.  

2.3.8 Respiratory Inductive Plethysmography (RIP) 

Respiratory Inductive Plethysmography (RIP) is the gold standard non-invasive 

method for quantifying ventilation and the components of breathing pattern 

from the cross sectional changes in the rib cage and abdominal compartments 

(Chadha et al. 1982; Tobin et al. 1983c; Adams et al. 1993b; Carry et al. 1997). 

The advantage of this system over respiratory magnetometers is that it 

measures the cross sectional changes inclusive of transverse changes, as well 

as anterior-posterior changes. RIP can be used in the presence of other 

electronic devices, as the chosen frequency of the inductance does not 

interfere with other medical equipment. Unlike EIT and OEP, RIP is portable and 

only requires the placement of two elasticated bands around the circumference 

of the rib cage and abdomen.  

To date, RIP has had a wide application in a number of different populations 

and settings. RIP was first used for estimating tidal volume in healthy adults at 

rest (Tobin et al. 1983a; Brullmann et al. 2010), and during exercise and sleep 

within the laboratory environment (Cantineau et al. 1992; Caretti et al. 1994). 

However, soon the application of RIP was extended to patient populations, 

such as patients with COPD and asthma (Tobin et al. 1983b; Brack et al. 2007; 

Frisk et al. 2014), and the technology has also had applications within the 

intensive care environment in anesthetised and ventilated patients (Valta et al. 

1992). 

RIP uses two sensor bands placed around the rib cage and abdomen (figure 2). 

The two bands consist of a Teflon insulated wire sewn in a ‘zig zag’ pattern, 

embedded within the elastic belts. The elastic property of the bands enables 

them to stretch and shrink during cross sectional changes induced by 

inspiration and expiration. The wires from each band are connected to an 

oscillator module that produces a weak sinusoidal current of approximately 20 
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millivolts at 300 kHz. When the alternating current is passed through the 

bands, a weak electromagnetic field is created around the circumference of the 

ribcage and abdomen. As the chest wall displaces inwards and outwards 

during inspiration and expiration, an opposing current is created for each 

compartment which is measured as a change in voltage. The changes can then 

be captured and stored on a computer to allow a breath-by-breath analysis, 

where signals can be calibrated to estimate breathing parameters relating to 

volume (section 2.3.9). 

 

 

Figure 2 Anatomical placement of the RIP bands for the rib cage (RC) and 

abdominal (AB) compartments 

 

2.3.9 Calibration of Respiratory Inductive Plethysmography  

Introduction to calibration 

Calibration of RIP is the process of determining the mapping between 

displacement of the chest wall and inhaled (or exhaled) air volume (tidal 

breathing). In parallel with the development of RIP, several attempts have been 

made to define calibration procedures to estimate volume changes from chest 

wall movements induced during inspiration and expiration (Chadha et al. 1982; 

Sackner et al. 1989; Banzett et al. 1995). Without a calibration procedure, RIP 

can show qualitative (Poole et al. 2000) and relative changes in breathing 

http://en.wikipedia.org/wiki/File:Rip_Bands.gi
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parameters. The latter can be quantified, but cannot provide absolute 

estimates of tidal volume. This section will examine some of the most 

commonly used procedures for calibrating RIP. 

Theoretical principles underpinning RIP calibration procedures 

Calibration of RIP is based on the Konno and Mead model, which assumes that 

the chest cavity is divided into two anatomical subdivisions, namely the ribcage 

and the abdominal compartments, separated by the diaphragm. A detailed 

explanation of this model can be found in section 2.3.5.1.  

Tidal volume can be estimated using formula 2: 

VT  = ∆VRC +∆VAB           (2) 

On the assumption that the change in tidal volume is linearly related to the 

changes in the cross sectional area of each compartment, formula 2 can be 

rewritten as: 

                     VT = M(K(∆uVRC) + ∆uVab)                              (3) 

In formula 3, VT is the tidal volume, ∆uVRC and ∆uVab are the changes in the 

uncalibrated rib cage and abdominal volumes measured by the RIP signal, and 

K and M are the constants to be determined by calibration (Sackner et al. 

1989).  Here, ‘K’ is a constant of proportionality which accounts for the 

differences in the heights of compartments, and M scales the RIP output to be 

equivalent to tidal volume as measured by a PNT. If only K is determined and M 

is assumed to be M=1, then relative calibration can be obtained. The need to 

determine K is concerned with the anatomical height of the rib cage and 

abdominal compartments, as the height of the rib cage is approximately twice 

the height of the abdomen. This means that unit expansion in the rib cage is 

associated with a larger volume increase than unit expansion in the abdomen. 

K scales the equation to take account of this difference in height. 

The following sections will now examine the most commonly used methods for 

calibrating RIP; 1) Isovolume manoeuvre, 2) Qualitative Diagnostic Calibration, 

and 3) Fixed calibration. 
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2.3.9.1 Isovolume manoeuvre 

Konno and Mead (1967) described the technique for obtaining the volume-

motion coefficients for the rib cage and abdominal compartments. Firstly, the 

relative gains of the RIP are adjusted so that the amplitude of the ribcage and 

abdominal signal were equal. Secondly, participants were asked to breathe in a 

known volume of air measured by a PNT. The nose and mouth were then 

occluded, and participants were asked to shift the known volume of air 

between the rib cage and abdominal compartments using coordinated 

contractions of the diaphragm and inspiratory intercostal muscles. Each cycle 

took between five and ten second to perform, and the expansion/contraction 

of the rib cage and abdomen was recorded assuming that a fixed volume of air 

was moving back and forth between each compartment. With the mouth 

closed, the ‘system’ was described as having one degree of freedom because 

the volume inside the ‘closed system’ was constant. Therefore, a change in 

volume in one compartment was equal and opposite to the volume change in 

the other. However, to be of any value, the Isovolume manoeuvre needs to be 

performed correctly. One of the main reasons why this technique has been 

regarded unfavourably is because of the difficulty in performing the 

manoeuvre. The technique requires active participation, and needs to be 

taught correctly. Konno and Mead (1967) reported that while some participants 

were able to perform the manoeuvre on their first attempt, others were only 

able to do this ‘after a little practice’, although the actual number of attempts 

was not defined. Furthermore, the demographics of these participants were not 

reported. This technique would have limited compliance in a range of 

populations including children, critically ill patients, individuals with cognitive 

or communicative impairments, or even healthy participants. Finally, since the 

technique relies on the use of an external PNT, this adds to the complexity of 

the measurement and means it would have limited acceptability in a Primary 

Care setting, because of space and time constraints associated with its use. 
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2.3.9.2 Statistical methods for calibrating RIP 

As a way of improving the practicality of calibrating RIP, statistical methods 

were later developed to estimate the constant, K (Banzett et al. 1995). These 

can be supplemented by estimating M (the factor that scales the output of the 

RIP output to be equivalent to absolute tidal volume), however this usually 

involves the use of a PNT. 

A number of methods have been proposed for estimating K.  In the following 

sections, Qualitative Diagnostic Calibration (QDC), and the Fixed calibration 

procedure will be discussed due to their extensive use in existing studies using 

RIP for finding ‘K’ (Banzett et al. 1995; Sackner 1996; De Groote et al. 2001). 

Justification for the calibration procedures used in this investigation will then 

be presented at the end of this section. 

2.3.9.3 Qualitative Diagnostic Calibration (QDC) 

Qualitative Diagnostic Calibration (QDC) (Sacker et al 1989) was proposed as 

an alternative method for calibrating RIP without the need for using the 

isovolume manoeuvre. The advantages of this method are that 1) QDC can be 

performed during periods of ‘natural’ breathing, without the need for 

measuring the change in volume directly (Barbousa et al. 2012), and 2) the 

computerised procedure can be performed retrospectively, reducing the 

complexity of the procedure used to record breathing pattern. The QDC 

method is based on the same assumptions as those outlined by Konno and 

Mead (1967) (see section 2.3.5.1), as well as two additional assumptions;  

1. The statistical selection of breaths from a five minute calibration 

period is assumed to provide a set of breaths with constant tidal 

volume, but with different rib cage and abdominal contributions. 

2. There is intrinsic variability in the relative contributions of the rib cage 

and abdomen to tidal breathing. 

 

Using the Konno and Mead model (1967), Sacker et al (1989) expressed the 

relative change in volume measured at the mouth (VT) as the sum of the 
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change in volume from the rib cage (∆VRC) and change in volume from the 

abdominal (∆VAB) compartment (formula 4); 

                    VT = K∆uVRC + ∆uVAB                               (4) 

Instead of using the isovolume manoeuvre to produce zero change in VT to 

calculate K, Sackner et al (1989) proposed that the collection of breaths over a 

five minute period, with the exclusion of any large or small breaths (for 

example greater than ± 1 SD of the mean breath size), might approximate a 

constant tidal volume (formula 5); 

                  SD(VT) = SD(K∆uVRC + ∆uVAB)                               (5) 

It was assumed that: 

1. ∆uVRC and ∆uVAB are independent 

2. The standard deviation of VT is equal to zero, because breaths that 

differed by more than one standard deviation were excluded from 

the analysis.  

 

Therefore, formula 5 can be re-written as the following equation (6): 

                  K*SD (∆uVRC) + SD(∆Uvab) =0                           (6) 

K could then be solved for using the following equation (7): 

                               K = -SD(∆uVab)/SD(∆uVrc)                                  (7) 

To date, a number of studies have calibrated RIP using the QDC technique 

(Adams et al. 1993a; Poole et al. 2000; Groote et al. 2002). Although the 

procedure benefits from being simple to perform, one of the weaknesses of 

the QDC method relates to the retrospective selection of breaths that are 

within one standard deviation from the mean breath size. The removal of 

‘large’ and ‘small’ breaths is based on a fairly arbitrary criterion for size. 

Additionally, the five minute calibration period that is obtained prior to the 

recording period may not be representative of natural breathing pattern with 

respect to the variability in contribution of RC and AB. It may be possible that 

participants are anxious at the beginning of the recording period because they 
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are in unfamiliar laboratory surroundings. However, it is not possible to limit 

these influences, and a number of studies have recorded resting breathing 

pattern using RIP calibrated by QDC. Despite the theoretical limitations of the 

QDC procedure, there is evidence to suggest that there is good agreement 

between measurements of tidal volume obtained using this method and a gold 

standard in children (Sackner 1996; Brown et al. 1998), and adults (Sackner 

1996; De Groote et al. 2001).  

In a previous validation study by Sackner et al (1989), values of K, which were 

derived using QDC and isovolume manoeuvre, were compared during a five 

minute period of tidal breathing and simulated Cheyne-Stokes breathing in ten 

healthy adults (Sackner et al. 1989). The major finding from the study was that 

no statistically significant differences between the mean of the tidal volume 

obtained using QDC and isovolume manoeuvre were observed. Five minutes of 

regular breathing and Cheyne-Stroke breathing had mean deviations of 3.4% ± 

1.6 and 4.9% ±3.1 respectively between the two methods. Furthermore, there 

was no significant difference between tidal volumes obtained by RIP calibrated 

using the QDC protocol and PNT. However, despite these non-significant 

findings, comparing the methods based on their mean differences is not 

sufficient for demonstrating the validity of the procedure. Other qualities of 

the procedure, such as the agreement, were not assessed. Therefore, while this 

method may not be superior to other calibration methods that are based on 

statistical estimation (such as fixed calibration, which is discussed next), these 

findings seem to suggest that QDC may be at least as good as other methods 

to adjust the electrical gain for rib cage and abdomen for tidal volume 

estimation during quiet breathing and Cheyne-Strokes breathing in a single 

posture.  

2.3.9.4 Fixed calibration 

A fixed calibration procedure was proposed by Banzett et al (1995) as a 

method to minimise the error associated with statistical estimation of K. Fixed 

calibration assumes that K remains similar across a wide range of breathing 

styles, and therefore uses a ‘pre-set’ K factor to weight the RC and AB gains 
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during every recording period. Banzett et al (1995) suggested that the error in 

tidal volume calculation may remain similar over a wide range of K factors. The 

stated advantages of this method were that the technique is simple to perform 

and possibly reduces the statistical error associated with the QDC method of 

calibration (Poole et al. 2000). Banzett et al (1995) proposed the use of a fixed 

ratio of 2:1 (ribcage-to-abdomen), which was justified on the basis that 

anatomically, the volume of the rib cage is larger than the volume of the 

abdomen, so a motion of a given size of its surface produces a greater lung 

volume change than an equal motion of the abdomen. Therefore, the rib cage 

motion signal is provided with a larger gain. It was hypothesised that the rib 

cage is twice as long in a vertical direction compared to the abdomen in ‘most 

people’, during seated tidal breathing.  

Fixed calibration was validated in six healthy male (aged between 22 and 46 

years), and five healthy female (23 and 31 years) participants. While it was 

stated that the participants were chosen to provide a range of normal body 

types, these were not detailed. Displacements of the rib cage and abdominal 

compartments were measured using RIP, while changes in actual volume were 

obtained simultaneously using a spirometer. Calibration was achieved using 

equation 8, which was previously described in section 2.3.9: 

        VT = K∆VRC + ∆VAB                            (8) 

Based on the anatomy of the chest wall, a range of fixed values were chosen to 

represent the RC and AB standard gain ratio K (8, 4, 2 and 1). Measurements of 

tidal volume from the RIP based on this method of calibration were then 

compared to the absolute tidal volume obtained using the spirometer in terms 

of ‘mean absolute error’. Results showed that using a standard ratio during 

quiet breathing, the mean error of tidal volume was approximately 35ml which 

equates to 1 to 8% of spirometric tidal volume. However, infrequent errors 

approaching 100% were observed. During mixed breathing the errors were 

larger than normal breathing but the median error remained less than 100ml. 

The error was generally less than 10% of the spirometric tidal volume. In 

general, the larger errors were found during dis-coordinated breathing, 
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suggesting this method should be used with caution in individuals who have 

an abnormal or dis-coordinated breathing pattern, such as patients with 

chronic respiratory disease (Tobin et al. 1983b; Poole et al. 2000). 

2.3.10 Validation of Respiratory Inductive Plethysmography  

To date, a number of published studies have examined the validity of RIP, 

where calibration plays a major role in the evaluation of its accuracy. Validity 

refers to whether a measure actually measures what it is meant to measure 

(Guyatt et al. 1993). Various concepts have been used to define validity. Some 

of these include; content validity (the extent to which a measure represents all 

aspects of a given social situation) (Fitzpatrick 1983); Face validity (the extent 

to which a measure measures what is intended) (Broder et al. 2007); Construct 

validity (the degree to which a measure measures what it claims) (Cronbach & 

Meehl 1955) and criterion validity (ability of the outcome measure to measure 

accurately) (Guyatt et al. 1993).  The latter is usually achieved by comparing 

the measure against a gold standard.  

In the case of RIP, most studies examining the validity of the device have 

compared the data measured against a PNT (Chadha & Sackner 1983; Tobin et 

al. 1983c). This is fine for validating respiratory rate but is possibly not the 

most useful comparator for many other aspects of breathing pattern, such as 

the regional contributions of the rib cage and abdomen. Evaluation of the 

validity of RIP is a complex matter because breathing patterns are known to be 

influenced by a number of internal and external factors (Fiamma et al. 2007; 

Homma & Masaoka 2008). Where internal factors include features such as the 

presence of respiratory disease and age, external factors refer to the influence 

of sleep, and activity, such as rest and exercise. The validity of RIP has 

therefore been examined in a number of different populations and conditions 

including; in healthy adults (Carry et al. 1997; Fiamma et al. 2007) patients 

with chronic respiratory diseases (such as COPD, acute respiratory failure and 

restrictive lung disease)  (Tobin et al. 1983c), children (Revow et al. 1987; 

Brown et al. 1998) as well as during different conditions, such as during sleep, 
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at rest, during exercise and in different positions (such as sitting and lying) 

(Cantineau et al. 1992; Caretti et al. 1994).   

Since the current investigation is concerned with the examination of breathing 

and speech breathing patterns in healthy adults and participants with chronic 

respiratory disease, the next section will therefore focus on the validation of 

RIP exclusively in these participant populations 

2.3.10.1 Validation of Respiratory Inductive Plethysmography in healthy 

adults 

In healthy adults, the agreement between RIP and PNT has been examined for 

various parameters of breathing pattern including tidal volume, inspiration 

time, expiration time, breathing cycle time (Carry et al. 1997; Fiamma et al. 

2007). Agreement between the two devices has been found to be ‘good’ to 

‘excellent’ in healthy adults (Fiamma et al. 2007). The influence of body 

position throughout the recording period has not been shown to have a 

significant effect on the validly of the device, as no significant differences have 

been found in the validity of breathing patterns obtained  during a sitting, 

lying or standing positon (Brullmann et al. 2010). From a methodological point 

of view, studies examining the validity of RIP can be criticised for; a) having a 

small sample size (ranging between 8 and 20 participants), b) examining short 

extracts of data (ranging from as little as 6 breaths to 10 minute recording), c) 

distracting participants with music during the recordings, d) analysing mean 

differences and not agreement. However, despite these drawbacks, the 

literature examining the validity of RIP generally report that the device can be 

used interchangeably with a PNT in healthy adults at rest, irrespective of their 

body position. 

In one of the most recent validation studies, Fiamma et al (2007) compared 

breathing patterns obtained simultaneously between RIP and a PNT. Eight 

healthy adults were examined (six males; mean age 26.5 ±2 years) during a 

single recording session. Participants were firstly attached to a PNT via a 

mouthpiece, and a nose clip was used to prevent any air from escaping. 

Participants were then set up with the RIP, which involved connection to the 



 

 84 

device via two bands that were placed circumferentially around the rib cage 

and abdominal compartments. Simultaneous measurements of tidal volume 

using a PNT and RIP were obtained during a ten minute quiet breathing period, 

where each participant was asked to sit in a chair and listen to music that was 

’emotionally and rhythmically neutral’. The rationale for using music was to 

distract the participants’ attention away from their breathing. However, the 

influence of music has been shown to be an independent factor for altering 

breathing pattern (Homma & Masaoka 2008). The correlation between PNT and 

RIP was assessed for tidal volume, and it was found to be significant (p<0.05), 

the agreement between PNT and RIP measurements was further assessed using 

the graphical analysis of Bland and Altman (1986).  

During simultaneous recordings of breathing pattern using the PNT and RIP, 

the mean values of tidal volume, inspiration time, expiration time and 

breathing cycle time were significantly correlated for each parameter (r values 

always above 0.75, with p always below 0.03). Bland and Altman plots 

demonstrated good agreement between the two devices for each breathing 

parameter as all data points remained closely bound around the horizontal 

‘mean of the differences’ line, with no evidence of bias, and within limits of 

agreement that were not clinically relevant. It was therefore concluded that the 

RIP and PNT could be used interchangeably to measure breathing pattern. 

Although this study was based on a very small sample (n=8), one of the 

advantages of the analysis was that the findings were based on the 

examination of a 10 minute recording period. Traditionally, the majority of 

studies investigating the validation of the RIP have based their findings on the 

analysis of a ‘cluster of breaths’, sometimes as few as six breaths (Tobin 

1992). Since breathing patterns have been associated with variability over time 

(Benchetrit et al. 1989), the examination of six  breaths may not be an accurate 

representation of the actual breathing pattern, especially when participants are 

undergoing simultaneous recordings of breathing pattern using a PNT, as the 

use of a PNT has been associated with decreased breathing variability (Wysocki 

et al. 2006). The process of extracting the ‘cluster of breaths’ from breathing 

pattern recordings can be seen as a further limitation as studies often do not 
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justify the selection process. This could increase the possibility of introducing 

an element of researcher bias into the measurement.  

Although studies examining the validity of RIP in healthy adults at rest have 

reported that the device can be used interchangeably with the gold standard 

PNT (Carry et al. 1997; Fiamma et al. 2007), RIP appears to become less 

accurate when recording breathing patterns during periods of exercise. Caretti 

et al (1994) compared measurements of tidal volume simultaneously obtained 

from a flow meter and RIP during an incremental treadmill and cycling 

exercise. Eight healthy adults participated in the study, and they were each 

asked to cycle (on the static bike) and walk (on the treadmill) at incremented 

levels of intensity: 60watts (w), 90w, 120w, 150w and 180w. Participants 

remained at each speed for a period of two minutes and breathing patterns 

were recorded with the RIP and PNT during the tasks. The study concluded that 

RIP could be used to measure breathing patterns in healthy adults during 

periods of exercise. However, closer examination of the findings does not 

appear to support this conclusion. This is because the study reported that 

when the intensity was below 150w, 63% of participants did not differ 

significantly between the two devices. When the intensity increased to 180w 

significant differences between the two devices were found for 50% (four) of 

the participants. Although the agreement between the two devices was not 

assessed, these findings suggest that the accuracy of RIP reduces as the 

intensity of the exercise increased.  

These findings are similar to those published by Sackner et al (1890) who also 

validated RIP against a spirometer in six young adults during periods of 

moderate exercise on a treadmill. While the study concluded RIP appears to be 

a useful monitor of breathing pattern during periods of exercise, the results 

indicated that tidal volumes deviated as much as ±20% from the actual 

spirometric volume obtained by the PNT.  

From a practical perspective, the accuracy of the RIP can be influenced by 

slippage of the RIP bands during movement. This suggests that traditional RIP 

may not be suitable for the measurement of breathing patterns during periods 
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of exercise (Caretti et al. 1994), because the bands appear to respond to 

positional changes, as well as changes in the anterior-posterior motions of the 

chest wall during tidal breathing. 

2.3.10.2 Validation of Respiratory Inductive Plethysmography in patients 

with respiratory disease 

The majority of the experimental validation studies have been conducted in 

healthy adults; fewer studies have evaluated the validity of the tool in patients 

with chronic respiratory disease. In one study, validation of RIP was examined 

in patients with COPD (n=21), restrictive lung disease (n=9) and acute 

respiratory failure (n=19) who required assisted ventilation (Tobin et al. 1983c) 

RIP was validated against a PNT during normal breathing in sitting and supine 

postures in ambulatory patients, while patients with acute respiratory failure 

were only examined in supine. Validation of the device was based on the 

comparison of a 20 second recording period simultaneously obtained from the 

PNT and RIP, where it was reported that each 20 second recording produced 

six breaths on average. Measurements of tidal volume obtained using the two 

devices were compared by calculating the percentage deviation from the PNT. 

This was calculated as RIP – PNT/PNT x 100%. Deviations of ±10% were 

considered as clinically acceptable. In patients with COPD, 69% of breaths 

across all participants were within ±5% of the actual spirometric value, while 

100% of the group remained within ±10%. No value deviated by more than 10% 

in either the sitting or supine position. In patients with restrictive lung disease, 

the mean deviation in the sitting and supine position was ±2.5% and ±5.8% 

respectively. In the 19 patients with respiratory failure requiring assisted 

ventilation, the study reported that there was a 3.9% deviation from the 

spirometric value, however a deviation of 11 % was noted in two participants. 

Although this study was limited by a) the analysis of only six breathing cycles 

and b) looking at the percentage deviation without considering the agreement 

between the two devices, these findings suggest that RIP is valid in patients 

with chronic respiratory disease who are considered as ‘stable’. However, the 

device should be used with caution in patients with acute respiratory failure 

requiring assisted ventilation. One of the reasons why breathing pattern 
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measurements obtained using RIP cannot be equated exactly to spirometry 

could be because there is a difference in the volumes being compared. Where 

the PNT indirectly derives volume from a pressure drop measured at the 

mouth, RIP derives the displacement of the thoracic volume from the change in 

the area enclosed by the bands. It is possible that displacements of the chest 

wall could also be influenced by shifts of non-gaseous volumes, such as blood.  

In summary, RIP has been reported to be valid in the recording of breathing 

patterns from both healthy adults and adults with stable chronic respiratory 

disease at rest. The latter data have been drawn primarily from patients with 

COPD, and little is yet known about the validity of RIP in other respiratory 

diseases. 

2.4 Rationale for the selection of Respiratory Inductive 

Plethysmography in the current research 

It is evident from the literature that each breathing pattern measurement 

system (including RIP) is associated with a number of limitations relating to 

practicality, validity, and reliability; so the decision to use RIP was based the 

following reasoning process. 

Firstly, it was deemed desirable to use a non-invasive system to minimise the 

problems of instrument induced changes in breathing pattern (Askanazi et al. 

1980; Perez & Tobin 1985).  As a consequence, the PNT was ruled out because 

it required the use of face masks and out pieces. Secondly, the parameters of 

interest were respiratory timings and relative contributions of the parts of the 

chest wall, each of which can be assessed adequately by non-invasive means. 

Of the non-invasive choices, RIP has significant practical advantages over OEP 

and EIT in that the system simply requires the placement of ribcage and 

abdominal bands to obtain breathing pattern (Konno & Mead 1967). In 

contrast, the arrangement of 89 reflective markers used for OEP (Aliverti et al. 

2000) and 16 circumferential electrodes used for EIT (Marquis et al. 2006; 

Balleza et al. 2007), have largely restricted these measurement systems to the 

specialist laboratory environments because of the time and space required to 
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operate the systems. In particular, OEP also requires extensive clinical space 

for the arrangement of four cameras around the participant, which means the 

device cannot be easily stored or moved. While the majority of studies that 

have employed RIP have also been conducted within the laboratory 

environment (Tobin et al. 1983c; Caretti et al. 1994; Fiamma et al. 2007), RIP 

has more portability and requires limited space to store the device. 

SLP offers an alternative to the RIP but is currently too novel to have been 

properly evaluated. In contrast, RIP has been extensively and independently 

validated in healthy adults, patients with chronic respiratory disease (Tobin et 

al. 1983c), children (Warren & Alderson 1985), and well as in the supine and 

sitting positions (Chadha & Sackner 1983). RIP is therefore considered to be 

the gold standard for the non-invasive measurement of breathing pattern and 

was the technology of choice for this research. 

2.4.1 Justification for the selection of a procedure for calibrating 

Respiratory Inductive Plethysmography  

Following the decision to use RIP in the current research, there was a need to 

select a calibration procedure so that breathing patterns measured by the RIP 

could be quantified.  Section 2.3.9 evaluated the methods available for 

calibrating RIP, where the limitations associated with each method were 

highlighted. As no calibration procedure is without flaws, the decision to use 

the QDC procedure in the current research was based on a compromise 

between its acknowledged limitations, and pragmatic factors such as 

participant acceptability. The reasoning process was as follows: 

The isovolume manoeuvre was firstly excluded from further consideration 

because of the practical challenges associated with performing the procedure.  

Irrespective of disease status, age or mental ability, teaching any participant to 

occlude the nose and mouth, then shift a known volume of air back and forth 

between the rib cage and abdomen using co-ordinated contractions of the 

diaphragm and intercostal muscles is difficult. Poorly performed Isovolume 

manoeuvres can lead to erroneous gain ratios, and inaccurate estimations of 
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tidal volumes. Therefore, statistical methods for calibrating RIP (such as the 

QDC and fixed calibration) were considered to have a major advantage over the 

isovolume manoeuvre because these procedures are not reliant on subject 

participation.  

From a pragmatic perspective, a further decision was made to perform relative 

calibration in order to exclude the need for a PNT. Performing relative 

calibration means that estimations are proportional to tidal volume, but 

calibrated in absolute units such as millilitres (ml). This is because neither the 

QDC procedure nor fixed calibration method derive ‘M’ (the absolute measure 

of tidal volume obtained using the PNT). Not only have face masks and mouth 

pieces been shown to cause instrument induced changes in breathing pattern, 

the use of a PNT would increase the need for additional clinical space, and 

would add to the complexity of the measurement. If breathing/speech 

breathing patterns are to be used as a future respiratory monitoring tool, 

simplifying the system for obtaining them would be advantageous.  

Having made the decision to use relative calibration, it was decided that 

deriving M (which scales the RIP output to be equivalent to tidal volume 

measured by a PNT), was not required, because the researcher was mainly 

interested in examining respiratory timing components and the regional 

contributions of the rib cage and abdomen. Obtaining absolute estimations of 

tidal volume using statistical methods is not possible. 

Of the statistical methods that have been frequently used in the literature for 

calibrating RIP, fixed calibration was considered unfavourably because of the 

errors (>100ml) that have been observed during periods of discoordinated 

breathing (Banzett et al. 1995). Discoordinated breathing patterns are a 

common feature in patients with chronic disease including asthma, COPD and 

bronchiectasis (Gilmartin & Gibson 1984; Garcia-Pachon 2002). Since people 

with these conditions were included in the current research, potential errors of 

more than 100ml were deemed as unacceptable. Furthermore, fixed calibration 

has not been widely used to calibrate RIP, so there is limited available data 

even in healthy populations.  
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While the drawbacks of QDC have been acknowledged, this procedure is the 

most widely used statistical method for calibrating RIP, where the validity of 

the procedure has been demonstrated during periods of natural breathing, as 

well as during simulated Cheyne-Stokes breathing. QDC was selected as the 

calibration method of choice in the current research. All data (healthy young, 

healthy old, self-reported asthma, and patients with COPD and bronchiectasis) 

were calibrated using the same procedure in attempt to remove calibration as a 

confounder during the comparative analysis.  

2.5 Summary of chapter two 

It has been revealed that the methods currently used for monitoring respiratory 

health in Primary Care are associated with a number of drawbacks related to 

practicalities of obtaining the measure, and the information that they provide. 

Since a number of respiratory diseases commonly present with abnormal 

breathing patterns relating to respiratory timings, volumes and the regional 

contributions of the ribcage and abdomen, the detection/measurement of 

these abnormalities might serve as a useful tool for monitoring changes in 

respiratory health. A number of techniques and devices are available for 

monitoring breathing pattern, but the drawbacks identified with subjective 

observation and methods which require the use of face masks and 

mouthpieces (such as the PNT), have highlighted the importance of selecting a 

tool which is both objective, and non-invasive. OEP, EIT and SLP each obtain 

quantitative measurements of breathing patterns from the surface movements 

of the chest; however, OEP and EIT require specialist laboratory environments. 

SLP has not yet been sufficiently evaluated to allow it to be recommended. In 

contrast, RIP has demonstrated superiority over all these devices in terms of 

practicality combined with good validity. RIP is the current gold standard 

method for the non-invasive measurement of breathing pattern, and has 

therefore been selected as the measurement system of choice in this research. 
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Chapter Three                                                                        

The burden of chronic respiratory disease  

The care of patients with chronic respiratory disease imposes one of the 

biggest diagnostic and therapeutic challenges for health care systems 

worldwide (Pauwels et al. 2001; Hawkins et al. 2013), as chronic respiratory 

diseases have been projected to become the third leading cause of mortality by 

2020 (Cruz 2007; Rabe et al. 2007). Asthma, bronchiectasis and COPD are 

conditions which are considered under the umbrella of chronic respiratory 

disease, however the definition also extends to respiratory cancers and fibrosis 

(BTS 2006). 

Central to the definition of chronic respiratory disease is its tendency to be of 

slow progression and long duration. Many of these diseases have been 

associated with a number of systemic complications. (Garcia-Aymerich et al. 

2003; Agustí 2007; Wedzicha & Seemungal 2007). In addition to the primary 

disability imposed by respiratory deterioration (breathlessness), patients with 

chronic respiratory disease can also be limited by secondary extrapulmonary 

effects, such as reduced functional exercise capacity, which is particularly 

associated with the later stages of the disease (Gross 2001; Watz et al. 2008).  

As a consequence, the care of patients with chronic respiratory disease 

involves lifelong medical attention, as therapeutic goals centre on symptom 

management and enhancement of quality of life, rather than cure (Rabe et al. 

2007). Symptom management also relates to the treatment of sporadic 

exacerbations (periodic episodes of acute respiratory deterioration) (Donaldson 

& Wedzicha 2006). In the case of COPD for example, acute exacerbations of 

the disease accounts for one of the major causes of emergency hospital 

admissions in the UK. These have risen steadily since the 1990s (Garcia-

Aymerich et al. 2003; Connolly et al. 2006; Donaldson & Wedzicha 2006). 

While the definition of an acute exacerbation of COPD lacks universal 

consensus, it is generally agreed that the most distinct symptoms are 

increased breathlessness and sputum volume, although patients may also 

experience a decline in their physical capacity as a secondary complication 
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(Donaldson & Wedzicha 2006). According to epidemiological studies, the 

frequency of exacerbations has been estimated to be between 2.5 and 3 per 

patient, per year (Donaldson & Wedzicha 2006). Furthermore, exacerbations 

are associated with impaired quality of life (Seemungal et al. 2000), reduced 

survival (Soler-Cataluña et al. 2005) and patients are prone to re-admission to 

hospital (Garcia-Aymerich et al. 2003).  

The value of detecting early changes in respiratory health is becoming 

increasingly recognised, as early treatment of exacerbations has been shown 

to reduce hospitalisations and enhance clinical recovery (Wilkinson et al. 2004; 

Soler-Cataluña et al. 2005; Connolly et al. 2006). Not all episodes of respiratory 

exacerbations lead to hospital admission (Donaldson & Wedzicha 2006). Some 

cases can be prevented by the Primary Care service (Morgan 2003), suggesting 

the importance of the early detection of respiratory decline. Finding an 

acceptable method to monitor changes in respiratory health remains a 

challenge, as a number of limitations have been associated with the current 

methods used to monitor respiratory health in the primary care setting. 

This thesis is primarily concerned with the examination of the breathing 

patterns produced during speech (speech breathing patterns – see chapter 

five), as a potential marker of respiratory health. The studies have involved 

healthy adults, adults with a self-reported history of asthma, diagnosed 

patients with COPD and diagnosed patients with bronchiectasis. The next 

section will therefore describe asthma, COPD and bronchiectasis in more 

detail. 

3.1 Asthma 

Asthma is a common condition which affects 5 million children and adults in 

the UK and costs the NHS in excess of £1 billion (European Respiratory Society 

2015). The disease often develops from childhood, however, people of all ages 

can develop the condition (BTS 2014). The fundamental causes of asthma are 

not fully understood. Genetic predisposition in combination with exposure to 

airborne allergens are believed to be the major cause, although environmental 
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triggers, such as cold air, extreme emotional arousal and some medication 

(such as aspirin and beta-blockers) have also been shown to contribute to the 

inflammatory response (Sykes & Johnston 2008; John Henderson 2013). 

Asthma is a chronic inflammatory disease associated with variable and partially 

reversible airflow obstruction, which is characterised by recurrent episodes of 

breathlessness, wheezing, chest tightness and coughing, of varying intensity 

and frequency (Chung et al. 2014; NICE 2015). The condition is considered to 

be heterogeneous with a natural history of acute exacerbations (attacks), on a 

background of chronic airways inflammation, which is consistent with reduced 

lung function. Episodes of exacerbations can vary in intensity and frequency. 

These can be life threatening if left untreated because of asphyxiation caused 

by severe bronchorestriction, which can occur during an attack (John 

Henderson 2013).  

3.1.1 Pathophysiology of asthma 

Despite the widespread prevalence of asthma, the pathophysiology of the 

condition still remains poorly understood. Asthma is a complex, 

heterogeneous disease, where multiple pathways are thought to contribute to 

the development of the condition (Holgate 2008). To discuss every pathway is 

beyond the scope of this Thesis, however in broad terms, the pathophysiology 

of asthma has been categorised according to two processes, namely 

inflammation of the airways and hyper-responsiveness. These will now be 

described. 

Airways inflammation in asthma is a multicellular process involving the 

infiltration of inflammatory cells such as neutrophils, eosinophils, CD4+T 

Lymphocytes and mast cells, and inflammatory mediators such as cytokines, 

which amplify the inflammatory response. Infiltration of eosinophil (which are a 

type of white blood cell) have been shown to be a major feature of the 

condition (Holgate 2008). Increases in eosinophils have been shown to 

significantly correlate with asthma severity (Fahy 2009; Katz et al. 2014), and a 

number of studies have demonstrated that treatment with corticosteroids 

reduces the eosinophils, resulting in symptomatic improvement (Fukakusa et 
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al. 2005). The inflammatory process predominantly involves the large airways, 

although, with increasing disease severity, the inflammation spreads distally to 

the small airways (Kraft et al. 1999; Holgate 2008). However, despite the 

identification of the inflammatory factors responsible for the pathophysiology 

of asthma, how the inflammatory process is initiated is an ongoing area of 

enquiry. Genetics, sex, environmental factors and respiratory infections are 

believed to contribute to the pathogenesis, although the exact mechanisms are 

not yet fully understood (Elias et al. 2003). 

Airways hyperresponsiveness has been considered to be one hallmark of 

asthma, where bronchial provocation tests have been useful for assessing the 

presence of hyperresponsiveness and have aided in the diagnosis of the 

condition (Brannan & Lougheed 2012). Airways inflammation is one contributor 

to airway hyper-responsiveness, and has been defined as an exaggerated 

bronchorestrictor response to a wide range of stimuli. However, the feature is 

not necessarily unique to asthma (Brusasco et al. 1998).  

3.1.2 Diagnosis of asthma 

There is currently no definitive diagnostic test for asthma, and the definition of 

the type, severity or frequency of symptoms has yet to be standardised. Unlike 

COPD, The absence of a gold standard definition means that it is not possible 

to make clear evidence based recommendations on how to make a diagnosis. 

One of the challenges associated with diagnosing asthma is related to its 

tendency to remit and relapse. Symptoms of asthma can also be generic, 

resulting in diagnostic confusion with other chronic disease which share a 

similar clinical presentation, such as COPD (section 3.2) (BTS 2014).  

In light of these challenges, a diagnosis of asthma in adults is currently based 

on the combined findings from symptom questionnaires, response to anti-

inflammatory medications and bronchodilators, and assessments of lung 

function  airways hyper-responsiveness (during Methacholine challenge testing) 

(BTS 2014). While the symptomatic profile of asthma is similar to other chronic 

respiratory disease (such as breathlessness, wheezing and chest tightness), the 
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conditions under which they occur can help to inform the diagnosis. For 

example: Following exposure to cold air and allergens, after exercise, and 

during respiratory infections. A history of these conditional symptoms 

increases the diagnostic probability of having the disease (NICE 2015).  

In the presence of clinically relevant signs and symptoms, recent clinical 

guidelines advocate the use of spirometry as the first line investigation for 

asthma (NICE 2015). When performed correctly, lung function testing can 

provide rapid information about the extent of airflow obstruction (Miller et al. 

2005). The ratio of Forced Expiratory Volume in one second (FEV1) to Forced 

Vital Capacity (FVC) (FEV1/FVC ratio) is considered positive for airways 

obstruction if <70% (NICE 2015). However, lung function testing has limited 

application when considered in isolation because severe airflow obstruction 

can be present in the absence of any clinically relevant signs and symptoms. 

Peak Expiratory Flow (PEF) variability is usually monitored for a period of 2-4 

weeks if there is diagnostic uncertainty after the initial assessment 

(Quackenboss et al. 1991). Current clinical guidelines recognise a positive test 

PEF variability as >20% (NICE 2015). This is calculated as the difference 

between the highest and lowest PEF expressed as a percentage of the mean. 

However, this test has been reported to be more useful for monitoring patients 

with established asthma, rather than making an initial diagnosis (BTS 2014).  

A number of tests have been used to assess the likelihood of asthma. 

Methacholine challenge testing is considered when more conservative methods 

have failed to either eliminate or confirm the diagnosis, such measuring lung 

function before and after bronchodilators (NICE 2015). Since airways hyper-

responsiveness is one of the major characteristics of asthma, Methacholine 

challenge testing is a method of testing the extent of the hyper-

responsiveness. When inhaled, Methacholine is an agent which provokes the 

airways to contract involuntarily, and narrow in the presence of asthma. 

However, normal results do not necessarily exclude a diagnosis of asthma, 

while abnormal findings are not always definitive. Furthermore, these tests 

have been largely used in research and specialist units, as they have not yet 
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widely accessible in everyday clinical practice (Brannan & Lougheed 2012; 

Chung et al. 2014).  

While evidence based guidelines have provided a stepwise approach to aid in 

the diagnosis of asthma, it has become evident that the diagnosis of the 

condition is challenging because of the absence of a gold standard test, which 

can potentially lead to delayed and sub-optimal treatment. 

3.1.3 Management of asthma 

Evidence-based recommendations for the management of asthma have been 

broadly categorised into 1) supported self-management, 2) pharmacological 

management and 3) non-pharmacological management (BTS 2014).  

Self-management is focused on the medical aspects of managing a variable 

condition on a day to day basis. Systematic reviews have repeatedly shown that 

self-management education which incorporates personalised asthma action 

plans (PAAPs) significantly improves a number of patient centred end points in 

patients with asthma (Gibson 2003; Bussey-Smith & Rossen 2007). In these 

reviews, successful programmes varied considerably, however the core 

components included patient education and personalised asthma action plans, 

where current guidelines advocate that these should be supported by regular 

professional review (BTS 2014). 

Pharmacotherapy management of asthma involves a step-wise approach to 

minimise symptoms and optimise peak flow. Asthma medication is broadly 

categorised into short-acting inhaled beta agonists (reliever medications) and 

inhaled corticosteroids (BTS 2014). Although pharmacotherapy for asthma is 

effective and can provide control for many patients (Bateman et al. 2008), 

surveys repeatedly show that outcomes remain sub-optimal (Demoly et al. 

2012). Many patients have concerns about taking regular medication, 

particularly inhaled corticosteroids. Up to 79% of adults and 78% of children 

report use of complementary and alternative medicine for their asthma (Slader 

et al. 2006). Breathing techniques are amongst the most commonly used 

complementary techniques, with up to 30% of asthma patients reporting 
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having used them to control symptoms (Ernst 2000). Although many clinicians 

remain sceptical, there is now a convincing body of evidence that breathing 

training for people with asthma is effective in improving patient-reported 

endpoints such as symptoms, health status and psychological well-being, and 

may be effective in reducing rescue bronchodilator medication usage (Thomas 

et al. 2003; Bruton & Holgate 2005; Burgess et al. 2011).  

3.2 Chronic Obstructive Pulmonary Disease (COPD) 

Chronic Obstructive Pulmonary Disease (COPD) is the term used to describe a 

group of progressive respiratory diseases, which are characterised by chronic 

airflow limitation that is not fully reversible (WHO 2011).  Progressive 

expiratory flow limitation is the hallmark of COPD, however the disease is 

multidimensional, with various clinical manifestations (NICE 2010; GOLD 

2014). Physiological impairments can be can be localised (within the lungs), or 

systemic (Petty 2003; Halbert et al. 2006). COPD is the fourth leading cause of 

mortality worldwide and its prevalence has been projected to increase even 

though COPD is both a preventable and treatable condition (WHO 2004; GOLD 

2014). Prevalence data estimates that there are 900,000  people who currently 

have COPD in the UK (WHO 2004), however this figure is thought to be largely 

underestimated because COPD is a poorly diagnosed condition, especially in 

the early stages of the disease pathway (Spruit & Singh 2013; GOLD 2014). 

Patients with COPD have been shown to be largely asymptomatic in the earlier 

stages (Takahashi et al. 2003; Rabe et al. 2007; Bednarek et al. 2008), and 

lung function tests have been shown to highlight changes only once 

considerable damage to the airway has already occurred (Rabe et al. 2007; BTS 

2013).  

3.2.1 Pathophysiology of COPD 

The current hypothesis for the pathogenesis for COPD is that the disease is 

caused by an ‘abnormal’ inflammatory response to the inhalation of toxic 

particles and gasses (MacNee 2005; Rabe et al. 2007; Forey et al. 2011; GOLD 

2014). Inhalation of tobacco smoke has been recognised as the primary risk 
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factor for developing COPD (Fletcher & Peto 1977; Forey et al. 2011; GOLD 

2014), which accounts for up to 80% of all reported cases. However, COPD 

affects only 15-25% of all smokers (MacNee 2005; Roth 2008). Although all 

individuals who smoke demonstrate signs of progressive lung inflammation, 

the vast majority of this population do not go on to develop COPD (Teramoto 

2007; Yoshida & Tuder 2007; Forey et al. 2011), suggesting an inherent 

predisposition to developing the disease. Injury to the lung epithelium has 

been shown to be directly proportional to the concentration or dose of tobacco 

smoke exposure over time (Yoshida & Tuder 2007; Forey et al. 2011).  Several 

factors can influence the exposure to cigarette smoke including; a) the type of 

tobacco smoked; b) the concentration of tobacco (ie, whether the tobacco has 

been mixed with other materials; c) the quantity, d) the depth of each breath 

and e) the frequency of inhalation (Dijkstra et al. 2014). A number of 

epidemiological studies have also implicated the role of increases in 

atmospheric sulphur dioxide (SO2) and nitrogen dioxide (NO2) in developing 

COPD (Andersen et al. 2011; Atkinson et al. 2014). However, unlike tobacco 

smoke inhalation, there is insufficient evidence to suggest a causal relationship 

(Ko & Hui 2012; Atkinson et al. 2014).  

The abnormal inflammatory response to noxious agents has yet to be fully 

characterised, and it is possible that there are multiple pathways leading to the 

pathogenesis of COPD, which is beyond the scope of this thesis. In addition to 

the enhanced inflammatory response to inhaled cigarette smoke, two other 

processes are involved in the pathogenesis of COPD, namely imbalances 

between proteases and antiproteases and an imbalance between oxidants and 

antioxidants (oxidative stress). However, the majority of individuals go on to 

develop the disease following an abnormal inflammatory response to repeated 

tobacco smoke exposure. 

Although there is evidence of lung inflammation in all individuals who smoke, 

there appears to be an enhanced inflammatory response to inhaled noxious 

agents which is beyond the normal inflammatory response in individuals who 

go on to develop COPD (Saetta 1999; Yoshida & Tuder 2007; Roth 2008). Most 

notably, bronchial biopsies from patients with COPD show a marked increase 



   

 

 99  

in inflammatory cell infiltration compared to smokers who have not developed 

the disease (Di Stefano et al. 2004); the examination of bronchial mucosa in 

patients with COPD show an increase in T lymphocytes, neutrophils (Di Stefano 

et al. 1998); and there is a 5-10 fold increase in the number of macrophages in 

the airways and lung parenchyma of patients who have COPD compared to 

smokers who do not have the disease (Keatings et al. 1996). These release pro-

inflammatory mediators have the potential to secrete proteinases, including 

neutrophil ‘elastase’, which reduces alveolar wall integrity and contributes to 

the emphysematous changes seen in COPD. A cycle of repeated inflammation 

is sustained because the pro-inflammatory factors released by the activated 

immune cells stimulate the production and secretion of additional pro-

inflammatory factors, thereby encouraging more neutrophils and macrophages 

to the previously inflamed site (Nicod 2005; Tzortzaki & Siafakas 2009). The 

intensity of the inflammation appears to correlate with the degree of COPD 

progression (Rabe et al. 2007; Forey et al. 2011), and the inflammation can be 

exacerbated further in the presence of bacterial or viral infection, resulting in 

an acute-on-chronic inflammation (MacNee 2005; Yoshida & Tuder 2007).  

The amplified inflammatory response to repeated cigarette exposure results in 

a number of structural changes, namely alveolar wall destruction (emphysema) 

and mucociliary dysfunction, which is responsible for impaired mucus 

clearance (Halbert et al. 2006; Rabe et al. 2007). These structural abnormalities 

lead to the characteristic narrowing of the airways seen in patients with COPD, 

and ultimately contribute to expiratory flow limitation, which has been used to 

define the disease (GOLD 2014). While age plays a significant role in lung 

function decline, adults who smoke demonstrate an accelerated rate of decline 

in FEV1 (approximately 50mL per year), compared to those who have never 

smoked (approximately 38mL per year) (Fletcher & Peto 1977; Lalley 2013). 

This has been shown to occur in a dose dependant relationship with cigarette 

exposure (Forey et al. 2011). 
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3.2.2 Diagnosis of COPD 

A diagnosis of COPD is considered in the presence of clinically relevant signs 

and symptoms, and reduced performance in objective lung function tests. 

Progressive expiratory flow limitation is the hallmark of COPD, and a diagnosis 

of COPD is considered if post bronchodilator Forced Expiratory Volume in one 

second (FEV1) is less than 80% of the predicted value for age and sex (GOLD 

2014). In an attempt to categorise the severity of the heterogeneous disease, 

the Global Initiative for Obstructive Lung Disease (GOLD) has provided a 

progressive ‘staging’ system with clear cut-off points, based on post 

bronchodilator FEV1 ratio to Forced Vital Capacity (FVC). These stages range 

from ‘mild’ airway limitation to ‘very severe’ using the flowing spirometric 

criteria; Gold stage 1 (mild); FEV1/FVC<0.7 or FEV1>80% predicted, Gold stage 2 

(moderate); FEV1/FVC<0.7 or FEV1<79% predicted, GOLD stage 3 (severe) 

FEV1/FVC<0.7 and FEV1 <49% predicted, and Gold stage 4 (very severe); 

FEV1/FVC<0.7 and FEV1<30% predicted (GOLD 2014). So far this grading system 

has been shown to be a useful predictor of mortality, where the higher GOLD 

stages have been associated with greater mortality (Donaldson & Wedzicha 

2006; GOLD 2014). The criteria have also been used to inform clinical decision 

making and to guide treatment, as a number of management strategies (such 

as Pulmonary Rehabilitation) are offered to patients based on the severity of 

airflow limitation (NICE 2010). 

Although a diagnosis of COPD cannot be confirmed in the absence of 

spirometry, the use of post-bronchodilator FEV1 has had limited application 

when considered in isolation. Spirometry cannot separate COPD from asthma 

(Takahashi et al. 2003), and correlates poorly with clinically relevant signs and 

symptoms such as breathlessness, exercise intolerance and quality of life 

(Ketelaars et al. 1996; Zielinski & Bednarek 2001). Therefore, current evidence 

based guidelines advocate that post-bronchodilator lung function tests should 

be used to confirm a diagnosis in the presence of other clinically relevant signs 

and symptoms in adults who are over the age of 35 (NICE 2010; GOLD 2014). 

These include; progressive external dyspnoea (graded using the Medical 

Research Council (MRC) dyspnoea scale), chronic cough (either productive or 
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unproductive), chronic sputum production, variable wheezing, chest tightness 

and frequent ‘winter’ bronchitis. Other signs such as hyperinflated and barrel 

shaped chest, blood gas imbalances, peripheral oedema, cyanosis, use of 

accessory muscles, pursed lip breathing and peripheral muscle imbalances 

have also used to inform the clinical picture (Gross 2001; Halbert et al. 2006; 

Rabe et al. 2007). However, these impairments have generally been associated 

with the more advanced stages of the disease process.  

Despite the clear spirometric criteria set out by GOLD (2014) for diagnosing 

COPD, COPD remains a largely underdiagnosed and misdiagnosed condition. 

The symptomatic profile of patients with COPD is heterogeneous. A number of 

studies have shown that patients with early signs of the disease tend to under 

report their symptoms (Bellia et al. 2003; Takahashi et al. 2003). This is partly 

because symptoms can appear minimal in the early stages, or perceived to be 

part of the normal aging process (Buffels et al. 2004). Under-diagnosis of 

COPD may also be related to diagnostic confusion with asthma (Dodge et al. 

1986). Asthma and COPD share a number of clinical similarities, the two 

conditions can co-exist simultaneously, given the high prevalence of asthma in 

patients who have COPD (Silva et al. 2004). Due to the barriers associated with 

the diagnosis of COPD, the majority of patients who make up the COPD 

population are considered as being in the moderate stages of the disease 

pathway (GOLD 2014). 

3.2.3 Management of COPD 

There is a strong consensus amongst evidence based clinical guidelines that 

the management of COPD should firstly encourage smoking cessation at every 

available opportunity, regardless of smoking status (Rabe et al. 2007; NICE 

2010; GOLD 2014). Longitudinal studies have repeatedly shown that 

individuals who successfully stop smoking both slow down the decline in FEV1 

and delay their mortality (Fletcher & Peto 1977; Pride 2001; Tønnesen 2013). 

However, airways inflammation persists even after the smoking has stopped 

and the precise mechanisms for the persistence after the stimulus has been 

removed remains to be identified (Hogg 2006).  
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Up to date clinical guidelines have recommend a multidimensional, stepwise 

approach for the management of COPD which a) reduces the risk factors, b) 

monitors the progression, c) manage stable COPD and d) manage 

exacerbations (NICE 2010; GOLD 2014). While existing pharmacotherapies 

have yet to stop the progression of airways inflammation, bronchodilators are 

routinely used in the management COPD. These are provided on an ‘as needed’ 

basis to inhibit bronchoconstriction (NICE 2010; Ejiofor & Turner 2013; GOLD 

2014). The main bronchodilators currently prescribed for patients with 

symptomatic COPD are beta-agonists (relievers which relax the muscles 

surrounding the small airways) and anticholinergics (which block the action of 

the neurotransmitter acetylcholine). A combination of these therapies may also 

be used (NICE 2010). However, while the development of COPD is based on an 

inflammatory pathway, the effects of anti-inflammatory bronchodilators have 

been disappointing. Inhaled corticosteroids are the most potent form of anti-

inflammatories available, however trials have failed to show a consistent effect 

of these medications in the rate of FEV1 decline (Burge 2000; Price et al. 2013). 

Systematic treatment with corticosteroids has been advised to be avoided 

because of the unfavourable benefit-to-risk ratio (NICE 2010; Price et al. 2013).  

The management of COPD is therefore based on preventative and rehabilitative 

goals rather than cure, as COPD is a progressive disease (GOLD 2014). A 

significant proportion of the management strategy for patients with COPD has 

been based on the non-pharmacological management of the secondary 

(systemic) complications, where Pulmonary Rehabilitation (see chapter 4) has 

played a significant role in the management of patients who are considered as 

medically stable (BTS 2013; Spruit & Singh 2013). 

3.3 Bronchiectasis  

Bronchiectasis is a chronic respiratory disease which is characterised by 

irreversible dilatation and thickening of part of the bronchial tree (localised), or 

throughout the lung (diffuse) (O'Donnell 2008). Involved bronchi are dilated, 

inflamed and easily collapsible resulting in airflow obstruction and impaired 

clearance of thick viscous airways secretions, (Barker 2002; Hacken N 2010; 
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Pasteur & Hill 2010). There is a general belief that the incidence has been 

falling over the past 50 years because of the introduction of antibiotics and 

improved awareness about the underlying pathophysiology (Pasteur et al. 

2000; Barker 2002; O'Donnell 2008; Pasteur & Hill 2010). While it is known 

that the prevalence of the disease increases with age, the actual incidence and 

prevalence of bronchiectasis remains unclear because there have been no 

recent studies in the UK since the 1950s (Weycker et al. 2005). The prevalence 

of bronchiectasis is also thought to vary with time, geography, differences in 

antibiotic prescription and the prevalence of associated disorders, from 

3.7/100,000 in New Zealand to 52/100,000 in the USA (Pasteur & Hill 2010). 

3.3.1 Pathophysiology of bronchiectasis  

The pathophysiology and aetiology of bronchiectasis also remains poorly 

understood. One of the difficulties in identifying the exact aetiology of the 

disease is because patients can have the condition for many years before the 

condition is diagnosed, and identification of the cause relies on retrospective 

recall (Hacken N 2010; Martínez-García et al. 2011). More than 50% acquire the 

condition secondary to having Cystic Fibrosis (CF) (which is a progressive 

disease cause by an inherited defect of chromosome seven) (Pasteur et al. 

2000; Pasteur & Hill 2010). One of the most widely accepted models of the 

pathophysiology of (non CF) bronchiectasis is termed; ‘Cole’s vicious cycle 

hypothesis’ (Hacken N 2010). Cole proposed a cyclical model detailing an 

initial environmental insult on a background of genetic predisposition, which 

impairs mucociliary clearance and leads to the persistence of bacterial 

infection and inflammation within the bronchial tree. Continued bacterial 

infection leads to chronic inflammation causing damage to the lung 

parenchyma and impaired mucociliary mobility. The ongoing cycle of infection 

and inflammation are thought to be responsible for the chronic dilation and 

thickening of the bronchial tree (Hacken N 2010). These impairments translate 

physiologically into airway obstruction, impaired gas-exchange, increased dead 

space, skeletal muscle deconditioning and nutritional deficiencies. As a result, 

the symptomatic profile of patients with bronchiectasis includes; chronic 

cough, excessive sputum production, reduced exercise capacity, 
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breathlessness and impaired health related quality of life (O'Donnell 2008; 

Hacken N 2010; Pasteur & Hill 2010).  

3.3.2 Diagnosis of bronchiectasis 

The diagnosis of bronchiectasis can be challenging because the symptomatic 

profile such as cough, excessive sputum production and re-occurring infection 

and inflammation, resembles the symptomatic profile of other chronic 

respiratory disease, such as COPD and asthma (O'Donnell 2008; Martínez-

García et al. 2011). Airflow obstruction, as characterised by a reduction if 

FEV1/FVC ratio, is the most common pattern of spirometry seen in patients with 

bronchiectasis, although a mixed obstructive/restrictive or normal values may 

also be seen (Pasteur & Hill 2010). A diagnosis of bronchiectasis is usually 

based on the presence of clinical signs and symptoms (such as cough, 

excessive sputum production and haemostasis) in combination with chest 

radiography. High resolution computerised tomography (HRCT) is subsequently 

used to confirm the diagnosis. Chest radiography and HRCT are most 

frequently used diagnostic tools; however chest radiography is usually the first 

test to be performed despite its reported deficiencies (van der Bruggen-

Bogaarts et al. 1996). To date, chest radiography has been used to identify 

bronchial wall thickening. One of the major criticisms of the technique is 

because of its insensitivity to detect changes in the early stages of the disease, 

were inter-observer agreement has been shown to be poor (Edwards et al. 

2003). Although radiography is usually abnormal, radiographic signs of 

bronchiectasis are usually unremarkable in the early stages of the disease 

(Diederich et al. 1996). Therefore, the gold standard for diagnosing 

bronchiectasis is based on HRCT as numerous studies have reported improved 

performance of HRCT over chest radiography in the early detection of 

bronchiectasis (Edwards et al. 2003). Findings from chest radiography and 

HRCT can be used interchangeably in the later stages of bronchiectasis, as the 

alterations on lung parenchyma become more noticeable in the more advanced 

stages (Chang et al. 2003).  



   

 

 105  

3.3.3 Management of bronchiectasis  

Like COPD and asthma, the management of bronchiectasis has both 

preventative and rehabilitative goals rather than cure, as bronchiectasis is a 

progressive disease (Hacken N 2010; Ong et al. 2011). The management of 

bronchiectasis can be broadly categorised as; 1) antibiotic treatment, 2) 

sputum clearance, and 3) rehabilitation (Pasteur & Hill 2010). Antibiotic 

treatment has been shown to be useful during episodes of infective 

exacerbations (Murray et al. 2009; Chalmers et al. 2012). During infective 

exacerbations, antibiotics can help to intercept the infective cycle to improve 

quality of life. However, given the vast range of pathogens responsible for the 

continuous infection/inflammation cycle in bronchiectasis, the use of 

antibiotics is usually unsuccessful in the long term management of the disease 

because of the multitude of pathogens requiring a range of antibiotics, and 

antibiotic resistance that occurs from antibiotic overuse (Evans & Greenstone 

2003). As a consequence, a significant proportion of the management strategy 

for bronchiectasis is based on the non-pharmacological management (O'Neill et 

al. 2002; Pasteur & Hill 2010; Ong et al. 2011). Airways clearance can be 

conducted using a number of different techniques, however the physiotherapy 

active cycle of breathing has been reported as the most commonly used 

(O'Neill et al. 2002). Other techniques such as autogenic drainage and positive 

expiratory pressure have been used much less frequently (McArdle & O'Neill 

2001). Although the evidence base is less convincing, Pulmonary Rehabilitation 

has also been found to be beneficial for patients with bronchiectasis (See 

chapter 4). 

3.3.4  Summary of chapter three 

Asthma, COPD and bronchiectasis are common chronic respiratory diseases 

that are associated with significant mortality and morbidity, and require 

ongoing clinical management. Pulmonary Rehabilitation is an evidence based 

intervention that has been found to be effective for patients with chronic 

respiratory disease in terms of improving exercise capacity, reducing 

breathlessness and improving quality of life. It was therefore selected as a 
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vehicle for testing the responsiveness of speech breathing patterns to change 

in a study which forms part of this thesis. The next chapter will describe and 

discuss Pulmonary Rehabilitation in the management of patients with COPD 

and bronchiectasis. 
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Chapter Four                                           

Pulmonary Rehabilitation 

4.1 Introduction to Pulmonary rehabilitation  

Pulmonary Rehabilitation (PR) is an evidence-based, multidisciplinary 

management strategy for the care of patients with COPD, as well as patients 

with other disabling chronic respiratory diseases (BTS 2013; Spruit & Singh 

2013). The bulk of the evidence for effectiveness comes from studies of 

patients with COPD, but there is a growing body of evidence for its value in 

other respiratory diseases (Bradley & Moran 2006; Spruit & Singh 2013). PR is 

designed to optimise physical and social performance of the patient by 

including a combination of exercise training, education and psychosocial 

support (Ries et al. 2007; NICE 2010; GOLD 2014). Clinical guidelines currently 

recommend that PR should be offered to individuals once significant symptoms 

have developed, either following an exacerbation of COPD, or later on in the 

disease pathway, when patients are considered as being in the advanced 

stages of the disorder (GOLD stage 3) (NICE 2010; BTS 2013). Randomised 

Controlled Trials have repeatedly shown that PR reduces dyspnoea and 

increases exercise tolerance (Reardon et al. 1994; Couser et al. 1995; Griffiths 

et al. 2000; Berry et al. 2003), improves health related quality of life (Wijkstra 

et al. 1995), reduces hospital admissions and reduces re-admission in patients 

with COPD (Morgan 2003), compared to those receiving ‘usual care’. These 

benefits are sustained despite the fact that PR has minimal effect on lung 

function, as airways limitation persists throughout the natural history of COPD 

(Lacasse et al. 2007; Ries et al. 2007). This observation highlights the 

importance of PR in the care of patients with COPD, as the morbidity from 

COPD is largely associated with the secondary, systemic complications of the 

disease, which can be treated if appropriately recognised (Lacasse et al. 2007; 

GOLD 2014).  
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4.2 Content of Pulmonary Rehabilitation 

Guidelines for the structure and content of PR have been recommended (BTS 

2013; Spruit & Singh 2013), but in the UK there is considerable variation across 

programmes, because the exact format for the delivery of PR is not 

standardised. Practical factors such as staffing, finance and space have 

accounted for the variation among the existing programmes in the UK (Spruit & 

Singh 2013). Comprehensive, evidence based guidelines agree that all PR 

programmes should include a physical (exercise training) and behavioural 

component (breathing techniques, education, nutritional and psychosocial 

intervention) (Nici et al. 2006; BTS 2013).  

Exercise training 

Exercise training has been regarded as the cornerstone of PR, where 

improvements in muscle strength and exercise capacity have been observed in 

the absence of any significant gains in lung function (Spruit & Singh 2013). In a 

recent Cochrane review (Lacasse et al. 2007), a meta-analysis of 31 RCTs was 

conducted to establish the influence and effect size of PR on health related 

quality of life, functional, and maximal exercise capacity in patients with COPD. 

Various protocols have been used to assess exercise capacity, and in broad 

terms, these have been categorised according to the examination of functional 

exercise capacity (such as timed walk tests), and maximal exercise capacity 

(such as cycle ergometer tests). Examination of functional exercise capacity 

limited the meta-analysis to 16 trials, which examined walking distance during 

the six minute walk test (6MWT) (346 in the treatment arm, and 323 in the 

control). Based on changes using the 6MWT, the common effect was 48 metres 

(m) (95% CI; 32 to 65 m). This change exceeded the Minimal Clinically 

Important Difference (MCID) of 30m which has been established for the 6MWT 

(Holland et al. 2014).  Significant improvements in maximal exercise capacity 

were also reported. Thirteen trials measured maximal exercise capacity using 

the incremental cycle ergometer reported a common effect of 8.4w (95%CI: 3.4 

to 13.4w) (n=268 in the treatment arm and 243 controls) (Lacasse et al. 2007).  
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Traditionally, the measurement of the effectiveness of PR has been based on 

the before and after changes in exercise capacity measured using standardised 

field tests. However, improvements in exercise capacity are dependent upon 

the underlying muscle fibre morphology and structural characteristics, which 

have also been examined, although less frequently. Skeletal muscle 

dysfunction is common in patients with COPD and manifests in abnormal 

shifting in distribution of muscle fibre type (Whittom et al. 1998; Eliason et al. 

2009). Diminished muscle cross sectional area, decreases in type 1 fibres (fast 

twitch) and increases in type 2 fibres (slow twitch) have most commonly been 

observed (Gosker et al. 2007; Eliason et al. 2009). A recent meta-analysis, 

aimed to determine whether fibre proportions in vastus lateralis (a thigh 

muscle) were associated with the severity of COPD. The authors concluded that 

there was a strong association between the two (Gosker et al. 2007). A 

progressive reduction in the proportion of type 1 fibres was positively 

associated with decreasing FEV1 values (r = 0.56, p<0.001), and FEV1/FVC (r = 

0.57, p<0.001), and type two fibres were negatively associated with FEV1 (r=-

0.21, p<0.001) and FEV1/FVC (r=-0.32, p<0.001). 

There is also some evidence to suggest that there are morphologic adaptations 

in response to PR in patients with COPD (Vogiatzis et al. 2011). In a recent 

longitudinal study, Vogiatzis et al (2011) examined whether there was any 

improvement in muscle fibre morphology in response to PR, and whether the 

improvement depends on the severity of COPD. Vastus lateralis biopsies were 

performed in eight healthy adults (age and activity matched control group with 

no PR) and 46 clinically stable patients with varying severity of COPD, before 

and after they attended a 10 week PR programme, which consisted of three 

sessions per week. While this PR programme was different from the average PR 

programme (in that both the duration and intensity of the intervention were 

higher in the study) (Lacasse et al. 2007; NICE 2010; BTS 2013), the findings 

demonstrated that the pattern of muscle fibre shifting did not differ 

significantly across the GOLD stages. Following PR, vastus lateralis fibre mean 

cross section significantly increased (p<0.001), while all groups were found to 

have a comparable reduction in the proportion of type two fibres (p<0.001). 



 

 110 

These findings demonstrate the positive influence of PR on skeletal muscle 

morphology in patients with COPD. 

Current evidence based guidelines recommend that the exercise component 

should include a combination of: endurance training, interval training, 

resistance/strength training, upper limb and flexibility training (NICE 2010; 

BTS 2013; Spruit & Singh 2013). These training principles mimic those used for 

training healthy individuals, although the load and intensity of the exercises 

are tailored according to the ventilatory limitation.  Despite the reported 

success of the exercise training component in PR, one of the major criticisms is 

that the majority of programmes focus on lower limb training (such as during 

walking and cycling tasks) even though the role of upper limb training during 

activities of daily living are becoming increasingly recognised (Lake et al. 

1990).  

Behavioural / self-management component  

Education 

The education component of PR is structured to promote an adaptive 

behaviour change in order to encourage ongoing self-management(Ries et al. 

2007) . According to evidence based guidelines, PR should include a 

combination of the following behavioural strategies: education (regarding the 

pathophysiology of chronic respiratory disease), breathing strategies, sputum 

clearance techniques, rationale for the use of medications and oxygen therapy, 

energy conservation techniques, nutritional advice, early recognition of 

exacerbations, promotion of physical activity and the use of coping strategies 

(NICE 2010; Spruit & Singh 2013). These strategies, together with smoking 

cessation advice, are usually taught by appropriately trained physiotherapists 

or respiratory nurses. However, the exact structure of educational content 

delivery has yet to be standardised across all PR programmes. 

Adaptive breathing strategies 

Adaptive breathing strategies used during PR will be discussed, since these 

have the potential to affect breathing patterns. Exercise limitation in patients 
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with COPD may be a direct result of the underlying ventilatory impairment 

present in the lungs of patients with COPD (Spruit & Singh 2013). Expiratory 

flow limitation contributing to dynamic hyperinflation has been specified as the 

mechanical consequence the disease (Casaburi et al. 1997; O'Donnell et al. 

2001; Frisk et al. 2014). These physiological impairments lead to 

breathlessness during submaximal activities of daily living, and maintain a 

repeated cycle of exertional breathlessness secondary muscle deconditioning 

and reductions in physical activity (Nici et al. 2006; Spruit & Singh 2013).  

Recently, adaptive breathing strategies have been reported to benefit exercise 

capacity by reducing dynamic hyperinflation (Dechman & Wilson 2004; Holland 

et al. 2012; Frisk et al. 2014). Improvements in overall breathing have also 

been documented, as breathing strategies have been shown to ‘normalise’ 

overall breathing pattern (Dechman & Wilson 2004). However, unlike exercise 

training, their application during PR has received little attention in the evidence 

based guidelines (BTS 2013). While breathing strategies have been advocated 

to complement behavioural adaptations during PR (BTS 2013; Spruit & Singh 

2013), the lack of guidance has meant that there has been significant 

variability in terms of their delivery.  

The stated aims of breathing retraining in patients with COPD is to normalise 

breathing pattern by adopting a slower respiratory rate, and prolong the length 

of expiration, which contributes to the overall reduction of dynamic 

hyperinflation (Casciari et al. 1981; Dechman & Wilson 2004; Yoshimi et al. 

2012). In patients with COPD, adaptive breathing strategies have traditionally 

involved the teaching of ‘pursed lipped breathing’ (the act of exhaling though 

tightly pressed, pursed lips which prolongs expiration) (Dechman & Wilson 

2004; Nield et al. 2007), and ‘diaphragmatic breathing’ to encourage more 

abdominal movement, which theoretically increases tidal volume (Cahalin et al. 

2002).  

Other breathing strategies such as ‘Butekyo’ breathing method (Berlowitz D 

1995; Cowie et al. 2008) and yogic breathing (Cooper et al. 2003) have also 

been used, although the majority of trials examining the efficacy of these 
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techniques have been based on patients with asthma. In a recent Cochrane 

systematic review of breathing exercises in patients with (predominantly) 

severe COPD (Holland et al. 2012), 16 RCTs  were included, with a total of 

1233 randomised participants. A wide range of breathing exercises were 

included: pursed lipped breathing (three studies), diaphragmatic breathing 

(three studies), yoga (two studies), respiratory biofeedback (two studies), deep 

breathing exercise with inspiratory hold (one study), pursed lipped breathing 

and gymnastics (two studies) and pursed lipped breathing in combination with 

diaphragmatic breathing (two studies). In general, single studies examining the 

efficacy of pursed lipped breathing versus no treatment reported significant 

improvements in walking distance when assessed during the six minute walk 

test (6MWT) following eight weeks of training in 60 participants (mean 

difference 50 m, 95% CI 37.21 to 62.99  m). Similar results were also reported 

for diaphragmatic breathing versus no treatment following four weeks of 

training (mean difference 35 m, 95% CI 4.1 to 65.3 m). While these changes 

both exceed the minimally important clinical difference of 30 m for the 6MWT 

(Holland et al. 2014), the lower limit of the confidence interval for 

diaphragmatic breathing lies beyond the confidence interval estimate for the 

6MWT (95% CI 37 m to 71 m), suggesting that the clinical significance for the 

efficacy of diaphragmatic breathing in COPD remains uncertain. 

Walking distance following yoga breathing has been reported to result in 

significant improvements in the 6MWT in patients with COPD (mean difference 

45 m, 95% CI 29 to 61m). However, these results were observed following 

three months of supervised training (Pomidori et al. 2009). Consistent effects 

on breathlessness and health related quality of life were not established across 

the trials, as outcomes were similar across all breathing exercises examined. 

Therefore, while breathing exercises performed over four to 15 weeks have 

been associated with an improvement in functional exercise capacity when 

compared with no intervention, their effect on other outcome measures, such 

as health related quality of life remains less clear. 

A number of studies have used breathing techniques in combination with other 

therapies, or a combination of breathing therapies, making it impossible to 
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separate the individual effects of the breathing techniques. However, despite 

these drawbacks, adaptive breathing strategies including pursed lipped 

breathing and diaphragmatic breathing are frequently incorporated into 

standard PR programmes, and may contribute to the overall success of the 

intervention. Since the content of PR is multidimensional, it is not possible to 

evaluate the individual effect of breathing strategies as part of PR. 

4.3 Structure of Pulmonary Rehabilitation  

There is currently no conclusive evidence regarding the optimal duration of PR 

(NICE 2010; Beauchamp et al. 2011; BTS 2013). However the majority of 

studies documenting the benefits of a PR intervention have been based on 

programmes lasting at least six weeks in duration (Lacasse et al. 2007). 

Programmes should ideally include two supervised sessions per week, and a 

third (unsupervised) session has also been found to be beneficial (NICE 2010; 

BTS 2013). There is a general consensus amongst evidence based clinical 

guidelines that each programme should last a minimum of six weeks and a 

maximum of 12 weeks depending on department resources and patient 

demand (NICE 2010; BTS 2013). An increasing body of evidence has suggested 

that the longer PR programmes have a more favourable influence on patient 

centred endpoints (Beauchamp et al. 2011). While programmes lasting between 

six and eight weeks are currently not standard, the evidence supporting 

programmes lasting less than four weeks is less clear.  This is because fewer 

studies with robust designs have examined the benefits of shorter PR 

programmes (less than six weeks), and there has therefore been an ongoing 

debate about the efficacy of shorter programmes (Green et al. 2001; Haave et 

al. 2007; Beauchamp et al. 2011) 

In a previous well designed two arm RCT, 44 patients with COPD were 

randomly assigned into either a four (eight supervised sessions) or seven week 

(14 supervised sessions)  PR intervention (Green et al. 2001). The study was 

powered for changes in health status based on changes in the Chronic 

Respiratory Questionnaire (CRQ), and exercise capacity was the secondary 

outcome. Patients who completed the seven week PR intervention had a greater 
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improvement in all outcome measures in comparison to those undergoing the 

four week programme. Statistical significance was reached for the primary 

outcome measure (CRQ) for the domains of breathlessness (-0.80, 95% CI -0.13 

to -1.48, p<0.05), emotion (-0.89, 95% CI -0.33 to -1.45, p<0.005) and mastery 

(-0.84, 95% CI-0.10 to -1.58, p<0.05). While changes in exercise capacity were 

shown to be higher after the seven week intervention, the differences were not 

found to be statistically significant. This may be because the study was not 

powered to detect changes in this measure. 

More recently, a similar RCT examined the effectiveness of a four week versus 

a seven week PR intervention in 100 patients with COPD, with 50 participants 

in each arm (Sewell et al. 2006). Between group changes were assessed at 

baseline, after completion of PR (after four or seven weeks), and then six 

months after completion. Patients undergoing the four week intervention were 

also assessed at seven weeks. While statistically significant within-group 

improvements were found for the incremental shuttle walk test (ISWT), 

endurance shuttle walk test (ESWT) and the chronic respiratory questionnaire 

(CRQ), between-group differences were not found for any of the study outcome 

measures or time points. The study concluded that the benefits of a four and 

seven week PR programme were interchangeable. However, participants in the 

four week programme were also instructed to continue with unsupervised 

exercise between week five and seven. It is possible that the seven week 

assessment in participants who were undergoing the four week intervention 

may have positively influenced exercise compliance between weeks five and 

seven, making the four week intervention of similar intensity to the seven week 

programme.  

Due to heterogeneity in study design and patient outcomes, definitive 

recommendations for shorter programmes (lasting less than six weeks) have 

not been made. Therefore, evidence based guidelines have advocated that PR 

programmes should ideally last between six and 12 weeks. One of the 

challenges for defining the optimal duration for PR is that COPD is a 

heterogeneous disease with multiple disease pathways and clinical 

presentations. The inability to define an optimal duration suggests that the 
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duration may need to be looked at on a more individual basis. However, limited 

hospital staff and resources may be the main barrier to achieving this. 

4.4 Pulmonary rehabilitation for patients with 

bronchiectasis 

Patients with COPD account for the largest proportion of all patients who are 

referred for PR (Troosters et al. 2010; BTS 2013; Spruit & Singh 2013). However 

the benefits of the intervention are becoming increasingly recognised in 

patients with other chronic diseases, including: bronchiectasis, asthma and 

lung cancer (Newall et al. 2005; Ong et al. 2011; Spruit & Singh 2013). 

Amongst the extrapulmonary complications of bronchiectasis, patients 

experience reductions in exercise capacity and health related quality of life, 

which occurs as a direct consequence of their ventilatory impairment (Spruit & 

Singh 2013). Since the underlying respiratory impairment is progressive in 

nature, the systemic complications of the disease can be managed if 

appropriately recognised. Evidence based guidelines have recommended that 

all patients with non-Cystic Fibrosis (CF) bronchiectasis, who have 

breathlessness reducing their activities of daily living, should have access to, 

and be considered for PR (BTS 2013).  

In one RCT 32 patients with idiopathic bronchiectasis were randomly assigned 

to one of three groups: PR plus sham Inspiratory Muscle Training (IMT) (PR-

SHAM), PR plus targeted IMT (PR-IMT), or control who received no intervention 

(Bradley & Moran 2006). Apart from the control group, all patients underwent 

an eight week PR programme (consisting of three supervised sessions per 

week), or PR plus IMT. Both PR-SHAM and PR-IMT resulted in significant 

improvements in walking distance assessed during the incremental shuttle 

walk test (ISWT). This was reported as 96.7 m (95% CI 59.6 to 133.7 m) and 

124 m (95% CI 63.2 to 185.9 m) respectively. Both of these differences 

exceeded the minimally important clinical difference of 47.5 m for the ISWT 

(Singh & al 2014), and no statistically significant differences were found 

between the PR-SHAM or PR-IMT group, suggesting that  IMT had no additional 
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benefit to PR in terms of exercise capacity. Similar findings were also found for 

inspiratory muscle strength. A significant increase in inspiratory muscle 

strength was found for both PR-SHAM (12 cm H2O 95% CI 1.1 to 22.9 cm H2O, 

p=0.04) and PR-IMT (21.4 cm H2O, 95% CI: 9.3 to 33.4 cm H2O, p=0.008), 

although the magnitude of change was similar between the two groups 

(p=0.22). Although the PR programme in this study was longer in duration, and 

more intense in comparison to standard programmes lasting six week (with 

two sessions per week) (BTS 2013; Spruit & Singh 2013), these findings 

suggest that PR is effective for improving exercise tolerance and inspiratory 

muscle strength in patients with bronchiectasis, while IMT has no additional 

benefit. 

It is reported that patients with bronchiectasis respond to PR in a similar way 

to patients with COPD. In a recent retrospective review, 95 patients with 

bronchiectasis were compared with a matched COPD group who completed the 

same PR programme lasting six weeks in duration (Ong et al. 2011). The 

success of the programme was assessed according to before and after changes 

in exercise capacity (assessed during the 6MWT) and health related quality of 

life (assessed using the Chronic Respiratory Disease Questionnaire (CRDQ). In 

patients with bronchiectasis, significant improvement in walking distance was 

reported following the intervention (mean difference: 53.4 m 95% CI 45.0 to 

61.7 m, p<0.05). Significant improvements were also documented for the 

CRDQ (mean difference: 14.0 units, 95% CI 11.3 TO 16.7 units, p<0.05), and 

between-group differences were non-significant. These findings suggest that 

the magnitude of improvement following PR is similar in patients with COPD 

and bronchiectasis in terms of exercise capacity and health related quality of 

life. However, the influence of the intervention on other patient-centred end 

points, such as breathlessness, currently remains unclear as studies have yet 

to examine before and after changes in this domain.  

4.5  Summary of chapter four 

PR is a recommended standard of care in patients with COPD (BTS 2013; GOLD 

2014), and more recently, the benefits of the intervention have been observed 
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in patients with bronchiectasis (BTS 2013). Measurable changes in a number of 

patient centred outcomes have been observed following the intervention, 

including improvements in exercise capacity, muscle morphology and 

reductions in breathlessness. In the next chapter the concept of speech 

breathing pattern is introduced, with a justification for its potential role in the 

monitoring of chronic respiratory diseases.  
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Chapter Five                                            

Speech breathing patterns 

In this chapter the concept of speech breathing pattern analysis is introduced 

and the effects of age, sex and the influence of respiratory disease on these 

patterns are discussed. 

5.1 Speech breathing pattern analysis in context 

Despite the evidence that breathing pattern differs between health and 

respiratory disease (Tobin et al. 1983b; Loveridge et al. 1986), detecting these 

differences at rest can be challenging. At rest, any alterations in breathing 

patterns do not become pronounced until the later stages of respiratory 

disease (Sassoon & Hawari 1999; Garcia-Pachon 2002), or during acute 

respiratory distress (Kennedy 2007). Alterations in breathing patterns in 

patients with chronic respiratory disease can also become more apparent 

under situations of increased respiratory drive, such as during exercise 

(Troosters et al. 2010). In patients with COPD for example, dynamic 

hyperinflation (exercise induced air-trapping) has been shown to place patients 

at a mechanical disadvantage, requiring them to generate additional 

inspiratory pressure to maintain tidal breathing (O'Donnell et al. 2001; Alves et 

al. 2008).  Although measuring breathing pattern in response to physical 

activity could highlight changes in the earlier stages of respiratory disease, this 

practice is time consuming, requires specialised clinical resources (such as a 

treadmill, ergometer or gym) and increases the patient burden because of the 

time and effort associated with undergoing exercise testing. 

Clinicians are aware that patients in respiratory distress often find it difficult or 

impossible to speak in complete sentences (Kennedy 2007; Binazzi et al. 

2011). Patients become more breathless during speech because of the effort 

imposed by the conflict between communicational needs and respiratory 

demand (Loudon et al. 1988; Lee et al. 1993). Speech tasks therefore provide a 

way to increase respiratory demand without physical exercise. Examining 
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breathing patterns during speaking activities could therefore be more useful 

for highlighting changes in respiratory disease, in comparison to resting tidal 

breathing. Before speech breathing pattern analysis is examined for its 

respiratory monitoring potential, the physiological background and 

significance of speech breathing patterns in relation to respiratory disease will 

firstly be considered. 

5.2 An introduction to speech breathing 

Although the primary role of breathing is to satisfy metabolic needs, in 

humans it has a secondary function concerned with communication, by 

generating airflow and maintaining a constant subglottal pressure for the 

production of speech (Bunn & Mead 1971; Conrad & Schönle 1979). The 

development of non-invasive respiratory monitoring techniques such as RIP, 

have enabled the examination of speaking related breathing behaviours in 

children and adults. It became possible to measure breathing patterns 

unobtrusively without obstructing the oral and nasal cavity using facemasks 

and mouthpieces. ‘Speech breathing’ is the term used to describe the 

breathing patterns adopted during periods of sound production. 

Like breathing pattern, the definition of speech breathing pattern lacks 

universal consensus, and a number of respiratory parameters have been used 

to describe speech breathing patterns in the literature. Historically, many of 

these studies have considered respiratory parameters relating to volume and 

flow when describing these patterns (Hixon 1973; Hoit & Hixon 1987; Sperry & 

Kilich 1992). However, obtaining accurate measures of volume and flow 

requires the use of a flow meter and the calibration of RIP using spirometry, 

which can be time consuming, requires participant co-operation and limits 

usefulness in community settings. Respiratory timing components (such as 

inspiration and expiration time measured in seconds), or chest wall 

contributions, have been less frequently used to characterise speech breathing, 

even though speech significantly alters the timing components of breathing. 
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The next sections will examine some of the aspects of normal speech 

breathing patterns in adults. 

5.3 Normal speech breathing patterns 

It is known that the breathing patterns used for ventilation differ from the 

breathing patterns produced during speech (Bunn & Mead 1971; Conrad & 

Schönle 1979). In resting breathing, the rhythmic alternation between 

inspirations and expirations are largely equal for each phase in terms of 

velocity and volume (Tobin et al. 1983a; Winkworth et al. 1995). However, 

during speech, breathing patterns are altered in favour of communication, 

while still serving to meet metabolic demand, creating what has been referred 

to in the literature as the ‘saw tooth pattern’ (figure 3)  (Bouhuys et al. 1966; 

Hixon 1973).  

 

 

                                                        Time 

Figure 3 Schematic representation of the speech breathing pattern  

referred to in the literature as the ‘saw tooth’ pattern (Bouhuys 

et al. 1966) 

 

Speech breathing cycles are characterised by having a short and fast 

inspiration followed by a slow and prolonged expiration phase, with larger 

lung volume excursions and a higher and more sustained expiratory pressure 

(Bunn & Mead 1971; Hixon 1973; Hixon et al. 1973; Conrad & Schönle 1979; 

Hodge & Rochet 1989; Hoit & Lohmeier 2000). In healthy individuals, this 
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breathing pattern has been described as the most efficient for communication 

purposes. The short inspiration phases reduce the silences, while the 

prolonged expiration phases extends the time available for sound production 

(Hixon 1973; Loudon et al. 1988; Hoit & Lohmeier 2000). 

Speech breathing studies have primarily taken two forms; the physiology of 

speech breathing patterns, and the linguistic influence of respiratory control, 

where the latter has formed the majority of the research. The influence of 

different types of speech on breathing pattern have been examined during 

spontaneous speech, where participants were asked to converse about a topic 

of choice (Winkworth et al. 1995); oral reading from a pre-written text 

(Winkworth et al. 1994); counting in time to a metronome (Loudon et al. 1988; 

Lee et al. 1993) and describing an image (Loudon et al. 1988). Although there 

are some issues with methodology within the speech breathing literature 

(which are discussed later in this section), it has been generally accepted that 

in healthy adults, speech breathing patterns elicit ‘task-specific’ behaviours 

during different types of speech production (Loudon et al. 1988; Lee et al. 

1993; Moore et al. 2001; Bailey & Hoit 2002), specifically if the speech is 

constrained (during oral reading) or un-constrained (during spontaneous 

speech). However this observation has yet to be confirmed in patients with 

chronic respiratory disease. 

It has been reported that the location of inspiration phases during reading 

tasks is nearly always at structural boundaries or ‘grammatically appropriate’ 

locations (Winkworth et al. 1994; Winkworth et al. 1995). In an early study by 

Henderson et al (1965), the location of inspiration phases was examined in 

relation to their structural location in 10 healthy adults during oral reading and 

spontaneous speech. In comparison to the reading task, where inspirations 

were always taken at structural boundaries (or structural clauses), during the 

spontaneous speech task only 69% of the inspiration phases were located at 

grammatically appropriate junctions. These findings are in broad agreement 

with a more recent study by Wang et al (2010), who reported that the 

proportion of grammatically inappropriate inspiration phases was 1.8 % during 

a reading task, and 13% during spontaneous speech. The difference in the 
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reported proportion of grammatically inappropriate inspiration phases during a 

spontaneous speech task in each of these studies may be explained by the 

different techniques used in each study to obtain breathing pattern. Wang et al 

(2010) used a circumferentially vented mask connected to a PNT to record 

breathing patterns, while Henderson had used RIP. Such methodological 

differences highlight the difficulties faced when generalising the findings from 

speech breathing studies, as have used different sample sizes, speech tasks 

and techniques to obtain breathing pattern (Wang et al. 2010).  

Some studies have used volume indices to discriminate between the breathing 

patterns produced during different speech tasks. Russell and Stathopoulos 

(1988) reported that the mean tidal volume (estimated with RIP and expressed 

as a percentage of the vital capacity (VC)) during reading was 39% of VC. This  

was in broad agreement with Winkworth et al (1995), who also reported tidal 

volume expressed as a percentage of the vital capacity (VC) during reading and 

spontaneous speech, and found that spontaneous speech was associated with 

greater expired volumes (51% of VC), compared with reading (41% of VC). In 

explanation, Winkworth et al (1995) concluded that spontaneous speech 

enabled participants to vary their sentence lengths without the restrictions 

imposed by pre written text, which could in turn allow them to increase their 

‘breathing variability’. However, measurements of absolute tidal volumes 

require calibration with a spirometer. The process is time consuming and face 

masks and mouth pieces have been poorly tolerated in children and patients 

with breathing difficulties (see section 2.3.9). Therefore, while absolute 

measurements of tidal volume have been used to characterise speech 

breathing patterns in research studies, their use in ongoing respiratory 

monitoring may be limited because of the challenges associated with 

measuring them. 

A further limitation of these studies is that many of them have not controlled 

for physiological or anthropometric factors. This may be an issue because 

some studies have suggested that speech breathing patterns alter in response 

to age (Hoit & Hixon 1987; Russell & Stathopoulos 1988), and sex (Hoit et al. 
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1989) . The next two sections will therefore consider the influence of age and 

sex on speech breathing patterns. 

5.3.1 The influence of age on speech breathing patterns 

Age related changes in respiratory physiology have been shown to coincide 

with a progressive decrease in respiratory performance over time (Janssens et 

al. 1999; Watsford et al. 2007). However, in the absence of respiratory 

pathology, the ageing lungs are able to maintain adequate gas exchange in 

order to satisfy metabolic demands (Lee et al. 1993; Verschakelen & Demedts 

1995; Watsford et al. 2007). Reductions in pulmonary elastic recoil, respiratory 

muscle strength and overall chest wall compliance are amongst the major age 

reported physiological changes (Lanteri & Sly 1993; Tolep & Kelsen 1993; 

Janssens et al. 1999). Other general changes include osteoporotic changes, 

which reduce the height of the thoracic vertebrae, and hardening of the rib 

cage from calcification and kyphosis which reduce the ability of the chest wall 

to expand during inspiration (Hoeppner et al. 1984). Speech and breathing 

share the same anatomical structures, and these age-related pulmonary 

changes have been shown also to influence speech production. For example, 

with reductions in pulmonary elastic recoil, older adults have been shown to 

compensate by initiating speech at higher lung volumes in order to use the 

higher recoil pressure, which ultimately requires greater inspiratory effort 

(Huber 2008).  

There is also some limited evidence to suggest that speech breathing patterns 

alter with age. To date, however, the majority of speech breathing research has 

been conducted with young males (Hoit & Hixon 1987; Binazzi et al. 2006). 

Hoit & Hixon (1987) investigated the age-related changes in speech breathing 

parameters relating to volume in 30 healthy men from three different age 

groups (25, 50 and 75 years) by simultaneously measuring speech breathing 

patterns during a spontaneous speech and a reading task, each lasting five 

minutes. Breathing parameters were extracted from a period of 10 – 20 breath 

cycles. When examining linguistic performance, differences were more 

apparent when contrasting the younger group (25 years) with the two older 
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groups (50 and 75 years). The older groups used significantly fewer syllables 

per breath cycle and expended greater average lung volume per syllable, and 

had larger lung volumes and ribcage excursions, compared with the younger 

group. These differences were thought to reflect respiratory compensation in 

response to the reduced elastic recoil pressures available to generate 

subglottal pressure for speech (Hoit & Hixon 1987) .  

Initiating speech at higher lung volumes has also been suggested to enable 

individuals to have longer breathing cycle durations during speech, as older 

adults have  previously been shown to produce shorter breathing cycles during 

reading and spontaneous speech (Sperry & Klich 1992). Huber et al (2008) 

suggested that the production of a shorter breath cycle is a compensatory 

mechanism for reduced functional reserve. While these studies have 

highlighted the potential influence of age on speech breathing patterns, it is 

not clear if age is an independent factor for inducing changes in speech 

breathing patterns. The findings by Hoit and Hixon (1987) may have been 

influenced by sampling bias. In their study between 10 and 20 breath cycles 

were selected for statistical analysis. However, the selection process for 

choosing these cycles from the five minute recording period was not 

explained, and it was not clear whether the researchers who conducted the 

analysis were blinded to the different age groups. Any awareness of the age 

groups during the breath selection process would have had the potential to 

introduce an element of subjective sampling bias. Another general factor (seen 

in a number of speech breathing studies), relates to their analysis of a very 

small sample of breaths. Although the stability of speech breathing patterns is 

currently unquantified, resting breathing patterns have been associated with a 

high level of variability due to the influence of a number of internal and 

external factors (see section 2.2.3). Therefore an analysis of speech breathing 

patterns based on a selection of 10-20 breaths may be limited in validity. 

Although age would not affect within-subject studies, it needs consideration 

when comparing between groups. Despite the association between reduced 

respiratory performance and increasing age (Janssens et al. 1999; Watsford et 

al. 2007), the influence of age on speech breathing patterns is not certain, and 
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the many speech breathing studies to date have not controlled for age or 

considered this factor as a potential confounder.  

5.3.2  The influence of sex on speech breathing patterns 

The influence of sex on the development of the lungs and susceptibility to 

respiratory pathology has been recognised in terms of biological factors and 

social differences (Becklake & Kauffmann 1999; Carey et al. 2007). Production 

of surfactant in neonatal lungs has been shown to occur earlier in females 

compared to males (Fleischer et al. 1985).  In premature infants, surfactant 

deficiency is a major cause of Respiratory Distress Syndrome (RDS), where male 

infants have been shown to have a higher risk of developing the syndrome 

compared to females (Doershuk 1974; Ingemarsson 2003). Structural 

differences between sexes in adults have also been noted, particularly with 

reference to the size and volume of the lungs, as males have been shown to 

have a greater lung capacity compared to females, due to their overall larger 

size (Becklake & Kauffmann 1999).  

Based on the evidence of sex related differences in respiratory development 

and anatomical differences, a small body of research has suggested that 

speech breathing patterns may also be influenced by sex. Hodge & Rochet 

(1989) reported that abdominal contribution to overall changes to lung volume 

was greater in healthy male participants than in females during quiet breathing 

and reading (Hodge & Rochet 1989). However, apart from differences in chest 

wall movements, the evidence that other speech breathing parameters are 

influenced by sex is less clear. Binazzi et al (2006) examined the speech 

breathing patterns during reading, singing and loud whispering in a group of 

10 young men and 10 young women, where lung volumes and chest wall 

kinematics were extracted using OEP. Although expiratory time per syllable 

was on average shorter in females’ compared to males, when these measures 

were normalised for Vital Capacity (VC), no differences were found. These 

findings therefore suggest sex related differences could be more reflective of 

physical characteristics. It is possible that females have shorter expiratory time 

per syllable because of the relationship between lung capacity and height, 
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because the females may have had a smaller lung capacity in line with their 

height (Hepper et al. 1960).  

5.3.3 Summary 

A number of internal factors (such as age and sex) and external factors (such 

as the type of speech spoken) have been suggested to influence speech 

breathing patterns in healthy adults. However, while speech breathing patterns 

have been repeatedly shown to alter in response to the type of speech spoken 

in healthy adults (Winkworth et al. 1994; Wang et al. 2010), the influence of 

age and sex is less clear because of the methodological differences between 

published studies.  

Speech breathing research has been a relatively neglected area of enquiry, even 

though there is some evidence that speech breathing patterns are different 

between health and respiratory disease (Loudon et al. 1988; Lee et al. 1993). 

Some of these differences will now be considered in the final part of this 

chapter. 

5.4 Speech and Respiratory disease 

Speech can be almost effortlessly sustained in healthy individuals because they 

are able to adapt their breathing cycles to support shorter inspirations and 

longer, more sustained expiration phases (Winkworth et al. 1995). However, 

adapting breathing cycles to accommodate speech becomes increasingly 

challenging in the presence of respiratory impairment, because of the 

competition imposed between communication and metabolic demand (Loudon 

et al. 1988; Hodge & Rochet 1989; Lee et al. 1993). The following section will 

examine the evidence that speech breathing patterns alter in the presence of 

respiratory disease, where the normal aspects of speech and ventilation will 

firstly be considered. 
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5.4.1  Speech and ventilation in healthy individuals 

In healthy individuals, ventilation has been shown to increase during speech 

above the levels required for quiet breathing alone (Bunn & Mead 1971). 

Speaking has therefore been shown to be associated with ‘hyperventilation’ 

(Bunn & Mead 1971; Russell et al. 1998; Hoit & Lohmeier 2000), which is 

defined as a state of breathing faster or deeper than normal, in excess of 

metabolic requirements (Hough 2001).  

In an early study, Bunn and Mead (1971) compared the levels of ventilation 

during speech production and quiet breathing by examining the end-tidal 

carbon dioxide (ETCO2) (a non-invasive measurement of exhaled carbon 

dioxide (CO2)) (St. John 2003). Seven healthy participants were each asked to 

sit in an air-cooled plethysmograph (an enclosed chamber), with an air tight 

seal at the neck separating the body and the head chambers. Volumes were 

measured with a spirometer that was attached to the body chamber. End-tidal 

CO2 levels were measured from a sampling tube that was placed directly in 

front of the participants’ nose, during reading and quiet breathing tasks, each 

lasting five minutes. Although the measurement of ETCO2 levels has become a 

surrogate for more invasive methods (such as arterial blood gas analysis) 

(Tobias & Meyer 1997), the interpretation of ETCO2 is influenced by behavioural 

factors, such as mouth breathing and speech. One of the major limitations 

associated with measuring ETCO2 using a nasal sampling tube is because the 

measurement does not capture any ETCO2 that is expelled when breathing 

through the mouth, possibly leading to inaccurate measures of ETCO2. 

However, while this criticism was not acknowledged in their study, one of the 

major findings was that the reading task was associated with a significant 

reduction in ETCO2 levels in six of the seven participants, compared with 

resting breathing.  

Physiologically, ETCO2 becomes reduced during high ventilatory drive and 

increased respiration, when ventilation exceeds metabolic demands, causing 

individuals to ‘blow away’ CO2. Participants had a slower average respiratory 

rate during speech (mean = 14 bpm) compared to quiet breathing alone (mean 
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= 19 bpm). The Authors’ concluded that since ETCO2 was found to be reduced 

during speech, this suggests that the speech task was associated with 

increased ventilation to the alveoli, so their tidal volumes must have increased. 

A slower respiratory rate combined with increased volume increases the 

fraction of inhaled gas which reaches the alveoli.  

These findings indicate that speech increases ventilatory requirements, even in 

healthy individuals. However, while healthy individuals are able to withstand 

the increase in ventilatory demand imposed by speech, patients with 

respiratory impairments are less able to do this. As a consequence, speaking 

related breathlessness is a common manifestation in patients with chronic 

respiratory disease, which becomes worse with increasing respiratory 

impairment (Hoit et al. 2007; Kennedy 2007; Binazzi et al. 2011).  

5.4.2 Speaking related breathlessness in patients with respiratory 

disease 

It is recognised that speaking related breathlessness is a common clinical 

problem (Kennedy 2007). A comprehensive survey examining COPD in the US 

revealed that 32% of patients with COPD become short of breath while 

speaking (Britton 2003). Patients with COPD have reported breathlessness as 

being the principle factor for limiting their ability to function on a day to day 

basis, and they have been shown to experience more breathlessness during 

combined physical and speech activities compared to speech alone (Mahler & 

Wells 1988). In extreme cases, the inability to speak in full sentences due to 

breathlessness can be an indicator of acute patient deterioration (Kennedy 

2007).  

There is also some evidence to suggest that speaking related breathlessness is 

responsive to PR for patients with COPD (Binazzi et al. 2011). In recent 

interventional study, Binazzi et al (2011) evaluated the level of self-perceived 

breathlessness in 31 patients with mild to severe COPD before and after a four 

week PR intervention consisting of six sessions per week. Breathlessness 

during speech was evaluated using a ten point questionnaire previously 
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proposed by Lee et al (1998). Each questionnaire item depicted a situation 

related to speech production, such as ‘having a conversation with someone’ 

and ‘talking on the phone’, where patients were asked to rate each item based 

on their perception of breathlessness. Information relating to functional 

walking distance (assessed during the six minute walk test) and exertional 

dyspnoea (assessed using a five point Medical Research Scale (MRC) scale) were 

also assessed in order to evaluate the efficacy of the PR programme. In line 

with previous findings, significant improvements in functional walking distance 

(p<0.0001), and exertional breathlessness (p<0.0001) were observed following 

the intervention. However, the novel findings from their study was that 

breathlessness during speech was responsive to a four week PR programme, as 

level of breathlessness during speech was found to significantly reduce 

following the intervention (%max before PR = 60.3±23.2, after PR=43.7±19.7 

p<0.0001). However, despite these apparent positive findings, one of the main 

criticisms of the study was the PR programme involved six sessions per week 

for a total of four weeks. While the optimal intensity for PR has not yet been 

defined (Beauchamp et al. 2011), this intensity exceeds the number of sessions 

advocated in recent evidence based guidelines (between two and three 

sessions per week) (NICE 2010; BTS 2013).  Furthermore, while the authors 

claimed that breathlessness during speech was an independent outcome 

measure following PR, this tool has limited application in objective respiratory 

monitoring because of the subjectivity associated with rating perceived 

breathlessness. In some respiratory conditions, such as asthma, personal 

perception of symptoms can be poor and does not correlate well with the 

severity of acute bronchoconstriction induced by methacholine challenge 

testing (Reck et al. 2010). While it is clear that level of speaking related 

breathlessness is associated with increasing or decreasing respiratory 

impairment (Hoit et al. 2007), questionnaires only provide subjective 

information about breathing patterns during speech. 
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5.4.3 Speech breathing patterns and respiratory disease 

Recording perceptions of breathlessness is a subjective practice and has 

limited application for objective respiratory monitoring. In contrast, speech 

breathing pattern analysis can quantify the parameters of breathing pattern 

during speech. A very small body of evidence (two studies) has suggested 

speech breathing patterns are fundamentally different in health and disease 

(Loudon et al. 1988; Lee et al. 1993). These two studies will now be reviewed 

in detail. 

Louden et al (1988) compared the speech breathing patterns produced by 10 

healthy participants (mean age: 38.6±16.26 years) and 14 patients with varying 

degrees of asthma (mean age: 40.92±14.26). Breathing patterns were recorded 

noninvasively using RIP during three different speech tasks each lasting five 

minutes. They were; spontaneous speech, describing a picture and counting 

with a metronome from 1 to 100. Speech was simultaneously recorded using a 

microphone which was placed directly in front of the participants’ mouth, and 

participants were positioned on a tilt table at an angle of 15 degrees, from 

vertical towards supine. This decision was taken so that participants were 

‘distracted’ away from the recording equipment. However, the positioning of 

participants at a 15 degree angle from vertical towards supine is an unnatural 

task, and may have actually increased their focus on the recording equipment. 

As previously discussed, awareness of breathing pattern measurement might 

alter natural breathing patterns (Han et al. 1997), however this was not 

considered in their study. 

Breathing parameters relating to respiratory timings and volumes were 

manually extracted from the raw data files using aural detection of each 

breathing cycle. While the exact process of calculating each breathing 

parameter was poorly described in the paper, voice recordings that 

corresponded to the RIP data were played from a cassette player. The 

researcher used the speech to determine the presence of a breath in relation to 

the RIP signal which was displayed on an oscilloscope. This method of 

breathing cycle detection is now considered to be technologically dated. The 
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detection of breaths was not automated, and relied on the hearing ability of 

the researcher to detect the speech signal. One of the issues concerning the 

aural detection of breathing cycles relates to the subjectivity associated with 

determining the start and end of each breathing cycle, raising doubt about the 

objectivity of the data. Furthermore, while each speech task was recorded for a 

period of five minutes, the number of breathing cycles extracted for analysis 

differed between the tasks. Fifty breathing cycles were analysed for both the 

describing and conversation tasks, while 25 breathing cycles were analysed for 

the counting task. However, a justification for these differences was not 

provided, nor did the paper clarify how the breathing cycles were selected from 

the five minute speech recordings. This potentially exposed the data to a 

further element of subjectivity, which was not addressed. 

One of the major findings of the study was that during the describing task, 

patients with asthma had a significantly longer inspiratory time, shorter 

expiratory time, and shorter breathing cycle time in comparison to healthy 

adults (p<0.05). While the same trend was observed during the conversation 

and counting tasks, the differences between the two groups were not found to 

be statistically significant for breathing cycle time during the counting task 

(p=0.29), or inspiration time during the conversation task (p=0.10). Differences 

between the two groups were also found for end-expiratory volumes (%VC), 

where patients with asthma were found to have a significantly greater end-

expiratory volume when compared to healthy adults during the describing 

(patients: 55.12±16.57%, healthy: 44.91±17.81%, p=0.01) and counting tasks 

(patients: 58.47±24.96, healthy: 38.85±11.53%, p=0.00). However, no 

differences were found for the conversational speech task (p=0.08), possibly 

because the study was insufficiently powered. 

Although a number of concerns have been raised regarding the method that 

were used to measure speech breathing patterns (such as positioning on a tilt 

table) and extract breathing cycles, Louden et al (1988) concluded that the 

differences between healthy adults and patients with asthma were reflective of 

the underlying respiratory impairment. Speech breathing patterns in patients 

with asthma are characterised by adopting a longer inspiratory phase and 
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shorter expiratory phase in comparison to healthy adults. As a consequence, 

these patients were ‘forced’ to adapt their speech behaviour so they could 

prioritise ventilation. These theories were supported by the observation that 

healthy adults were able to devote a greater proportion of the respiratory cycle 

to speech (3.03±0.69 seconds), compared with patients with asthma (1.79±84 

seconds) (p=0.000).   

These findings demonstrate the adaptation of speech breathing patterns in 

response to respiratory impairment, and suggest that the examination of 

respiratory timing components during speech breathing could be sensitive to 

changes in lung health. Monitoring respiratory timing components during 

speech breathing could therefore provide an indication of changes associated 

with respiratory disease. However, these parameters have yet to be considered 

during the monitoring of respiratory disease. 

In a similar study, Lee et al (1993) hypothesised that different respiratory 

diseases are characterised by ‘disease specific’ speech breathing patterns, 

consistent with the structural influences that different respiratory diseases 

have on the lungs. To examine this possibility, 41 patients with various 

respiratory diseases (asthma n=14 (mean age:40.9±13.8 years), emphysema 

(COPD) n=15 (mean age: 62.5±8.95 years), sarcoidosis n=12 (mean age: 

37.5±8.89 years) and 16 healthy participants (mean age: 39.8±14.0 years)  

underwent a similar speech breathing protocol described by Louden et al 

(1988). Speech and breathing patterns were recorded non-invasively using RIP 

during a five minute period of spontaneous speech, and of counting from 1-

100. Fifty consecutive breathing cycles were then manually extracted from 

each five minute recording, where breathing cycles were identified by replaying 

the corresponding speech segment from an audio cassette. Concerns 

regarding the aural detection of breathing cycles have previously been 

discussed, however these concerns were also not addressed in this study. 

Using breathing pattern data relating to respiratory timings and volumes, 

discriminant function analysis (which is a statistical test that is used to identify 

variables that can discriminate between two or more naturally occurring 
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groups) was applied, and two variables (inspiration time/total time ratio and 

expiration time) emerged from the analysis as the best predictors of group 

membership. Although the study concluded that speech breathing patterns 

were ‘disease specific’, using these two variables, it was reported that only 

54.4% of the participants were classified into the correct disease category, 

which suggests that classification was not much better than chance. 

Furthermore, it was reported that the discriminant function analysis was least 

successful at correctly allocating patients with sarcoidosis (25%), while healthy 

participants were allocated correctly more frequently (69%). One possibility for 

this variability could be because patients with sarcoidosis were less 

physiologically impaired. Their FEV1(%) (79.5±7.49) was similar to the healthy 

participants (78.3±7.89). It is therefore possible that patients with sarcoidosis 

were wrongly classified because their lung function was similar to the healthy 

participants. These findings suggest that speech breathing patterns might be 

influenced by disease severity, rather than diagnostic category.  

Since speech breathing pattern research in patients with respiratory disease 

has been a relatively neglected area of enquiry, the techniques used to extract 

speech breathing parameters in these early studies are now considered to be 

technologically dated. This is because the manual extraction of breathing 

cycles from the RIP data is a subjective process, and could increase the chance 

of human error. However, since recognisable differences have been reported 

between speech breathing patterns obtained from healthy adults and patients 

with various chronic respiratory diseases, these observations warrant further 

investigation. 

5.5 Summary of chapter five 

The potential for speech breathing pattern analysis to be used as an objective 

marker of respiratory health has been discussed. At present, speech breathing 

research has been restricted to the examination of single time point 

measurements in patients with respiratory disease. It is therefore uncertain if, 

or how speech breathing patterns alter over time, as the stability of these 

parameters has yet to be examined either in response to progressive 
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respiratory deterioration, or in response to a therapeutic intervention with a 

sound evidence base for effectiveness.  

Before exploring possible responses in speech breathing pattern to an 

intervention, it was first necessary to determine the optimal speech breathing 

protocol and analysis to use, and obtain some comparative normal data. The 

first study reported in this current work therefore involved the characterisation 

of speech breathing patterns in a convenience sample of adults, some of whom 

were healthy and some of whom had a self-reported history of asthma. The 

second study involved characterising speech breathing patterns in healthy 

older adults. The aim of the third study was to explore speech breathing 

patterns before and after a clinical intervention. It was not possible, however, 

within the PhD funding envelope to set up and run a randomised controlled 

trial, so a pragmatic decision was taken to undertake an observational study in 

which speech breathing patterns were recorded before and after a Pulmonary 

Rehabilitation (PR) programme. Based on the knowledge that PR is often 

associated with an improvement in exercise capacity and reduced 

breathlessness (Lacasse et al. 2007; Ries et al. 2007), and that breathing 

pattern training forms part of PR programmes (Spruit & Singh 2013; BTS 2014), 

it was hypothesised that these changes might be associated with changes in 

speech breathing patterns. The third study involved patients with chronic 

respiratory disease (COPD and bronchiectasis), where speech breathing 

patterns were recorded before, during and after a six week PR programme. 

These three studies are all described in the next chapter. 
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Chapter Six                                              

Method 

In this chapter, the methods that were used in this research are described in 

relation to the procedure, and justification for the selection of participants and 

equipment is provided. The plan for statistical analysis based on the data that 

were gathered from all three studies has been presented at the end of this 

chapter. 

Introduction 

Breathing and speech breathing pattern data were collected during three 

studies:  

In the first study, a cross sectional design was employed primarily to: a) 

characterise and explore breathing and speech breathing patterns within a 

heterogeneous group of 40 adults recruited from a university population, b) 

examine the feasibility of obtaining breathing and speech breathing patterns in 

relation to the protocol before applying it to a diagnosed patient population, c) 

optimise the speech breathing protocol and analysis plan. Within the sample 

recruited to this study were 29 ‘healthy’ adults (mean age: 33.7±12.85 years) 

and 11 adults with a self-reported history of asthma (mean age: 28.55±6.15 

years). 

In the second study, breathing and speech breathing pattern data were 

obtained from a group of 20 healthy older adults (mean age: 66.90±8.49 

years), to explore the characteristics of speech breathing patterns in an healthy 

older population and to determine whether age had any significant influence 

on them.  

 

In the third study, breathing and speech breathing patterns were collected 

from a sample of 20 patients with chronic respiratory disease before, during 

and after they attended a six week PR programme. Within this sample were 14 

patients with COPD (mean age: 69.36±9.64 years) and six patients with 

bronchiectasis (mean age: 70.50±7.23 years).  
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6.0 Research aims 

Data obtained from all three studies conducted in this body of research were 

used to achieve the specific aims outlined below: 

1. To examine the feasibility of recording speech breathing patterns during 

different types of speech using a semi-automatic algorithm to extract 

breathing parameters from the raw data files. 

2. To determine whether breathing and speech breathing parameters 

remained stable across short recording periods in healthy younger 

adults. 

3. To determine whether age or sex had any significant influence on 

breathing and speech breathing parameters in healthy adults during 

quiet breathing, reading and conversational speech. 

4. To characterise breathing/speech breathing patterns within specific 

participant cohorts; healthy younger adults, healthy older adults, adults 

with self-reported asthma, and patients with COPD and bronchiectasis, 

during quiet breathing and different types of speech (reading, 

describing, conversation and counting). 

5. To characterise breathing speech/breathing pattern variability in healthy 

adults and patients with chronic respiratory disease during quiet 

breathing and different types of speech (reading, counting, describing 

and conversation). 

6. To examine the task specificity of breathing and speech breathing 

within all participant cohorts detailed in aim 4.  

7. To examine whether breathing and speech breathing patterns could be 

used to differentiate between health and chronic respiratory disease 

(between healthy younger adults and younger adults with self-reported 

asthma, and between healthy older adults and patients with COPD and 

bronchiectasis). 

8. To examine whether the type of speech influenced the detection of any 

differences between healthy older adults and patients with chronic 

respiratory disease. 

9. To examine whether breathing and speech breathing patterns were 

disease specific (between patients with COPD and bronchiectasis). 
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10. To assess whether clinical measures (Modified Borg Scores and walking 

distance) changed following a six week PR programme in patients with 

chronic respiratory disease. 

11. To assess whether breathing and speech breathing patterns altered 

following a six week PR programme in patients with chronic respiratory 

disease. 

 

To provide clarity, the methods described in this chapter have been presented 

according to each study. However, since similar methods were used 

throughout each data collection phase, each study will refer back to the section 

where a method was originally described in an attempt to avoid repetition. 

6.1 Study one                                                      

Breathing and Speech breathing patterns in adults  

6.1.1 Design  

A cross sectional design was employed in order to obtain a ‘snap-shot’ 

measurement of breathing and speech breathing patterns from a 

heterogeneous sample of adults. Willing volunteers were invited to attend a 

single recording session at the University of Southampton. 

6.1.2 Participant selection and setting  

Adults over the age of 18 were eligible to participate in the study, where no 

specific exclusion criteria were defined. This was an exploratory study which  

aimed to recruit a heterogeneous sample in order to characterise the data and 

optimise the protocols used for measurning speech breathing patterns, before 

applying the protocol to a patient population. Previous speech breathing 

studies have been restricted to examining speech breathing parameters 

according to specific characteristics including: age (Hoit & Hixon 1987), sex 

(Hodge & Rochet 1989; Hoit et al. 1989), and body type (Hoit & Hixon 1986). 

Since there is no clear agreement as to what variables affect speech breathing, 

all participants over the age of 18 who were able to sign for consent were 
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included in the study. All data collection took place in a room within the 

Faculty of Health Sciences at the University of Southampton. 

6.1.3 Recruitment procedure 

It was anticipated that the university staff and students would provide an 

adequate pool of individuals over the age of 18. Permission was gained from 

the Heads of individual Schools prior to participant recruitment and posters 

were placed around the university (appendix 1). Anyone who was interested in 

taking part in the study was advised to make contact with the researcher via 

telephone or email using the address that was provided at the bottom of 

posters. Upon contact, the researcher verbally checked whether the participant 

met the appropriate inclusion criterion (they were over the age of 18), and then 

made a convenient appointment with the participant to attend a single 

recording session. Participants were advised that the data collection procedure 

would take approximately 40 minutes and were subsequently emailed a 

Participant Information Sheet (appendix 2).  

6.1.4 Sample size 

Sample size calculations were not considered appropriate because no a priori 

hypotheses had been developed for this exploratory study. It was therefore not 

possible to estimate the sample size needed to test them. Data obtained from 

the first study were used to explore and characterise speech breathing data, 

and optimise speech breathing protocols before applying it to a patient 

population. A convenience sample of forty participants was recruited to 

characterise speech breathing patterns in a heterogeneous sample. 

Hypotheses were later developed and retrospective power calculations were 

performed to estimate the sample size required to test them in future studies 

(see Appendix 3 and Chapter Eight). Unlike simple outcome measures, which 

are unitary in nature (such as walking distance measured in metres), breathing 

pattern is complex and comprises multiple components relating to timing, 

volume, flow and regional contributions of the rib cage and abdomen. There 

are also multiple types of speech tasks that can be used to measure speech 

breathing patterns. Power calculations require a single primary outcome 
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measure. So before retrospective power calculations could be used to estimate 

the sample size required for future studies, there was firstly a need to select 

one breathing parameter and task on which to base the power calculations. A 

decision was made to base the retrospective power calculations on respiratory 

rate during a conversational speech task for the following reasons: 

1. Unlike many parameters of breathing pattern which lack any well-

defined normal limits, the normal range for respiratory rate has been 

defined in standard medical text books (Hough 2001). 

2. Respiratory rate is routinely used in the assessment of respiratory and 

non-respiratory conditions. 

3. Respiratory rate is a more robust measure, as it is longer in duration 

than the component parts of the breath cycle, so any measurement 

errors would only produce a small percentage variance in the overall 

mean. 

4. The findings from the research in this thesis revealed that a 

conversational speech task was the most useful task for highlighting the 

differences between health and disease. 

A summary of the retrospective power calculations (based on respiratory rate) 

that were performed in order to estimate the sample size required for a future 

study can be found in Appendix 3. These tables also provide the sample size 

required for future studies based on three additional breathing parameters 

representing respiratory timing, magnitudes and chest wall contributions 

(expiration time, expiration magnitude and the regional contribution of the 

ribcage to expiration (%RCExp) – see section 7.5.2 for justification for the 

selection of breathing parameters). These were estimated in order to 

demonstrate the variability in the sample size required for different breathing 

parameters.  

Of the 40 participants who were recruited, 11 reported having a history of 

asthma. This was anticipated because of the prevalence of asthma in the UK 

adult population (European Respiratory Society 2015). The two groups have 

been analysed separately, even though a diagnosis of asthma was not 

confirmed by a clinician. For further discussion on this point see section 8.6.2 
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Speech breathing patterns have previously been shown to be significantly 

different between healthy adults and patients with asthma (Loudon et al. 1988; 

Lee et al. 1993).  

6.1.5 Equipment and set up procedure 

Breathing and speech breathing data obtained during the three studies were 

collected using the same procedure and equipment for recording speech 

breathing patterns. Any exceptions to the research protocol will be described 

individually per study. 

6.1.5.1 Measurement of breathing pattern using Respiratory Inductive 

Plethysmography  

Following a review of the literature examining the available non-invasive 

respiratory monitoring tools (section 2.3.4), a decision was made to use 

Respiratory Inductive Plethysmography (RIP) to acquire breathing pattern data, 

for reasons provided in section 2.4. 

An Inductotrace® system (Ambulatory Monitoring Inc.) based on RIP 

technology, was used to acquire respiratory signals. Two elasticised belts 

(Inductobands) that were embedded with wires were fastened around the rib 

cage and abdomen of each participant (figure 5). Inductobands were connected 

to a calibration unit (Inductotrace system, Ambulatory Monitoring Inc.) via a 

transducer oscillator. A custom-built analogue-to-digital (A-D) converter was 

used to convert this signal into digital form on a laptop computer. The specific 

details of the A-D converter system have been provided in table 2. Respiratory 

signals were recorded directly into the memory of a laptop computer with 

custom-built software written in Matlab®. 
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Feature A-D converter specification 

A-D conversion rate 10kHz per channel multiplexed 

Accuracy 12bit-multiplexing ADC 

LSB significance  1mV 

Table 2. Specification of the A-D converter that was used in study one, 

two and three 

6.1.5.2 Calibration of Respiratory Inductive Plethysmography (RIP)  

Qualitative Diagnostic Calibration 

For the reasons outlined in section 2.4.1, a decision was made to calibrate all 

breathing and speech breathing pattern data (from study one, two and three) 

using the QDC procedure, which was embedded within the peak detection 

algorithm (see section 6.1.7).  Calibration of all data was performed 

retrospectively when breathing parameters were extracted from the raw data 

files, using the same calibration procedure in order to maintain consistency 

across the data. This became particularly important when performing 

comparative analyses. Applying the same calibration procedure to all data 

(healthy young, healthy old, self-reported asthma, COPD and bronchiectasis) 

meant the findings would not be confounded by the calibration procedure. 

6.1.5.3 Measurement of speech 

Technical characteristics of the head-set microphone 

Speech signals were acquired from a head-set microphone (Yoga Electronics, 

lightweight headset EM-174M), which was placed directly in front of the 

participant’s mouth (figure 4). The sensitivity of the microphone had an 

average value of -68dB. This could vary by +/- 3 dB over the frequency range 

100 Hz to 16 kHz that is, if a sound of fixed power was played, but over a 

range of frequencies the gain (amplification) would be -68 dB, with an error in 

that gain of +/- 3dB.  
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Figure 4 Placement of the head-set microphone used to record speech 

signals 

Justification for the selection of the head-set microphone (Yoga Electronics, 

lightweight headset EM-174M) 

The head-set microphone was selected for its ability to represent typical 

microphones (such as those used by people to make ‘Skype’ calls). The 

technical features of the microphone were not high performance in order to 

replicate the conditions likely to be encountered in a practical and cost-

effective measuring system. If speech breathing pattern analysis were to 

become considered as respiratory monitoring tool in the future, the ability for 

the equipment to be user-friendly and inexpensive, while still enabling the 

analysis of breathing patterns during speech, would be advantageous. 

From a data extraction perspective, the study needed to determine whether it 

was possible to develop an algorithm that was robust against low quality 

recording conditions, which are typical of a clinical or home environment. The 

aim of collecting the speech data was not to perform acoustic analysis of the 

speech itself. Instead, the speech signals were used only to manually adjust the 

breathing cycles found in the corresponding RIP signal. The data extraction 

process is discussed in detail in section 6.1.7, but in brief, a peak detection 

algorithm was used to identify the beginning and end of each inspiration phase 

from the RIP signal. The corresponding speech signal was primarily used as 

additional evidence to determine whether the speech was absent or present at 

the boundaries of each inspiration phase. Therefore, the quality of the speech 

signal did not affect the ability to detect each inspiration phase. 
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6.1.5.4 Equipment set up 

 

 

 

Figure 5 The equipment setup with reference to a) the placement of the 

Inductobands, and b) the connection between the calibration 

unit (the Inductotrace), data acquisition box and laptop 

computer 

 

Inductotrace (RIP)  

Data acquisition box 

Laptop 

Inductobands  
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6.1.6  Research protocol  

The same protocol was used to record breathing and speech breathing 

patterns for all three studies. Upon arrival, written informed consent was 

obtained from each participant (appendix 4). Basic demographic data were 

then recorded using a short questionnaire about age, sex and general health 

(appendix 5).  

Equipment set up procedure 

Participants were asked to remove clothing from the upper body (or undress to 

minimal undergarments) in order to allow the Inductoband belts to be applied 

close to the skin. They were given the opportunity to wear garments over the 

bands if they wished to be covered. To determine the correct belt size to use, 

participants were seated in a rigid high back chair with feet on the ground, and 

the circumference of the ribcage (taken just below the axilla) together with the 

circumference of the abdomen (taken below the lowest vertebral rib), was 

measured with a standard tape measure. Once the Inductobands were secured 

in place with a Velcro fastening, both Inductobands were connected to the RIP 

system via the transducer oscillator, and then into the corresponding input 

channel (RC and AB) of the custom-built A/D converter. A headset microphone 

was placed in front of the participant’s mouth and amplified through an 

analogue amplifier, which was integral to the A/D converter. 
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Figure 6 Example of a) the placement of the Inductobands, and b) the 

equipment set up, including the Inductotrace (RIP), data 

acquisition box and laptop. (NB; the model in this example is 

wearing upper body clothing for dignity purposes. In the privacy 

of the data collection sessions, the Inductobands were placed 

directly over the bare chest) 

 

Speech tasks 

Following the application of the RIP Inductobands and the head-set 

microphone, each participant was asked to complete a number of tasks. 

Breathing and speech breathing patterns were collected during four tasks; 

quiet breathing, reading, describing, and conversational speech. The speech 

tasks were selected for their ability to reflect different types of ‘constrained’ 

(reading) and ‘unconstrained’ speech (describing and conversation). 

Traditionally, speech breathing studies have examined the characteristics of 

speech breathing patterns according to age (Hoit & Hixon 1987; Hoit et al. 

1990), body shape (Hoit & Hixon 1986) and sex (Hoit et al. 1989) for 

exploratory purposes. However, since speech breathing pattern analysis has 

yet to be considered for its potential as monitor of respiratory health, the type 

of speech that provides the most useful information during the analysis of 

speech breathing patterns has yet to be identified. 

Data acquisition box  

RIP  

Laptop  

Inductobands  
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Breathing and speech breathing patterns were recorded during each task for a 

period of four minutes. There is no consensus within the literature regarding 

the optimal length of speech breathing patterns required to provide 

meaningful data. The majority of speech breathing research has so far based 

analysis of speech breathing patterns on relatively short recording periods, 

sometimes lasting as few as five breaths, which roughly corresponds to a 20 

second recording period (Hoit & Hixon 1986; Hoit et al. 1989). Since the 

stability of breathing and speech patterns remains unknown, a decision was 

made to select a period of four minutes in order to provide a balance between 

providing enough data for interpretation, and remaining acceptable for 

participants to speak continuously. A description of each speech task will now 

be provided. 

The Reading task 

A standard reading passage printed on A4 paper in ‘Times new roman’ font 

(size 12) was given to the participants (appendix 6). The passage was chosen 

because it was descriptive, and it was anticipated that this would produce 

speaking behaviours characteristic of reading, rather than spontaneous 

speech. Using the Flesch readability tool in Microsoft Word 2010, the passage 

was given a Flesch score of 88. This meant that the passage had an ‘easy’ 

reading level and it was hoped that this would encourage participants to read 

without difficulty, as previous evidence suggests that speech breathing 

patterns are influenced by cognitive demand (Mitchell et al. 1996).  

The Describing task 

Participants were provided with the 4 different pictures depicting Greek art 

(appendix 7), and invited to describe the material, commenting on what they 

could see, the colours used and position of characters.  

The Conversational speech task 

Participants were encouraged to engage in continuous speech by responding 

to a series of ‘open’ questions or statements designed to prompt spontaneous 

speech, for example: 
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“Describe everything you did from the moment you woke up, until you 

returned back to bed yesterday” 

If participants’ seemed as if they were running out of topics to discuss, the 

researcher would ask another similar open ended question. Participants were 

told that the researcher would speak quietly when asking these questions to 

avoid the researcher’s speech from being picked up on the microphone. After 

this task was complete, the researcher helped the participants to remove the 

Inductobands and they were able to get dressed before leaving. The sequence 

of events that was undertaken for each participant during the data collection 

session has been illustrated in figure 7. 

Pilot work 

Each of the three speech tasks were piloted (n=1) prior to the start of the first 

study. For the describing task, a willing volunteer agreed to describe a series 

of pictures for a period of four minutes in order to evaluate the usefulness of 

the describing material. During the pilot work, the volunteer was able to 

describe the images without any difficulties. The describing material consisted 

of four different pictures of Greek art. These pictures were selected for their 

‘dense’ content, as each picture contained numerous characters, colours and 

objects that were positioned to signify a meaning. It was speculated that this 

choice of imagery would provide participants with ample visual material to 

encourage a continuous flow of spontaneous speech. The reading and 

conversational speech tasks were also performed satisfactorily.  
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Figure 7  The order of the data collection procedure: sequence of events 

6.1.7 Data extraction procedure 

Breathing and speech breathing pattern data recorded by RIP during the 

various breathing and speech tasks were acquired using customised software 

to drive the Matlab (2009)® Data Acquisition Toolbox. Each raw data file was 

stored in Matlab format and was provided with an individual identification code 

for processing.  

Using an algorithm developed by a postdoctoral research fellow from the 

Institute of Sound and Vibration Research (ISVR) (University of Southampton), 

breathing parameters relating to timing, magnitudes (a surrogate for volumes) 

and regional contributions of the ribcage and abdomen were identified using a 

semi-automatic process. A description of each breathing parameter that was 

examined in this research is provided in section 6.1.7.3, after the procedure 

used for extracting the parameters is firstly described. 
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6.1.7.1 Semi-automatic detection of breathing cycles 

Breathing and speech breathing parameters were extracted from the raw data 

files using a peak detection algorithm written in Matlab®, which was used for 

all three studies. The methods employed for extracting breathing parameters 

from the raw data files from all three studies have therefore been exclusively 

described here to avoid repetition. In Matlab®, a typical trace containing the 

raw RIP and speech data can be seen in figure 8. 

 

Figure 8 A typical trace from a speech breathing recording containing 

RIP (bottom graph) and speech (top graph) data in Matlab® 

In figure 8, the bottom graph contains the breathing pattern data obtained by 

the RIP, while the top graph provides the corresponding speech data recorded 

by the head-set microphone.  

Breathing parameters were calculated through the detection of the local 

minima and maxima of each inspiration phase throughout the entirety of each 

recording period. The minima and maxima were defined as the lowest and 

highest points respectively within a series of sequential short time-windows of 

the signal. These points were then used to detect the breathing cycles in each 

file. However, the automatically detected phases needed validation against the 

corresponding speech segment to ensure the exact determination of the two 

ends of each inspiration phase. As previously discussed in chapter five, speech 
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is principally produced in the expiratory phase of the breathing cycle (Hoit et 

al. 1989; Winkworth et al. 1995). Therefore, any segment of the RIP data which 

corresponded to speech (in the corresponding speech signal), belonged to the 

expiration phase. The algorithm sometimes incorrectly identified the start or 

end of an inspiration phase, due to local variations in the recorded signal. The 

incursion of speech into the inspiration phase was used as cue to identify and 

adjust manually for these misidentified locations. For each inspiration phase 

automatically detected by the algorithm, a decision was made either to: keep, 

adjust/move, delete or add the marker. Records have been kept for each of 

these decisions (Appendix 8), where the peak detection algorithm has been 

evaluated in section 8.8.1. A description of each of the adjustments will now 

be given: 

Example of when a decision was made to keep the marker for an inspiration 

phase 

 

Inspiration phases were kept if the corresponding speech segment was either 

silent (during inspiration) or when inspiratory sound could be heard (figure 9). 

This is because speech is predominantly produced during the expiration phase 

(Hixon 1973; Conrad & Schönle 1979). 

 

How a period of ‘silence’ was defined 

A period of silence was defined by the algorithm and the user. A method was 

implemented in the algorithm to estimate threshold values of two spectral 

features of the speech signal: short-time energy and spectral centroid. If the 

signal features were below the defined thresholds, the signal was designated 

as silent. Any algorithm-detected silence was validated by the researcher, as a 

period with no speech production. 
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Example of a situation when a speech breathing file was kept and not 

adjusted: 

 

Figure 9 Example of a situation where the beginning and end of each 

inspiration phase was kept. Therefore no editing was required 

 

Looking at the RIP data in the bottom graph of figure 9, each inspiration phase 

is highlighted in red; the dotted black line represents the beginning and the 

dotted red line represents the end of each inspiration phase. Based on the 

principle that speech is only produced during the expiration phase of the 

breathing cycles, figure 9 demonstrates that the corresponding speech signal 

for each inspiration phase is silent (the speech signal is flat). Since every 

inspiration phase in the RIP signal corresponded to a silent segment in the 

corresponding speech signal, no adjustments were made to the breathing 

cycles that were automatically detected. 
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Example of when a decision was made to adjust the marker for an inspiration 

phase. 

The beginning and end of each inspiration phase was adjusted if the beginning 

and end of each inspiration phase did not match up with a period of silence in 

the corresponding speech signal (figure 10): 

 

Figure 10  Example of where the end of an inspiration phase required 

manual adjustment.  

Looking at the RIP data in the bottom graph (figure 10), the area highlighted by 

the circle demonstrates that the end of inspiration was incorrectly identified by 

the algorithm. The red dotted line (end of inspiration) exceeded the peak 

within the signal, and the corresponding speech signal was not silent. In this 

situation, the dotted red line marking the end of inspiration would be moved 

left, in line with the peak in the RIP signal and the end of the silence period in 

the corresponding speech signal. This new adjustment has been indicated by 

the blue dotted line. 
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Example of when a decision was made to delete the marker for an inspiration 

phase. 

Inspirations were deleted if the algorithm wrongly identified the location of an 

inspiration phase within the expiration phase, which corresponded to a 

segment of speech (figure 11): 

 

Figure 11  Example of an inspiration phase that needed to be deleted 

Looking at the bottom graph in figure 11, it can be seen that the algorithm 

identified an inspiration phase even though a) there is no peak in the signal, 

and b) the corresponding speech signal (top graph) contains speech. In this 

case, both markers (marking the beginning and end of inspiration) would be 

deleted. 
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Example of when a decision was made to add the marker for an inspiration 

phase. 

 

Inspiration phases were added/ marked when the algorithm did not detect the 

inspiration phase (figure 12): 

Figure 12  Example of a situation when an inspiration phase needed to be 

added.   

 

Looking at the speech signal in the top graph in figure 12, it can be seen that 

the circle highlights a period of silence. However, a corresponding inspiration 

phase was not identified on the bottom graph with the RIP signal. In this case, 

the beginning and end of inspiration had to be added at the locations indicated 

by the arrows.  

After each four minute speech breathing file was manually inspected and 

adjusted, the algorithm automatically calculated the mean value for each 

breathing parameter extracted over the four minute recording period. These 

data were then manually transferred into a SPSS spreadsheet (version 19). 
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6.1.7.2 Adjustment of data files 

A record of the number of manual adjustments that were made for each of the 

raw data files (based on the choice to ‘delete’, ‘add’ or ‘adjust/move’) has been 

included in appendix 8. A total of 530 files were processed throughout the 

three data collection phases using the same peak detection algorithm. A 

discussion regarding the number of adjustments that were made in relation to 

the sample of participants has been provided in section 8.8.1. 

6.1.7.3 Parameters of breathing pattern – definitions  

Ten breathing parameters were extracted from the raw data file (Figure 13). 

These were: inspiration time (TI) (in seconds), expiration time (TE) (in seconds), 

inspiration magnitude (IM) (arbitrary units of volume), expiration magnitude 

(EM) (arbitrary units of volume), breathing cycle duration (Ttot) (in seconds), 

respiratory rate (RR) (breaths per minute), percentage contribution of the 

ribcage to inspiration (%RC Insp), percentage contribution of the abdomen to 

inspiration (%AB Insp), percentage contribution of the ribcage to expiration 

(%RC Exp) and the percentage contribution of the abdomen to expiration (%AB 

Exp). A definition of each breathing parameter will now be provided. 
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Respiratory timings and magnitudes 

 

 

 

 

 

 

 

 

Figure  13 Schematic representation of the respiratory parameters e

    extracted from one breathing cycle 

 

Timing parameters: 

1.  Inspiration time (TI): The process of actively drawing air into the lungs is 

defined as inspiration. Inspiration time was measured as the time in 

seconds between the beginning and end of the inspiration phase as 

indicated by silence in the speech signal and an upward slope left to right 

in the RIP signal. 

2. Expiration time (TE): Expiration is normally a passive process where air 

leaves the lungs (but can be active during pathology (Hough 2001)). 

Expiration time was defined as the time from the end of inspiration to the 

beginning of inspiration of the next cycle measured in seconds. 

3.     Breathing cycle duration (Ttot): The time it takes to complete a 

breathing cycle, calculated as TI + TE  measured in seconds. 

N.B. In many breathing cycles individuals pause at the end of either inspiration 

or expiration. A full cycle thus comprises: Ti plus Te plus any pauses.  

Ttot (seconds) 

TI (seconds) TE (seconds) 

EM (a.u.) 
IM (a.u.) 
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The RIP and the speech signal are not able to detect or quantify such 

pauses and therefore throughout this research Ttot is simply Ti plus Te 

and any pauses are included as part of Ti. 

4.     Respiratory rate (RR): was defined as the number of complete breath 

cycles per minute (bpm). 

Volume parameters: 

5. Inspiration magnitude (IM): was defined as the vertical distance between 

the minimum and maximum of each inspiration phase, and was 

proportional to the inspiratory volume. 

6. Expiration magnitude (EM) was defined as the vertical distance between 

the maximum and minimum of each expiration phase, and was 

proportional to the expiratory volume. 

NB: The units of the RIP signals for inspiration and expiration magnitude are 

arbitrary, because calibration was not performed against a spirometer or 

pneumotachograph. This means that they are proportional to inspiratory and 

expiratory volume, but do not have specific dimensions such as millilitres. See 

section 2.3.9 for more details. 

Regional contributions of the ribcage and abdomen: 

7. Percentage contribution of the ribcage to inspiration (%RC Insp) was 

defined as the proportion of total IM attributable to the rib cage band 

during the inspiratory phase 

8. Percentage contribution of the abdomen to inspiration (% AB Insp) 

was defined as the proportion of total IM attributable to the abdominal 

band during the inspiration phase 

9. Percentage contribution of the ribcage to expiration (% RC Exp) was 

defined as the proportion of total EM attributable to the ribcage band 

during the expiratory phase 
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10. Percentage contribution of the abdomen to expiration (% AB Exp) was 

defined as the proportion of total EM attributable to the abdominal band 

during the expiratory phase 

6.1.8  Research Governance  

6.1.8.1 Ethical considerations 

Data obtained during all studies had ethical approval and sponsorship prior to 

participant recruitment. The first two studies were reviewed by a University of 

Southampton Ethical committee, and the third study was reviewed by a NHS 

Ethical committee. All protocols were subjected to Peer Review prior to 

submission. The first two studies were reviewed by the Faculty of Health 

Sciences ethics committee at the University of Southampton. Full ethical 

approval was granted by them for study one and two (see appendix 9) (FoHS -

2011038 (study one) and FoHS ID12246 (study two)). Indemnity insurance was 

then sought (appendix 10). Study three was approved by an NHS Ethical 

committee (REC reference: 12/SC/0302) (appendix 17). 

6.1.8.2 Data protection and confidentiality  

Data obtained during all three studies were used by the researcher and 

supervisors for the purpose of each study. Data relating to breathing patterns 

and speech were directly stored onto files on a laptop computer that was 

password secured, and data for each participant were allocated individual 

codes to ensure anonymity. All paper documentation including signed consent 

forms and demographic data were securely stored in a locked filing cabinet 

within the university, in compliance with the University of Southampton policy 

for postgraduate research.  

6.1.8.3 Health and safety for the first two studies 

The data collection procedure took place in a well ventilated, private room at 

the University of Southampton. A risk assessment was conducted prior to data 

collection procedure, where no hazards were identified, and all equipment was 

used in line with the manufacturer’s safety standards. All Inductobands used 
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for recording were washed in accordance with the manufacturer’s instructions, 

and the head set microphone was disinfected after every participant.  

6.2 Study two                                                            

Breathing and speech breathing patterns in healthy ‘older’ 

adults                                                                                       

The protocol used for obtaining breathing and speech breathing pattern data 

from healthy older adults used the same protocol described for study one, with 

three minor changes: 1) the replacement of the ‘describing task’ with a 

counting task, 2) the duration of the speech breathing recordings was reduced 

to a two minute period and 3) the age of participants. In order to avoid 

repetition, a number of sections will refer back to appropriate sections in study 

one. Reasons for these changes are provided under section 7.2.1. 

6.2.1 Design 

A cross sectional design was used to obtain breathing and speech breathing 

patterns. 

6.2.2 Participant selection 

A decision was made to collect breathing and speech breathing pattern data 

from a sample of healthy ‘older adults’ so that a) the characteristics of speech 

breathing patterns could be characterised and explored within an older age 

group, b) the influence of age on breathing and speech breathing patterns 

could be examined, because there are unsubstantiated observations regarding 

changes in respiratory mechanics associated with increasing age (Janssens et 

al. 1999; Pride 2005; Watsford et al. 2007), and c) a comparative analysis could 

be performed between healthy older adults and participants with chronic 

respiratory disease in the absence of age as a confounder. To obtain a group 

to match against patients with chronic respiratory disease, a decision was 

made to include anyone between the age of 50 and 85 years with no history of 

chronic respiratory disease. 
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6.2.3 Recruitment procedure 

The same procedure was used to recruit healthy older adults, as for study one. 

The exception to this description was that the age range sought was between 

50 and 85 years.  

6.2.4 Sample size 

Although the data from the first study could potentially have been used to 

produce a power calculation for the second study, it was felt that there were 

still insufficient data regarding anticipated effect size to generate power 

calculations. In addition, the age range for the second study was different, so it 

was uncertain if calculations using data from the first study would be 

appropriate. A convenience sample of 20 participants was recruited for the 

second study. The sample sizes calculated for the retrospective power 

calculations have been provided in the discussion. 

6.2.5 Equipment and set-up procedure 

Breathing and speech breathing patterns were recorded simultaneously using 

the RIP and a head-set microphone. The equipment and set-procedure was as 

described in section 6.1.5. 

6.2.6 Research protocol 

Breathing and speech breathing patterns were obtained using the same 

research protocol that was describe for study one, with the exception of two 

changes. These changes were also included in the protocol used for obtaining 

data from study three: 

1. The length of each breathing and speech breathing pattern data file was 

reduced to a two minute recording period. 

2. The describing task that was used during study one was replaced with a 

counting task.  
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Justification for reducing the length of the recording period to two minutes 

Following the observation that speech breathing patterns remained stable 

throughout the four minute recording period (see section 8.1.2), a decision 

was made to reduce the recording period used in the second and third studies 

to two minutes. The stability of breathing pattern data over four minutes in the 

first study suggested that a period of two minutes would be sufficient. In 

addition to improving the efficiency of the measurement protocol, reducing the 

recording period for each task would make the procedure more comfortable 

for the participants with chronic respiratory disease to complete (in study 

three). It was hoped that using a shorter speech recording period would reduce 

any need for resting and pausing during the recordings due to speaking 

related breathlessness (Lee et al. 1998; Hoit et al. 2007), as this would limit 

the quality of the data and would not provide a true representation of speech 

breathing patterns. Furthermore, the future goal for this research was to 

explore the possibility of using speech breathing pattern analysis as a 

respiratory monitoring tool, and demonstration of its ability to detect changes 

in respiratory health using short recordings would be advantageous for 

practical reasons. 

Justification for the removal of the describing task and replacement with a 

counting task 

It was observed during the first study that a number of participants found the 

‘describing’ task challenging to complete. Although the task was originally 

designed to prompt spontaneous speech by encouraging participants to 

describe a number of images that were given to them, on a number of 

occasions, participants were unable to describe the picture, and often required 

prompting by the researcher, which caused them to pause frequently. In 

theory, it is possible that the task could have been made more simple for 

participants to complete by replacing the images with a more ‘accessible 

choice, however it was speculated that this may have the opposite effect, 

limiting the richness of the description that participants could achieve (See 

section 8.1.1). A decision was therefore made to remove the describing task 

used in study one and replace it with a counting task. A counting task has been 
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previously used by other researchers to compare speech breathing patterns 

between health and disease. They reported that counting allowed them to 

identify the differences between health and disease because it increased 

respiratory demand (Loudon et al. 1988; Lee et al. 1993). A description of the 

counting task will now be given. 

Counting task 

Participants were asked to count from one to 120, keeping to a pace of one 

count per second by looking at a timer on a screen which set the pace for the 

task. If participants were unable to keep to this pace (if they became breathless 

for example), participants were advised to rest, or continue with a pace that 

was comfortable for them to complete within the two minute time frame. 

6.2.7 Data extraction 

Breathing parameters were estimated from the raw data files using the same 

data extraction methods described in section 6.3.11.  

6.3 Study three                                                            

Breathing and speech breathing patterns in patients with 

chronic respiratory disease before, during and after a six 

week Pulmonary Rehabilitation programme. 

6.3.1 Design  

This third study was set up as an observational, repeated measures design to 

obtain some breathing/speech breathing pattern data before, during and after 

PR from patients with COPD and bronchiectasis. Speech breathing patterns 

were obtained from each participant at three specific time points, that is, the 

first, middle and last day of PR.  

 

The primary interest was in whether speech breathing patterns were responsive 

to an intervention. It has been acknowledged that in order to provide a 

definitive answer to any question about whether PR changes speech breathing 
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patterns, a study would need an experimental design with a control group 

(Kendall 2003; Stanley 2007). Patients with chronic respiratory disease would 

need to be randomised into one of two groups; one active group receiving PR, 

and one control group without PR. Baseline measurements could be taken 

before randomisation, and then at various time points, where the primary 

comparison would be between the ‘control’ and ‘active’ groups at the final 

outcome. In keeping with an experimental RCT, the PR intervention would also 

need to be standardised to maintain consistency throughout the trial and to 

ensure that every participant received the same treatment. Setting up an RCT 

of this kind was beyond the financial and practical scope of this PhD. This was 

primarily because of the financial cost associated with setting up and 

delivering an ‘independent’ PR intervention for the purpose of a trial.  

 

Instead, the researcher made use of an existing clinical intervention with a 

sound evidence base for effectiveness, to provide some proof of principle 

before and after PR data. Currently there is no published literature 

documenting speech breathing patterns before and after any clinical 

intervention, and no previous work on responsiveness of speech breathing 

patterns. 

6.3.2 Participant selection and setting  

Patients with respiratory disorders who had been enrolled onto the PR 

programme at St. Richard’s Hospital NHS Foundation Trust (Chichester) were 

eligible to participate in the study. Data collection took place within a clinical 

room at St. Richard’s Hospital.  

6.3.3 Inclusion criteria 

Any patient who had been enrolled on to the PR programme with a restrictive, 

obstructive or other relevant clinical diagnosis was eligible for inclusion in the 

study. Patients were invited to attend PR by the respiratory physiotherapist if 

they fulfilled the following criteria (St. Richard’s Hospital clinical criteria): 

 Decreased exercise tolerance 

 Symptomatic, stable chronic lung disease 
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 Cardiovascularly stable  

 Blood pressure no greater than 170/100 but ideally less than 150/90 

 Heart rate stable; no untreated arrhythmias or new tachycardia  

 Breathlessness of pulmonary origin 

 Good motivation - assessed by asking the patient whether they would 

like to participate in PR. 

 Medically stable 

 Know this is a group activity which requires regular attendance 

 Stable co-morbidities 

 Optimal medication – During PR assessment, patient medication was 

reviewed by the respiratory nurse to ensure that patients were taking 

the optimal medication for respiratory symptom control. 

6.3.4 Exclusion Criteria 

Patients were excluded from the study if they had any contraindications to 

attending PR. The following conditions were considered as absolute 

contraindications to attending PR (St. Richard’s Hospital clinical criteria): 

 Uncontrolled asthma 

 Cancer of poor prognosis 

 Active pulmonary TB 

 Unstable angina 

 Uncontrolled diabetes 

 Uncontrolled hypertension (Blood pressure>170/100) 

 Dangerous cardiac arrhythmias 

 Recent cardiac event (such as myocardial infarction within 6 weeks) 

 Poor motivation 

 Severe cognitive impairment (such as Dementia) 

 Any serious condition which would prevent exercise or be exacerbated 

by exercise 

6.3.5 Participant recruitment  

Potential participants were identified from the PR assessment clinic at St. 

Richard’s Hospital (Chichester). Patients with a diagnosis of chronic respiratory 
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disease were referred to these clinics by their GPs to assess their suitability for 

attending PR. Agreement was given by the respiratory specialist nurse and 

physiotherapist to hand out a study information pack to each patient who was 

enrolled onto a PR programme during the assessment clinics. Each information 

pack contained a patient invitation letter (appendix 11), Participant Information 

Sheet (PIS) (appendix 12), reply slip (appendix 13) and a pre-paid and pre-

addressed envelope. If interested, patients were advised to fill in the short 

reply-slip with their name and convenient contact number, and post using the 

pre-paid envelope. Once the reply slip was received by the researcher, each 

patient was contacted via telephone to a) confirm whether they still wished to 

participate in the study, and if so b) to organise the dates for data collection. 

After every telephone call, a formal confirmation letter was sent to each 

participant (appendix 14), and then a final confirmation letter was sent nearer 

the time confirming the dates and times of each of the three data collection 

sessions (Appendix 15). A flow diagram modelled on CONSORT 

recommendations (Moher et al. 2001; Tooth et al. 2005) for reporting results 

from an observational study has been developed in order to clarify the 

numerical history of the pre and post PR study (figure 14).
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Flow diagram to clarify participation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 Participation flow diagram modelled on CONSORT 

recommendations (Moher et al. 2001)

Potential participants assessed for eligibility (n=28) 

Eligible for study (n=20) 

Excluded (n=0) 

Declined (n=8) 

Consented to participate (n=20) 

Did not consent (n=0) 

Numbers participating at baseline data 

collection (n=20) 

Losses after consent (n=0) 

Numbers participating at 2
nd

 data collection 

session (n=20) 

Numbers participating at third data collection 

(n=19) 

Loses to follow up (n=1)           

reason: unwell 
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6.3.6  Sample size 

This was an exploratory observational study which aimed to determine if and 

how speech breathing patterns changed in patients with chronic respiratory 

disease following a six week PR programme. The use of power calculations 

were deemed inappropriate, as the intention was to explore attributes of 

speech breathing rather than to test a statistical hypothesis. The proposed 

study was to be the first to examine speech breathing patterns over time 

following a therapeutic intervention in patients with chronic respiratory 

disease. Therefore, it was decided to recruit a convenience sample of 20 

patients with chronic respiratory disease. Retrospective power calculations 

were performed in order to determine the sample size needed for future 

studies based on findings from the current research. These have been 

discussed in chapter eight and can be found in appendix 3. 

6.3.7 Equipment and set up procedure 

The same equipment and set up procedure that was used in the first two 

studies, was also used in the third study where breathing and speech breathing 

patterns were recorded using RIP. Please refer back to section 6.1.5 for specific 

details regarding the equipment and set up procedures. 

6.3.8 Research protocol 

During study three, breathing and speech breathing pattern were recorded 

during four two minute periods of quiet breathing, reading, counting and 

spontaneous speech from patients with COPD and bronchiectasis at three 

different time points; before, during and after a six week PR programme (figure 

15). 
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               First day of PR 

 

 

 

 

  After three weeks of PR 

 

 

 

 

      On the final day of PR 

Figure 15  Data collection timeline used in third study: Sequence of events
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(two, three hourly sessions per week) 

Application of RIP 

bands and head-set 

microphone 

Speech breathing patterns were 

recorded during 2 minute periods of 

quiet breathing, reading, counting and 

conversation 

Removal of RIP  

bands and head-set 

microphone 

Participants attended PR for the further 3 

weeks (two, three hourly sessions per 

week) 

Application of RIP 

bands and head-set 

microphone 

Speech breathing patterns were 

recorded during 2 minute periods of 

quiet breathing, reading, counting and 

conversation 

Removal of RIP 

bands and head-set 

microphone 

Demographic data 

and consent obtained 
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6.3.9  Pulmonary Rehabilitation Programme  

All participants were enrolled onto a six week PR programme which took place 

in the outpatients department at St. Richard’s Hospital NHS Foundation Trust 

(Chichester). Patients attended two (three hourly) supervised sessions per week 

(every Tuesday and Thursday). PR consisted of a combination of supervised 

exercise training (one hour each session), education and behavioural 

adaptation strategies. These components have been described in chapter four. 

The researcher was not present during the PR sessions, as it was anticipated 

that this may have altered the behaviour of the participants attending PR. 

6.3.10 Patient centred outcome measures 

On this PR programme it was standard practice for patients’ progress to be 

assessed via a series of clinical assessments at the baseline session, and then 

six weeks after, on the final day of PR, so that pre and post PR comparisons 

could be made. This information was recorded by the clinical respiratory 

physiotherapist, and the researcher subsequently obtained the assessment 

data from patients’ medical notes. It was considered appropriate to examine 

data relating to breathlessness and functional exercise capacity because these 

measures were available in the medical records and have been shown to reflect 

the physiological changes associated with PR (Couser et al. 1995; Lacasse et al. 

2007). The methods used to obtain data relating to exercise capacity and 

perceived breathlessness by the respiratory physiotherapist will now be 

described. 

6.3.10.1 Functional Exercise capacity – Incremental Shuttle Walk Test 

(ISWT) 

Exercise capacity was routinely assessed by the PR team using the incremental 

shuttle walk test (ISWT) at the beginning of the PR programme and then again 

after six weeks, on the final day of PR. The respiratory physiotherapist 

supervised this task, and the test data were retrieved from the patient medical 

notes by the researcher.  

Participants were instructed to walk along a level 10 metre track at a previously 

determined speed, which was dictated by signals from an audio tape recorder. 



 

 172 

The walking speed was progressively increased during one minute intervals, 

for a total of 12 stages. Participants were encouraged to continue through the 

stages by the respiratory physiotherapist. The test would cease when patients 

become too breathless or were unable to continue with the test at the dictated 

speed. The distance travelled in metres was calculated from the number of laps 

completed, where each lap consisted of 10 metres. Pre and post measurements 

of heart rate, oxygen saturation and breathlessness (Modified Borg Score – see 

section 7.6.2) scores were obtained and documented.  

6.3.10.2 Measurement of breathlessness - Modified Borg Scale 

Breathlessness was not the main outcome measure of interest in this research, 

however data relating to the perception of breathlessness were used as a 

possible surrogate for the effectiveness of PR. The Modified Borg Scale 

(appendix 16) is a well validated and widely used tool for measuring the 

subjective experience of breathlessness (Chen et al. 2002; Ries 2005), and was 

used to assess breathlessness at St. Richard’s Hospital. Measurements of 

breathlessness were taken a four different time points throughout the PR 

programme; a) on the first day of PR, before the ISWT, b) on the first day on PR, 

after the ISWT, c) on the last day of PR, before the ISWT, and d) on the last day 

on PR, after the ISWT. The Modified Borg Scale consisted of a 10 point scale. 

Each point was anchored to a description of breathlessness starting from 0 

(nothing at all), to 10 (shortness of breath so severe you need to stop). 

Participants rated their level of perceived breathlessness, and these data were 

recorded in their medical notes.  

6.3.10.3 Physiological measurements (Oxygen saturation and heart rate) 

Physiological measurements (oxygen saturation (SpO2) and heart rate (HR)) 

were also routinely measured by the respiratory physiotherapist alongside 

Modified Borg Scores at the same time points, on the first and last day of PR. 

These data were also recorded in the medical notes by the respiratory 

physiotherapist, and later retrieved by the researcher.  

Saturation of oxygen and HR were recorded using pulse oximetry. Most pulse 

oximeters have an absolute mean error of ±2% (Stoneham et al. 1994). These 
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measurements were obtained by placing an oximeter probe on the index finger 

of the participant.   

Data relating to lung function (FEV1, FEV1 % predicted, and FEV1/FVC ratio) were 

retrieved from the medical notes. However, spirometry tests were conducted 

during the PR assessment clinics. These took place up to three months prior to 

the beginning of PR depending on patient availability, and a number of patients 

had these data missing from their notes (section 7.4.3). Lung function was only 

documented at the pre PR assessment clinics; lung function testing was not 

carried out by the respiratory physiotherapist following PR, so these data were 

not available for comparison. 

6.3.11 Data extraction procedure 

Ten breathing parameters relating to respiratory timings, magnitudes 

(volumes) and the regional contributions of the rib cage and abdomen 

(outlined in section 6.1.7.3) were extracted from the raw data files using the 

same peak detection algorithm described in section 6.1.7.  

6.3.12 Research governance 

6.3.12.1 Ethical consideration 

As previously described, the third study was approved by an NHS ethics 

committee (Southampton Central (A)) (appendix 17), because the study 

recruited patients from an NHS hospital (Ethics number: 12/SC/0302). 

Research and development (R&D) approval was also granted from St. Richard’s 

Hospital NHS Foundation Trust (Chichester) (R&D reference: 1498/NOC1/2012) 

(appendix 18). 

6.3.12.2 Data protection and confidentiality  

The same data protection and confidentiality procedures were adhered to as 

outlined in the first two studies. Please refer to section 6.1.8 for more details. 
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6.3.12.3 Health and safety  

The data collection procedure was conducted within a well ventilated room at 

St. Richard’s Hospital, Chichester. Although the cohort of participants included 

a patient group, these patients were considered to be physiologically stable, as 

they were attending PR on an outpatient basis. However, in case of any 

emergency, the room was equipped with an emergency alarm. When initiated, 

this alarm would notify acute medical staff to a medical emergency. However, 

an adverse event did not occur at any point during the data collection process. 

6.4 Plan for statistical analysis 

Two types of data were obtained from the three studies that were conducted in 

this research; 1) data obtained directly by the researcher (breathing/speech 

breathing patterns) and 2) data which were retrieved from the medical notes by 

the researcher (Modified Borg Scores, ISWT test results and physiological 

measurements). The latter was only obtained in the third study from 

participants with COPD and bronchiectasis. The ten breathing and speech 

breathing parameters that were extracted from the raw data files from each of 

the three studies were subsequently analysed and are presented in six sections 

(chapter seven). The statistical significance level was chosen as 95% and thus a 

result was considered as statistically significant if p<0.05. An outline of the 

statistical tests that were used will now be given. 

6.4.1 Analysis of demographic and anthropometric data  

Data relating to age, sex and lung function (COPD and bronchiectasis data) 

were entered into SPSS (version 19), where descriptive statistics (mean and 

standard deviation) were generated to characterise the sample.  

6.4.2 Breathing pattern characteristics and comparison between tasks 

in healthy younger adults, healthy older adults, adults with self-

reported asthma and patients with chronic respiratory disease 

(COPD and bronchiectasis) 

In SPSS, the group mean and standard deviation were calculated for each 

breathing parameter and task. After testing for normal distribution using the 

Shapiro-Wilk tests, individual breathing parameters were compared between 
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each of the breathing and speech tasks using a one way repeated measures 

ANOVA. Any significant differences that were identified by the one-way ANOVA 

were subsequently followed up by post hoc t-tests adjusted via a Bonferroni 

correction for multiple comparisons. A justification for the selection of this 

post hoc test has been provided in section 7.1.5. This analysis was performed 

for the data obtained from all data sets (healthy adults, healthy older adults, 

adults with self-reported asthma, patients with COPD and bronchiectasis and 

pooled patients with COPD and bronchiectasis).  

6.4.3 Breathing pattern variability 

The co-efficient of variation (CoV) was used to examine speech breathing 

variability. This was defined as the ratio of the standard deviation to the mean 

(expressed as a percentage)), calculated by (SD/Mean) x 100. The CoV% was 

calculated for each breathing parameter during each speech task for the group. 

The advantage of using this CoV% is that it is dimensionless, enabling 

comparisons to be made between different data sets. 

6.4.4 Analysis of the stability of the data in healthy younger adults 

The duration used to record breathing/speech breathing patterns has varied 

considerably in the literature, and it is currently unknown whether breathing 

patterns remain stable throughout these time periods. Demonstration of their 

ability to remain stable during shorter recordings could improve the efficiency 

of protocols used to measure breathing/speech breathing patterns, while still 

providing meaningful data. Breathing parameters were therefore characterised 

for every one minute interval throughout a four minute recording. Cumulative 

times were also calculated (ie, 0-2 minutes, 0-3 minutes and 0-4 minutes). 

After testing for normal distribution using the Shapiro-Wilk test, a one way 

repeated measures ANOVA was used to test for any statistically significant 

differences between each time point. 
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6.4.5 Examination of the influence of age and sex on breathing and 

speech breathing parameters in healthy adults 

The influence of age and sex on each breathing and speech breathing 

parameter was examined from the pooled healthy data from the first two 

studies (healthy adults and healthy older adults) using multiple linear 

regression. Regression analysis was chosen for its ability to provide 

information about whether age and sex had any significant influence on each 

parameter, as well as its ability to provide detail about the relationship 

between age and sex on each outcome. That is, the model provided additional 

information about the predicted change in the expected value in the outcome 

when the independent variable is increased by one unit.  

6.4.6 Comparative analyses  

A comparative analysis was performed using independent t-tests between the 

following groups of participants: 

1. Healthy young adults versus healthy older adults 

2. Healthy young adults versus young adults with self-reported asthma 

3. COPD patients versus bronchiectasis patients 

4. Healthy older adults versus pooled patients with COPD and 

bronchiectasis 

Since a) a number of interdependencies were present among the breathing 

pattern data, and b) multiple t tests were being performed, a decision was 

made to reduce the number of breathing pattern parameters that were 

included during the comparison analysis in order to reduce the probability of 

type one errors. A decision was made to base the comparative analysis on four 

breathing parameters: Expiration time, expiration magnitude, respiratory rate 

and the regional contribution of the ribcage to expiration (%RCExp). A 

justification for the selection of these parameters has been provided in section 

7.5.2. All comparative analyses were performed using independent t tests 

adjusted via Bonferroni corrections.  
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6.4.7 Pulmonary Rehabilitation data 

Two types of data were obtained from the third study; a) researcher collected 

data relating to breathing/speech breathing patterns which were obtained by 

the researcher from each participant, and b) clinical PR outcome data, which 

were routinely collected and retrieved from the patients’ medical notes by the 

researcher. Although the detailed analysis of breathing/speech breathing 

parameters was the principal measure of interest in this study, it was 

considered appropriate to analyse the available clinical PR data (breathlessness 

and exercise capacity) before and after the programme, as these factors might 

reflect whether or not physiological changes occurred following PR. The 

following sections will therefore consider the analysis plan for the clinical data 

(breathlessness and exercise capacity) and breathing/speech breathing pattern 

data respectively.  

6.4.8 Clinical data 

6.4.8.1 Exercise capacity (ISWT) 

The mean distance travelled (in metres) during the ISWT by the group was 

calculated, and a comparison was made between the baseline and post 

intervention measurement using a paired t test. Percentage difference between 

the baseline and post intervention measurement was also calculated by: 

difference between baseline and post intervention distance/baseline distance x 

100. Before and after PR exercise capacity was firstly examined for the group, 

and then individually during a descriptive analysis (looking at the actual 

distances travelled by each patient before and after PR). 

6.4.8.2 Breathlessness data (Modified Borg Scores) 

In total, each patient completed four Modified Borg Scale assessments, that is, 

before and after each shuttle walk test, both before and after PR. 

Breathlessness data were firstly compared at rest (pre shuttle) before and after 

PR assessment, using Wilcoxon’s rank test for related samples, and then the 

post shuttle walk test data from before and after PR were compared.  
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6.4.8.3 Physiological measurements (HR and SpO2) 

Descriptive statistics (group mean and Standard Deviation) for oxygen 

saturation and heart rate (SpO2 and HR) were calculated for all the group 

shuttle walk tests. Paired t tests were used to compare the values obtained 

from the shuttle walk tests before and after PR.  

6.4.9 Comparison of breathing/speech breathing data before and after 

a six week PR programme. 

The aim of study three was to determine if or how breathing/ speech breathing 

parameters altered over time following a routine therapeutic intervention (PR) 

with reported beneficial effects on breathlessness and exercise capacity 

(Lacasse et al. 2007; Ries et al. 2007). Each speech breathing parameter was 

compared between the three measurements taken before PR, after three weeks 

and then on the final day of PR using a one way repeated measures ANOVA. 

6.5 Summary of chapter six 

This chapter has presented a detailed description of the procedures used to 

collect and analyse breathing and speech breathing patterns during the three 

studies from 29 healthy adults, 20 healthy older adults, 11 adults with self-

reported asthma, and 20 patients with chronic respiratory disease (14 COPD, 6 

bronchiectasis) before, during and after they attended a six week PR 

programme.  
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Chapter Seven                                         

Results 

Introduction 

The findings from the three data sets obtained during these studies are 

presented here in six sections. 1) In the first section which is headed 

“Breathing and speech breathing patterns characterised in healthy young 

adults”, breathing parameters have been characterised in healthy adults and 

examined for any differences between various breathing and speech tasks 

(quiet breathing, reading, conversation and describing). Breathing pattern 

variability and stability have also been examined across different recording 

periods. 2) In the second section which is headed; “Breathing and speech 

breathing patterns characterised in healthy older adults”, breathing and 

speech breathing patterns are characterised in healthy older adults and 

examined to see if any were ‘task specific’ within an older healthy population. 

3) In section three “The influence of age and sex on breathing and speech 

breathing patterns”, the influence of age and sex on ‘healthy’ breathing 

patterns has been explored using pooled data from the healthy young and 

healthy older groups. 4) In the fourth section which is headed; “Breathing and 

speech breathing patterns characterised in patients with chronic 

respiratory disease”, breathing and speech breathing patterns have been 

characterised in adults with self-reported asthma, and in patients with a 

diagnosis of COPD or bronchiectasis.  5) In the fifth section which is headed 

“Breathing and speech breathing patterns: comparisons between groups”, 

breathing and speech breathing parameters have been compared between: a) 

Healthy young adults and healthy older adults; b) Healthy young adults and 

young adults with a self-reported history of asthma. c) Patients with COPD and 

patients with bronchiectasis, before pooling the COPD and bronchiectasis data 

into one group, of chronic respiratory disease (CRD). d) This CRD patient group 

has then been compared with the healthy older adult group.  6) In the sixth 

section, which is headed “Breathing and speech breathing patterns before 

and after a six week Pulmonary Rehabilitation in patients with chronic 

respiratory disease”, breathing and speech breathing patterns and variability 

are compared between the first and last day of a six week PR programme in 

patients with chronic respiratory disease (COPD and bronchiectasis). Clinical 
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outcomes have also been explored. A summary of all the analyses has been 

presented at the end of the chapter.  

7.1 Section one                                                          

Breathing and speech breathing patterns in healthy young 

adults 

In this section, breathing and speech breathing patterns have been explored in 

a sample of 29 healthy adults with no previous history of respiratory disease, 

to characterise speech breathing patterns in a sample healthy younger adults 

with no previous history of respiratory disease, to test the feasibility of the 

research protocol, and to optimise speech tasks and length. Demographic data 

have been presented first, before breathing and speech breathing parameters 

are characterised for the group, and compared among the breathing and 

speech tasks (quiet breathing, reading, spontaneous speech and describing). 

Breathing and speech breathing variability have then been presented followed 

by an examination of the stability of breathing parameters over different time 

periods. 

7.1.1 Aims, research questions and hypotheses  

Aims: 

Data gathered from the first study aimed to explore the breathing and speech 

breathing patterns in a heterogeneous sample of 29 healthy adults with no 

previous history of chronic respiratory disease. The specific research aims were 

as follows: 

1. To examine the feasibility of recording speech breathing patterns during 

different types of speech using a semi-automatic algorithm to extract 

breathing parameters from the raw data files. 

2. To determine whether breathing and speech breathing parameters 

remained stable across a four minute recording period. 

3. To characterise breathing/speech breathing patterns during quiet 

breathing and different types of speech (reading, describing and 

conversation). 
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4. To characterise breathing speech/breathing pattern variability in during 

quiet breathing and different types of speech (reading, describing and 

conversation). 

5. To determine whether healthy younger adults produced ‘task specific’ 

breathing patterns during different speech tasks. 

Research questions: 

1. Is the detection of breathing cycles using a semi-automatic algorithm 

feasible for extracting breathing and speech breathing parameters from 

the raw data files? 

2. Do healthy young adults produce ‘task specific’ breathing and speech 

breathing patterns during a quiet breathing, reading, describing speech 

and conversation task? 

3. Do breathing and speech parameters remain stable throughout a four 

minute recording period in healthy adults during a quiet breathing, 

reading, describing and conversation task? 

Hypotheses developed after data collection: 

HP1a  There is a statistically significant difference in respiratory timing 

parameters (inspiration and expiration time, breathing cycle time 

and respiratory rate) between a quiet breathing, reading, describing 

and conversation task in healthy young adults. 

HP1b There is a statistically significant difference in respiratory 

magnitudes (inspiration and expiration magnitude) between a quiet 

breathing, reading, describing and conversation task in healthy 

young adults. 

HP1c There is a statistically significant difference in the regional 

contributions of the rib cage and abdomen (%RCInsp, %ABInsp, 

%RCExp, %ABExp) between a quiet breathing, reading, describing 

and conversation task in healthy young adults. 

7.1.2 Demographics 

Forty adults were recruited into the study which set out to examine breathing 

and speech breathing parameters in a heterogeneous adult sample. Since there 



 

 182 

is currently no definitive agreement as to what variables affect breathing 

patterns and speech breathing parameters (Hoit & Hixon 1987; Han et al. 

1997), no specific exclusion criteria were defined for the study. Based on the 

known prevalence of self-reported asthma in a UK population (10-13%) 

(European Respiratory Society 2015), it was anticipated that some participants 

in the population would have a history of asthma, and it was hypothesised that 

they could provide useful information on speech breathing patterns in disease. 

In the event, 11 participants who reported a history of asthma were recruited 

into the sample. Data from these 11 have therefore ben analysed and 

presented separately, see section 7.4.4.  The sample of 29 healthy young 

adults (Males=12) had an average age of 33.7±12.85 years. Data from 29 

healthy young adults will now be presented 

7.1.3 Breathing and speech breathing characteristics in 29 healthy 

adults during four minute periods of quiet breathing, reading, 

describing and conversational speech  

Descriptive statistics (mean and standard deviation (SD)) were calculated for 

each breathing parameter during each four minute task (quiet breathing, 

reading, describing and conversation).  Table 3 presents both the descriptive 

statistics for the group (n=29), and the results from the one way repeated 

measures ANOVA which tested for statistically significant differences between 

the tasks.  

Looking firstly at the descriptive statistics (table 3), quiet breathing was clearly 

differentiated from the speech tasks by its respiratory timing components. On 

average, the quiet breathing task was associated with the longest inspiratory 

phase (nearly half of the respiratory cycle time), while the expiratory phase was 

comparatively shorter when compared to the speech tasks (reading, 

conversational speech and describing). Each speech task was characterised by 

having a short inspiratory phase, and long expiratory phase. Within the speech 

tasks, reading was associated with the shortest respiratory timing parameters 

(inspiratory, expiratory and total breathing cycle time), and the fastest 

respiratory rate. Breath sizes (inspiratory and expiratory magnitudes) were also 

found to be the smallest during the reading task, while the conversational 

speech task was associated with the largest magnitudes and longest 

respiratory timings. Consequently, the conversational speech task was 

associated with the slowest respiratory rate. When examining the percentage 
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ribcage and abdominal contributions to inspiration and expiration, these 

appeared to be similar across all tasks. On average, tidal breathing was 

dominated by ribcage displacement (around 64%), with minor differences 

between the tasks. 

These data have been graphically illustrated in a radar chart (figure 16) in 

order to display the overall breathing pattern profiles during the various 

breathing and speech tasks.  Each axis has been scaled according to seconds 

(inspiration, expiration and breathing cycle time), magnitudes (inspiration and 

expiration), breaths per minute (respiratory rate) and percentages (regional 

contributions of the ribcage and abdomen). The latter have been divided by 

ten, in order to scale the parameter in proportion to the other measures. 

 

TI (sec) = Inspiration time (seconds); TE (sec) = expiration time (seconds); IM (a.u) = inspiration magnitude 

(arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time 

(seconds); RR (bpm) = respiratory rate (breaths per minute); %RCInsp = Ribcage percentage contribution to 

inspiration; %ABInsp = Abdominal percentage contribution to inspiration; %RCExp = Ribcage percentage 

contribution to expiration; %ABExp = Abdominal percentage contribution to expiration 

 

Figure 16 Radar chart: Breathing pattern profiles in 29 healthy adults 

during the quiet breathing, reading, conversational speech and 

describing task  

7.1.4  Analysis of variance between breathing and speech tasks 

Each parameter was tested for statistically significant differences among the 

four tasks in order to determine whether breathing patterns were ‘task 
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specific’. After testing for normal distribution using the Shapiro-Wilk test, the 

data from each breathing parameter for any given task were found to be 

normally distributed. A decision was subsequently made to use an ANOVA with 

a repeated measures design to test for any statistically significant differences 

amongst the tasks, as the same group of participants completed all tasks. 

Table 3 presents the results from the one way repeated measures ANOVA 

according to each breathing parameter. The Greenhouse Geisser correction 

was used when the assumptions of Mauchly’s Test of Sphericity were violated. 

Based on the findings from the one way repeated measures ANOVA presented 

in table 3, statistically significant differences were found amongst the tasks for 

each breathing parameter, apart from the percentage abdominal contribution 

to inspiration (F=2.14, df=3, p=0.09). 
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Table 3  Breathing and speech breathing parameters during each four minute task in 29 healthy young adults: Descriptive 

statistics and results from the one way repeated measures ANOVA   

*Starred results significant at the 0.05 alpha level; ; 
1

Sphericity assumed; 
2

Greenhouse-Geissercorrestion;  TI (sec) = Inspiration time (seconds); Ti/Ttot% = percentage of time 

spent on inspiration;  TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing 

cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage contribution to 

inspiration; %RC Exp = Ribcage percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration; DF = Degrees of Freedom 

n=29 

 

Quiet breathing        

 

Reading 

 

Conversation  

 

Describing 

       Results of the one way ANOVA 

        F                   df                      p  

TI (sec) 1.89±0.76 0.59±0.12 0.64±0.10 0.73±0.15 74.88 1.11
2

 0.00* 

Ti/Ttot% 40 15 15 16 - - - 

TE (sec) 1.76±0.83 3.58±0.79 4.24±1.08 4.42±0.82 103.18 3
1

 0.00* 

IM (a.u) 1.77±0.83 1.56±0.63 1.99±0.71 1.85±0.68 5.61 2.05
2

 0.00* 

EM (a.u) 1.76±0.83 1.55±0.63 1.96±0.70 1.84±0.68 5.57 2.06
2

 0.00* 

Ttot (sec) 4.71±1.74 4.20±0.89 5.23±1.14 5.02±0.90 11.77 1.66
2

 0.00* 

RR (bpm) 14.11±3.85 14.93±2.89 12.11±2.68 13.34±2.33 8.68 1.92
2

 0.00* 

%RC Ins 64.27±8.91 64.12±8.12 64.57±9.04 63.81±8.72 2.22 3
1 

0.04* 

%AB Ins 32.64±9.00 35.79±8.19 35.41±9.07 36.08±8.79 2.14
 

3
1 

0.09 

%RC Exp 67.57±8.77 64.60±8.06 64.82±9.23 62.74±9.14 3.30 3
1 

0.02* 

%AB Exp 32.33±8.86 35.31±8.18 35.16±9.26 37.17±9.22 3.31 3
1 

0.02* 
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7.1.5  Post hoc analysis: pair-wise comparisons  

Although the one way repeated measures ANOVA identified differences 

amongst the tasks, one of the limitations of the test is that it does not identify 

which tasks were different from which others. Any results that were found to 

be statistically significant were therefore followed up by post hoc tests to 

identify where the differences were for each breathing parameter. A decision 

was made to apply the Bonferroni adjustment for multiple comparisons in an 

attempt to account for the increased probability of any type one errors 

occurring due to multiple tests being carried out.  Bonferroni adjustment for 

multiple comparisons multiplies the p value of the Least Significant Difference 

(LSD) (which is equivalent to performing multiple t tests) (Meier 2006), by the 

number of tests being performed and produces a new ‘adjusted’ p value. While 

this procedure has been criticised for being too conservative (Bender & Lange 

1999), in this research, six paired comparisons were performed for each 

breathing parameter. This would increase the expected type one error rate 

from 20 to 30%, which was considered to be unacceptable. Post hoc 

comparisons were therefore performed for each parameter that was identified 

as being statistically significant from the one way repeated measures ANOVA. 

These results are presented in table 4. 
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 Paired comparison 

 

Mean difference 

Standard error of 

the mean 

difference 

p Value 

95% Confidence interval of the mean 

difference 

                      Lower            Upper 

TI (sec) 

Reading and conversational speech 0.53 0.32 0.11 0.01;0.11 

Reading and describing 0.14 0.37 0.00* 0.06;0.22 

Describing and conversational  speech 0.09 0.27 0.00* 0.03;0.14 

Quiet breathing and reading 1.30 0.13 0.00* 1.03;1.57 

Quiet breathing and describing 1.16 0.14 0.00* 0.85;1.46 

Quiet breathing and conversational speech 1.25 0.14 0.00* 0.96;1.53 

TE (sec) 

Reading and conversational speech 

 

0.94 

 

0.16 0.00* 

 

0.61;1.28 

Reading and describing 0.66 0.16 0.00* 0.31;1.00 

Describing and conversational  speech 0.28 0.12 0.03* 0.02;0.54 

Quiet breathing and reading 1.82 0.16 0.00* 1.47;2.16 

Quiet breathing and describing 2.48 0.20 0.00* 2.07;3.17 

Quiet breathing and conversational speech 2.76 0.20 0.00* 2.35;3.17 

IM (a.u) 

 

Reading and conversational speech 0.42 0.10 0.00* 0.21;0.64 

Reading and describing 0.28 0.08 0.00* 0.10;0.47 

Describing and conversational  speech 0.14 0.07 0.05 -0.00;0.28 

Quiet breathing and reading 0.20 0.10 0.04* 0.00;0.41 

Quiet breathing and describing 0.07 0.12 0.54 -0.18;0.34 

Quiet breathing and conversational speech 0.22 0.13 0.11 -0.05;0.05 

Table 4: Post hoc analysis- Comparisons of speech breathing parameters between the speech tasks for 29 healthy 

young adults (n=29)  
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*Starred results significant at the 0.05 alpha level.  

Bonferroni adjustment for multiple comparisons 

TI (sec) = Inspiration time (seconds; TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude 

(arbitrary units); Ttot (sec) = breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute). 

 

 

EM (a.u) 

 

Reading and conversational speech 0.41 0.10 0.00* 0.20;0.62 

Reading and describing 0.29 0.08 0.00* 0.11;0.47 

Describing and conversational  speech 0.12 0.06 0.08 -0.25;0.01 

Quiet breathing and reading 0.21 0.10 0.04* 0.00;0.41 

Quiet breathing and describing 0.08 0.12 0.51 -0.17;0.33 

Quiet breathing and conversational speech 0.20 0.13 0.14 -0.70;0.47 

Ttot (sec) 

 

Reading and conversational speech 1.02 

 

0.17 0.00* 0.66;1.38 

Reading and describing 0.81 0.19 0.00* 0.42;1.21 

Describing and conversational  speech 0.20 0.13 0.13 0.06;0.48 

Quiet breathing and reading 0.50 0.30 0.10 -0.10;1.12 

Quiet breathing and describing 0.30 0.34 0.37 -0.39;1.00 

Quiet breathing and conversational speech 0.51 0.33 0.14 -0.18;1.20 

RR (bpm) 

 

 

Reading and conversational speech 

 

2.82 

 

0.49 

 

0.00* 

 

1.81;3.83 

Reading and describing 2.48 0.56 0.00* 1.32;3.36 

Describing and conversational speech 0.34 0.28 0.24 0.24;0.93 

Quiet breathing and reading 0.82 0.77 0.29 -0.75;2.40 

Quiet breathing and describing 1.65 0.79 0.04* 0.03;3.27 

Quiet breathing and conversational speech 1.99 0.79 0.01* 0.37;3.62 
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Table 5 Post hoc comparisons for the regional contributions of the ribcage and abdomen to inspiration and expiration 

between each task in healthy young adults n=29 

*Starred results significant at the 0.05 alpha level  

Bonferroni corrections for multiple comparisons  

%RCInsp = Ribcage percentage contribution to inspiration; %RCExp = Ribcage percentage contribution to expiration; %ABExp = Abdominal percentage 

contribution to expiration 

 Paired comparison 

 

Mean difference 
Standard error 

of the mean 

difference 

p Value 

95% Confidence interval of the mean 

difference 

 

          Lower            Upper 

%RC Insp 

 

Reading and spontaneous speech 0.44 1.74 0.80 -3.12;4.01 

Reading and describing 0.31 1.18 0.79 -2.11;2.79 

Describing and spontaneous  speech 0.75 1.39 0.59 -2.09;3.60 

Quiet breathing and reading 3.14 1.55 0.05 -0.03;6.32 

Quiet breathing and describing 3.45 1.50 0.02* 0.37;6.53 

Quiet breathing and spontaneous speech 2.70 1.56 0.09 0.37;6.53 

%RC Exp 

 

Reading and spontaneous speech 0.21 1.73 0.90 -3.33;3.76 

Reading and describing 1.86 1.20 0.13 -0.60;4.33 

Describing and spontaneous  speech 0.21 1.44 0.16 -0.87;5.03 

Quiet breathing and reading 2.96 1.60 0.07 -0.31;6.25 

Quiet breathing and describing 4.82 1.57 0.00* 1.61;8.04 

Quiet breathing and spontaneous speech 2.75 1.67 0.11 -0.68;6.18 

 

%AB Exp 

 

Reading and spontaneous speech 0.15 1.71 0.92 -3.36;3.67 

Reading and describing 1.85 1.20 0.13 -0.61;4.32 

Describing and spontaneous  speech 2.00 1.44 0.17 -0.94;4.96 

Quiet breathing and reading 2.98 1.61 0.07 -0.32;6.28 

Quiet breathing and describing 4.83 1.58 0.00* 1.59;8.07 

Quiet breathing and spontaneous speech 2.82 1.68 0.10 -0.61;6.27 
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Results from the post hoc analysis 

The results from the post hoc analysis revealed that expiration time was 

significantly different between every pair-wise comparison, including between 

the two spontaneous speech tasks (describing and conversation). The remaining 

parameters were significantly different between some, but not all pair-wise 

comparisons. Statistically significant differences were most commonly identified 

between the linguistically constrained tasks (reading) and the linguistically 

unconstrained tasks (conversation and describing). These pair wise comparisons 

were found to be statistically significant for inspiration magnitude, expiration 

time and magnitude, breathing cycle time and respiratory rate. In contrast, apart 

from inspiratory and expiratory time, there were no statistically significant 

differences between the two spontaneous speech tasks (conversation and 

describing). Finally, there was no evidence to suggest that the regional 

contributions of the ribcage and abdomen were task specific within the speech 

tasks, although the results demonstrated that the regional contributions were 

different between quiet breathing and the describing task. These differences 

were significant for %RCInsp (p=0.02), %RCExp (p=0.00) and %ABExp (p=0.00). 

7.1.6  Breathing and speech breathing variability  

Breathing and speech breathing parameters were examined for their variability 

during each task (quiet breathing, reading, describing and conversational 

speech). The co-efficient of variation expressed as a percentage (CoV %) was 

used to assess the extent of the variability during the four minute recording 

period. This is the ratio of the standard deviation to the mean and calculated by 

(SD/Mean) x 100. The higher the figure, the more variability was estimated to be 

present in the measure. The results in table 6 present the mean CoV (%) 

calculated from each four minute recording according to each breathing/speech 

breathing parameter. 
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 Quiet breathing 

(n=29) 

Reading        

(n=29) 

Describing     

(n=29) 

Conversation     

(n=29) 

TI CoV% 27.28±12.63 36.20±9.91 39.00±14.40 33.68±6.46 

TE CoV% 23.86±10.36 46.70±9.61 43.71±9.60 48.99±10.73 

IM CoV% 24.74±12.37 39.33±10.72 43.84±14.51 43.24±11.66 

EM CoV% 25.05±12.43 44.56±9.14 46.93±11.92 50.30±13.71 

Ttot Cov% 16.61±9.14 40.99±9.12 38.36±8.80 43.07±9.31 

RR CoV% 27.28±3.85 19.35±2.89 19.35±2.41 22.13±2.68 

%RCInsp CoV% 7.94±4.70 9.62±6.12 9.04±4.94 11.59±6.12 

%ABInsp CoV% 16.66±10.08 16.97±14.86 15.32±5.37 23.54±19.05 

%RCExp CoV% 8.97±6.17 13.11±6.75 16.83±11.66 17.23±11.57 

%ABExp CoV% 17.84±9.26 22.40±7.26 26.97±15.68 26.16±13.17 

CoV% = percentage Coefficient of Variation;  

TI (sec) = Inspiration time (seconds); TE (sec) = expiration time (seconds); IM (a.u) = inspiration magnitude 

(arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time (seconds); 

RR (bpm) = respiratory rate (breaths per minute) RC% Cont Insp = Ribcage percentage contribution to 

inspiration; AB%Cont Insp = Abdominal percentage contribution to inspiration; RC% Cont Exp = Ribcage 

percentage contribution to expiration; AB% Cont Exp = Abdominal percentage contribution to expiration  

Table 6  Mean Coefficient of Variation (%) according to each breathing 

parameter and task in healthy young adults (n=29) 

  

The speech tasks were associated with the greatest variability (CoV%) for each 

parameter when compared with the quiet breathing task, apart from respiratory 

rate which had a greater variability when compared to the speech tasks. When 

exploring within the speech tasks, the inspiratory and expiratory magnitudes 

had the greatest variability during the linguistically unconstrained speech tasks 

(conversation and describing), while the reading task had the least. In 

comparison to the respiratory magnitudes and timing parameters, the smallest 

CoV% was observed for the regional contributions of the abdomen and ribcage 

respectively, where the spontaneous speech task (conversation) was associated 

with the greatest, and the quiet breathing task with the least variability. 

 



 

 192 

7.1.7 Minute by minute analysis  

A minute-by-minute analysis was performed for each breathing parameter and 

task, where the stability of the data was explored per one minute interval during 

the four minute recordings. There has been no previous study indicating 

whether speech breathing parameters remain stable over time. If speech 

breathing parameters were shown to remain stable across four minutes with 

little fluctuation, future studies could use shorter speech tasks and yet still 

produce meaningful data. This could reduce protocols, saving participant and 

research time, which would be particularly useful when examining speech 

breathing parameters in patient groups. 

Table 7 presents the descriptive analysis for each breathing parameter according 

to each task for a period of one, two, three and four minutes respectively. One 

way repeated measures ANOVA was performed for each task and breathing 

parameter to determine whether any differences between minutes were 

statistically significant. Based on the findings presented in table 7, no 

statistically significant differences were found between any of the minutes for 

any of the breathing parameters or tasks suggesting that speech breathing 

patterns may remain stable throughout the recordings. 
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TI: Inspiration time; TE: Expiration time; Ttot: Respiratory cycle time; RR: respiratory rate; IM: Inspiration Magnitude; EM: Expiration Magnitude; SD: Standard Deviation.  

Table 7: Summary statistics: Minute by minute analysis for the healthy young adult group (n=29) during quiet breathing, 

reading, describing and conversational speech, at one, two, three and four minutes. 

 

 Quiet Breathing task 

 

                    Minutes 

 

   1            2             3            4 

Reading task 

 

                     Minutes 

 

   1             2            3            4 

Describing task 

 

                     Minutes 

 

   1            2            3             4 

Conversation task 

 

                     Minutes 

 

  1             2            3             4 

TI 

Mean  

SD 

 

 

 1.81 

(0.73) 

 

 1.85 

(0.82) 

 

 1.87 

(0.71) 

 

  1.91 

(0.93) 

 

 0.54 

(0.11) 

 

 0.65 

(0.16) 

 

 0.68 

(0.12) 

 

 0.60 

(0.13) 

 

 0 70 

(0.18) 

 

 0.74 

(0.13) 

 

 0.78 

(0.13) 

 

 0.75 

(0.13) 

 

 0.65 

(0.11) 

 

 0.65 

(0.12) 

 

 0.73 

(0.20) 

 

 0.69 

(0.15) 

TE 

Mean 

SD 

 

 

 2.93 

(1.05) 

 

 2.83 

(1.05) 

 

  2.84 

(1.04) 

 

 2.93 

(1.01) 

 

 3.33 

(0.72) 

 

 3.44 

(0.72) 

 

 3.59 

(0.91) 

 

 3.47 

(0.81) 

 

 4.03 

(0.80) 

 

 3.95 

(0.70) 

 

 4.12 

(1.24) 

 

 3.97 

(0.94) 

 

 4.58 

(1.32) 

 

 4.12 

(1.23) 

 

 4.20 

(1.11) 

 

 4.40 

(1.32) 

IM 

Mean 

SD 

 

 0.90 

(0.41) 

 

 0.89 

(0.40) 

 

 0.95 

(0.49) 

 

 0.98 

(0.54) 

 

 0.79 

(0.31) 

 

 0.98 

(0.39) 

 

 0.81 

(0.30) 

 

 0.82 

(0.31) 

 

 0.92 

(0.39) 

 

 0.90 

(0.31) 

 

 0.99 

(0.49) 

 

 0.95 

(0.45) 

 

 1.07 

(0.42) 

 

 1.01 

(0.32) 

 

 1.08 

(0.44) 

 

 1.09 

(0.47) 

EM 

Mean  

SD 

 

 0.92 

(0.47) 

 

 0.92 

(0.41) 

 

 0.95 

(0.49) 

 

 0.98 

(0.57) 

 

 0.83 

(0.39) 

 

 0.86 

(0.42) 

 

 0.84 

(0.38) 

 

 0.76 

(0.37) 

 

 0.95 

(0.43) 

 

 0.98 

(0.39) 

 

 0.99 

(0.42) 

 

 0.93 

(0.48) 

 

 1.05 

(0.40) 

 

 1.08 

(0.42) 

 

 1.10 

(0.44) 

 

 1.10 

(0.44) 

Ttot 

Mean  

SD 

 

 4.72 

(1.71) 

 

 4.70 

(1.86) 

 

 4.78 

(1.69) 

 

 4.89 

(1.90) 

 

 3.98 

(0.5) 

 

 4.01 

(0.88) 

 

 4.15 

(1.00) 

 

 4.01 

(0.91) 

 

 4.79 

(0.92) 

 

 4.65 

(0.89) 

 

 4.79 

(1.29) 

 

 4.62 

(0.92) 

 

 5.13 

(1.19) 

 

 4.88 

(1.20) 

 

 5.08 

(1.21) 

 

 4.87 

(1.21) 

RR 

Mean 

SD 

 

13.89 

(3.92) 

 

14.20 

(4.12) 

 

13.99 

(3.92) 

 

13.78 

(4.15) 

 

15.79 

(3.03) 

 

15.37 

(3.62) 

 

15.25 

(3.76) 

 

15.55 

(3.42) 

 

13.40 

(2.99) 

 

13.29 

(2.19) 

 

13.32 

(2.56) 

 

13.41 

(2.62) 

 

12.71 

(3.42) 

 

13.01 

(2.81) 

 

12.78 

(3.67) 

 

12.79 

(3.55) 
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7.1.8 Stability of speech breathing parameters across different 

recording periods 

While the minute-by-minute analysis suggested that breathing parameters 

remained stable from minute to minute, it was considered important to 

examine the data further to see if speech breathing parameters continued to 

remain stable when analysed during shorter or longer recordings.  

Speech breathing parameters were therefore also analysed according to 

different time intervals, that is, 0-2 minutes, 0-3 minutes and 0-4 minutes. 

Table 8 presents the descriptive statistics for each task according to breathing 

parameter during these time periods. One way repeated measures ANOVA was 

used to test whether the differences between the time intervals (for each task 

and breathing parameter) were statistically significant. 

The results in table 8 demonstrate that there was no statistically significant 

mean differences in any breathing parameters analysed during the different 

time intervals. These findings suggest that breathing parameters remained 

stable during both shorter (2 minutes) and longer time periods (4 minutes). 
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TI; Inspiration time, TE Expiration time, Ttot; Respiratory cycle time, RR; Respiratory rate, IM; Inspiration magnitude, EM; Expiration magnitude 

Table 8: Summary statistics: Comparison of breathing/speech breathing parameters for the healthy young adult group 

(n=29) among the different recording periods (0-2 minutes, 0-3 minutes, and 0-4 minutes) for each breathing/speech task

      

    Quiet breathing task 

 

   Recording length (minutes) 

 

 0-2             0-3             0-4 

 

  Reading task 

 

      Recording length (minutes) 

 

    0-2             0-3              0-4 

 

Describing task 

 

      Recording length (minutes) 

 

    0-2             0-3             0-4 

 

Conversation task 

 

Recording length (minutes) 

 

    0-2              0-3            0-4 

TI 

Mean  

SD 

 

 1.87  

(0.79) 

 1.86  

(0.74) 

 1.88 

(0.75) 

    0.58 

   (0.14) 

    0.59 

   (0.13) 

     0.59 

    (0.13) 

0.71 

(0.14) 

0.71 

(0.13) 

0.71 

(0.13) 

0.63 

(.11) 

0.66 

(.13) 

0.66 

(.13) 

TE 

Mean 

SD 

 

 2.87  

(1.04) 

 2.87 

(1.01) 

 2.86 

(0.98) 

     3.47 

    (0.71) 

     3.51 

    (0.74) 

     3.49 

    (0.73) 

3.99 

(0.76) 

4.03 

(0.88) 

4.00 

(0.83) 

4.30 

(1.11) 

4.29 

(1.07) 

4.29 

(1.05) 

IM 

Mean 

SD 

 0.91 

(0.42) 

 0.92 

(0.43) 

 0.93 

(0.45) 

0.83 

(0.35) 

0.84 

(0.35) 

0.85 

(0.35) 

0.95 

(0.39) 

0.96 

(0.39) 

0.95 

(0.38) 

1.05 

(0.38) 

1.05 

(0.38) 

1.07 

(0.39) 

EM 

Mean  

SD 

 0.92 

(0.44) 

 0.92 

(0.44) 

 0.93 

(0.45) 

0.83 

(0.34) 

0.85 

(0.35) 

0.84 

(0.34) 

0.97 

(0.40) 

0.97 

(0.39) 

0.95 

(0.38) 

1.04 

(0.38) 

1.05 

(0.38) 

1.06 

(0.38) 

Ttot 

Mean  

SD 

 4.73 

(1.77) 

 4.73 

(1.72) 

 4.74 

(1.69) 

4.05 

(0.82) 

4.10 

(0.83) 

4.08 

(0.83) 

4.70 

(0.82) 

4.73 

(0.92) 

4.72 

(0.87) 

4.93 

(1.15) 

4.95 

(1.11) 

4.95 

(1.09) 

RR 

Mean 

SD 

13.99 

(3.93) 

13.96 

(3.84) 

13.90 

(3.83) 

15.32 

(2.76) 

15.14 

(2.83) 

15.23 

(2.88) 

13.12 

(2.26) 

13.09 

(2..36) 

13.09 

(2.24) 

12.72 

(2.84) 

12.69 

(2.87) 

12.69 

(2.88) 
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7.1.9  Summary of section one 

Respiratory magnitudes and timing parameters were consistently significantly 

different between the ‘linguistically unconstrained’ (spontaneous 

speech/describing task) and the ‘linguistically constrained’ task (reading). 

These findings were less consistent when examining between the 

‘unconstrained tasks’. Expiration time was identified as being the most 

responsive to the type of speech spoken, as statistically significant differences 

were found for every pair-wise comparison that was conducted, including 

between the linguistically unconstrained tasks. The regional contributions of 

the ribcage and abdomen were not speech ‘task specific’, although they were 

different between speech (describing) and quiet breathing. All breathing 

parameters remained stable when examined over the four minute recording 

period. The following table presents a summary of findings with respect to the 

hypotheses described in section 7.1.1. 

Table 9 Summary of 7.1 

Hypotheses Summary of findings 

Rejected/partially 

supported/supported? 

HP1a 

 The difference between spontaneous speech and 

reading was statistically significant for every 

parameter, apart from inspiration time. 

 The difference between the two spontaneous speech 

tasks (describing and conversation) was only found to 

be statistically significant for inspiration and 

expiration time. 

 The difference between each speech task and quiet 

breathing was only statistically significant for 

inspiration and expiration time. 

Partially supported 

HP1b 

 The difference between spontaneous speech and 

reading was statistically significant. 

 The difference between the two spontaneous speech 

tasks was not found to be statistically significant. 

 The difference between quiet breathing and speech 

was only found to be statistically significant for the 

reading task. 

Partially supported 

HP1c 

 There were no statistically significant differences 

between the speech tasks for %RCInsp, %RCExp, 

%ABExp. 

 The difference between quiet breathing and speech 

was only found to be statistically significant for the 

describing task. 

Partially supported 
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7.2  Section Two                                                      

Breathing and speech breathing patterns in healthy older 

adults 

In this section, breathing and speech breathing patterns have been explored in 

a sample of 20 healthy ‘older’ adults (mean age 66.90±8.49 years). Due to the 

known association between increasing age and changes in respiratory 

mechanics (Turner et al. 1968; Hoit & Hixon 1987; Janssens et al. 1999; Pride 

2005), the decision to collect breathing and speech breathing pattern data 

from a sample of healthy ‘older’ adults was justified on the basis that 

comparisons could then be made with chronic respiratory disease patients with 

COPD or bronchiectasis (in section five) who are generally older. While the 

association between age and changes in respiratory mechanics remains 

unrefuted (Verschakelen & Demedts 1995; Watsford et al. 2007), any 

relationship between age and speech breathing patterns was unclear (Hoit & 

Hixon 1987; Hoit et al. 1990). The majority of studies examining the influence 

of age have been limited to quiet breathing patterns (Verschakelen & Demedts 

1995; Parreira et al. 2010). Only a limited number of studies have examined 

the influence of age on speech breathing patterns, where these studies 

extracted speech breathing parameters from audiotapes and by using visual 

and aural detection of breathing cycles, which is now perceived as 

technologically dated (Hoit & Hixon 1987; Hoit et al. 1990). Published reports 

documenting the observation that speech breathing patterns are ‘task specific’ 

(Winkworth et al. 1994; Winkworth et al. 1995) have yet to be specifically 

confirmed in an older or patient population. It was therefore considered 

important to characterise breathing and speech breathing patterns within a 

healthy older sample and to examine their ability to differentiate between the 

various breathing and speech tasks.  

7.2.1 Changes to the research protocol for collecting breathing and 

speech breathing pattern data in older adults 

The findings from the first study informed the design of the second and third 

studies, and two specific changes were made to the protocol that was used to 

recruit healthy older adults and patients with chronic respiratory disease.  
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Firstly, it was observed that participants (from study one) found the four 

minute speaking tasks challenging to complete in terms of the duration. It was 

speculated that speaking continuously for four minutes would become even 

more difficult, and uncomfortable for patients with chronic respiratory disease, 

as it is acknowledged that patients with chronic respiratory disease often 

experience symptoms of breathlessness during speech (Kennedy 2007; Binazzi 

et al. 2011).  Since breathing and speech breathing parameters were found to 

remain stable throughout a four minute recording period in a sample of 29 

healthy adults (section 7.1.8), a decision was made to reduce the length of the 

speech recordings to a two minute period. This decision was made on the 

basis that this would minimise participant burden, while improving the 

efficiency of the protocol. 

A second decision was made to remove the describing task from the protocol, 

and replace it with a counting task. This decision has been justified in detail in 

section 8.1.1. 

7.2.2 Aims, Research questions and Hypotheses 

Aims: 

1. To characterise the breathing and speech breathing patterns from a 

sample of 20 healthy older participants during two minute periods of 

quiet breathing, reading, conversation and counting. 

2. To compare the breathing and speech breathing patterns among the 

different tasks to assess if speech breathing patterns were ‘task specific’ 

within a healthy older sample. 

Research question: 

1. Do healthy older adults produce ‘task specific’ breathing and speech 

breathing patterns during a quiet breathing, reading, counting and 

conversational speech task? 

Hypotheses developed after data collection: 

HP2a  There is a statistically significant difference in respiratory timing 

parameters (inspiration and expiration time, breathing cycle time 
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and respiratory rate) between a quiet breathing, reading, counting 

and conversation task in healthy older adults. 

HP2b There is a statistically significant difference in respiratory 

magnitudes (inspiration and expiration magnitude) between a quiet 

breathing, reading, counting and conversation task in healthy older 

adults. 

HP2c There is a statistically significant difference in the regional 

contributions of the rib cage and abdomen (%RCInsp, %ABInsp, 

%RCExp, %ABExp) between a quiet breathing, reading, counting and 

conversation task in healthy older adults. 

7.2.3 Healthy older participant demographics 

Twenty participants were included in the data analysis (8 males), where the 

mean age was 66.90±8.49. None of these participants reported any previous or 

current chronic respiratory diseases. 

7.2.4 Analysis of Variance 

Breathing and speech breathing parameters were compared between each task 

in order to test whether they were ‘task specific’ within a healthy older sample. 

After testing for normal distribution using the Shapiro-Wilk test, the data from 

each breathing parameter and task were found to be normally distributed. A 

decision was subsequently made to perform a one way repeated measures 

ANOVA to test for any statistically significant differences amongst the tasks, as 

each task was completed by the same participants. The Greenhouse Geisser 

correction was used when the assumptions of Mauchly’s Test of Sphericity 

were violated. Table 10 presents the results from the one way repeated 

measures ANOVA according to each breathing parameter. 

Results of the one way repeated measures ANOVA 

The results in table 10 demonstrate that statistically significant differences 

were observed amongst the breathing and speech tasks for five breathing 

parameters, namely; inspiration (F = 88.73, df =1.23, p=0.00) and expiration 

time (F=11.23, df = 2.03, p = 0.00), inspiration (F = 11.49, df = 3, p=0.00) and 

expiration magnitude (F = 10.75, df = 3, p = 0.00), and the regional 
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contribution of the rib cage to inspiration (F = 3.53, df = 1.92, p=0.00). Each of 

these significant results was subsequently followed up by post hoc tests using 

the Bonferroni adjustment for multiple comparisons in order to identify where 

the differences were (table 11). A rationale for selecting the Bonferroni 

adjustment as a post hoc test was provided in section 7.1.5. 

7.2.5 Results from the post hoc analysis 

None of the parameters were significantly different between every task 

comparison (table 11). Unlike the younger adults, there were no significant 

differences between the linguistically unconstrained and constrained task for 

any of the parameters, apart from inspiration and expiration time. Apart from 

inspiration and expiration time, none of the breathing parameters were 

consistently different between the quiet breathing and speech task. There was 

no evidence to suggest that the regional contributions of the abdomen differed 

between the different speech tasks, although percentage contributions of the 

abdomen were significantly different between quiet breathing and speech 

(reading and spontaneous speech).  
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*Starred results significant at the 0.05 alpha level; 
1

Sphericity assumed; 
2

Greenhouse-Geisser; TI (sec) = Inspiration time (seconds); Ti/Ttot% = percentage of time spent on 

inspiration;  TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time 

(sec); RR (bpm) = respiratory rate (breaths per minute); %RCInsp = Ribcage percentage contribution to inspiration; %ABInsp = Abdominal percentage contribution to inspiration; 

%RCExp = Ribcage percentage contribution to expiration; %ABExp = Abdominal percentage contribution to expiration; DF = Degrees of Freedom;  

Table 10 Breathing and speech breathing parameters in 20 healthy older adults during the various tasks: Descriptive 

statistics and results from the one way repeated measures ANOVA   

 

 

Quiet breathing     

(n = 20) 

Reading          

(n = 20) 

Conversation    

(n = 20) 

Counting             

(n = 20) 

     One way repeated measures ANOVA 

        F                    df                    p  

TI (sec) 1.74±0.50 0.59±0.12 0.68±0.16 0.52±0.13 88.73 1.23
2

 0.00* 

TE (sec) 2.82±0.81 3.86±0.84 4.70±1.11 4.40±1.88 11.23 2.03
2

 0.00* 

IM (a.u) 1.69±0.63 1.46±0.44 1.51±0.64 1.20±0.27 11.49 3
1

 0.00* 

EM (a.u) 1.68±0.61 1.44±0.42 1.50±0.63 1.22±0.25 10.75 3
1

 0.00* 

Ttot (sec) 4.58±1.28 4.44±0.93 5.54±1.29 4.96±2.06 2.52 3
1

 0.08 

RR (bpm) 14.04±3.54 14.03±3.00 11.70±2.64 13.62±5.01 2.31 2.08
2

 0.08 

%RCIns 84.40±3.31 82.93±3.56 82.99±4.35 82.42±6.12 1.64 1.78
2

 0.21 

%ABIns 12.95±3.29 15.38±3.84 14.97±4.41 15.72±6.54 3.53 1.92
2

 0.04* 

%RCExp 83.94±3.53 83.56±3.56 83.38±3.84 84.85±7.47 0.02 1.01
2

 0.88 

%AbExp 13.42±3.69 14.66±4.20 14.75±3.75 14.04±7.54 0.04 1.03
2

 0.85 
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Table 11  Post hoc analysis in 20 healthy older adults: Pair-wise comparison between quiet breathing, reading, 

conversational speech and counting 

 Paired comparison 

 

Mean difference 

Standard error of 

the mean 

difference 

p Value 

95% Confidence interval of the mean 

difference                                               

Lower: Upper 

TI (sec) 

Reading and conversational speech 0.08 0.02 0.00* 0.14; -0.03 

Reading and counting 0.07 0.03 0.28 -0.02;0.16 

Counting and conversational  speech 0.15 0.04 0.00* 0.03;0.28 

Quiet breathing and reading 
1.14 0.11 0.00* 0.80;1.49 

Quiet breathing and counting 1.21 0.11 0.00* 0.87;1.55 

Quiet breathing and conversational speech 1.05 0.11 0.00* 0.71;1.40 

TE (sec) 

Reading and conversational speech 0.83 0.28 0.04* 0.01;1.66 

Reading and counting 0.54 0.36 0.90 -0.52;1.60 

counting and conversational  speech 0.29 0.44 1.00 -1.00;1.59 

Quiet breathing and reading 1.03 0.20 0.00* 0.43;1.64 

Quiet breathing and counting 1.58 0.44 0.01* 0.28;2.87 

Quiet breathing and conversational speech 1.87 0.29 0.00* 1.01;2.74 

 

IM (a.u) 

Reading and conversational speech 0.09 0.04 0.31 -0.03;0.21 

Reading and counting 0.17 0.05 0.01* 0.02;0.31 

counting and conversational  speech 0.25 0.06 0.00* 0.06;0.45 

Quiet breathing and reading 0.01 0.03 1.00 -0.12;0.10 

Quiet breathing and counting 0.15 0.04 0.02* 0.02;0.29 

Quiet breathing and conversational speech 0.10 0.05 0.62 -0.07;0.27 

 Reading and conversational speech 
0.08 0.04 0.33 -0.03;0.20 

 Reading and counting 0.16 0.05 0.02* 0.02;0.31 

 Counting and conversational  speech 0.25 0.06 0.00* 0.05;0.44 

Em (a.u) Quiet breathing and reading 0.00 0.03 1.00 -0.14;0.11 

 Quiet breathing and Counting 0.15 0.04 0.02* 0.02;0.29 

 
Quiet breathing and conversational speech 

 0.09 0.05 0.73 -0.07;0.26 

 Reading and conversational speech 0.41 0.79 1.00 -2.74;1.92 

 Reading and counting 0.33 0.91 1.00 -2.36;3.03 

%AB insp Counting and conversational  speech 0.74 1.18 1.00 -2.75;4.24 

 Quiet breathing and reading 
2.43 0.66 0.01* 0.48;4.38 

 Quiet breathing and counting 
2.76 1.22 0.21 -0.82;6.34 

 Quiet breathing and conversational speech 
2.02 0.66 0.04* 0.06;6.31 
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7.2.5  Summary of section two 

Only two breathing parameters (inspiration and expiration time) were 

significantly different between unconstrained speech tasks (spontaneous 

speech) and constrained speech tasks (reading). Apart from inspiration and 

expiration time, there was no evidence to suggest that any of the breathing 

parameters differed between each speech task in comparison to quiet 

breathing. Therefore, the evidence that speech breathing patterns are ‘task 

specific’ becomes less clear within an older population. The following table 

presents a summary of findings with respect to the hypotheses outlined in 

section 7.2.2 

Table 12   Summary of 7.2 

Hypothesis Summary of findings 

Rejected/partially 

supported/supported? 

HP2a 

 Only two respiratory timing parameters 

(inspiratory and expiratory time were able to 

differentiate between the tasks 

 The differences between the quiet breathing and 

each speech task was statistically significant for 

inspiration and expiration time 

Partially supported 

HP2b 

 The differences between reading and spontaneous 

speech were statistically significant. 

 The differences between quiet breathing and the 

speech tasks was only found to be significant for 

the counting task 

Partially supported 

HP2c 

 Significant differences were only identified for 

%ABInsp 

 Significant differences were between quiet 

breathing and two speech tasks (reading and 

spontaneous speech) 

 no significant differences were observed between 

the speech tasks. 

Partially supported 
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7.3 Section Three                                                     

Influence of age and sex on breathing and speech 

breathing parameters 

In this section, the influence of two independent predictors (age and sex) on 

the total variance of each breathing and speech breathing parameter has been 

assessed using multiple linear regression in order to determine their overall 

contributions according to each parameter and breathing/speech task. 

7.3.1 Aims, research questions and hypotheses 

Aims: 

1. To examine the influence of age on breathing and speech breathing 

parameters relating to timing, magnitudes and the regional 

contributions of the rib cage and abdomen in healthy adults during 

quiet breathing, reading and conversational speech. 

2. To examine the influence of sex on breathing and speech breathing 

parameters relating to timing, magnitudes and the regional 

contributions of the rib cage and abdomen in healthy adults during 

quiet breathing, reading and conversational speech. 

Research questions: 

1. Are breathing and speech breathing parameters significantly influenced 

by age in healthy adults? 

2. Are breathing and speech breathing parameters significantly influenced 

by sex in healthy adults? 

Hypothesis developed after data collection: 

HP3a  Respiratory timing parameters, magnitudes and regional 

contributions of the ribcage and abdomen obtained from healthy 

adults will be significantly influenced by age during quiet breathing, 

reading and conversation 

HP3b Respiratory timing parameters, magnitudes and regional 

contributions of the ribcage and abdomen obtained from healthy 
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adults will be significantly influenced by sex during quiet breathing, 

reading and conversation. 

7.3.2 Multiple regression analysis results 

Breathing and speech breathing pattern data from the healthy young adults 

and the healthy older adults were pooled and included in the model (n=49) to 

obtain data across a spectrum of different ages. The average age for the 

pooled data was 46.69±19.28 years. Since the multiple linear regression 

analysis included data from study one and study two, the analysis could only 

be conducted for the quiet breathing task, reading, and conversation because 

the describing task was removed from the second and third studies due to the 

challenges faced by some participants when completing the task (see section 

8.1.1). The results in tables 13-15 summarise the linear model of predictors 

(age and sex) on each breathing parameter during quiet breathing (table 13), 

reading (table 14) and spontaneous speech (table 15). 

In each regression, the histograms and p-p plots were assessed for linearity, 

independence of errors, homoscedasticity and normality of error distribution. 

The regression standardised residual histograms looked approximately bell-

shaped and showed normal distribution of residuals. The P-P plots also 

demonstrated reasonably distributed residuals. The assumption of 

homoscedasticity was met since the data points were randomly dispersed 

throughout the plot in support the validity of the model. Any exceptions to 

these assumptions have been presented separately. 
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Quiet breathing task 

Table 13. Influence of age and sex on breathing parameters during the quiet breathing task in healthy adults (n=49) – results 

of the linear regression  

 

Mean±SD   R
2

             Constant           

AGE 

      B                SE          95% CI for B            p 

SEX 

       B                SE            95% CI for B        p 

TI (sec) 1.83±0.67 0.03 2.28 -0.001 0.005 -0.11;0.009 0.84 -0.25 0.19 -0.65;0.14 
0.19 

TE (sec) 2.19±0.97 0.12 1.55 0.01 0.007 0.004;0.03 0.01* -0.11 0.27 -0.66;0.43 
0.67 

IM (a.u) 1.74±0.75 0.03 1.80 -0.007 0.006 -0.01;0.005 0.23 0.16 0.22 -0.28;0.60 
0.46 

EM (a.u) 1.73±0.74 0.04 1.79 -0.007 0.006 -0.01;0.004 0.21 0.16 0.21 -0.27;0.60 
0.44 

Ttot (sec) 4.66±1.56 0.07 5.49 0.002 0.01 -0.02;0.02 0.83 -0.59 0.45 -1.52;0.32 
0.19 

RR (bpm) 14.08±3.69 0.06 11.87 -0.01 0.02 -0.07;0.03 0.54 1.88 1.06 -0.26;4.02 
0.08 

%RCInsp 74.26±11.09 0.37 55.56 0.3 0.06 0.21;0.48 0.00* 1.59 2.61 -3.67;6.86 
0.54 

%ABInsp 24.60±12.13 0.42 45.67 -0.40 0.07 -0.54;-0.25 0.00* -1.44 2.76 -7.00;4.10 
0.60 

%RCExp 74.25±10.76 0.37 56.16 0.33 0.06 0.20;0.46 0.00* 1.52 2.15 -3.59;6.64 
0.55 

%ABExp 24.61±11.81 0.41 44.95 -0.39 0.06 -0.53;-0.25 0.00* -1.33 2.69 -6.75;4.09 
0.62 

 

B =Unstandardised Beta; SE = Standard Error; R
2

=Coefficient of determination; TI (sec) = Inspiration time (seconds); Ti/Ttot% = percentage of time spent on inspiration;  TE (sec) = 

expiration time (seconds); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time (seconds); RR (bpm) = 

respiratory rate (breaths per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage contribution to inspiration; %RC Exp = Ribcage 

percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration. 
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Reading task 

Table 14.  Influence of age and sex on breathing parameters during the reading task in healthy adults (n=49) – Results of the 

multiple linear regression 

 

Mean±SD   R
2

             Constant           

AGE 

    B                SE         95% CI for B        p 

SEX 

     B                SE              95% CI for B          p 

TI (sec) 
0.59±0.12 0.01 0.53 0.001 0.001 -0.001;0.002 0.56 0.01 0.03 -0.05;0.09 

0.63 

TE (sec) 
3.69±0.81 0.03 3.14 0.006 0.006 -0.006:0.019 0.31 0.16 0.24 -0.32;0.64 

0.50 

IM (a.u) 
1.52±0.56 0.10 1.28 -0.005 0.004 -0.01;0.003 0.19 0.31 0.15 -0.007;0.63 

0.05 

EM (a.u) 
1.50±0.55 0.10 1.25 -0.006 0.004 -0.10;0.003 0.17 0.31 0.15 0.003;0.63 

0.05 

Ttot (sec) 
4.30±0.19 0.02 3.73 0.006 0.007 -0.008;0.02 0.40 0.19 0.26 0.34;0.73 

0.48 

RR (bpm) 
14.57±2.94 0.03 16.28 -0.20 0.02 -0.70;0.01 0.22 -0.28 0.86 -2.01;1.45 

0.74 

%RC Insp 
71.80±11.43 0.43 51.96 0.38 0.06 0.25;0.51 0.00* 1.30 2.56 -3.86;6.47 

0.61 

%AB Insp 
27.46±12.15 0.44 48.29 -0.42 0.06 -0.55;-0.28 0.00* -0.77 2.69 -6.20;4.65 

0.77 

%RC Exp 
72.34±11.47 0.44 52.69 0.39 0.06 0.25;0.52 0.00* 0.84 2.56 -4.31;6.00 

0.74 

%Ab Exp 
26.88±12.27 0.45 47.75 -0.42 0.07 -0.56;-0.28 0.00* -0.55 2.70 -6.00;4.88 

    0.83 

B =Unstandardised Beta; SE = Standard Error; R
2

=Coefficient of determination; TI (sec) = Inspiration time (seconds); Ti/Ttot% = percentage of time spent on inspiration;  TE (sec) = 

expiration time (seconds); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time (seconds); RR (bpm) = 

respiratory rate (breaths per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage contribution to inspiration; %RC Exp = Ribcage 

percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration 
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Conversational speech task 

Table 15      Influence of age and sex on breathing parameters during the conversational speech task in healthy adults (n=49) 

Results of the multiple linear regression 

 

Mean±SD   R
2

             Constant           

AGE 

         B               SE        95% CI for B            p 

SEX 

     B            SE          95% CI for B            p 

TI (sec) 
0.66±0.13 0.09 0.51 0.002 0.001 0.00;0.004 0.06 0.03 0.03 -0.40;0.11 

0.34 

TE (sec) 
4.60±1.10 0.06 3.55 0.01 0.008 -0.007;0.02 0.24 0.36 0.32 -0.27;1.01 

0.25 

IM (a.u) 
1.96±0.68 0.002 2.00 -0.002 0.005 -0.01;0.009 0.76 0.02 0.20 -0.39;0.43 

0.91 

EM (a.u) 
1.93±0.67 0.002 1.97 -0.002 0.005 -0.01;0.009 0.75 0.02 0.20 -0.38;0.42 

0.90 

Ttot (sec) 
5.31±1.20 0.07 4.13 0.01 0.00 -0.005;0.03 0.16 0.28 0.34 -0.31;1.07 

0.27 

RR (bpm) 
11.94±2.65 0.08 14.96 -0.30 0.02 -0.70;0.009 0.12 -0.82 0.75 -2.35;0.70 

0.28 

%RC Insp 
72.09±11.78 0.42 54.17 0.39 0.06 0.25;0.53 0.00* -0.42 2.67 -5.81;4.97 

0.87 

%AB Insp 
27.07±12.60 0.44 46.24 -0.43 0.07 -0.58;-0.29 0.00* 0.84 2.79 -4.78;6.47 

0.76 

%RC Exp 
72.39±11.85 0.41 54.71 0.39 0.07 0.25;0.53 0.00* -0.53 2.71 -5.90;4.93 

0.84 

%Ab Exp 
26.83±12.58 0.42 45.62 -0.43 0.07 -0.58;-0.29 0.00* 0.98 2.80 -4.66;6.64 

0.72 

 

B =Unstandardized Beta; SE = Standard Error; R
2

=Coefficient of determination; TI (sec) = Inspiration time (seconds); Ti/Ttot% = percentage of time spent on inspiration;  TE (sec) = 

expiration time (seconds); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time (seconds); RR (bpm) = 

respiratory rate (breaths per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage contribution to inspiration; %RC Exp = Ribcage 

percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration
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7.3.3 Assessing the variance of breathing and speech breathing 

parameters in healthy adults explained by two independent 

predictors (age and sex) 

Respiratory timings and magnitudes 

Multiple linear regression was used to assess the relationship between each 

outcome variable (breathing parameter) and two independent predictors (age 

and sex). Based on the summary findings in table 13, there was no evidence to 

suggest that age or sex had any significant influence on any of the respiratory 

timing parameters, or magnitude, apart from expiration time during the quiet 

breathing task. There was a minor indication that the variance of expiration 

time could partly be explained by age (B = 0.01, p=0.01), where the beta 

weights indicated that a unit increase of one year was associated with a 

predicted increase of 0.01seconds. However, while the overall fit of the model 

was found to be statistically significant (p=0.01), the correlation was found to 

be extremely weak (R
2

 = 0.12). This significant result was not observed during 

the other tasks (reading or conversational speech).  

Regional contributions of the rib cage and abdomen 

Age was found to significantly influence four breathing parameters (regional 

contributions of the ribcage and abdomen to inspiration and expiration) during 

every task (p<0.05). By looking at the R
2

 values (the proportion of variance in 

the dependent variables that could be explained by the independent variables), 

the independent variables explained between 41% and 44% of the variability of 

the regional contributions of the rib cage and abdomen during inspiration and 

expiration. This variance was significant for age (p<0.05), but not sex. In 

general, the regression suggests that increasing age was associated with a 

greater ribcage and smaller abdominal contribution. For example, during the 

quiet breathing task, a unit increase of one year was associated with a 0.34% 

increase and 0.40% decrease in ribcage and abdominal contributions 

respectively. However, while these results were found to be statistically 

significant, the correlation was found to be weak (between 0.41 and 0.45). 

Furthermore, the regression standardised residual histograms for %RCInsp, 

%ABInsp, %RCExp and %ABExp appeared to be more negatively skewed, and the 

P-P plots demonstrated some deviations from normality suggesting that 

residuals were not normally distributed.  However, the assumption of the 
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homoscedasticity was met as the data points were randomly spread around 

zero, with no obvious change in the variation of the residuals across the range 

of predicted values. Since the regression standardised residual histograms, P-P 

plots and scatter plots of the residuals were similar for each parameter 

representing the regional contributions of the ribcage and abdomen during 

every task, the histograms and plots (figures 17-19) have only been presented 

for one variable, namely %RCExp during the quiet breathing task in order to 

avoid repetition. 

 
 
Figure 17  Regression standardised residual histogram of ribcage data 

(%RCExp) during the quiet breathing task demonstrates a 

negatively (right) skewed distribution  

 

 

 

 

 

 

 



   

211 

 

 
 
Figure 18 P-P plot for regression model for %RCExp during the quiet 

breathing task demonstrating some deviations from normality 

which suggests that residuals were not normally distributed 

 
 
Figure 19 Scatter plot of the residuals of the regression model for %RCExp 

during the quiet breathing task demonstrating no obvious 

change in the variation of residual value across the range of 

predicted values 
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7.3.4  Summary of section three 

No association between breathing parameters and sex could be detected 

within this sample. Age was found to have some influence on some 

parameters: the relative contribution of age to the total variance of each 

parameter was found to be significant for the regional contributions of the 

ribcage and abdomen. However, due to the weak correlations and sub-optimal 

p-p plots and standardised histograms, these findings need to be interpreted 

with caution and are by no means conclusive. The following table presents a 

summary of findings with respect to the hypotheses described in section 7.3.1. 

Table 16   Summary of section 7.3 

Hypotheses Summary of findings 

Rejected/partially 

supported/supported? 

HP3a 

 Expiration time was significantly influenced by age 

during the quiet breathing task, although the 

correlation was found to be extemently weak 

(R
2

=0.12) 

 %RCInsp, %ABInsp, %RCExp, %ABExp were 

significantly influenced by sex during every task, 

although the actual correlation was also found to 

be weak. 

Partially supported 

HP3b  Sex was not found to have any significant  

influence on any of the respiratory parameters. 

Rejected  
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7.4 Section Four                                                    

Breathing and speech breathing patterns characterised 

in adults with self-reported asthma, and patients with 

COPD and bronchiectasis  

7.4.1 Introduction 

In this section, breathing and speech breathing patterns have been 

characterised within groups with self-reported asthma, COPD and 

bronchiectasis.  Each parameter was compared between the various breathing 

and speech tasks in order to examine task specificity within these groups.  

Patients with COPD and bronchiectasis were then pooled into one group 

(referred to as pooled patients with chronic respiratory disease (CRD)), on the 

basis of their similarities in age and available spirometry. Demographic and 

anthropometric data are firstly presented according to primary diagnosis and 

pooled patients with CRD.   

7.4.2 Aims, Research questions and Hypotheses 

Aims: 

1. To characterise the breathing and speech breathing patterns obtained 

from a patients with one of 3 chronic respiratory diseases during 

various speech tasks. 

2. To compare the breathing and speech breathing patterns among the 

different tasks, to assess if speech breathing patterns were task specific 

within each disease group. 

Research questions: 

1. Do adults with self-reported asthma produce ‘task specific’ breathing 

patterns? 

2. Do patients with CRD (COPD and bronchiectasis) produce ‘task 

specific’ breathing patterns 

 

 

 



 

 214 

Hypotheses developed after data collection: 

HP4a  There is a statistically significant difference in respiratory timing 

parameters, magnitudes and regional contributions of the ribcage 

and abdomen between quiet breathing, reading, describing and a 

spontaneous speech task in participants with self-reported 

asthma. 

HP4b There is a statistically significant difference in respiratory timing 

parameters, magnitudes and regional contributions of the ribcage 

and abdomen between quiet breathing, reading, counting and a 

spontaneous speech task in patients with bronchiectasis. 

HP4c There is a statistically significant difference in respiratory timing 

parameters, magnitudes and regional contributions of the ribcage 

and abdomen between quiet breathing, reading, counting and a 

spontaneous speech task in patients with COPD. 

HP4d There is a statistically significant difference in respiratory timing 

parameters, magnitudes and regional contributions of the ribcage 

and abdomen between quiet breathing, reading, counting and a 

spontaneous speech task in pooled patients with CRD. 

7.4.3 Demographic and anthropometric data (self-reported asthma, 

bronchiectasis and COPD, and pooled patients CRD) 

Adults with self-reported asthma were recruited during the first study. Patients 

with a diagnosis of COPD or bronchiectasis were recruited during the third 

study. The demographic and anthropometric data are firstly presented 

according to primary diagnosis (self-reported asthma, COPD and 

bronchiectasis) (table 17). Baseline data from the COPD and bronchiectasis 

patients who took part in study three were then pooled to create an older 

chronic respiratory disease group for further analysis. The self-reported 

asthma data were not included in this pooled group on the grounds that a) the 

asthma diagnosis was unconfirmed by a clinician and b) they were younger in 

age and c) no spirometry was available for them. In the patient groups lung 

function (spirometry) data could only be presented for 11 patients (COPD = 7, 
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bronchiectasis = 4), as these data were missing from patient medical notes in 

the other 9 patients. 

 By primary diagnosis  pooled patients 

with CRD 

 

(n=20) 
COPD 

(n=14) 

Bronchiectasis 

(n=6)  

Self-reported 

asthma 

(n=11) 

Age (years) 

Mean±sd 

 

 

69.36±9.64 

 

 

 

70.50±7.23 

 

 

 

28.55±6.15 69.70±8.81 

 

Sex M = 7, F = 7 M = 1, F = 5 M= 1, F = 10    M = 8, F = 12 

Length of 

illness (years) 

Mean 

Range 

 

 

6.81  

(1-14) 

 

4.40 

(1-10) 

 

- 
6.14 

(1-14) 

FEV1  (% of 

predicted) 

Mean 

(SD) 

 

 

46.43 

(14.82) 

n = 7 

 

51.57 

(10.17) 

n = 4 

 

 

- 

 

48.36 

(13.04) 

n = 11 

FVC  (% of 

predicted) 

Mean 

(SD) 

 

 

72.00 

(21.97) 

n = 7 

 

81.50 

(10.47) 

n = 4 

 

 

- 

 

75.45 

(18.59) 

n = 11 

FEVI/FVC 

Mean 

(SD) 

 

0.53 

(0.16) 

n = 7 

 

0.48 

(0.11) 

n = 4 

- 0.51 

(0.14) 

n = 11 

FEV1: Forced Expiratory Volume in one second; FVC: Forced Vital Capacity. 

Table17  Demographic and anthropometric data from participants with 

chronic respiratory disease according to individual pathology, 

and the pooled patients with COPD and bronchiectasis  

Demographic and lung function data were compared between the COPD and 

bronchiectasis groups to determine whether there were any statistically 

significant differences between them. Both data sets were examined for normal 

distribution using the Shapiro-Wilk test, and the data was found to be normally 

distributed for each variable. Independent sample t tests were used to test for 

whether there were any statistically significant differences between the COPD 

and bronchiectasis group (table 18). 
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   COPD BR 

Mean  

Diff. 
t df p Value 

Age (years) 

Mean 

range 

  69.36 

(51-84) 

 

  70.50 

(61-83) 

 

1.14 0.25 18 0.79 

Length of illness (years) 

Mean 

Range 

 

6.81  

(1-14) 

4.40 

(1-10) 
2.48 0.86 18 0.39 

FEV1  (% of predicted) 

Mean 

SD 

 

46.43 

(14.82) 

51.57 

(10.17) 
5.32 0.63 9 0.54 

FVC  (% of predicted) 

Mean 

SD 

 

72.00 

(21.97) 

81.50 

(10.47) 
9.50 0.80 9 0.44 

FEVI/FVC 

Mean 

SD 

 

0.53 

(0.16) 

0.48 

(0.11) 
0.04 0.49 9 0.63 

FEV1 = Forced Expiratory Volume in one second; FVC = Forced Vital Capacity; BR =  

Bronchiectasis 

Table 18  Demographic and lung function data; comparison between COPD 

and bronchiectasis – results from the independent t tests 

 

Of the 20 patients with a diagnosis of chronic respiratory disease, 14 had 

COPD (7 males) and 6 had bronchiectasis (1 male). On average, participants 

with COPD had their illness for longer (6.81 years) than those with 

bronchiectasis (4.40 years). When looking at the lung function data, all these 

patients were considered to have ‘severe’ airflow obstruction based on the 

GOLD classification of airways obstruction guidelines (FEV1pp <50%) (GOLD 

2014). Airflow obstruction was slightly worse for patients with COPD. However, 

the results of the independent t tests demonstrated no statistically significant 

differences for any demographic or lung function data between those with 

COPD and bronchiectasis in this sample. This supported the decision to pool 

the data from these two diagnostic groups for further analysis (see section 

7.4.7). 

The 11 participants with self-reported asthma (10 females) had a mean age of 

28.55±6.15. While asthma status was not confirmed with formal lung function 

testing, 10 of the 11 participants reported using a combination of steroidal 

and non-steroidal (β – agonist) bronchodilators when required. Of these 10 

participants, 1 used Fostair (β - agonist), 3 administered a combination of 
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Salbutamol and Ventolin (both β agonists), 1 used Ventolin and Becotide 

(steroid) and the remaining 5 used Ventolin. 

7.4.4 Characterising breathing and speech breathing patterns in adults 

with a self-reported history of asthma 

Descriptive statistics (mean and SD) were calculated for each breathing 

parameter during quiet breathing, reading, describing and conversational 

speech. The self-reported asthma group had been given the describing task 

during study one. 

Task specificity was tested for each breathing and speech breathing parameter 

using a one way repeated measures ANOVA. All data were found to be 

normally disturbed when assessed using the Shapiro Wilk test.  The 

Greenhouse-Geisser correction was used when the assumptions of Mauchly’s 

Test of Spericity were violated. Any statistically significant results from the 

ANOVA were subsequently followed by post hoc tests using the Bonferroni 

adjustment for multiple comparisons. This analysis was performed for each 

group, but will only be described here, to avoid repetition.   

Self-reported asthma (n=11) 

Descriptive analysis 

On visual inspection of the data (table 19), adults who reported a history of 

asthma appeared to produce breathing patterns similar to those previously 

observed for healthy young (section 7.1.4) and healthy older adults (section 

7.2.4), during a quiet breathing, reading and conversational speech task. On 

average, the linguistically constrained task (reading) was associated with the 

shortest respiratory magnitudes and timing components (expiratory time and 

breathing cycle time), and had the fastest respiratory rate.  
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*Starred results significant at the 0.05 alpha level; 
 1

Sphericity assumed; 
2

Greenhouse-Geisser; TI (sec) = Inspiration time (seconds);  TE (sec) = expiration time (seconds); IM 

(a.u) = Inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time (seconds); RR (bpm) = respiratory rate (breaths 

per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage contribution to inspiration; %RC Exp = Ribcage percentage contribution 

to expiration; %AB Exp = Abdominal percentage contribution to expiration; DF = Degrees of Freedom.  

Table 19 Breathing and speech breathing parameters in 11 adults with as self-reported history of asthma during quiet breathing reading, 

describing and conversational speech: Descriptive statistics and results of the one way repeated measures ANOVA 

 

Quiet breathing     

(n =11) 

Reading          

(n =11) 

Conversation    

(n = 11) 

Describing             

(n = 11) 

One way repeated measures ANOVA 

results 

        F                    df                    p  

TI (sec) 1.75±0.38 0.52±0.11 0.49±0.08 0.62±0.15 9.17 1.18
2

 0.00* 

Ti/Ttot (%) 37 13 11 14 - - - 

TE (sec) 2.89±0.60 3.29±0.84 3.84±0.76 3.70±1.12 4.74 1.64
2

 0.02* 

IM (a.u) 1.62±0.48 1.60±0.79 2.01±0.67 2.03±0.78 3.81 3
1

 0.02* 

EM (a.u) 1.62±0.47 1.58±0.79 2.00±0.67 1.99±0.76 3.52
 

3
1

 0.02* 

Ttot (sec) 4.67±0.93 3.84±0.90 4.39±0.79 4.36±1.22 2.34 1.47
2

 0.14 

RR (bpm) 13.42±2.80 16.40±3.58 14.21±2.34 14.66±3.26 3.33 1.86
2

 0.06 

%RC Ins 62.70±4.99 63.35±6.22 64.51±4.18 65.89±4.24 1.15 1.68
2

 0.33 

%AB  Ins 37.28±5.98 36.63±6.28 35.42±4.24 34.02±4.33 1.19 1.69
2

 0.32 

%RC Exp 62.95±5.34 62.48±6.81 64.39±5.22 64.30±8.36 0.40 3
1

 0.74 

%AB Exp 37.03±5.34 37.50±6.85 35.55±5.24 35.59±8.44 0.43 3
1

 0.72 



   

219 

 

*Starred results significant at the 0.05 alpha level 

TI = Inspiratory time (seconds), TE = Expiratory time (seconds); IM = Inspiratory Magnitude (arbitrary units); EM = Expiratory magnitude 

(arbitrary units) 

Table 20  Adults with a self-reported history of asthma (n=11): Results from the post hoc analysis – pairwise comparisons between 

quiet breathing, reading describing and conversational speech.

 Paired–wise comparison 

 

Mean difference 
Standard error 

of the mean 

difference 

p Value 

95% Confidence interval of the mean 

difference 

Upper bound; lower bound 

 

TI (sec) 

Reading and conversational speech 0.03 0.02 1.00 -0.05; 0.11 

Reading and describing 0.09 0.04 0.29 -0.23;0.04 

Describing and conversational  speech 0.12 0.03 0.04* 0.01;0.24 

Quiet breathing and reading 
1.22 0.11 0.00* 0.86;1.59 

Quiet breathing and describing 1.13 0.13 0.00* 0.68;1.57 

Quiet breathing and conversational speech 1.25 0.11 0.00* 0.87;1.64 

TE (sec) 

Reading and conversational speech 0.54 0.19 0.12 -0.10;1.19 

Reading and describing 0.40 0.28 1.00 -0.52;1.33 

Describing and conversational  speech -0.13 0.16 1.00 -0.68;0.40 

Quiet breathing and reading 0.40 0.24 0.75 -0.39;1.20 

Quiet breathing and describing 0.18 0.39 0.40 -0.48;2.11 

Quiet breathing and conversational speech 0.95 0.31 0.08 -0.09;1.99 

 

IM (a.u) 

Reading and conversational speech 0.40 0.14 0.10 -0.06;0.87 

Reading and describing 0.42 0.17 0.22 -0.15;1.01 

Describing and conversational  speech 0.02 0.12 1.00 -0.39;0.43 

Quiet breathing and reading 0.02 0.15 1.00 -0.47;0.52 

Quiet breathing and describing 0.40 0.22 0.64 -0.34;1.15 

Quiet breathing and conversational speech 0.38 0.17 0.30 -0.18;0.94 

 Reading and conversational speech 
0.41 0.15 0.12 -0.08;0.90 

 Reading and describing 0.40 0.17 0.27 -0.17;0.98 

 Describing and conversational  speech 0.01 0.13 1.00 -0.42;0.44 

Em (a.u) Quiet breathing and reading 0.03 0.15 1.00 -0.45;0.53 

 Quiet breathing and describing 0.36 0.22 0.77 -0.35;1.08 

 Quiet breathing and conversational speech 0.37 0.17 0.32 -0.18;0.93 
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Task specificity in adults who reported a history of asthma 

The findings from the one way repeated measures ANOVA revealed statistically 

significant differences among the tasks for four breathing parameters, namely; 

inspiration time (F=9.17, df=1.18, p=0.00), expiration time (F=4.74, df=1.64, 

p=0.02), inspiration magnitude (F=3.18, df=3, p=0.02) and expiration 

magnitude (F=3.52, df=3, p=0.02). However, the examination of the post hoc 

results revealed that the paired comparisons were only significant for 

inspiration time. Conflicts between a significant ANOVA and non-significant 

post hoc test are not an uncommon finding. Post hoc testing using Bonferroni 

corrections for multiple comparisons is considered as a conservative test, 

however its use in the current investigation was justified on the basis that 

multiple comparisons were being performed, which could increase type one 

error rate. Pair-wise comparisons for inspiration time suggested that the 

majority of differences were observed between quiet breathing and each of the 

speech tasks: reading (p=0.00), describing (p=0.00) and conversational speech 

(p=0.00). When examining between the speech tasks, statistically significant 

differences were only identified between describing and conversational speech 

(p=0.04). 

7.4.5 Characterising breathing and speech breathing patterns in 

patients with bronchiectasis 

Breathing and speech breathing patterns will now be examined for their ability 

to differentiate between the various breathing and speech tasks (quiet 

breathing, reading, conversational speech and counting), in six patients with a 

clinical diagnosis of bronchiectasis (table 21). Due to some missing data sets 

(which arose from technical failures during the data collection phase - see 

section 7.6.8), data from two participants had to be removed from the quiet 

breathing task. ANOVA requires full data sets when comparing between the 

tasks, therefore the results from the comparative analysis could only be based 

on four participants. Descriptive statistics and results from the one way 

repeated measures ANOVA are firstly presented, followed by the results from 

the post hoc analysis (table 22). 
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*Starred results significant at the 0.05 alpha level;  
1

Sphericity assumed; 
2

Greenhouse-Geisser;  

 TI (sec) = Inspiration time (seconds);  TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot 

(sec) = breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage 

contribution to inspiration; %RC Exp = Ribcage percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration; DF = Degrees of Freedom  

Table 21 Breathing and speech breathing parameters in 6 patients with bronchiectasis during quiet breathing reading, 

counting and conversational speech: Descriptive statistics and results from the one way repeated measures ANOVA 

(n=4) 

 

Quiet breathing     

(n =4) 

Reading          

(n = 6) 

Conversation    

(n =6) 

Counting              

(n =6) 

One way repeated measures ANOVA 

results 

        F                    df                    p  

TI (sec) 1.43±0.13 0.63±0.09 0.66±0.12 0.58±0.21 43.39 3
1

 0.00* 

TE (sec) 2.19±0.17 3.57±0.72 3.56±0.76 3.30±1.51 4.68 3
1

 0.03* 

IM (a.u) 1.19±0.42 1.20±0.48 1.31±0.87 0.97±0.10 1.13 3
1

 0.38 

EM (a.u) 1.20±0.45 1.19±0.48 1.28±0.59 0.98±0.12 1.13 3
1 

0.38 

Ttot (sec) 3.64±0.84 4.26±0.74 4.26±0.79 3.92±1.66 0.88 1.21
2

 0.43 

RR (bpm) 17.25±4.01 14.55±2.2.7 14.62±2.99 17.60±6.74 1.00 3
1 

0.43 

%RC Ins 65.33±11.43 60.78±13.82 54.04±16.24 53.11±18.01 4.05 3
1 

0.04* 

%AB  Ins 33.92±11.74 38.94±13.87 45.70±16.18 46.41±18.00 4.10 3
1 

0.04* 

%RC Exp 58.71±12.71 58.90±13.77 53.02±16.61 58.32±12.98 2.77 3
1

 0.10 

%AB Exp 34.35±12.19 40.93±13.79 46.45±16.81 41.27±13.00 2.68 3
1 

0.11 
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*Starred results significant at the 0.05 alpha level 

TI = Inspiratory time (seconds), TE = Expiratory time (seconds); %RCInsp = Regional contribution of the ribcage to the inspiration phase; %ABInsp 

= regional contribution of the abdomen to the inspiration phase. 

Table 22   Results from the post hoc analysis: Pairwise comparisons between quiet breathing, reading counting and conversational 

speech in patients with bronchiectasis (n=4)

 Paired comparison 

 

Mean difference Standard error 

of the mean 

difference 

p Value 

95% Confidence interval of the mean 

difference                                        

upper bound; lower bound 

 

     

TI (sec) 

Reading and spontaneous speech 0.00 0.07 1.00 -1.39;-0.24 

Reading and counting 0.04 0.08 0.02* -1.42;-0.22 

Counting and spontaneous  speech 0.04 0.11 1.00 -0.65;0.75 

Quiet breathing and reading 
0.82 0.09 0.02* 0.22;1.42 

Quiet breathing and counting 0.86 0.06 0.00* 0.43;1.29 

Quiet breathing and spontaneous speech 0.81 0.09 0.01* 0.24;1.39 

TE (sec) 

Reading and spontaneous speech 0.02 0.29 1.00 -1.79;1.84 

Reading and counting 0.22 0.66 1.00 -3.88;4.34 

Counting and spontaneous  speech 0.25 0.79 1.00 -4.17;5.21 

Quiet breathing and reading 1.51 0.10 0.00* 0.86;2.15 

Quiet breathing and counting 1.73 0.63 0.42* -2.20;5.67 

Quiet breathing and spontaneous speech 1.48 0.24 0.05* -0.04;3.01 

 

%RC Insp 

Reading and spontaneous speech 11.51 2.90 0.17 -6.61;29.63 

Reading and counting 11.98 1.83 0.04* 0.53;23.44 

Counting and spontaneous  speech 0.47 2.69 1.00 -16.32;17.26 

Quiet breathing and reading 7.58 9.11 1.00 -49.21;64.39 

Quiet breathing and counting 19.57 9.97 0.86 -42.58;81.73 

Quiet breathing and spontaneous speech 19.10 8.05 0.59 -31.11;69.31 

 Reading and spontaneous speech 
11.48 2.87 0.16 -6.45;29.42 

 Reading and counting 11.79 1.76 0.04* 0.81;22.77 

 Counting and spontaneous  speech 0.03 2.67 1.00 -16.34;16.94 

%AB Insp Quiet breathing and reading 8.09 9.27 1.00 -49.69;65.87 

 Quiet breathing and counting 19.88 10.02 0.84 -42.56;82.32 

 Quiet breathing and spontaneous speech 19.58 8.16 0.57 -31.31;70.47 
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Based on the descriptive statistics in table 21, the counting task was associated 

with the shortest respiratory timing components (inspiration, expiratory and 

breathing cycle time), smallest magnitudes, smallest regional contributions of 

the ribcage and abdomen, and the fastest respiratory rate when compared with 

the reading and conversational speech task. The findings from the one way 

repeated measures ANOVA identified statistically significant differences for 

four breathing parameters, namely inspiration time (F=43.39, DF=3, p=0.00), 

expiration time (F=4.68, df=3, p=0.03), %RCInsp (F=4.05, df=3, p=0.04) and 

%ABInsp (F=4.10, df=3, p=0.04). 

The results from the pair-wise post hoc analysis (table 22) revealed that 

respiratory timings (inspiration and expiration time) could differentiate 

between quiet breathing and each speech task. However, the differences 

between the speech tasks were less discriminating, as statistically significant 

differences were only identified between the reading and counting task for 

inspiration time, and the regional contribution of the ribcage and abdomen 

during the inspiration phase.  

7.4.6 Characterising breathing and speech breathing patterns in 

patients with COPD 

In total, fourteen patients with COPD were recruited in the sample. Due to a 

number of technical failures that occurred during the data collection phase, 

seven data sets could not be included in analysis (quiet breathing (n=4), 

reading (n=1), counting (n=1) and conversational speech (n=1), leaving 10 full 

data sets. Since ANOVA requires a full data set for analysis, this analysis was 

therefore based on 10 patients. Table 23 presents the descriptive statistics and 

results from the one way repeated measures ANOVA. This is followed by the 

post hoc analysis in table 24. 
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*Starred results significant at the 0.05 alpha level; 
1

Sphericity assumed; 
2

Greenhouse-Geisser.   

TI (sec) = Inspiration time (seconds);  TE (sec) = expiration time (seconds); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot 

(sec) = breathing cycle time (seconds); RR (bpm) = respiratory rate (breaths per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal 

percentage contribution to inspiration; %RC Exp = Ribcage percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration; DF = Degrees of 

Freedom. 

Table 23  Breathing and speech breathing parameters in patients with COPD during quiet breathing reading, counting and 

conversational speech: Descriptive statistics and results from the one way repeated measures ANOVA (n=10)

 

Quiet breathing     

(n =10) 

Reading          

(n =13) 

Conversation    

(n =13) 

Counting              

(n =13) 

One way repeated measures ANOVA 

results 

        F                    df                    p  

TI (sec) 1.59±0.71 0.66±0.15 0.74±0.19 0.67±0.26 13.67 3
1

 0.00* 

TE (sec) 2.36±0.86 2.99±0.66 3.73±1.23 3.57±1.95 4.19 1.36
2

 0.06 

IM (a.u) 1.36±0.53 1.52±0.49 1.61±0.51 1.22±0.32 0.79 1.38
2 

0.43 

EM (a.u) 1.37±0.54 1.51±0.47 1.60±0.52 1.26±0.33 0.77 1.31
2 

0.44 

Ttot (sec) 3.99±1.58 3.66±0.74 4.51±1.40 4.27±1.92 1.49 1.22
2

 0.26 

RR (bpm) 16.90±5.41 16.95±2.99 14.35±3.51 16.09±4.98 1.17 1.19
2

 0.32 

%RC Ins 60.55±11.65 65.61±10.29 63.33±12.55 59.78±11.28 1.66 3
1

 0.19 

%AB  Ins 38.84±11.81 34.23±10.29 36.46±12.51 39.96±11.26 1.64 3
1 

0.20 

%RC Exp 65.00±11.81 65.62±15.84 62.61±12.48 60.33±11.74 0.47 3
1 

0.70 

%AB Exp 40.72±12.70 34.35±15.69 37.52±12.25 39.41±11.77 0.43 3
1 

0.72 
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*Starred results significant at the 0.05 alpha level 

TI= Inspiration time (seconds) 

Table 24  Results from the post hoc analysis: Pairwise comparisons between quiet breathing, reading counting and 

conversational speech in patients with COPD (n=10)

 Paired comparison 

 

Mean difference Standard error 

of the mean 

difference 

p Value 

95% Confidence interval of the mean 

difference                                              

Upper bound; lower bound 

 

     

TI (sec) 

Reading and conversational speech 0.04 0.09 1.00 -0.33;0.42 

Reading and counting 0.04 0.05 1.00 -0.27;0.17 

Counting and conversational  speech 0.00 0.12 1.00 -0.48;0.48 

Quiet breathing and reading 
0.78 0.17 0.02* 0.10;1.46 

Quiet breathing and counting 0.73 0.16 0.02* 0.10:1.37 

Quiet breathing and conversational speech 0.74 0.19 0.05 -0.02;1.50 
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Some suggestion of possible task specificity in patients with COPD was initially 

observed. The linguistically unconstrained task (conversational speech) seemed 

to be associated with the longest respiratory timing components, greatest 

magnitudes and slowest respiratory rate. The regional contributions of the 

ribcage and abdomen seemed to be the smallest during the counting task. 

However, while the results from the one way repeated measures ANOVA 

revealed differences to be significant for inspiration time (F=13.67, df=3, 

p=0.00), the post hoc analysis demonstrated that these differences were only 

significant between quiet breathing and speech (counting (p=0.02) and reading 

(p=0.02)), but not between any of the speech tasks. There was therefore no 

evidence of speech task specificity within the COPD sample. 

7.4.7 Characterising breathing and speech breathing patterns in 

patients with chronic respiratory disease – pooled data from 

COPD and bronchiectasis (pooled patients with CRD) 

A decision was taken to pool the data from patients with COPD and 

bronchiectasis in to one group on the basis of their similarities in age and 

available spirometry (see table 18 for comparative analysis). The pooled COPD 

and bronchiectasis group will now be referred to as ‘pooled patients with 

CRD’. 

Descriptive analysis 

The number of participants included in each analysis varies across the tasks. 

Several data sets had to be removed due to technical failures during the data 

collection process. The number of patient data sets included in each task has 

varied accordingly: quiet breathing = 14, reading = 19, counting = 19, 

conversation = 19. A detailed description of missing data is presented later in 

section 7.6.8.  

On average, the quiet breathing task was characterised by having the longest 

inspiratory phase, and the greatest TI/Ttot%. Within the speech tasks, 

conversation was associated with the longest breathing cycles, as participants 

had the longest inspiration and expiration phases. The counting task appeared 

to place the greatest respiratory demand on speech breathing, as this task was 

associated with the fastest respiratory rate and the smallest breath sizes from 

all tasks. When examining the percentage ribcage and abdominal contributions 
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to inspiration and expiration, tidal breathing was dominated by ribcage 

displacement during all tasks. 

7.4.8 Analysis of variance – comparison between breathing and speech   

tasks in pooled patients with CRD 

After pooling the COPD and bronchiectasis data, breathing and speech 

breathing parameters were compared among the four tasks to determine 

whether breathing and speech breathing patterns were ‘task specific’ for this 

pooled group. All data were found to be normally distributed using the 

Shapiro-Wilk test, and a one way repeated measures ANOVA was used to 

compare each breathing parameter among the various tasks (quiet breathing, 

reading, conversation and counting). The Greenhouse Geisser correction was 

used when the assumptions of Mauchly’s Test of Sphericity were violated. 

Table 25 presents these results for the group. Since ANOVA requires a full data 

set for analysis, data from 14 participants were included in this analysis, as 

there were missing data from six participants during each of the tasks. Any 

significant results were followed up by post hoc test using the Bonferroni 

correction for multiple comparisons which is presented in table 26. 
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*Starred results significant at the 0.05 alpha level;
 1

Sphericity assumed; 
2

Greenhouse Geiser;  TI (sec) = Inspiration time (seconds); Ti/Ttot% = percentage of time spent on 

inspiration;  TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time 

(sec); RR (bpm) = respiratory rate (breaths per minute); % RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage contribution to inspiration; 

%RC Exp = Ribcage percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration; DF = Degrees of Freedom;  

Table 25  Breathing and speech breathing parameters in pooled COPD and bronchiectasis data; Comparison between quiet 

breathing, reading, spontaneous speech and counting – results of the one way repeated measures ANOVA (n=14) 

 

Quiet breathing     

(n = 14) 

Reading          

(n = 19) 

Conversation    

(n = 19) 

Counting             

(n = 19) 

     One way repeated measures ANOVA 

        F                    df                    p  

TI (sec) 1.54±0.60 0.65±0.13 0.72±0.17 0.64±0.24 29.14
2 

1.24 0.00* 

Ti/Ttot (%) 39.58 16.88 16.25 15.38 - - - 

TE (sec) 2.31±0.80 3.17±0.71 3.68±1.09 3.48±1.79 6.74
2 

1.70 0.00* 

IM (a.u) 1.30±0.49 1.42±0.49 1.91±0.65 1.14±0.29 1.29
1 

3 0.28 

EM (a.u) 1.31±0.49 1.41±0.48 1.87±0.63 1.17±0.30 1.17
2 

1.85 0.32 

Ttot (sec) 3.89±1.39 3.85±0.77 4.43±1.22 4.16±1.60 1.41
2 

1.80 0.26 

RR (bpm) 17.00±4.90 16.19±2.95 14.43±3.27 16.57±5.45 2.30
2 

1.72 0.12 

%RC Ins 61.91±11.38 64.08±11.36 60.39±14.07 57.67±13.60 3.67
2 

1.64 0.05 

%AB Ins 37.44±11.56 35.72±11.36 39.38±14.02 41.99±13.56 2.82
2 

1.56 0.09 

%RC Exp 60.51±12.36 63.49±15.18 59.58±14.30 59.70±11.81 1.05
1 

3 0.38 

%Ab Exp 38.90±12.45 36.42±15.06 40.34±14.03 39.99±11.83 1.37
1 

3 0.34 
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*Starred results significant at the 0.05 alpha level (2 tailed).  

TI (sec) = Inspiration time (seconds; TE (sec) = expiration time (sec) 

Table 26 Results from the post hoc analysis: Pairwise comparisons between quiet breathing, reading counting and 

conversational speech in pooled patients with chronic respiratory disease (n=14)

 Paired comparison 

 

Mean difference 
Standard error of 

the mean 

difference 

p Value 

95% Confidence interval of the mean 

difference 

 

Lower            Upper 

TI (sec) 

 

Reading and spontaneous speech 0.07 0.04 0.09 -0.01;0.16 

Reading and counting 0.001 0.61 0.98 -0.12;0.13 

Counting and spontaneous  speech 0.07 0.07 0.37 -0.09;0.24 

Quiet breathing and reading 0.87 0.15 0.00* 0.55;1.20 

Quiet breathing and counting 0.87 0.11 0.00* 0.63;1.12 

Quiet breathing and spontaneous speech 0.80 0.16 0.00* 0.44;1.16 

TE (sec) 

Reading and spontaneous speech 

 

0.65 

0.25 

 0.05 

0.10;1.19 

 

Reading and counting 0.43 0.39 0.28 -0.41;1.28 

Counting and spontaneous  speech 0.21 0.37 0.57 -0.59;1.02 

Quiet breathing and reading 0.92 0.30 0.01* 0.26;1.58 

Quiet breathing and counting 1.36 0.56 0.03* 0.14;2.58 

Quiet breathing and spontaneous speech 1.57 0.31 0.00* 0.89;2.26 
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7.4.9 Post hoc analysis for pooled patients with chronic respiratory 

disease 

The findings from the one way repeated measures ANOVA (table 25) identified 

statistically significant differences among the tasks for two breathing 

parameters, namely, inspiration  (F = 29.14, df = 1.24, p = 0.00) and expiration 

time (F =6.74 , df = 1.40 , p = 0.00). When these findings were followed up by 

post hoc tests (table 26), the results demonstrated that these parameters were 

only significantly different between quiet breathing and speech tasks, but not 

between the different speech tasks. Therefore, there is no evidence within this 

sample to suggest that patients with chronic respiratory disease produce ‘task 

specific’ breathing patterns. 

7.4.10  Summary of section four 

Visual inspection of the breathing parameters produced in self-reported asthma, 

bronchiectasis, COPD and the pooled patients with CRD revealed similar 

breathing patterns as found for healthy adults during the various breathing and 

speech tasks; the linguistically unconstrained speech task (conversational 

speech) was associated with the longest respiratory timing components, greatest 

magnitudes and the  slowest respiratory rates. However, there was limited 

evidence that the differences between the speech tasks were task specific when 

examined according to self-reported asthma, and bronchiectasis, and no 

evidence to suggest that patients with COPD or the pooled sample with chronic 

respiratory disease produce task specific speech breathing patterns. The 

following table presents a summary of findings with respect to the hypotheses 

described in section 7.4.1. 
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Table 27  Summary of section 7.4 

 

 

 

Hypothesis Summary of findings 

Rejected/partially 

supported/supported? 

HP4a 

 In self-reported asthma, no statistically 

significant differences were identified 

amongst the tasks, apart from inspiration 

time. 

 These differences were significant for every 

comparison between quiet breathing task 

and each speech task. 

 the differences between the speech tasks 

were found to be significant between 

describing and conversational speech. 

 

Partially supported 

HP4b 

 In bronchiectasis, four breathing 

parameters were found to be significant, 

namely; inspiration and expiration time and 

the regional contribution of the ribcage and 

abdomen to inspiration. 

 for inspiration and expiration time, 

differences between the quiet breathing and 

each speech task was found to be 

significant, however the differences between 

the speech tasks were less discriminating. 

 The differences for %RCInsp and %ABInsp 

were significant between describing and 

conversational speech. 

Partially supported 

HP4c 

 In COPD, no statistically significant 

differences were identified amongst the 

tasks, apart from inspiration time. 

 These differences were significant between 

quiet breathing and speech 

 No statistically significant differences were 

identified between the speech tasks 

Partially supported 

HP4d 

 In the pooled patients with CRD, two 

breathing parameters were found to be 

statistically significant, namely inspiration 

and expiration time. 

 These differences were found to be 

significant between quiet breathing and each 

of the speech tasks. 

 No statistically significant differences were 

identified between the speech tasks 

Partially supported 
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7.5 Section Five                                                         

Breathing and speech breathing patterns: Comparisons 

between groups  

In the previous sections, breathing patterns were explored and characterised for 

healthy adults and patients with chronic respiratory diseases during various 

breathing and speech tasks. A comparative analysis will now be presented, 

where breathing and speech breathing patterns have been compared as follows: 

1. Healthy young adults versus healthy older adults 

2. Healthy young adults versus young adults with a self-reported history of 

asthma 

3. Patients with a diagnosis of COPD versus patients with a diagnosis of  

bronchiectasis 

4. Older patients CRD versus healthy older adults 

7.5.1 Rationale for comparative analysis 

The comparative analysis has been performed a) to look further at the potential 

influence of age on speech breathing patterns and b) to explore any differences 

in speech breathing characteristics between health and chronic respiratory 

disease. If speech breathing pattern analysis is to be considered as monitor of 

respiratory health over time, there is a need to establish whether the measure 

can be used to detect any significant differences between health and disease, 

and to determine whether the type of speech influences the detection of the 

differences. Studies comparing speech breathing patterns in different age 

groups have not yet established any clear differences between groups, and the 

methods used to obtain these data are now considered to be technologically 

dated (Hoit & Hixon 1987; Hoit et al. 1990). Only two previous studies have 

performed comparative analyses between healthy adults and patients with 

chronic respiratory disease. (Loudon et al. 1988; Lee et al. 1993). These studies 

compared the lung volumes, flow rates and respiratory timing components 

between healthy adults and patients with asthma (Loudon et al. 1988), 

sarcoidosis, and emphysema (COPD) (Lee et al. 1993). However, any difference 

in speech breathing patterns between health and chronic respiratory disease 

remains poorly understood. Age has not previously been addressed as a 
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potential confounding factor (Hoit & Hixon 1987; Hoit et al. 1990). No-one has 

previously explored the regional contributions of the ribcage and abdomen 

during speech breathing. The authors’ conclusion that speech breathing pattern 

analysis could differentiate between health and disease, as well as between 

different diagnostic groups, was based on the analysis of only two types of 

speech, namely counting and conversation, where a total of 20 breathing cycles 

were subjectively selected for analysis (Loudon et al. 1988; Lee et al. 1993).  

The novel aspects of this research are: 1) analysis of the regional contributions 

of the ribcage and abdomen, 2) using a wider range of tasks for analysis: to 

include reading and quiet breathing (as well as the counting and conversation 

used by previous researchers), 3) inclusion of bronchiectasis patients (as well as 

asthma and COPD). 

7.5.2 Comparative analysis: Justification and selection of breathing 

parameters 

Within the analysis so far, breathing patterns have been characterised and 

analysed for all of the ten breathing parameters that were extracted from the 

raw data files to provide full descriptive summaries. The aim of this next section 

was to perform comparative analyses between the various groups previously 

outlined. Since independent t tests were used to test for any statistically 

significant differences between the groups, a decision was made to reduce the 

parameter number for the pair-wise comparative analysis in an attempt to 

reduce the probability of type one errors (Lieberman & Cunningham 2009). Since 

10 tests were being performed for each task, the type one error rate could 

increase to 50%, which was considered to be unacceptable. While the Bonferroni 

adjustment for multiple comparisons accounts for this error rate, the procedure 

ignores any dependencies among the data and becomes too conservative with 

increasing tests (Bender & Lange 1999; Lieberman & Cunningham 2009). 

Therefore, reducing the number of tests being performed would reduce the type 

one error rate, without being too conservative. 

In addition to wishing to reduce the number of comparisons being performed, it 

was felt that some of the breathing pattern parameters were interrelated, or 

reciprocals of each other. So a decision was taken to conduct the comparative 

analyses based on only four breathing parameters representing respiratory 

timings, magnitudes and regional contributions of the rib cage and abdomen. 
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The parameters selected for the comparative analysis were: respiratory rate, 

expiration time (TE), expiration magnitude (IM) and the percentage 

contribution of the rib cage to expiration (%RCExp).  If speech breathing 

pattern analysis is to become incorporated into the routine monitoring of 

respiratory health, reducing the number of parameters needed for clinical 

interpretation could have a better clinical acceptability. A Justification for the 

parameters selected will now be provided. A justification for the selection of the 

breathing parameters used for the comparative analyses will now be presented. 

Parameter selection justification 

Respiratory timing parameters 

Respiratory rate measured as breaths per minute (bpm) is a standard measure 

for assessing clinical status and has therefore been included (Kennedy 2007).  

Expiratory time was selected because speech production is typically formed in 

the expiratory phase of the respiratory cycle (Hoit et al. 1989; Lee et al. 1993; 

Winkworth et al. 1994). Speech breathing patterns are characterised by having a 

long expiration, and a short inspiration phase, to minimise the silences during 

speech production and extend the time available for spoken speech (Winkworth 

et al. 1995; Binazzi et al. 2006). It is the extended expiratory phase that 

predominantly determines both respiratory rate and the breathing cycle time, as 

the inspiratory phase produced during speech is too short relatively to have a 

significant influence on these parameters (Winkworth et al. 1995). In patients 

with COPD, expiratory flow limitation is the hallmark of the disease (GOLD 

2014), which is associated with the duration of the expiration phase, but not the 

inspiratory phase. The advantage of analysing the long expiratory phase is also 

concerned with measurement error. Measurement error would have a greater 

relative impact on shorter measurement periods. A decision was therefore made 

to use expiratory time to represent breathing cycle time. In previous research 

expiratory time was found to predict patient group membership (Lee et al. 1993) 

Respiratory magnitudes  

It is generally accepted that the volume of air breathed in is approximately equal 

to the volume of air breathed out (Adams et al. 1993b). Respiratory magnitudes 

measured by RIP bands were also reflective of this process since the data 

concerning inspiratory and expiratory magnitudes from all three studies showed 



   

235 

equivalence (inspiratory magnitude = expiratory magnitude in all data sets).  A 

decision was therefore made to select expiratory magnitude for comparative 

purposes to maintain consistency with the use of expiratory time. 

Regional contributions of the ribcage and abdomen 

The relative contributions of the sections of chest wall to each breath sum to 

100%. The movement of each RIP band (thoracic and abdominal) reflects the 

regional contribution of the ribcage and abdomen to this total movement. An 

increase in the proportion of ribcage movement is therefore associated with an 

equal reduction in the proportion of abdominal movement. As a result of this 

inter-dependency a decision was made to analyse only the contribution of the 

ribcage to total movement during the expiratory phase, for comparative 

purposes. 

In summary, due to the increased probability of type one errors associated with 

multiple comparisons, and the interdependencies among the breathing 

parameters, a decision was taken to reduce the total number of parameters 

analysed during the comparative analysis. For characterisation and descriptive 

purposes, the complete breathing pattern profile using all 10 extracted 

parameters has been presented for healthy older adults and patients with 

chronic respiratory disease. The reduced parameter set has been used only for 

this comparative between group analysis. 

7.5.3 Aims, Research questions and Hypotheses 

Aims: 

1. To compare breathing and speech breathing patterns between groups 

(healthy young vs healthy older; healthy young vs self-reported asthma; 

COPD vs bronchiectasis; healthy older vs pooled patients with CRD). 

2. To determine whether the type of speech influences the detection of any 

differences between health and disease. 

Research questions: 

1. Can breathing and speech breathing pattern analysis significantly 

differentiate between groups? 
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2. What breathing/speech breathing task is the most useful for highlighting 

the differences between health and CRD? 

Hypotheses will be presented individually according to each comparative 

analysis and will be summarised separately at the end of each subsection. 

7.5.4 Healthy young adults versus healthy older adults  

Breathing and speech breathing patterns were compared between the data 

obtained from healthy young adults during study one (mean age 33.7±12.85 

years) and healthy older adults in study two (mean age 66.90±8.49). Since the 

average age difference was 33.2 years, it was considered important to further 

examine the influence of age on breathing and speech breathing patterns in 

healthy adults.  

7.5.4.1 Hypotheses developed after data collection: 

HP5a.1 There is a statistically significant difference in mean expiratory time 

(TE) between healthy young and healthy older adults during quiet 

breathing, reading, and conversational speech. 

HP5b.1 There is a statistically significant difference in mean expiratory 

magnitude (EM) between healthy young and healthy older adults 

during a quiet breathing, reading, and conversational speech task 

HP5c.1 There is a statistically significant difference in mean respiratory rate 

(RR) between healthy young and healthy older adults during a quiet 

breathing, reading, and conversational speech task 

HP5d.1 There is a statistically significant difference in mean %RCExp between 

healthy young and healthy older adults during a quiet breathing, 

reading, and conversational speech c task. 

Independent sample t tests adjusted via Bonferroni corrections were used to 

compare breathing and speech breathing parameters between heathy young and 

healthy older adults, as data from both groups were found to be normally 

distributed when examined using the Shapiro-Wilk test. Since a decision was 

made to remove the describing task from the second study (see section 8.1.1 for 

justification), comparisons between groups could only be performed during the 

quiet breathing, reading and conversational speech task.  The next section 
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presents the results from the independent sample t tests where healthy young 

and healthy older adults were compared according to respiratory rate, expiration 

time, expiration magnitude and the regional contribution of the rib cage to the 

expiration phase (%RC Exp), during quiet breathing (table 28), reading (table 29) 

and conversational speech (table 30). 

Quiet breathing task 

Parameter Healthy 

young (n=29) 

Healthy  

old (n=20) 

Mean 

diff. 

t df p 95%CI 

TE (sec) 1.76±0.83 2.82±0.81 1.06 -4.42 47
1

 0.00* -1.54;-0.57 

EM (a.u) 1.76±0.83 1.68±0.61 0.08 6.29 32.71
2

 0.00* 0.81;1.58 

RR (bpm) 14.11±3.85 14.04±3.54 0.07 0.59 47
1

 0.24 -2.11;2.24 

%RC Exp 67.57±8.77 83.94±3.53 -16.37 -7.89 39.5
1

 0.00* -20.54;-12.59 

Bonferroni corrections for multiple comparisons  

*Starred results significant at the 0.05 alpha level; 
1

Equal variances assumed; 
2

equal variances not 

assumed 

TE (sec) = expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary units) RR (bpm) = respiratory rate 

(breaths per minute) %RC Exp = Ribcage percentage contribution to expiration 

Table 28 Breathing and speech breathing parameters during quiet 

breathing in healthy young (n=29) and healthy older adults (n=20). 

Results from the independent sample t tests 

Reading task 

Parameter Healthy 

young 

(n=29) 

Healthy  

old      

(n=20) 

Mean 

diff. t df p 

95% CI of the 

mean 

difference 

TE (sec) 3.58±0.79 3.86±0.84 0.28 -1.17 47
1

 1
NB

 -0.75;0.19  

EM (a.u) 1.55±0.63 1.44±0.42 0.11 6.66 36.35
2

 0.00* 0.68;1.27 

RR (bpm) 14.93±2.89 14.03±3.00 0.09 1.05 47
1

 1
NB

 -0.81;2.61 

%RC Exp 64.60±8.06 83.56±3.56 18.96 -7.67 37.42
2

 0.00* 22.76;13.31 

Bonferroni corrections for multiple comparisons  

*Starred results significant at the 0.05 alpha level; 
1

Equal variances assumed; 
2

equal variances not 

assumed 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons TE (sec) = 

expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary units) RR (bpm) = respiratory rate (breaths per 

minute) %RC Exp = Ribcage percentage contribution to expiration 

Table 29 Breathing and speech breathing parameters during a reading task 

in healthy young (n=29) and healthy older adults (n=20). Results 

from the independent sample t tests 
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Conversational speech task 

Parameter Healthy 

young 

(n=29) 

Healthy  

old    

(n=20) 

Mean 

diff. t df p 

95% CI of 

the mean 

diff. 

TE (sec) 4.24±1.08 4.70±1.11 0.46 -0.52 47
1

 1
NB

 -0.82;0.48 

EM (a.u) 1.96±0.70 1.50±0.63 0.46 8.91 40.052 0.00* 0.97;1.64 

RR (bpm) 12.11±2.68 11.70±2.64 0.41 0.53 47
1

 1
NB

 -1.14;1.97 

%RC Exp 64.82±9.23 83.38±3.84 18.56 -9.67 40.09
2

 0.00* -22.96;-14.15 

Bonferroni corrections for multiple comparisons  

*Starred results significant at the 0.05 alpha level  

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

TE (sec) = expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary units) RR (bpm) = respiratory rate 

(breaths per minute) %RC Exp = Ribcage percentage contribution to expiration;
1

Equal variances assumed; 

2

equal variances not assumed 

Table 30 Breathing and speech breathing parameters during conversational 

speech task in healthy young (n=29) and healthy older adults 

(n=20). Results from the independent sample t tests 

 

During the quiet breathing task, healthy older adults were found to have a 

significantly longer expiratory time (t = 4.48, df=47, p=0.00), smaller expiratory 

magnitude (t=6.29, df=32.71, p=0.00) and a greater ribcage contribution during 

expiration (t= 7.89, df=39.5, p=0.00).  On average, healthy older adults had a 

faster respiratory rate, although the differences were not found to be statistically 

significant during the quiet breathing task (t=0.59, df=47, p=0.00). 

The same pattern of difference was also observed during the reading and 

conversational speech task for each parameter, however the differences were 

only found to be statistically significant for expiration magnitude and %RC exp. 

Table 31 presents a summary of findings with respect to the hypothesis 

described in section 7.5.4.1. 
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Table 31   Summary of section 7.5.4 

Hypotheses Summary of findings 

Rejected/partially 

supported/supported? 

HP5a.1 

 Mean expiratory time was significantly longer in 

the healthy older group during the quiet breathing 

task. 

 No statistically significant differences were 

detected for expiratory time during the speech 

tasks. 

Partially supported 

HP5b.1 

 Mean expiratory magnitude was found to be 

significantly lower in the healthy older group. 

 These significant differences were consistently 

identified during every breathing and speech task 

examined. 

Supported 

HP5c.1 

 No statistically significant differences were 

identified between the two groups for respiratory 

rate. 

Rejected 

HP5d.1 

 %RCExp was found to be significantly greater in 

the healthy older group. 

 These significant differences were consistently 

identified during every breathing and speech task 

examined. 

Supported 

7.5.5 Healthy young adults versus young adults with a self-reported 

history of asthma 

A comparative analysis was performed between healthy young adults (n=29) 

(mean age 33.7±12.85) and adults who reported a history of asthma (n=11) 

(mean age 28.55±6.15) in order to determine whether there was any statistically 

significant differences between the two groups. 

7.5.5.1 Hypotheses developed after data collection: 

HP5a.2 There is a statistically significant difference in mean expiratory time 

(TE) between healthy young and adults with self-reported asthma 

during quiet breathing, reading, describing and conversational 

speech. 

HP5b.2 There is a statistically significant difference in mean expiratory 

magnitude (EM) between healthy young and adults with self-reported 

asthma during quiet breathing, reading, describing and 

conversational speech task. 
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HP5c.2 There is a statistically significant difference in mean respiratory rate 

(RR) between healthy young and adults who reported a history of 

asthma during a quiet breathing, reading, describing and 

conversational speech task. 

HP5d.2 There is a statistically significant difference in mean %RCExp between 

healthy young and adults who reported a history of asthma during a 

quiet breathing, reading, describing and conversational speech  task. 

Independent t tests adjusted via Bonferroni corrections were used to test for any 

significant differences as the data from both groups were found to be normally 

distributed. The analysis has been presented according to the four breathing 

and speech tasks; quiet breathing (table 32), reading (table 33), describing 

(table 34) and conversational speech (table 35). 

Quiet breathing task 

Parameter Healthy 

young 

(n=29) 

Self-

reported 

asthma 

(n=11) 

Mean 

diff. 
t df p 

95%CI of the 

mean diff. 

TE (sec) 1.76±0.83 2.89±0.60 1.13 -4.08 38
1

 0.00* -1.68;-0.56 

EM (a.u) 1.76±0.83 1.62±0.47 0.14 0.51 38
1

 1
NB

 -0.40;0.67 

RR (bpm) 14.11±3.85 13.42±2.80 0.69 0.53 38
1

 1
NB

 -1.90;3.27 

%RC Exp 67.57±8.77 62.95±5.34 4.62 1.62 38
1

 0.44 -1.12;10.36 

Bonferroni corrections for multiple comparisons  

*Starred results significant at the 0.05 alpha level 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

TE (sec) = expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary units) RR (bpm) = respiratory rate 

(breaths per minute) %RC Exp = Ribcage percentage contribution to expiration;
1

Equal variances assumed; 

2

equal variances not assumed 

Table 32 Breathing and speech breathing parameters during a quiet 

breathing task in healthy young adults (n=29) and adults who 

reported a history of asthma (n=11). Results from the 

independent sample t tests. 
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Reading task 

Parameter Healthy 

young 

(n=29) 

Self-reported 

asthma 

(n=11) 

Mean 

diff. t df p 

95% CI of 

the mean 

diff. 

TE (sec) 3.58±0.79 3.29±0.84 0.29 1.00 38
1

 1
NB

 -0.29;0.86 

EM (a.u) 1.55±0.63 1.58±0.79 0.03 -0.15 38
1

 1
NB

 -0.52;0.44 

RR (bpm) 14.93±2.89 16.40±3.58 1.47 1.12 38
1

 0.72 -3.68;0.74 

%RC Exp 64.60±8.06 62.48±6.81 2.12 0.77 38
1

 1
NB

 -3.43;7.68 

Bonferroni corrections for multiple comparisons  

*Starred results significant at the 0.05 alpha level 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

TE (sec) = expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary units) RR (bpm) = respiratory rate 

(breaths per minute) %RC Exp = Ribcage percentage contribution to expiration;
1

Equal variances assumed; 

2

equal variances not assumed 

Table 33 Breathing and speech breathing parameters during a reading task 

in healthy young adults (n=29) and adults who reported a history 

of asthma (n=11). Results from the independent sample t tests 

 

Describing task 

Parameter Healthy 

young 

(n=29) 

Self-reported 

asthma 

(n=11) 

Mean 

diff. t df p 

95% CI of 

the mean 

difference 

TE (sec) 4.42±0.82 3.70±1.12 0.72 1.66 38
1

 0.56 -0.11;1.19 

EM (a.u) 1.84±0.68 1.99±0.76 0.15 -0.57 38
1

 1
NB

 -0.65;0.36 

RR (bpm) 13.34±2.33 14.66±3.26 1.32 -2.33 38
1

 0.08 -4.12;-0.29 

%RC Exp 62.74±9.14 64.30±8.36 1.56 -0.49 38
1

 1
NB

 -0.97;4.84 

Bonferroni corrections for multiple comparisons  

*Starred results significant at the 0.05 alpha level 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

TE (sec) = expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary units) RR (bpm) = respiratory rate 

(breaths per minute) %RC Exp = Ribcage percentage contribution to expiration;
1

Equal variances assumed; 

2

equal variances not assumed 

Table 34 Breathing and speech breathing parameters during a describing 

task in healthy young adults (n=29) and adults who reported a 

history of asthma (n=11). Results from the independent sample t 

tests 
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Conversational speech task 

Parameter Healthy 

young 

(n=29) 

Self-reported 

asthma 

(n=11) 

Mean 

diff. t df p 

95% CI of 

the mean 

difference 

TE (sec) 4.24±1.08 3.84±0.76 0.70 1.92 38
1

 0.24 -0.03;1.41 

EM (a.u) 1.96±0.70 2.00±0.67 0.04 -0.13 38
1

 1
NB

 -0.53;0.46 

RR (bpm) 12.11±2.68 14.21±2.34 2.11 -2.28 38
1

 0.08 -3.96;-0.23 

%RC Exp 64.82±9.23 64.39±5.22 0.43 0.14 38
1

 1
NB

 -5.56;6.42 

Bonferroni corrections for multiple comparisons  

*Starred results significant at the 0.05 alpha level 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

TE (sec) = expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary units) RR (bpm) = respiratory rate 

(breaths per minute) %RC Exp = Ribcage percentage contribution to expiration;
1

Equal variances assumed; 

2

equal variances not assumed 

Table 35 Breathing and speech breathing parameters during a 

conversational speech task in healthy young adults (n=29) and 

adults who reported a history of asthma (n=11). Results from the 

independent sample t tests 

 

During the quiet breathing task, adults with self-reported asthma produced a 

significantly longer expiratory time (2.89±0.60sec) when compared to healthy 

young adults (1.76±0.83sec) (t=-4.08, df=38, p=0.00). In contrast, expiratory 

time was consistently found to be shorter during every speech task when 

compared to the healthy group, although none of these differences were found 

to be statistically significant. While no other statistically significant differences 

were observed between the groups for any parameter, a recurring pattern of 

difference was also observed for expiration magnitude and respiratory rate, 

where on average, as healthy adults consistently had a smaller expiratory 

magnitude and slower respiratory rate in comparison to adults with self-reported 

asthma. 

Table 36 presents a summary of findings with respect to the hypothesis 

described in section 7.5.5.1. 
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Table 36  Summary of section 7.5.5 

Hypotheses Summary of findings 

Rejected/partially 

supported/supported? 

HP5a.2 

 Expiratory time was found to be significantly 

longer in adults who reported a history of asthma 

during the quiet breathing task. 

 No significant differences were observed for 

expiration time during the speech tasks. 

Partially supported 

HP5b.2 

 No statistically significant differences were 

identified for expiratory magnitude during the 

quiet breathing or speech tasks. 

rejected 

HP5c.2 

 No statistically significant differences were 

identified for respiratory rate during the quiet 

breathing or speech tasks. 

rejected 

HP5d.2 

 No statistically significant differences were 

identified for %RCExp during the quiet breathing 

or speech tasks. 

rejected 

7.5.6 Comparison between patients with a primary diagnosis of COPD 

and bronchiectasis 

For reasons explained earlier (section 7.4.2), the self-reported asthma data have 

been excluded from this part of the analysis. Those data have already been 

compared to the healthy young adults. Before pooling the data from the COPD 

and bronchiectasis group, an analysis was conducted to look for any significant 

differences in speech breathing pattern between the two groups, because the 

underlying pathophysiology of COPD and bronchiectasis are known to be very 

different (Yoshida & Tuder 2007; Hacken N 2010).  Analysis of demographic and 

anthropometric data had already indicated no differences in these variables – 

see section 7.4.2).  

7.5.6.1      Hypotheses developed after data collection: 

HP5a.3 There is a statistically significant difference in mean expiratory time 

(TE) between patients with COPD and bronchiectasis during quiet 

breathing, reading, counting and conversational speech. 

HP5b.3 There is a statistically significant difference in mean expiratory 

magnitude (EM) between patients with COPD and bronchiectasis 

during quiet breathing, reading, counting and conversational speech 

task. 
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HP5c.3 There is a statistically significant difference in mean respiratory rate 

(RR) between patients with COPD and bronchiectasis during a quiet 

breathing, reading, counting and conversational speech task. 

HP5d.3 There is a statistically significant difference in mean %RCExp between 

patients with COPD and bronchiectasis during a quiet breathing, 

reading, counting and conversational speech task. 

Respiratory rate, expiratory time, expiratory magnitude and the percentage 

contribution of the ribcage during expiration (%RCExp) were compared between 

patients with COPD and bronchiectasis using independent sample t tests 

adjusted via Bonferroni corrections during a quiet breathing, reading, 

spontaneous speech and counting task, as the data from both groups were 

found to be normally distributed when examined using the Shapiro-Wilk test. 

Descriptive statistics have been used to characterise of the overall breathing 

pattern profiles for both diagnostic groups table 37. This is followed by the 

comparative analysis with the results from the independent sample tests in table 

38. 
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    Quiet breathing task                           

COPD (n=10)          BR (n=4)               

             Reading task                         

COPD (n=13)            BR (n=6)              

       Conversation task                      

COPD (n=13)        BR  (n=6)                                        

          Counting  task                           

COPD (n=13)           BR (n=6)               

TI (sec) 1.59±0.71 1.43±0.13 0.66±0.15 0.63±0.09 0.74±0.19 0.66±0.12 0.67±0.26 0.58±0.21 

TE (sec) 2.36±0.86 2.19±0.17 2.99±0.66 3.57±0.72 3.73±1.23 3.56±0.76 3.57±1.95 3.30±1.51 

IM (a.u) 1.36±0.53 1.19±0.42 1.52±0.49 1.20±0.48 1.61±0.51 1.31±0.87 1.22±0.32 0.97±0.10 

EM (a.u) 1.37±0.54 1.20±0.45 1.51±0.47 1.19±0.48 1.60±0.52 1.28±0.59 1.26±0.33 0.98±0.12 

Ttot (sec) 3.99±1.58 3.64±0.84 3.66±0.74 4.26±0.74 4.51±1.40 4.26±0.79 4.27±1.92 3.92±1.66 

RR (bpm) 16.90±5.41 17.25±4.01 16.95±2.99 14.55±2.2.7 14.35±3.51 14.62±2.99 16.09±4.98 17.60±6.74 

%RC Ins 60.55±11.65 65.33±11.43 65.61±10.29 60.78±13.82 63.33±12.55 54.04±16.24 59.78±11.28 53.11±18.01 

%AB Ins 38.84±11.81 33.92±11.74 34.23±10.29 38.94±13.87 36.46±12.51 45.70±16.18 39.96±11.26 46.41±18.00 

%RC Exp 65.00±11.81 58.71±12.71 65.62±15.84 58.90±13.77 62.61±12.48 53.02±16.61 60.33±11.74 58.32±12.98 

%Ab Exp 40.72±12.70 34.35±12.19 34.35±15.69 40.93±13.79 37.52±12.25 46.45±16.81 39.41±11.77 41.27±13.00 

BR = Bronchiectasis; COPD = Chronic Obstructive Pulmonary Disease; TI (sec) = Inspiration time (seconds); Ti/Ttot% = percentage of time spent on inspiration;  TE (sec) = 

expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time (sec); RR (bpm) = 

respiratory rate (breaths per minute); %RC Insp = Ribcage percentage contribution to inspiration; %AB Insp = Abdominal percentage contribution to inspiration; %RC Exp = Ribcage 

percentage contribution to expiration; %AB Exp = Abdominal percentage contribution to expiration; 

Table 37 Summary statistics: Breathing and speech breathing parameters according to primary diagnosis (COPD and   

bronchiectasis) during two minute quiet breathing, reading, counting and conversational speech task 



 

 246 

 

Bonferonni correction for multiple comparisons. Results significant if p<0.05 

BR = Bronchiectasis; COPD = Chronic Obstructive Pulmonary Disease; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); RR (bpm) = Respiratory 

rate; %RCExp = Percentage Ribcage contribution to expiration phase 

Table 38  Comparison of breathing and speech breathing patterns between participants with a primary diagnosis of COPD 

and Bronchiectasis during a two minutes period of quiet breathing, reading, conversation and counting; Results 

of the independent t test

 
    Quiet breathing task                           

COPD (n=10)    BR  (n=4)        p 

            Reading task                

COPD (n=13)      BR  (n=6)        p 

    Conversational speech task               

COPD (n=13)     BR  (n=6)       p 

          Counting  task               

COPD (n=13)     BR (n=6)        p 

TE (sec) 2.36±0.86 2.19±0.17 0.73 2.99±0.66 3.57±0.72 0.10 3.73±1.23 3.56±0.76 0.75 3.57±1.95 3.30±1.51 0.76 

EM (a.u) 1.37±0.54 1.20±0.45 0.54 1.51±0.47 1.19±0.48 0.20 1.60±0.52 1.28±0.59 0.32 1.26±0.33 0.98±0.12 0.05 

RR (bmp) 16.90±5.41 17.25±4.01 0.90 16.95±2.99 14.55±2.2.7 0.10 14.35±3.51 14.62±2.99 0.87 16.09±4.98 17.60±6.74 0.59 

%RCExp 65.00±11.81 58.71±12.71 0.41 65.62±15.84 58.90±13.77 0.38 62.61±12.48 53.02±16.61 0.18 60.33±11.74 58.32±12.98 0.74 
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On average, patients with COPD seemed to have longer respiratory timing 

components (inspiration, expiration and breathing cycle duration), larger 

breaths (inspiration and expiration magnitude), and a slower respiratory rate 

during every task, than patients with bronchiectasis. The percentage ribcage 

contributions to inspiration and expiration also seemed to be smaller on average 

in patients with COPD. These observations were consistent for every task (see 

table 37). However, independent sample t tests (see table 38) showed no 

statistically significant differences for any breathing parameter when comparing 

between primary diagnosis of COPD and bronchiectasis (p>0.05). The lack of 

statistical significance was found to be consistent throughout each breathing 

and speech task (quiet breathing, reading, conversation and counting). 

The following table presents a summary of findings with respect to the 

hypothesis described in section 7.5.6.1. 

Table 39  Summary of section 7.5.6 

Hypotheses Summary of findings 

Rejected/partially 

supported/supported? 

HP5a.3 

 No statistically significant differences were 

identified for mean expiration time between 

COPD and bronchiectasis during any of the 

breathing and speech tasks examined. 

Rejected 

HP5b.3 

 No statistically significant differences were 

identified for mean expiration magnitude 

between COPD and bronchiectasis during any of 

the breathing and speech tasks examined. 

Rejected 

HP5c.3 

 No statistically significant differences were 

identified for mean respiratory rate between 

COPD and bronchiectasis during any of the 

breathing and speech tasks examined. 

Rejected 

HP5d.3 

 No statistically significant differences were 

identified for mean %RCExp between COPD and 

bronchiectasis during any of the breathing and 

speech tasks examined. 

Rejected 
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7.5.7 Comparison between healthy older adults and participants with 

chronic respiratory disease (pooled patients with CRD) 

In the previous sub section 7.5.6 it was revealed that speech breathing pattern 

analysis could not significantly differentiate between primary diagnosis of COPD 

and bronchiectasis during any of the breathing and speech tasks. Although 

some of the lung function data were missing, based on the available data both 

diagnostic groups had similar demography and lung function.  Due to the lack 

of evidence for differences, it was considered appropriate to ‘pool’ the data from 

patients with COPD and bronchiectasis into one group (n=20) in order to 

increase the power of the sample for comparative analysis. The sample 

containing data from patients with a primary diagnosis of COPD and 

bronchiectasis will now be referred to as ‘pooled patients with CRD’. 

7.5.7.1 Hypotheses developed after data collection: 

HP5a.4 There is a statistically significant difference in mean expiratory time 

(TE) between healthy older adults and pooled patients with chronic 

respiratory disease during quiet breathing, reading, counting and 

conversational speech. 

HP5b.4 There is a statistically significant difference in mean expiratory 

magnitude (EM) between healthy older adults and pooled patients 

with chronic respiratory disease during quiet breathing, reading, 

counting and conversational speech task. 

HP5c.4 There is a statistically significant difference in mean respiratory rate 

(RR) between healthy older adults and pooled patients with chronic 

respiratory disease during a quiet breathing, reading, counting and 

conversational speech task. 

HP5d.4 There is a statistically significant difference in mean %RCExp between 

healthy older adults and pooled patients with chronic respiratory 

disease during a quiet breathing, reading, counting and 

conversational speech task. 

Breathing and speech breathing patterns were compared between healthy older 

adults and pooled patients with chronic respiratory disease. Independent sample 

t tests were used to test whether the differences between the ages in the two 

groups were statistically significant (table 40). Based on the results in table 40, 
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both groups had a sample size of 20 participants and the same ratio of males 

(n=8) to females (n=12). The average age difference between the two groups 

was 2.80 years, which was not found to be statistically significant (t=1.02, 

df=38, p=0.31).  

The data collection procedures and RIP calibration procedures were identical so 

that any observed differences between the two groups could be attributed to a 

diagnosis of chronic respiratory disease, and not age, RIP calibration method or 

recording period.  

 

Sample 

size 

sex Age 
Age 

comparison 

Mean diff. 

 

   t df p 

Healthy older 

adults 

Mean±sd 

Range 

20 
M = 12   

F = 8 

66.90±8.49 

(57 – 83) 

    2.80          1.02         38         0.31 

CRD Patients 

Mean±sd 

Range 

20 
M = 12   

F = 8 

69.70±8.81  

(51 – 84) 

M = Male, F= female 

Table 40  Comparison between healthy older adults and pooled patients 

with CRD - results of the independent t test for age 

 

The descriptive analysis comparing the ten breathing parameters between the 

two groups will firstly be presented (table 41). This will be followed by the 

comparative analysis, where independent sample t tests were used to test for 

statistically significant differences between the groups based on the following 

parameters; respiratory rate (RR), expiratory time (TE), expiratory magnitude 

(EM), Ribcage contribution to expiration (%RCExp) (table 42-45).  
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    Quiet breathing task                              

Healthy old    Patient          Diff      

n=20             n=14 

            Reading task                              

Healthy old    Patient          Diff      

n=20             n=19 

  .  Conversational task                              

Healthy old   Patient          Diff      

n=20             n=19           

            Counting task                              

Healthy old      Patient          Diff      

n=20             n=19 

TI (sec) 1.74±0.50 1.54±0.60 0.19 0.59±0.12 0.65±0.13 0.05 0.68±0.16 0.72±0.17 0.03 0.52±0.13 0.64±0.24 0.12 

TE (sec) 2.82±0.81 2.31±0.80 0.51 3.86±0.84 3.17±0.71 0.68 4.70±1.11 3.68±1.09 1.01 4.40±1.88 3.48±1.79 0.91 

IM (a.u) 1.69±0.63 1.30±0.49 0.38 1.46±0.44 1.42±0.49 0.04 1.51±0.64 1.91±0.65 0.39 1.20±0.27 1.14±0.29 0.06 

EM (a.u) 1.68±0.61 1.31±0.49 0.37 1.44±0.42 1.41±0.48 0.03 1.50±0.63 1.87±0.63 0.37 1.22±0.25 1.17±0.30 0.05 

Ttot (sec) 4.58±1.28 3.89±1.39 0.68 4.44±0.93 3.85±0.77 0.59 5.54±1.29 4.43±1.22 1.00 4.96±2.06 4.16±1.80 0.80 

RR (bpm) 14.04±3.54 17.00±4.90 2.95 14.03±3.00 16.19±2.95 2.15 11.70±2.64 14.43±3.27 2.73 13.62±5.01 16.57±5.45 2.60 

%RCInsp. 84.40±3.31 61.91±11.38 22.48 82.93±3.56 64.08±11.36 18.84 82.99±4.35 60.39±14.07 22.59 82.42±6.12 57.67±13.60 24.74 

%ABInsp. 12.95±3.29 37.44±11.56 24.48 15.38±3.84 35.72±11.36 20.33 14.97±4.41 39.38±14.02 24.04 15.72±6.54 41.99±13.56 26.27 

%RCExp 83.94±3.53 60.51±12.36 23.42 83.56±3.56 63.49±15.18 20.70 83.38±3.84 59.58±14.30 23.79 84.85±7.47 59.70±11.81 25.15 

%AbExp 13.42±3.69 38.90±12.45 25.48 14.66±4.20 36.42±15.06 21.76 14.75±3.75 40.34±14.03 25.58 14.04±7.54 39.99±11.83 25.95 

Diff = Mean difference; TI (sec) = Inspiration time (seconds);  TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude 

(arbitrary units); Ttot (sec) = breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); %RCInsp = Ribcage percentage contribution to inspiration; %ABInsp = 

Abdominal percentage contribution to inspiration; %RC Exp = Ribcage percentage contribution to expiration; %ABExp = Abdominal percentage contribution to expiration; Diff = Mean 

difference between the two groups. 

Table 41 Descriptive analysis – comparison between healthy older adults (n=20) and pooled patients with chronic respiratory 

disease (n=19)  during quite breathing, reading, conversation and counting
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Descriptive analysis 

On visual inspection, healthy older adults had longer respiratory timing 

components (inspiration and expiration time and breathing cycle time), took 

bigger breaths (inspiration and expiration magnitude) and had a slower 

respiratory rate in comparison to the pooled patients with chronic respiratory 

disease during the quiet breathing task. The regional contributions of the rib 

cage to inspiration and expiration phases appeared to be larger for the healthy 

older adults, and the abdominal contributions therefore appeared to be smaller 

during both phases. During the speech tasks (reading, conversation and 

counting), healthy older adults were consistently associated with having the 

shortest inspiratory and longest expiratory timing components, the longest 

breathing cycles and the slowest respiratory rates. Like quiet breathing, 

respiratory magnitudes and the regional contribution of the ribcage and 

abdomen to inspiratory and expiratory phases were greater in the healthy 

sample, where the abdominal contribution was proportionally smaller. 

The breathing and speech breathing pattern profiles (based on rate, expiratory 

time, expiratory magnitude and the regional contribution of the ribcage to 

expiration) will now be compared between healthy older adults and the pooled 

patients with chronic respiratory disease. These profiles will firstly be visually 

compared using radar charts (figure 20-23), focusing on four parameters to 

represent timing, volume and movement (respiratory rate, expiratory time, 

expiratory magnitude and ribcage contribution). In these plots the %RCExp was 

divided by 10 for scaling purposes. 

The differences between the two groups have then been tested using 

independent sample t tests adjusted via Bonferroni corrections (table 42-45), as 

both sets of data were normally distributed when assessed using the Shapiro-

Wilk test. The confidence interval was set to 95% and a result was considered to 

be statistically significant if p<0.05. 
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Quiet breathing task 

RR = respiratory rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); 

%RCExp = Percentage  ribcage contribution to expiration 

Figure 20  Radar chart comparing the overall breathing pattern profile 

between healthy older adults (n=20) and pooled patients with 

CRD (n=14) during the quiet breathing task 

Reading task 

RR = Respiratory rae; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); 

%RCExp = Percentage  ribcage contribution to expiration 

Figure 21 Radar chart comparing the overall breathing pattern profile 

between healthy older adults (n=20) and pooled patients CRD 

(n=19) during the reading task 
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Conversational speech task 

 

RR= Respiratory rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); 

%RCExp = Percentage  ribcage contribution to expiration 

Figure 22 Radar chart comparing the overall breathing pattern profile 

between healthy older adults (n=20) and pooled patients CRD 

(n=19) during conversational speech 

Counting task 

RR= Respiratory rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); 

%RCExp = Percentage  ribcage contribution to expiration 

Figure 23 Radar chart comparing the overall breathing pattern profile 

between healthy older adults (n=20) and pooled patients with C 

(n=19) during the counting task 
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Quiet breathing task 

 

Bonferroni adjustment for multiple comparisons  

*Starred results significant at the 0.05 alpha level (2-tailed) 

RR=Respiratory Rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom; 
1

equal variances assumed; 
2

equal variances not assumed 

Table 42  Breathing parameters during quiet breathing; Comparison between healthy older adults (n= 20) and pooled 

patients (n=14) with chronic respiratory disease during quiet breathing – Results of the independent t tests 

 

 

 

 

 

 
Healthy older adults 

(n=20) 

Pooled patients 

with CRD  

          (n=14) 

 

Mean difference 

95%CI of mean 

difference 

    Upper;         Lower 

 

t 

      

          df 

 

p 

TE (sec) 2.82±0.81 2.31±0.80 0.51 -0.06;1.08 1.82 32
1

 0.28 

EM (a.u) 1.68±0.61 1.31±0.49 0.37 -0.76;0.02 -1.90 32
1

 0.24 

RR (bpm) 14.04±3.54 17.00±4.90 2.95 -5.89;-0.01 -2.04 32
1

 0.16 

%RC Exp 83.94±3.53 60.51±12.36 23.42 16.16;30.69 6.89 14.50
2

 0.00* 
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Reading task 

 

 Healthy older 

adults 

       (n=20) 

Pooled patients 

with CRD 

(n=19) 

 

Mean 

difference 

95% CI of mean 

difference 

Upper    Lower 

 

t 

 

df 

 

p 

TE (sec) 
3.86±0.84 3.17±0.71 0.86 0.17;1.19 2.71 37

1

 0.04* 

EM (a.u) 
1.44±0.42 1.41±0.48 -0.03 -0.32;0.26 -0.21 37

1

 1
NB

 

RR (bpm) 
14.03±3.00 16.19±2.95 2.15 -4.08;-0.22 -2.25 37

1

 0.12 

%RC Exp 
83.56±3.56 63.49±15.18 20.70 12.61;27.52 5.61 19.90

2

 0.00* 

 

Bonferroni adjustment for multiple comparisons 

*Starred results significant at the 0.05 alpha level (2-tailed) 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

RR= Respiratory Rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom; 
1

equal variances assumed; 
2

equal variances not assumed 

Table 43 Breathing parameters during the reading task; Comparison between healthy older (n=20) adults and pooled 

patients with chronic respiratory disease (n=19) – Results of the independent sample t tests 
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Conversational speech task 

 

 Healthy older 

adults 

(n=20) 

Pooled patients 

with CRD 

(n=19) 

 

Mean 

difference 

95% CI of mean difference 

Upper    Lower 

 

t 

 

df 

 

p 

TE (sec) 
4.70±1.11 3.68±1.90 1.01 0.28;1.17 2.82 37

1

 0.00* 

EM (a.u) 
1.50±0.63 1.87±0.63 -0.37 -0.78;0.03 -1.83 37

1

 0.28 

RR (bpm) 
11.70±2.64 14.43±3.27 -2.73 -4.66;-0.80 -2.87 37

1

 0.00* 

%RC Exp 
83.38±3.84 59.58±14.30 23.79 16.72;30.86 7.10 20.45

1

 0.00* 

 

Bonferroni adjustment for multiple comparisons; 

*Starred results significant at the 0.05 alpha level (2-tailed) 

RR=Respiratory rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom; 
1

equal variances assumed; 
2

equal variances not assumed 

Table 44 Breathing parameters during the conversational speech task; Comparison between healthy older adults  (n=20) 

and pooled patients with chronic respiratory disease (n=19) – Results of the independent t tests. 
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Counting task 

 

 Healthy older 

(n=20) 

Pooled patients 

with CRD 

(n=19) 

 

Mean 

difference 

95% CI of mean 

difference 

Upper    Lower 

 

t 

 

df 

 

p 

TE (sec) 
4.40±1.88 3.48±1.79 0.91 -0.27;2.11 1.55 37

1

 0.48 

EM (a.u) 
1.22±0.25 1.17±0.30 0.05 -0.13;0.24 0.54 37

1

 1
NB

 

RR (bpm) 
13.62±5.01 16.57±5.45 2.60 -5.99;0.79 -1.55 37

1

 0.48 

%RC Exp 
84.85±7.47 59.70±11.81 25.15 6.29;43.37 2.85 22.92

2

 0.00* 

 

Bonferroni adjustment for multiple comparisons 

*Starred results significant at the 0.05 alpha level (2-tailed) 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

RR= Respiratory Rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom; 
1

equal variances assumed; 
2

equal variances not assumed 

Table 45 Breathing parameters during the counting task; Comparison between healthy older adults (n=20) and pooled 

patients with chronic respiratory disease (n=19) – Results of the independent sample t test
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Differences between healthy older adults and pooled patients CRD – results from 

the independent sample t tests 

The results from the independent sample t tests revealed that the greatest 

number of significant differences between the two groups was observed during 

the conversational speech task, where expiratory time was found to be 

significantly shorter (t=2.82, df=37,p=0.00), respiratory rate was faster (t=1.83, 

df=37,p=0.00) and the %RCExp was smaller (t=7.10, df=20.45, p=0.00) in the 

patient group when compared to healthy older adults. No significant differences 

in expiration magnitude were detectable between healthy older adults and 

patients with chronic respiratory disease during any of the four tasks (p>0.05).  

%RCExp was found to be significantly different between the two groups during 

every task (p<0.05), where the healthy older adults were found to have a 

significantly greater %RCExp when compared to the patient group. Figures 24 to 

27 illustrate these data using boxplots. Within these boxplots, the middle 

horizontal line within each box represents the median. The 2 lines either side 

(limits) of the median signify the 25
th

 (lower) and 75
th

 (upper) percentile of the 

data. The ‘limits’ of the whiskers denote the 90
th

 percentile and represent the 

extremities of the population. Outliers beyond the limits of the whiskers are 

indicated by a circle. 
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Quiet breathing task 

 

Figure 24 Boxplot graph comparing %RCExp between healthy older adults and 

pooled patients with chronic respiratory disease during the quiet breathing task 
 

Reading task 

 
Figure 25 Boxplot graph comparing %RCExp between healthy older adults and 

pooled patients with chronic respiratory disease during the reading task 
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Conversational speech task 

 

 
Figure 26 Boxplot graph comparing %RCExp between healthy older adults and 

pooled patients with chronic respiratory disease during the conversation task 

 

 

Counting task 

 

 
Figure 27 Boxplot graph comparing %RCExp between healthy older adults and 

pooled patients with chronic respiratory disease during the counting 

task 

. 
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7.5.8 Breathing and speech breathing pattern variability: Comparison 

between healthy older adults and pooled patients with CRD 

Breathing and speech breathing parameters were also analysed for their 

variability to determine how consistent the breathing parameters remained 

during the two minute recordings. The CoV% was calculated for each participant 

individually using the mean and SD during the two minute recordings. The 

results in table 46 present the mean CoV% for the whole group according to 

each breathing parameter and task. 

The results presented in table 46 demonstrate that on average, the variability of 

speech breathing parameters during the quiet breathing task was consistently 

higher in the patient group when compared to healthy older adults, apart from 

expiration magnitude. This pattern of difference was not observed during any of 

the speech tasks. The variability of the rib cage contributions to inspiration and 

expiration in pooled patients with CRD was more than twice as high as healthy 

older adults during every breathing and speech task. 

 

.  



 

 262 

Table 46   Breathing and speech breathing pattern variability: comparison between healthy older adults and pooled 

patients with CRD during quiet breathing, reading, conversation and counting 

            Quiet breathing task                  

HO (n=20)              Patients (n=14) 

     Reading task                           

HO (n=20)       Patients (n=19) 

     Conversational speech task                  

HO (n=20)       Patients (n=19) 

     Counting task                        

HO (n=20)       Patients (n=19) 

TI (Cov%) 22.83±5.28 33.81±20.89 35.34±9.37 34.78±6.98 39.92±9.17 36.58±7.08 29.40±10.84 38.52±11.31 

TE (Cov%) 26.23±10.75 29.61±13.11 50.50±7.71 45.90±11.73 49.22±11.72 52.13±9.65 49.93±7.37 56.72±19.66 

IM (CoV%) 28.27±16.86 33.03±15.60 38.32±7.26 38.15±9.54 41.77±8.74 42.02±10.75 45.39±12.82 40.82±12.62 

EM (CoV%) 33.19±23.47 32.40±13.96 51.47±10.42 45.90±11.73 51.75±11.39 47.45±10.41 69.55±28.30 49.14±13.17 

Ttot (CoV%) 18.37±6.74 23.07±11.07 45.68±6.85 39.40±11.03 43.41±9.97 45.00±7.30 44.98±6.52 48.25±14.85 

RR (bpm) (Cov%) 25.21±3.54 28.82±4.90 21.38±3.00 18.22±2.95 22.56±2.64 22.66±3.27 35.86±5.01 32.89±5.45 

%RCInsp (CoV%) 3.05±1.55 15.31±13.12 5.10±1.46 14.54±7.38 5.83±2.52 20.35±12.66 6.10±3.46 16.31±10.18 

%ABInsp (CoV%) 17.05±9.34 20.25±13.62 19.13±18.17 28.24±19.60 16.67±22.82 32.17±19.02 22.48±8.16 24.03±10.90 

%RCExp (CoV%) 3.71±2.55 18.82±19.27 9.65±5.53 26.11±20.65 6.68±2.90 24.45±11.84 7.87±2.85 31.16±24.99 

%AbExp (CoV%) 14.98±6.79 20.54±15.62 25.98±30.49 37.20±19.41 21.98±28.75 40.61±25.65 27.33±23.03 35.68±12.63 

HO= Healthy older adults; CoV%  = Coefficient of Variation expressed as a percentage; TI (sec) = Inspiration time (seconds);  TE (sec) = expiration time (sec); IM (a.u) = inspiration 

magnitude (arbitrary units); EM (a.u) = Expiration magnitude (arbitrary); Ttot (sec) = breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); %RCInsp = 

Ribcage percentage contribution to inspiration; %ABInsp = Abdominal percentage contribution to inspiration; %RCExp = Ribcage percentage contribution to expiration; %ABExp = 

Abdominal percentage contribution to expiration 
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The following table presents a summary of findings with respect to the 

hypothesis described in section 7.5.7.1 

Table 47  Summary of section 7.5.7 

 

7.5.9  Summary of section five 

Comparisons between various groups have provided further insight into the 

influence of age on breathing and speech breathing patterns. Significant 

differences between age groups for expiration time and magnitude, and the 

%RCExp were observed during every breathing and speech task. No significant 

differences were identified during any of the speech tasks between healthy 

younger adults and adults who reported a history of asthma. The findings in 

section 7.5.6 provide no evidence to support the theory that speech breathing 

patterns are ‘disease specific’ as suggested by Lee et al (1993), as none of the 

breathing parameters were significantly different between patients with COPD 

and bronchiectasis during any of the tasks. However, differences in speech 

breathing pattern between chronic respiratory disease and an age-matched 

healthy group were identified during every task. In particular, expiration time 

Hypothesis Summary of findings 

Rejected/partially 

supported/supported? 

HP5a.4 

 The difference in expiratory time was 

found to be statistically significant between 

healthy older adults and pooled patients 

with chronic respiratory disease during the 

conversational speech task, but not for 

quiet breathing, counting or reading. 

Partially supported 

HP5b.4 

 The differences in expiratory magnitude 

were not found to be statistically 

significant between healthy older adults 

and patients with chronic respiratory 

disease during any of the tasks. 

Rejected 

HP5c.4 

 The differences in respiratory rate were 

found to be statistically significant between 

the groups during the conversational 

speech task, but not the reading, counting 

or quiet breathing task. 

Partially supported 

HP5d.4 

 The differences in %RCExp were found to 

be statistically significant between older 

adults and patients with chronic respiratory 

disease during quiet breathing, reading, 

counting and conversation. 

Supported 
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and %RCExp were significantly different between the two groups during reading 

and conversation, where the greatest number of differences was observed 

during the conversation task. %RCExp was found to be consistently greater in 

the healthy older group during every task (p<0.05). 

7.6 Section Six                                                     

Breathing and speech breathing patterns before, 

during and after a six week Pulmonary Rehabilitation 

programme in pooled patients with chronic respiratory 

disease 

The final analysis in this research was conducted to explore whether speech 

breathing parameters have potential to respond to change. As described in 

section 6.3.1, an observational study was performed to collect data from 

patients with COPD and bronchiectasis before, during and after a clinical 

Pulmonary Rehabilitation programme.  

Clinical data (exercise capacity and Modified Borg Scores) were analysed first to 

look for any evidence of change between the first and last day of PR, to evaluate 

the effect of PR within the sample. Breathing and speech breathing parameters 

have then been characterised for the patient group at three different time points 

(before, during and after PR). These parameters have been compared to 

determine whether there were any statistically significant differences among the 

time points. Breathing and speech breathing variability have also been examined 

at each time point, as well as the overall direction of change according to each 

breathing parameter. At the end there is a summary of the whole results 

chapter.  

7.6.1 Aims, Research questions and Hypotheses 

Aims: 

1. To assess whether clinical measures (Modified Borg Scores and walking 

distance) changed following a six week PR programme. 

2. To assess whether breathing and speech breathing patterns altered 

following a six week PR programme 
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3. To characterise breathing and speech breathing parameters and 

variability in pooled patients with CRD before, during and after six week 

PR programme. 

Research question: 

1. Do breathing and speech breathing patterns in pooled patients with CRD 

alter following a six week PR programme? 

Hypotheses developed after data collection: 

HP6a  Modified Borg Scores significantly decrease following a six week PR 

programme. 

HP6b Walking distance assessed during the ISWT significantly increases 

following a six week PR programme. 

HP6c There is a statistically significant difference in mean expiration time 

before and after a six week PR programme in pooled patients with 

CRD during two minute periods of quiet breathing, reading, counting 

and conversational speech. 

HP6d There is a statistically significant difference in mean expiration 

magnitude before and after a six week PR programme in pooled 

patients with CRD during two minute periods of quiet breathing, 

reading, counting and conversational speech. 

HP6e There is a statistically significant difference in mean respiratory rate 

before and after a six week PR programme in pooled patients with 

CRD during two minute periods of quiet breathing, reading, counting 

and conversational speech. 

HP6f There is a statistically significant difference in mean %RCExp before 

and after a six week PR programme in pooled patients with CRD 

during two minute periods of quiet breathing, reading, counting and 

conversational speech. 

7.6.2  Clinical measures following Pulmonary Rehabilitation 

COPD has been considered to be a heterogeneous condition with several 

localised and systemic manifestations (Lacasse et al. 2007; GOLD 2014), where a 
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range of standardised outcome measures have been traditionally examined 

before and after PR in order to determine the impact of the intervention (NICE 

2010; BTS 2013). It was considered useful to examine physiological and 

symptomatic changes (exercise capacity and breathlessness) following PR, as it 

was thought that changes in these parameters might be associated with changes 

in breathing and speech breathing pattern. The following section will present the 

before and after changes in exercise capacity (measured during the ISWT) and 

self-reported breathlessness (measured using the Borg scale) following PR. 

These data were collected routinely by the clinicians running the PR programme 

and made available to the researcher via the medical notes. 

7.6.3  Self-perceived breathlessness (Modified Borg Score) 

Self-perceived breathlessness was rated on a 10-point Modified Borg scale (see 

Appendix 16) by each participant on the first and last day of PR (table 48). Both 

sets of data were examined for normal distribution using the Shapiro-Wilk tests 

and a decision was made to use non-parametric statistical tests, as the data were 

not normally distributed. Wilcoxons Signed Rank Test for related samples was 

used to test for statistically significant differences between the breathlessness 

scores measured at before and after PR. The findings in table 48 are based on 

17 patients because three patients did not complete the post PR breathlessness 

assessment. The reasons for this are unknown because the details were not 

documented by the respiratory physiotherapist. 

 

 

 

Mean ±SD 

 

Min max 

               

       

       p       

 

Ranks  

 

 Positive        Negative          Tie 

 

Before PR 

(n = 20) 

 

 

1.43 ± 1.21 

 

 

     0 - 3 

 

     0.76 

 

 

     4 

 

 

5 

 

 

8 

 

After PR 

(n = 17) 

 

1.47 ± 1.41      0 - 4  

   

Negative ranks – Breathlessness after< breathlessness before; Positive ranks – Breathlessness 

after>breathlessness before; Ties – breathlessness after = breathlessness before 

Table 48 Mean differences in self-reported breathlessness (Borg Score) and 

Wilcoxons Signed Rank Test results; Pre and post PR in pooled 

patients with CRD 
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Following a six week PR programme, the majority of patients (tie; n = 8) 

maintained the same level of breathlessness as at baseline. Roughly the same 

number of patients had a lower breathlessness score after PR (negative ranks; 

n=5), than before PR (positive ranks n = 4) (table 48). Although the average 

Modified Borg Score for the group was slightly higher after the six week PR 

programme, the actual difference was exceptionally small (0.04) and was not 

statistically significant (p = 0.76). Furthermore, the average level of 

breathlessness reported by the group both before and after PR was very low in 

intensity (1 = “very mild shortness of breath”). 

 

Figure 28 Individual before and after Modified Borg Scores in patients with 

COPD and bronchiectasis 
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Figure 28 presents the individual pre and post PR Modified Borg Scores for each 

member of the group. It can be seen that the majority of patients either maintain 

the same Borg score or decrease their score following PR. Four reported an 

increase in breathlessness following PR (PR1, PR9, PR10 and PR18). One 

individual increased from 1 to 4 (PR9), potentially skewing the average post 

measurement for the group. With this one exception, all of these scores remain 

within descriptors that range from ‘not at all’ to ‘moderate shortness of breath’. 

7.6.4 Exercise capacity (ISWT) 

Functional exercise capacity was measured by the clinical team via a ISWT on the 

first and last day of PR. Assessments of exercise capacity were based on the 

distance walked during the test, which was measured in metres. Both sets of 

data (pre and post PR) were checked for normal distribution, and a decision was 

made to use paired t tests, as the data were found to be normally distributed. 

Table 50 presents the mean walking distance (metres) for the group on the first 

and last day of a six week PR programme.  

 

 

 

 

Before PR 

 

 

After PR 

 

 

 

Mean diff 

(m) 

 

 

95% CI of the 

mean difference 

 

 

Lower;       Upper 

 

 

 

t 

 

 

 

Df 

 

 

 

p 

 

Mean 

walking 

distance 

(m) 

SD 

 

 

166.47 

(88.73) 

 

 

255.29 

(135.46) 

 

 

 

88.82 

 

 

 

-132.82 

 

-44.82 

 

-4.117 

 

16 

 

0.000* 

*Significant at the 0.05 alpha level (2 tailed) 

Table 50 Mean distance travelled during the ISWT before and after 

Pulmonary Rehabilitation in pooled patients with CRD (n=17) 

 

Seventeen patients were included in the analysis comparing pre and post PR 

walking distance during the ISWT. Three patients did not participate in both 

tests (one missed the before test and two missed the after PR test), but the 

reasons for this were not documented by the physiotherapist. On average, the 

whole group increased their walking distance by 88.82m following a six week PR 
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programme. This finding was found to be statistically significant (p = 0.000) and 

exceeded the minimal clinically important difference (MCID) for the ISWT (47.5m) 

(Singh et al. 2008; Singh & al 2014). Figure 29 presents the individual walking 

distance scores (ISWT) pre and post PR. 

 

Figure 29 Individual distance (in metres) travelled by patients with COPD 

and bronchiectasis during the shuttle walk test at before and 

after the six week Pulmonary Rehabilitation programme n=17 

 

Figure 29 presents the individual walking distances recorded during the ISWT at 

before and after PR. Only one patient (PR3) walked less far after PR, reducing 

from 230m to 210m. This difference is less than the MCID. All the other 16 

patients increased their walking distance after the six week PR programme. 
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7.6.5 Modified Borg Score and physiological variables before and after 

ISWT; on the first and last day of PR  

Heart rate (HR), saturation of oxygen (SpO2) and Modified Borg Scores were also 

measured at four different time points by the clinical team: immediately before 

(1) and after (2) the ISWT, on the first  day of PR, and immediately before  (3) and 

after (4) the ISWT on the last day of PR. These variables were measured by the 

respiratory physiotherapist, and were extracted from patient medical notes by 

the researcher. 

Since the Modified Borg Scores were in scale form and were not normally 

distributed, Wilcoxons signed rank test for related samples was used to test for 

significant differences between the different time points. Differences in heart 

rate and oxygen saturation between the before and after ISWT and pre and post 

PR were assessed using paired t tests. These results are presented in table 51. 

Based on the findings in table 51, the average modified Borg Scores were 

significantly higher after each ISWT than before each ISWT. They were also 

higher after PR than before PR, but the latter did not reach statistical 

significance. Heart rate was found to be significantly higher after the ISWT after 

PR. Oxygen saturation decreased after each shuttle walk test both before and 

after PR, however the difference between post shuttle walk tests before and after 

PR was not statistically significant.  
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                  Before PR   

 

 Pre Shuttle             Post shuttle 

 

 

                  After PR              

 

  Pre shuttle          Post shuttle 

 

 

 

Difference between 

pre and post 

shuttle 

before PR 

 

 

Difference 

between pre and 

post shuttle  

after PR 

 

Difference 

between post 

shuttle before PR 

and post shuttle 

after PR 

 

 

Borg Score 

Mean ±SD 

 

1.43±1.21 

 

 

3.50±1.68 

 

 

1.47±1.41 

 

 

 

4.31±1.58 

 

 

 

 

+ 2.07* 

 

 

+ 2.84* 

 

 

+ 0.81 

HR (bpm) 

Mean±SD 

 

79.25±12.39 

 

 

99.28±17.36 

 

 

79.88±12.76 

 

 

106.94±18.74 

 

 

 

         + 20.03* 

 

 

+ 28.41* 

 

 

+ 7.25* 

SpO2 

Mean±SD 

 

94.75±2.02 

 

 

91.79±4.54 

 

 

95.00±1.96 

 

 

91.61±5.12 

 

 

 

          -3.00* 

 

 

- 3.70* 

 

 

-0.17 

*Starred results significant at the 0.05 alpha level  

SD: Standard Deviation; HR: Heart Rate; bpm: beats per minute; SpO
2

: Saturation of oxygen; PR: Pulmonary Rehabilitation  

Table 51 Modified Borg score and physiological variables (HR and SpO2) pre and post shuttle walk test, before and after a 

six week Pulmonary Rehabilitation in pooled patients CRD 
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7.6.6 Summary of clinical measures following PR 

Resting Modified Borg Scores started low (1=‘very mild shortness of breath’) and 

remained low after the six week PR programme, where the difference in the pre 

and post PR measurements was not found to be statistically significant. Apart 

from resting heart rate, which significantly increased post ISWT, post PR, the 

group physiological response to exercise was similar before and after PR. 

However, functional walking distance increased by an average of 88.82 metres 

for the group, which exceeded the MCID of 47.5m for the ISWT (Singh et al. 

2008).  

7.6.7 Breathing and speech breathing patterns before, during and after 

a six week Pulmonary Rehabilitation 

Breathing and speech breathing parameters measured from 20 patients with 

COPD and bronchiectasis (pooled patiehts with CRD) have been analysed across 

three different time points; before, during (midway) and after a six week PR 

programme. 

7.6.8 Missing data 

Due to equipment failures that occurred during the third study, some data sets 

had to be removed from the analysis during each task at different time points. 

ANOVA requires complete data sets throughout all time points to conduct the 

analysis. For example, if data are missing from one participant at time point 

one, SPSS will remove the remaining data at time point two and three from the 

same participant. Consequently, the sample size during each task varied as 

follows: Quiet breathing (n = 13), Reading (n = 14), Conversation (n = 14), 

Counting (n =13). Even though the removal of incomplete data sets meant that 

statistical power was reduced, it was considered inappropriate to impute the 

data because the original sample was too small to base any imputation on. A 

summary of all the missing data can be found in Appendix 19. 

7.6.9 Breathing and speech breathing patterns before, during and after PR 

– results from the repeated measures ANOVA 

Breathing and speech breathing pattern data that were obtained from the three 

different time points were tested for normality using the Shapiro Wilk test, and 
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found to be normally distributed. In order to examine mean differences in 

breathing and speech breathing parameters among time points, a one way 

repeated measures AVOVA was chosen to determine whether there were any 

statistically significant differences between the three time points. This is 

because there was one effect (time point), with three different levels (time points 

one, two and three). The Greenhouse Geisser correction was used when the 

assumptions of Mauchly’s Test of Sphericity were violated. The results of the one 

way repeated measures ANOVA were unremarkable. No statistically significant 

differences were identified for any breathing parameter or task amongst any of 

the three time points. These results have been presented in Appendix 20.  

As discussed, one of the limitations of employing a one way repeated measures 

ANOVA to assess the before, during and after differences in breathing and 

speech breathing pattern relates to the missing data in the current sample. This 

is because ANOVA in SPSS deals with missing data by automatically removing 

any incomplete data sets from the analysis. The majority of data losses occurred 

during the middle recording session were due to equipment failures. Removing 

missing data reduces the total number of participants included in each analysis, 

and ultimately reduces statistical power. It is possible that this contributed to 

the generation of Type two errors (false negatives).   

Although data were collected at three time points, the main focus of interest was 

to look for any changes in breathing and speech breathing parameters from 

before to after a six week PR programme. Taking into account the missing data 

and the influence this has on the sample size, a decision was subsequently 

made to exclude the midpoint data and explore differences between time point 

one and three (before and after PR). The next section describes the results from 

this analysis.
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7.6.10 Before and after differences in breathing and speech breathing 

parameters (between time point one and three) in patients with 

CRD 

Examining the differences in breathing and speech breathing patterns 

exclusively between time point one and three (before and after PR) meant that 

data from more participants could be included in the sample for the quiet 

breathing, reading, conversation and counting task. Table 52 presents the 

difference in sample size between the ‘before, during and after analysis’, and 

the ‘before and after’ analysis 

Task 

Before, during and after 

PR analysis – sample size 

Before and after PR 

analysis –sample size 

Quiet breathing 13 14 

Reading 14 18 

Conversation 14 18 

Counting 14 18 

 

Table 52 Sample size used during the ‘before, during and after’ 

analysis in comparison to the ‘before and after’ analysis 

7.6.11 Comparison between time point one and time point three 

Respiratory rate, expiration time, expiration magnitude and %RCExp were 

compared between time point one and time point three. See section 7.5.2 for a 

justification for this choice of parameters. Paired t tests for related samples, 

adjusted via Bonferroni corrections were used to test for any significant 

differences, as the data were found to be normally distributed using the Shapiro-

Wilk test (table 53-56).  
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Quiet breathing task 

 

Bonferroni adjustment for multiple comparisons; 
1

equal variances assumed 

*Starred results significant at the 0.05 alpha level (2-tailed) 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

RR=Respiratory Rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom;  

Table 53 Before and after PR: Mean differences between breathing parameters measured at time point one and three 

during quiet breathing - Results of the paired sample t test  

   

 

 

                          

Before PR         

(Time point 1)         

(n=14) 

After PR           

(Time point 3)     

(n=14) 

 

Mean difference 

95%CI of the mean 

difference 

Upper;              Lower 

 

t 

      

          df 

 

p 

TE (sec) 2.31±0.79 2.17±0.54 0.14 -0.21;0.49 0.86 13
1 

1
NB

 

EM (a.u) 1.29±0.51 1.50±0.60 -0.20 -0.57;0.16 -1.21 13
1 

0.96 

RR (bpm) 16.78±4.54 17.11±3.94 -0.32 -2.48;1.83 -0.32 13
1 

1
NB

 

%RC Exp 59.74±12.51 66.53±12.48 -6.79 -13.27;-0.30 -2.28 13
1 

0.12 
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Reading task 

 

Bonferroni adjustment for multiple comparisons;  
1

equal variances assumed 

*Starred results significant at the 0.05 alpha level (2-tailed) 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

RR=Respiratory Rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom 

Table 54 Before and after PR: Mean differences between breathing parameters measured at time point one and three 

during the reading task - Results of the paired sample t test  

 

 

 

                          

Before PR          

(Time point 1)      

(n=18) 

After PR           

(Time point 3)       

(n=18) 

 

Mean difference 

95%CI of the mean 

difference 

Upper;         Lower 

 

t 

      

          df 

 

p 

TE (sec) 3.22±0.71 3.12±0.62 0.10 -0.21;0.42 0.68 17
1 

1
NB

 

EM (a.u) 1.33±0.38 1.40±0.62 -0.07 -0.42;0.28 -0.41 17
1 

1
NB

 

RR (bpm) 16.00±2.91 16.40±3.04 -0.04 -1.91;1.11 -0.55 17
1 

1
NB

 

%RC Exp 63.06±15.50 65.41±14.64 -2.34 -11.36;6.67 -0.54 17
1 

1
NB
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Conversational speech task 

 

Bonferroni adjustment for multiple comparisons; 
1

equal variances assumed 

*Starred results significant at the 0.05 alpha level (2-tailed) 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

RR=Respiratory Rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom;  

Table 55 Before and after PR: Mean differences between breathing parameters measured at time point one and three 

during the conversational speech task - Results of the paired sample t test  

 

 

 

 Before PR          

(Time point 1)     

(n=18) 

After PR           

(Time point 3)      

(n=18) 

 

Mean difference 

95% CI of the mean 

difference 

Upper;         Lower 

 

t 

      

          df 

 

p 

TE (sec) 3.74±1.09 3.86±1.25 -0.11 -0.58;0.34 -0.54 17
1 

1
NB

 

EM (a.u) 1.44±0.60 1.67±0.59 -0.23 -0.57;0.11 -1.40 17
1 

0.72 

RR (bpm) 14.21±3.22 13.95±3.44 0.26 -0.76;1.28 0.53 17
1 

1
NB

 

%RC Exp 56.53±14.46 60.18±12.53 -3.64 -12.46;5.18 -0.88 17
1 

1
NB
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Counting task 

 

Bonferroni adjustment for multiple comparisons; 
1

equal variances assumed 

*Starred results significant at the 0.05 alpha level (2-tailed) 

NB

 p value capped at 1 one if p >1 following Bonferroni corrections for multiple comparisons 

RR=Respiratory Rate; TE (sec) = expiration time (sec); EM (a.u) = Expiration magnitude (arbitrary units); %RCExp = Percentage Ribcage contribution to expiration; DF = Degrees of 

Freedom 

Table 56  Before and after PR: Mean differences between breathing parameters measured at time point one and three 

during the counting task - Results of the paired sample t test 

                         

Before PR          

(Time point 1)       

(n=18) 

After PR           

(Time point 3)       

(n=18) 

 

Mean difference 

95% CI of the mean 

difference 

   Upper;         Lower 

 

t 

      

          df 

 

p 

TE (sec) 3.55±1.82 3.66±1.47 -0.11 -0.77;0.54 -0.36 17
1

 1
NB

 

EM (a.u) 1.21±0.52 1.30±0.73 -0.09 -0.50;0.31 -0.47 17
1 

1
NB

 

RR (bpm) 16.37±5.54 15.91±5.70 0.46 -2.10;3.03 0.38 17
1 

1
NB

 

%RC Exp 59.03±11.78 62.22±12.60 -3.19 -11.79;5.40 -0.78 17
1 

1
NB
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No statistically significant differences were found between the first and last PR 

session (p>0.05) for any of the tasks or parameters examined. Individual data 

were then examined to determine whether there was any consistent direction of 

change during any of the tasks 

7.6.12 Direction of change 

The differences between the pre and post PR assessment were not found to be 

statistically significant for any of the breathing parameters or tasks.  Since it was 

possible that the sample was inadequately powered to detect a significant 

difference, a decision was made to examine the data on a case-by-case basis to 

determine whether there was any consistent direction of change. These findings 

can be found in table 57, which presents the number of patients who were 

associated with an ‘increase’ or ‘decrease’ in the value of each breathing 

parameter.  

Based on the findings in table 57, the direction of change was not found to be 

consistent for any of the breathing parameters and tasks. Therefore, these 

findings indicate that breathing and speech breathing patterns did not change in 

either a statistically or clinically significant manner.  

7.6.13 Speech breathing variability before and after PR 

The Co-efficient of Variation (CoV%)) was used to examine the variability of 

breathing and speech breathing parameters at the two different time points 

(before and after PR). Table 58 presents the CoV% during each time point for the 

quiet breathing, reading, conversation and counting task. No consistent pattern 

was identified when examining the variability of each breathing parameter. 
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        Quiet breathing task (n=14)               

no. decreasing           no. increasing 

            Reading task  (n=18)                               

no. decreasing          no. increasing 

   Conversational speech task (n=18)                    

no. decreasing            no. increasing 

          Counting   task  (n=18)                                  

no. decreasing          no. increasing 

TE (sec) 
8 6 10 8 10 8 10 8 

EM (a.u) 
5 9 11 7 6 12 12 6 

RR (bpm) 
6 8 9 9 7 11 11 7 

%RCInsp 
5 9 9 9 10 8 9 9 

TE (sec) = expiration time (sec) EM (a.u) = Expiration magnitude (arbitrary); RR= Respiratory Rate; RC% Cont Exp = Ribcage percentage contribution to expiration 

Table 57 Direction of change in breathing parameters from time point one to time point three in patients with CRD. 
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         Quiet breathing task         

Before PR (n=14)    After PR (n=14) 

Reading task                      

Before PR (n=19)    After PR (n=19) 

Conversational speech task         

Before PR (n=19)    After PR (n=19) 

Counting task                    

Before PR (n=19)    After PR (n=19) 

TI (Cov%) 33.81±20.89 31.21±12.53 34.78±6.98 39.99±17.36 36.58±7.08 40.81±12.21 38.52±11.31 42.00±13.85 

TE (Cov%) 29.61±13.11 29.90±12.18 45.90±11.73 43.25±7.56 52.13±9.65 55.19±13.44 56.72±19.11 56.57±15.56 

IM (CoV%) 33.03±15.60 33.61±14.47 38.15±9.54 41.47±8.08 42.02±10.75 43.71±10.81 40.82±12.62 45.40±14.82 

EM (CoV%) 32.40±13.96 33.23±14.36 45.90±11.73 44.14±9.10 47.45±10.41 52.60±15.29 49.14±13.76 54.22±16.14 

Ttot (CoV%) 23.07±11.06 23.67±9.61 39.40±11.03 37.28±6.92 45.00±7.30 46.64±11.13 48.25±14.85 49.09±16.66 

RR (bpm) 28.42±4.94 23.02±3.94 15.37±2.95 18.15±3.00 22.66±3.27 25.12±3.58 32.89±5.45 34.71±5.54 

%RCIns (CoV%) 15.31±13.12 12.17±9.27 14.54±7.38 17.44±11.86 16.35±12.66 27.69±25.04 16.31±10.18 20.85±14.40 

%ABIns (CoV%) 20.25±13.62 28.69±21.63 21.24±19.60 29.84±18.19 25.17±19.02 31.92±18.05 24.03±10.90 43.44±31.38 

%RCExp (CoV%) 18.82±19.27 13.10±11.01 23.11±20.65 26.72±19.73 24.45±11.84 48.91±18.55 18.16±24.99 21.74±15.46 

%AbExp (CoV%) 20.54±15.62 21.23±17.49 33.20±19.41 39.13±27.96 42.61±25.65 38.88±19.45 30.68±12.63 33.86±18.76 

CoV%  = Coefficient of Variation expressed as a percentage; TI (sec) = Inspiration time (seconds);  TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); 

EM (a.u) = Expiration magnitude (arbitrary units); Ttot (sec) = breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); %RCInsp = Ribcage percentage 

contribution to inspiration; %ABInsp = Abdominal percentage contribution to inspiration; %RCExp = Ribcage percentage contribution to expiration; %ABExp = Abdominal 

percentage contribution to expiration 

Table 58 Co-efficient of Variation (expressed as a percentage) during the quiet breathing, reading, conversation and 

counting task: Before and after PR
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7.6.14 Summary of section six 

The following table presents a summary of findings with respect to the 

hypotheses described in section 7.6.1. A complete summary of chapter five will 

then be given in section 7.7. 

Table 60  Summary of section six 

Hypotheses Summary of findings 

Rejected/partially 

supported/supported? 

HP6a 

 The difference in Modified Borg Scores was 

not statistically significant between the first 

and last day of PR. 

Rejected 

HP6b 

 The difference in mean walking distance 

(measured during the ISWT) increased by 

88.82m which was found to be statistically 

significant (t=4.11, df=16, p=0.00).  

Supported 

HP6c 

 The difference between time point one and 

time point three was not statistically 

significant for expiratory time (p>0.05) during 

any of the breathing or speech tasks. 

Rejected 

HP6d 

 The difference between time point one and 

time point three was not statistically 

significant for expiratory magnitude (p>0.05) 

during any of the breathing and speech tasks. 

Rejected 

HP6e 

 The difference between time point one and 

time point three was not statistically 

significant for respiratory rate (p>0.05) during 

any of the breathing and speech tasks. 

Rejected 

HP6f 

 The difference between time point one and 

time point three was not statistically 

significant for %RCExp (p>0.05) during any of 

the breathing and speech tasks. 

Rejected 
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7.7 Summary of the results chapter   

In this chapter, the data from the three studies conducted during this research 

have been analysed and presented. 

The main findings from this body of research are as follows: 

1. Breathing/speech breathing parameters relating to respiratory timings 

and regional contributions of the chest wall were able to significantly 

differentiate between healthy older adults and pooled patients with CRD 

during every breathing and speech task. 

2. The conversational speech task was found to produce the greatest 

number of significant differences between healthy older adults and 

pooled patients with CRD  

3. The describing task used in the first study was found to be an ineffective 

surrogate for spontaneous speech because of difficulties encountered 

with describing the images. 

4. There was no evidence that pooled patients with CRD produced task 

specific breathing patterns. Although inspiratory and expiratory times 

were found to significantly differentiate between quiet breathing and 

speech, no statistically significant differences were detected between any 

of the speech tasks.  

5. In contrast, breathing patterns were found to be task specific in healthy 

younger adults, as statistically significant differences were observed 

between constrained (reading) and unconstrained speech (conversational 

speech) for all respiratory timings and magnitudes. 

6. This distinction became less clear in healthy older adults. Only five 

breathing parameters were able to significantly differentiate between the 

breathing and speech tasks.  

7. Breathing and speech breathing parameters could not significantly 

differentiate between patients with COPD and bronchiectasis. 

8. Breathing/speech breathing patterns in pooled patients with CRD did not 

alter following as six week PR programme. The differences between the 

first and last PR session were not found to be statistically significant for 

any breathing parameter or task. 
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9. Functional walking distance increased significantly (both clinically and 

statistically) after a six week PR programme. However, no such changes in 

breathlessness were detected. 

10. A recording period of two minutes was sufficient to provide stable 

breathing parameters in healthy younger adults. 

11. A linguistically ‘constrained’ task (reading) was associated with the 

shortest respiratory timing components, smallest breath sizes and fastest 

respiratory rates in healthy and patient groups of all ages, 

12. A ‘linguistically unconstrained’ task (conversation) was associated with 

the longest respiratory timing components, largest respiratory 

magnitudes and slowest respiratory rate in healthy and patient groups of 

all ages. 

13. Multiple linear regression suggested age might influence the regional 

contributions of the ribcage and abdomen during quiet breathing and 

speech in healthy adults. 

14. Multiple linear regression suggested that sex had no significant influence 

on breathing and speech breathing patterns in healthy adults. 

15. Comparisons between healthy young adults and adults with self-reported 

asthma showed that there might be significant differences between the 

two groups during a quiet breathing task, but not during speech. 

In the next chapter, these findings will be discussed in relation to the existing 

literature in the field, and the methodological limitations will be identified from 

the three studies. Recommendations for future research will then be presented. 
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Chapter Eight                                          

Discussion 

Introduction 

There is a small body of literature associated with speech breathing patterns, of 

which the majority has involved small samples (less than n=15) of healthy 

adults. Most of this work originates from the 1970’s and 1980’s using 

technology that is now dated. In the early studies, speech signals were obtained 

from audiotapes, and breathing cycles were identified from the RIP signal using 

aural detection of the speech signals, which were played through audiotapes 

(Hoit & Hixon 1986; Hoit & Hixon 1987; Hodge & Rochet 1989; Hoit et al. 1989; 

Winkworth et al. 1994). This practice introduced an element of subjectivity to 

their measurement, as the detection of speech relied on the hearing ability of 

the observer. There are no published speech breathing data from patients that 

have been quantified using modern signal analysis techniques. A range of 

different speech tasks have been used in the past to assess speech breathing 

patterns, such as reading, describing, conversational speech and counting 

(Loudon et al. 1988; Hodge & Rochet 1989; Solomon & Hixon 1993). However, 

the type of speech that provides the most useful information about lung health 

is currently unknown, as speech breathing pattern analysis has yet to be 

evaluated for its potential to be used as a respiratory monitoring tool.  

The main aims of this body of research were: to evaluate protocols for speech 

breathing pattern research, to explore the characteristics and specificity of 

breathing and speech breathing patterns in healthy adults and patients with 

chronic respiratory diseases, and to evaluate the potential of speech breathing 

patterns to be used as a monitor of respiratory health. The latter was examined 

by a) comparing speech breathing patterns between healthy adults and patients’ 

chronic respiratory disease, and b) comparing breathing and speech breathing 

patterns before and after a clinical intervention (PR) of known effect. 
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The discussion has been organised under nine headings: 

1. Evaluation of the speech tasks and the stability of speech breathing 

patterns over short periods of time 

2. Characterisation of breathing and speech breathing patterns; 

a. In healthy younger adults 

b. In healthy older adults 

c. In patients with chronic respiratory disease (self-reported asthma, 

COPD, bronchiectasis and in pooled patients with CRD). 

3. Task specificity of breathing and speech breathing patterns 

a. In healthy younger adults 

b. In healthy older adults 

c. In patients with chronic respiratory disease (self-reported asthma, 

COPD, bronchiectasis and in pooled patients with CRD). 

4. The variability of breathing and speech breathing patterns 

a. In healthy younger and older adults 

b. In pooled patients with CRD 

5. The influence of age and sex on breathing and speech breathing patterns 

in healthy adults 

6. The influence of chronic respiratory disease on breathing and speech 

breathing patterns 

7. The responsiveness of breathing and speech breathing patterns to a 

clinical intervention (PR) for patients with COPD or bronchiectasis 

8. Limitations and technical issues 

9. Summary  

8.1 Evaluation of the speech tasks used in this research 

and the stability of speech breathing patterns over 

short periods of time 

If speech breathing pattern analysis is to be considered as a respiratory 

monitoring tool in future clinical practice, the optimal protocols that provide the 

most useful speech breathing data firstly need to be established.  
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8.1.1 Evaluation of the speech tasks 

Previous authors have used various reading, counting, describing and 

conversational tasks to assess speech breathing patterns (Loudon et al. 1988; 

Hoit et al. 1989; Sperry & Klich 1992; Winkworth et al. 1995). A describing task 

was included during the first study in this research. However, it was observed 

that participants frequently had to pause and think about their upcoming 

sentence when interpreting the pictorial material, possibly because the 

describing task was influenced by cognitive demand (Mitchell et al. 1996). Unlike 

the reading task, where speech was dictated by the pre-scripted text, or the 

conversational task, where individuals could easily describe their daily events, 

the describing task seemed to be more challenging for participants to complete 

fluently.  

The reading task was selected for its ‘easy’ reading level based on the Flesch 

readability score (88). It was speculated that the easy reading level would 

encourage participants to read fluently, even when in a pressured environment, 

when participants were aware that their speech was being recorded during the 

task. The describing task was chosen as a surrogate for spontaneous speech. 

Participants were asked to look at pictures and describe the material based on 

their interpretation of what they saw. Such interpretation may influence speech 

breathing patterns because it requires an element of higher cognitive 

functioning. The prolonged inspiratory time that was seen may have occurred 

because participants had to think about their upcoming sentence, perhaps 

because they were unfamiliar with the material they were asked to describe. The 

influence of cognitive demand on speech breathing patterns has been previously 

investigated by Mitchell et al (1996) who used respiratory magnetometers to 

record breathing patterns from 20 healthy adults during two reading tasks that 

differed in their cognitive-linguistic planning requirements. Although data 

obtained by magnetometers may not be directly comparable to data obtained 

from the RIP because of differences in the way that changes in the cross 

sectional area of the rib cage and abdomen are quantified (see chapter 2.3.6), 

Mitchell et al (1996) found that cognitively demanding speech tasks were 

associated with a significant increase in the number of pauses, and average 

inspiratory time was significantly longer. . Fewer syllables were produced per 

breathing cycle and speaking rate was slower during the higher cognitive load 

speech tasks, but these elements were not examined in this research because 
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linguistic parameters were not of primary interest. These findings suggest that 

cognitively demanding tasks influenced fluency related measures. Participants 

took ‘inappropriate’ breaths (or pauses), which were not in response to 

metabolic demand or at grammatically appropriate locations (during reading). 

Due to the challenges experienced during the describing task in the current 

research and the possible influence of cognitive demand that has been 

previously reported (Mitchell et al. 1996), a decision was subsequently made to 

remove the describing task from the second and third studies, and replace it 

with a counting task. A counting task has previously been shown to highlight 

significant differences between healthy adults and patients with asthma. The 

task was reported to cue priority to communication, which could not be 

sustained by patients who were respiratorily compromised (Loudon et al. 1988).  

It is acknowledged that the difficulties encountered during the describing task 

used in the first study may have been associated with the nature of the complex 

images, and that the selection of a more ‘accessible’ image may have solved this 

issue. With hindsight, the nature of the images used during the describing task 

may have been too complex for participants to describe fluently, especially 

within a pressured environment where participants were fitted with the RIP 

bands and a head-set microphone. Therefore, the selection of a more accessible 

image may have encouraged participants to describe the images more fluently, 

without needing to pause and think about their up-coming sentences. The 

principle reason for not swopping to an alternative image was because it was 

speculated that participants would have less visual material to describe, and 

thus fewer items to discuss. The use of simpler images could mean participants 

would run out of things to say before the recording period ended. Furthermore, 

the describing task was originally chosen as a surrogate for spontaneous 

speech. The conversational speech task was familiar to the participants and was 

consistently performed well by all participants, as they were able to speak 

fluently in the absence of pausing and thinking about their upcoming sentence.  

8.1.2 The stability of breathing/speech breathing patterns over time in 

healthy adults 

Although a little is known about speech breathing patterns recorded on a single 

occasion, the stability of speech breathing patterns over short periods of time 

has not previously been investigated. Therefore, no previous data is available for 



   

289 

comparison. Because speech introduces a ‘linguistically random’ component in 

to the breathing pattern (Brack et al. 2002) , the variability of speech breathing 

parameters is higher than quiet breathing (Winkworth et al. 1994). However, 

currently it is not known if these variations remain stable over different time 

periods. This information is needed to determine the minimum period of 

recorded speech from which one may extract useful data on speech breathing 

patterns. Previous variability studies have used a range of recording durations, 

ranging from the analysis of only 25 breathing cycles (Loudon et al. 1988), to 

longer periods of up to eight minutes (Mitchell et al. 1996). The findings from 

the within-recordings stability analysis indicated that speech breathing patterns 

remained stable when examined over each minute, for a period of four minutes, 

during quiet breathing, conversation, describing and reading. Visual inspection 

of the data suggested minimal fluctuation between time periods and no 

statistically significant differences were found for any breathing parameter or 

task. These findings supported the decision to reduce the period of time that 

was used to record speech breathing patterns. Reducing the recording time 

would improve the efficiency of speech breathing protocols, and be of particular 

benefit in patients with chronic respiratory disease who experience speaking 

related breathlessness. 

8.1.2 Summary 

This research suggests that in terms of speaking task selection, describing is 

not the optimal task for use during speech breathing assessments. In terms of 

optimal recording time, no statistically or clinically significant differences were 

identified for any parameter of task amongst the various time periods, thereby 

giving support to the use of shorter recording periods (two minutes) during 

speech breathing assessments.  

 

8.2 Breathing and speech breathing characteristics 

The characteristics of breathing and speech breathing patterns in relation to the 

existing literature will now be discussed according to 1) healthy younger adults 

2) healthy older adults and 3) chronic respiratory disease (self-reported asthma, 

COPD, bronchiectasis and pooled patients with CRD). Since speech breathing 
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characteristics will be discussed at various points throughout this chapter, a 

discussion of the main findings will be presented in attempt to avoid repetition.  

8.2.1 Breathing and speech breathing characteristics in healthy younger 

adults 

In agreement with previous authors, quiet breathing and speech breathing 

patterns were different from each other (Tobin et al. 1983a; Hodge & Rochet 

1989; Winkworth et al. 1994). While quiet breathing patterns were 

characterised by having similar inspiration and expiration timings, speech 

breathing patterns were characterised by having a short inspiratory phase, 

followed by a prolonged expiration. Adapting the proportions of the breathing 

cycle to form what has been described as the ‘saw tooth’ pattern provides the 

optimal conditions for speech (Hodge & Rochet 1989; Lee et al. 1993). 

Shortening inspiratory time during speech allows silences to be reduced, while a 

prolonged expiration phase extends the time available for speech production 

(Winkworth et al. 1995; Hoit & Lohmeier 2000). These differences were also 

reflected by the percentage of time spent on inspiration (TI/Ttot%), which during 

the speech tasks was roughly half the percentage of inspiratory time during the 

quiet breathing task.  

Previous studies have reported similar findings during periods of resting 

breathing in healthy young adults (Tobin et al. 1983a) . In a similar 

observational study, 47 young adults (mean age=28.6±5.3 years) underwent 

resting breathing pattern recordings using RIP (Tobin et al. 1983a). Although 

recordings were obtained in the supine position, and the recording period used 

for data extraction was not defined, similar findings relating to respiratory 

timing components were documented during resting breathing, as inspiration 

time and the proportion of time spent on inspiration (TI/Ttot%) was reported to 

be 1.60±0.30 seconds and 42% respectively. Respiratory rate appeared to be 

slower in the current research (14.11±3.85 bpm compared to 16.7±2.7 bpm in 

the study by Tobin et al (1983)). However, both values remained within the 

accepted normal range (Hough 2001). 

Task related differences were observed between the linguistically constrained 

(reading) and the linguistically unconstrained speech tasks (conversational 

speech and describing). Task specific differences will be evaluated in detail in 
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section 8.3. However, in brief, the linguistically constrained task was found to 

have the shortest respiratory timing components, fastest respiratory rate and 

the smallest magnitudes. In contrast, the linguistically unconstrained tasks had 

the longest respiratory timing components, largest magnitudes and slowest 

respiratory rate.  

In a previous observational study using RIP, Lee et al (1993) documented the 

timing elements of speech breathing patterns in 16 healthy adults (mean 

age=39.8±14.0 years) during a conversational speech task. Their study reported 

similar values for inspiration time (0.68±0.50 seconds). However, the proportion 

of time spent on inspiration was longer (19% in comparison to 15% in the current 

research), and their expiration time was shorter (3.64±2.08 seconds in 

comparison to 4.24±1.08 seconds). Respiratory rate and breathing cycle time 

were not documented. The large standard deviations reported in the study by 

Lee et al (1993) suggest that greater variability may have existed in their data 

set.  The reasons for the different findings could be due to differences between 

characteristics and methodologies. For example, participants in the study by Lee 

et al (1993) were older, lying at a 15 degree angle from vertical towards supine, 

and the analysis was based on only 50 breaths which were subjectively selected 

for analysis. The differences between these findings indicate the sensitivity of 

speech breathing patterns to the measurement procedure. Furthermore, these 

findings highlight the challenges associated with interpreting the components of 

breathing/speech breathing patterns because of the absence of rigidly defined 

normative values for respiratory timing parameters. 

8.2.2 Breathing and breathing and speech breathing characteristics in 

healthy older adults 

As discussed, the bulk of knowledge regarding speech breathing patterns in 

healthy adults has been documented in studies involving young adults (Hoit et 

al. 1990; Sperry & Klich 1992; Manifold & Murdoch 1993). Speech breathing 

studies involving healthy older adults have primarily examined breathing 

parameters relating to subdivisions of lung volume and syllable production(Hoit 

& Hixon 1987) . Few data are available in relation to respiratory timing 

components, relative volumes and regional contributions of the ribcage and 

abdomen in healthy older adults. Since the speech breathing pattern data in 

healthy older adults will be contrasted between the tasks, and with data from 
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healthy younger adults, this section will briefly discuss the characteristics of 

speech breathing patterns in healthy older adults in attempt to avoid repetition.  

During quiet breathing, breathing patterns in healthy older adults were 

characterised by having a slightly longer expiration (2.82±0.81 seconds) than 

inspiration phases (1.74±0.50 seconds), similar inspiratory and expiratory 

magnitudes (1.69±0.64 a.u versus 1.68±0.61 a.u), and a respiratory rate which 

remained within normal limits (14.04±3.54 bpm).  A previous observational 

study using RIP  reported similar findings to the current investigation, as 

inspiratory time and respiratory rate were reported to be 1.67±0.30 seconds and 

16.6±2.8 bpm respectively in 19 healthy older adults (mean age=68.9±6.5) 

(Tobin et al. 1983a).  On visual inspection, healthy older adults also appeared to 

adapt their breathing pattern in response to speech, producing shorter 

inspirations and longer expirations during conversational speech, reading and 

counting.  

One of the major age related changes in respiratory mechanics is chest wall 

compliance (Lanteri & Sly 1993; Huber & Spruill 2008). Chest wall movements 

during inspiration and expiration were dominated by the ribcage contribution 

during quiet breathing and speech tasks, with little mean differences between 

the tasks. The ribcage contribution in healthy older adults accounted for 

between 82 and 84% of the overall contribution to tidal breathing. In a previous 

study, Hoit et al (1989) measured speech breathing patterns using 

magnetometers in 30 healthy females representing three age groups (25, 50 and 

75 years) during a spontaneous speech task. Their results showed that the 

relative volume contribution of the ribcage increased with age (25 years = 

69.71±11.86, 50 years = 79.38 years and 75 years= 89.39±7.61 years), 

although the differences between the age groups were non-significant (F=1.25, 

df=29, p=0.30). A greater ribcage contribution is needed to provide sufficient  

respiratory elastic recoil pressures, which naturally reduce with age (Janssens et 

al. 1999). The ribcage contribution in the older group (75 years) in the study by 

Hoit et al (1989) was greater than the ribcage contribution to inspiration and 

expiration observed in the current study, possibly because their participants 

were older in age, and the different methods used to measure speech breathing 

patterns. Hoit et al (1989) measured speech breathing patterns using 

magnetometers. As discussed, one of the limitations regarding this 

measurement system is that the cross sectional changes of the ribcage and 
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abdomen is concentrated on the anterior surface of the chest. Magnetometers 

do not measure the movement induced from the transverse displacements of the 

chest, which might provide a less accurate reflection of breathing pattern than 

RIP. Furthermore, Hoit et al (1968) did not define the period used to measure 

speech breathing patterns, and analysis was based on ten breathing cycles that 

were obtained from the start of the recording period. Selecting breathing cycles 

from the beginning of a recording could mean selecting cycles more likely to be 

influenced by anxiety, because participants are within an unusual environment. 

These results further demonstrate the challenges faced with interpretation of 

speech breathing patterns from specific subgroups, because of the lack of 

comparable published data obtained using standardised protocols.  

8.2.3 Breathing and speech breathing characteristics in patients with 

chronic respiratory disease (COPD, bronchiectasis and adults with 

self-reported asthma) 

Patients with COPD 

Research examining speech breathing patterns in patients with chronic 

respiratory disease has been limited. In the current research, patients with COPD 

demonstrated adaptations in their respiratory cycle in response to speech. 

During quiet breathing, patients with COPD (n=10) had mean inspiration timings 

of 1.59±0.71 seconds and mean expiration timings of 2.36±0.86 seconds, 

where resting respiratory rate was 16.90±5.41 bpm. A previous observational 

study which employed RIP to record resting breathing patterns in 12 patients 

with COPD  found that respiratory timing components were shorter and 

respiratory rate was faster than in the current study (inspiratory phase 

1.10±0.20 seconds, respiratory rate 23.3±3.3 bpm) (Tobin et al. 1983b). 

According to standard text book reference values, the respiratory rate 

documented in the study by Tobin et al (1983b) exceeded the normal range of 

12 to 18 bpm (Hough 2001). One possible explanation for the differences 

between these findings could be because their patients had greater airway 

obstruction. This was indicated by their FEV1pp, which was 32±6% in comparison 

to 46±14% in the in the current research. More severe airway limitation could 

have a negative impact on breathing parameters, especially respiratory rate 

because of the increased respiratory drive (Aliverti & Macklem 2001). 



 

 294 

To date, only one study has characterised speech breathing patterns in patients 

with COPD during a conversational speech and counting task. Using RIP, Lee et 

al (1993) extracted respiratory timing parameters from 15 patients with 

emphysema (now defined as COPD). On average, inspiratory and expiratory time 

were reported to be 0.64±0.27 and 2.51± 1.31 seconds respectively; both 

components were shorter than those observed in this research (n=13) 

(inspiration time=0.74±0.17 seconds and expiration time=3.73±1.23 seconds). 

The shorter respiratory timing components in the study by Lee et al (1993) 

suggest that respiratory rate may have been faster than that observed in this 

research, however this parameter was not extracted in their study. One 

explanation for these differences could be that the study by Lee et al (1993) 

recorded speech breathing patterns throughout a five minute period, while 

speech breathing patterns were recorded during a two minute period in this 

research. Increasing the length of the speech recordings might have placed a 

greater ventilatory demand on the patients in the study by Lee et al (1993), 

because the competition between speech and gas exchange would have been 

more pronounced over a longer time period. Methodological differences such as 

the nature of the conversational speech task may have also accounted for the 

differences, although description of the conversational speech task was not 

provided by Lee et al (1993). While no studies have previously examined speech 

breathing patterns in patients with COPD during a reading task, the findings 

obtained during the a counting task were very similar to what has previously 

been documented, as inspiratory and expiratory time were reported by Lee et al 

(1993) to be 0.58±0.3 and 3.64±2.34 seconds respectively, in comparison to 

0.64±0.24 seconds and 3.48±1.79 seconds in this research.  

Patients with bronchiectasis 

No published data on speech breathing patterns in patients with bronchiectasis 

are available for comparison. On visual inspection, patients with bronchiectasis 

also maintained a saw tooth breathing pattern during speech, where respiratory 

timing components were shorter than patients with COPD in the current 

research. Since no existing data are available for comparison, speech breathing 

characteristics will be evaluated in more detail in section 8.6, where there 

findings have been contrasted with speech breathing data obtained from 

patients with COPD. 
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Adults with self-reported asthma 

The research examining speech breathing patterns in patients with asthma has 

also been limited. In the current research, adults with self-reported asthma had 

the shortest inspiratory time of all groups (0.49±0.08 seconds), while their 

expiration phase was roughly seven times longer (3.84±0.76 seconds) during a 

two minute conversational speech task. From the limited comparable data 

available, the patients with asthma in the study by Louden et al (1983) had a  

longer inspiration time (0.79±0.37 seconds), and therefore spent a greater 

proportion of the respiratory cycle on inspiration (TI/Ttot%=27%), when 

compared to the findings from the current research (TI/Ttot=11%). Louden et al 

(1983) concluded that the longer inspiratory time observed in patients with 

asthma was directly attributed to the airways obstruction, causing them to 

prioritise gas exchanges (during speech). As a consequence, the time available 

for speech was reduced. Although methodological differences may have 

accounted for the differences in observed Ti/Ttot%, one of the major reasons for 

these differences could be attributed to the differences in the severity of 

asthma. In the current investigation, asthma status was self-reported but in the 

study by Louden et al (1983) patients were clinically diagnosed. It is therefore 

not known if the asthma group in this investigation had a diagnosis of asthma, 

or what their severity was. Due to these uncertainties, adults who reported a 

history of asthma were excluded from the pooled analysis in section 7.5.7. 

Summary of section 8.2 

The characteristics of breathing and speech breathing patterns have been 

reviewed across a group of healthy adults (young and old) and patients with 

chronic respiratory disease (COPD, bronchiectasis and adults with self-reported 

asthma). As has been previously documented, all participants were shown to 

adapt their breathing cycles in response to speech production. The difference 

between published data and the findings herein in terms of the specific 

quantification of elements of breathing pattern parameters during speech may 

be due to methodological differences. These findings highlight the lack of well-

defined normative speech breathing reference values obtained using 

standardised protocols, which will be needed if speech breathing pattern 

analysis is to become considered in clinical practice.  
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8.3 Task specificity of breathing and speech breathing 

patterns  

8.3.1  Task specificity in healthy younger adults 

Previous published research has suggested that speech breathing patterns are 

task specific in healthy adults. The findings from the analysis of the healthy 

younger adult data support this view.  

Timing and relative volume parameters 

The findings from the repeated measures ANOVA demonstrated that all 

breathing parameters showed some significant differences across the group of 

breathing and speech tasks. However, only expiratory timing was consistently 

different between every task comparison. Physiologically, since speech is spoken 

in the expiratory phase of the breathing cycle, the duration of the expiratory 

phase is determined by the nature of speech (Hoit et al. 1989; Winkworth et al. 

1995). These findings suggest that expiratory timing may be more sensitive to 

the type of speech, in comparison to the other breathing parameters.  

Speech breathing behaviours were noticeably different during the linguistically 

‘constrained’ speech task (reading) and the linguistically unconstrained tasks 

(describing and conversation). In particular, the reading task was associated with 

the shortest respiratory timing components and smallest breath volumes, 

compared to describing and conversational speech task. As a consequence, the 

fastest respiratory rates were observed during the reading task.  None of the 

participants in this healthy sample reported any previous or current respiratory 

disease. All participants were able to maintain this pattern of breathing during 

speech without becoming respiratorily compromised, since the average 

respiratory rate remained within a ‘normal’ range (Hough 2001), even during the 

reading task.  

These findings demonstrate the influence of ‘constrained speech’ (that is, the 

grammatical constraint of pre-scripted dialogue) on ventilation. In theory, 

breaths are usually taken at ‘grammatically appropriate’ locations, for example 

at sentence boundaries, full stops and new paragraphs (Grosjean & Collins 

1979). The pre-scripted structure of the reading task meant that participants 

were cued to pause (and breathe) in response to these locations. During the 
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reading task, participants did not have as much freedom to vary their sentences 

and to breathe in response to ventilatory demands. The findings suggest that 

the reading task was more respiratorily demanding than the spontaneous 

speech task, because the reading task was associated with the fastest 

respiratory rate. However, despite an increase from quiet breathing, respiratory 

rate remained within normal limits during the reading task in healthy young 

adults, which supports the theory that healthy adults are able to maintain the 

competition between speech and ventilatory requirements, without becoming 

respiratorily compromised (Bunn & Mead 1971; Loudon et al. 1988; Lee et al. 

1993). 

Regional contributions of the rib cage and abdomen 

The recognition of ‘task specific’ breathing patterns during different types of 

speech is not a new finding (Hoit et al. 1989; Sperry & Klich 1992; Winkworth et 

al. 1995). However, these early observations were based only on the evaluation 

of respiratory timing and volume parameters. In this research the regional 

contributions of the rib cage and abdomen in relation to speech task specificity 

in healthy young adults have been studied for the first time. The analysis 

revealed task specific differences for each parameter, except for the abdominal 

contribution to inspiration (F=2.14, df=3, p=0.09). However, while results from 

the repeated measures ANOVA identified %RCInsp, %RCExp and & %ABExp as 

statistically significant, post hoc tests revealed that the differences were 

significant between the quiet breathing and the describing task, but not between 

any of the speech tasks. These findings suggest that the displacements of the 

chest wall remain fairly stable between speech tasks. On average, the ribcage 

contribution was found to be greater (and hence the abdominal contribution 

smaller) during the quiet breathing task in comparison to the speech tasks. A 

greater abdominal contribution may be necessary during speech tasks to 

generate intra-abdominal pressure to maintain a prolonged expiratory phase 

(Hixon et al. 1973; Hixon et al. 1976). This finding is in agreement with earlier 

observations, that abdominal muscle activity is more pronounced during speech 

activities (Hixon et al. 1973). 
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8.3.2 Speech task specificity in healthy older adults 

Timing and volume parameters 

Unlike healthy younger adults, the distinction between the speech tasks became 

less profound in healthy older adults. The majority of speech breathing research 

documenting ‘task specific’ breathing patterns is based on data from young 

adults (Hodge & Rochet 1989; Winkworth et al. 1994; Winkworth et al. 1995), so 

there is limited existing research available for comparison. The linguistically 

constrained tasks (counting and reading) were associated with the shortest 

inspiratory and expiratory phases, smallest respiratory magnitudes, shortest 

breathing cycles and fastest respiratory rates. However, while the analysis 

(ANOVA) of healthy younger adults revealed that all respiratory timings and 

magnitudes were statistically significant, only four of the breathing parameters 

were identified by the ANOVA as being statistically significant. To date, no other 

studies have exclusively examined task specific breathing parameters in healthy 

older adults.  Hoit et al (1987) examined the influence of age on speech 

breathing patterns, although they did not compare any parameters between the 

tasks. This finding from the current research suggests that ‘task specific’ 

breathing patterns are less likely to be found in older populations. While the 

small sample size may have been insufficiently powered to detect a significant 

change, the findings from the healthy younger adults were also based on similar 

sample size (n=29).  

Physiological factors associated with age could also account for the distinction 

between the speech tasks being less clear in healthy older adults. Increasing age 

has been shown to be negatively associated with lung compliance (due to the 

progressive loss in elastic recoil) and inspiratory muscle strength (Mittman et al. 

1965; Lanteri & Sly 1993; Lalley 2013). These anatomical adaptations to age 

result in greater difficulty in generating adequate subglottic pressures to sustain 

the production of speech, and have been thought to affect intelligibility and 

audibility of speech (Binazzi et al. 2006). Due to these anatomical adaptations, 

healthy older adults have been reported to initiate speech at higher lung 

volumes, and produce fewer syllables per breath compared to younger 

individuals, as a compensatory mechanism (Hoit & Hixon 1987) . Therefore, the 

observation that the ability to produce task specific breathing patterns 

decreases in healthy older adults could stem from the challenges associated 
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with generating adequate subglottic pressures with increasing age, reducing 

ability to modify speech.  

Regional contributions of the ribcage and abdomen 

The findings in relation to ribcage and abdominal contributions in healthy older 

adults were similar to those observed in the younger age group. However, only 

one breathing parameter was identified by the repeated measures ANOVA as 

being statistically significant; the regional contribution of the abdomen during 

the inspiration phase (%ABInsp; F=3.53, df=1.92, p=0.04). Like healthy younger 

adults, post hoc tests revealed that the differences were statistically significant 

between quiet breathing and speech, but not between any of the speech tasks. 

As in the younger age group, the regional contributions of the ribcage and 

abdomen appear to remain stable during speech, and the quiet breathing task 

was associated with a smaller abdominal contribution in comparison to the 

speech tasks. As previously discussed, this greater abdominal contribution 

observed during speech may be a result of the need to generate additional intra-

abdominal pressure to sustain a prolonged expiration phase during speech 

(Hixon 1973). 

In summary, the evidence in support of task specific breathing behaviours 

appears to be less consistent in healthy older adults. Reductions in respiratory 

muscle strength, which naturally occur with increasing age, may reduce the 

ability to generate adequate intra-abdominal pressure to modify speech 

breathing patterns in response to the type of speech produced. 

8.3.3 Speech task specificity in chronic respiratory diseases 

In the group of pooled patients with CRD (COPD and bronchiectasis), there was 

no evidence to suggest that speech breathing patterns were task specific 

between any of the tasks. Task specific breathing behaviours will now be 

discussed in relation to the pooled patients with CRD, followed by a discussion 

in relation to the individual pathologies studied in this research (COPD, 

bronchiectasis and self-reported asthma). 
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8.3.3.1 Pooled patients with CRD 

Timing and volume parameters  

Speech breathing patterns in pooled patients with CRD were significantly 

different from quiet breathing patterns, but were not task specific between the 

speech tasks. This is the first study to exclusively examine this feature in any 

patient group, so comparisons with previous literature are not possible. To date, 

‘task specific’ breathing behaviours have only been reported from speech 

breathing patterns in healthy adults (Hoit et al. 1989; Sperry & Klich 1992; 

Winkworth et al. 1995; Wang et al. 2010).  

In patients with chronic respiratory disease, the competition between speech 

and gas exchange needs has been shown to significantly reduce the time 

available for speech during the expiration phase. As a consequence, the 

inspiratory phase becomes prolonged (Loudon et al. 1988; Lee et al. 1993), 

‘distorting’ the traditional ‘saw-tooth’ speech breathing pattern (Hodge & Rochet 

1989).  In healthy adults and healthy older adults, the unconstrained speech 

task (conversation) was associated with the longest expiratory phases, and it is 

likely that this was observed because participants were not restricted by pre-

scripted grammatical boundaries. However, due to the distortion of the 

respiratory cycle caused by airflow limitation (Lee et al. 1993), it is possible that 

patients with CRD were unable to modify their speech, because a shortened 

expiratory phase was found during both the linguistically constrained and 

unconstrained tasks. 

Other mechanisms could also reduce the ability to modify speech breathing in 

response to the type of speech (constrained or unconstrained), such as the 

presence of respiratory muscle weakness, which could reduce the ability to 

generate adequate sub-glottal pressure for the production of speech (Gosselink 

et al. 2011). Respiratory muscle weakness commonly manifests in the presence 

of airway obstruction, where respiratory muscle training is sometimes provided 

by physiotherapists to increase the strength of the respiratory muscles (such as 

the diaphragm) (Gosselink et al. 2011).  It is also possible that age influenced 

task specificity. However, the data from adults who reported a history of asthma 

who were younger in age (mean age: 28.55±6.15 years), suggested that their 

breathing patterns were not task specific. These findings will be discussed in 

more detail in section 8.6.2. 
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Regional contributions of the ribcage and abdomen 

Ribcage and abdominal contributions were not task specific during speech in the 

group of pooled patients with CRD. However, in contrast to the healthy adults 

(young and old), the differences between quiet breathing and any of the speech 

tasks were also non-significant. To date there have been no published studies 

that have compared the regional contributions of the ribcage and abdomen 

between various breathing and speech tasks in patients with chronic respiratory 

disease, therefore no data are available for comparison. Physiologically, it is 

possible that significant differences in ribcage and abdominal movements were 

not observed between any quiet breathing or speech task in patients with CRD 

because of abnormalities in respiratory muscle recruitment, which is directly 

associated with airflow limitation (Peat et al. 1990; Roth 2008). Although airflow 

limitation is the hallmark of COPD (GOLD 2014), and is a commonly seen in 

patients with bronchiectasis (Spruit & Singh 2013), respiratory muscle weakness 

often occurs as a secondary complication following prolonged hyperinflation 

(Frisk et al. 2014). It is therefore possible that patients with CRD could not 

significantly alter their chest wall movements in response to speech because of 

their diminished respiratory muscle strength (Cahalin et al. 2002). However, at 

present it is not possible to confirm these theories as respiratory muscle 

strength was not measured.  

Speech task specificity will now be discussed according to individual 

pathologies; 1) COPD, 2) bronchiectasis and 3) adults with self-reported asthma. 

8.3.3.2 Patients with COPD  

When examining task specificity in patients with COPD, there was no evidence to 

suggest that speech breathing patterns were task specific. The findings from the 

repeated measures ANOVA identified one breathing parameter, inspiration time, 

as statistically significant (F=13.67, df=3, p=0.00). However, post hoc, pair-wise 

comparisons demonstrated that the differences were significant between quiet 

breathing and speech tasks (counting and reading), but not between any of the 

speech tasks. As discussed, no other studies have exclusively examined task 

specificity in patients with COPD. The observation that speech breathing 

parameters, particularly expiration time, could not significantly differentiate 

between quiet breathing and speech demonstrates the effect of respiratory 

impairment on breathing patterns, as five breathing parameters in healthy older 
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adults were able to significantly differentiate between speech and quiet 

breathing. Expiration time is the parameter which is most notably influenced by 

speech, where the expiratory phase is characteristically extended to increase the 

time available for speaking (Bunn & Mead 1971; Conrad & Schönle 1979). In 

contrast, the expiration phase during tidal breathing is typically shorter and 

proportional to the inspiration phase (Binazzi et al. 2006). Despite these 

behavioural adaptations to quiet breathing and speech, patients with COPD did 

not significantly extend their expiratory phase during the speech tasks. Some of 

the possible mechanisms for the inability for patients to extend their expiration 

phase have already been discussed in section 8.3.3.1. However another 

mechanism contributing to this observation could be related to the increased 

respiratory drive associated with a number of respiratory diseases, including 

COPD, which most commonly arises from hypoxia and hypercapnia (Erbland et 

al. 1990). This was indicated by the respiratory rate, which appears to be 

consistently faster during every breathing and speech task when compared to 

healthy older adults who completed each breathing and speech task under the 

same conditions. The impact of a faster respiratory rate directly affects 

breathing cycle time, by reducing the duration, as well as the duration of both 

the inspiratory and expiratory phase. 

8.3.3.3 Patients with bronchiectasis 

There was some evidence for task specificity in patients with bronchiectasis, as 

four breathing parameters were identified as statistically significant. In contrast 

to patients with COPD, the differences between speech tasks (counting and 

reading tasks) were found to be statistically significant for inspiration time and 

the regional contributions of the ribcage and abdomen during inspiration. 

However, the comparison between breathing tasks in patients with 

bronchiectasis was based on only four patients, so it is not possible to draw firm 

conclusions as the sample size was too small. 

To the author’s knowledge, breathing and speech breathing patterns have yet to 

be examined in patients with bronchiectasis, so direct comparison with other 

research was not possible. Research is therefore still required to examine task 

specificity in patients with bronchiectasis.  
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8.3.3.4 Self-reported asthma 

There was some limited evidence to suggest that breathing behaviours were task 

specific in the group of adults with self-reported asthma. The findings from the 

repeated measures ANOVA identified statistically significant differences across 

the breathing and speech tasks for four breathing parameters. However, when 

examining the results from the post hoc tests, the pair-wise comparisons were 

only found to be statistically significant for one breathing parameter, inspiration 

time. Mismatches between a ‘significant’ ANOVA and non-significant post hoc 

test are not an uncommon finding, especially when some of the data are 

correlated(Rodger 1975). In the current research, post hoc tests were conducted 

using Bonferroni corrections for multiple comparisons, which have been 

considered to be more conservative than other post hoc tests, such as the Least 

Significant Difference (LSD) and Tukeys. This decision was made on the basis 

that six pairwise comparisons were being conducted, hence the type one error 

rate would increase to 30% without a statistical correction, which was considered 

to be unacceptable. The differences between the speech tasks were only found 

to be significant for one pair-wise comparison, between the describing and 

conversational speech task. However, since asthma status was not clinically 

confirmed, it is not possible to draw any firm conclusions from these findings. 

Due to the unconfirmed nature of their asthma, a decision was made to remove 

the data from these adults with self-reported asthma from the comparative 

analysis. 

8.3.4 Summary of section 8.3 

The findings from this research support previous observations of task specificity 

in healthy young adults. The novel finding is that this observation cannot be 

generalised to healthy older adults. Furthermore, there was no evidence to 

suggest that speech breathing patterns were task specific in patients with CRD, 

possibly indicating another mechanism which could be used to differentiate 

between health and disease.  
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8.4 The variability of breathing and speech breathing 

patterns  

8.4.1 Breathing/ speech breathing variability in healthy younger adults 

and healthy older adults 

Very few studies have reported on the variability of speech breathing patterns, 

because variability studies have primarily focused on resting breathing patterns 

(Tobin et al. 1988; Bruce 1996; Brack et al. 2002). Therefore limited published 

data are available for comparison. 

The variability of breathing parameters at rest and during speech appeared to be 

similar for both healthy groups examined in this research (healthy young and 

older adults). This section will therefore discuss breathing/speech breathing 

pattern variability for both groups to avoid repetition. It was consistently 

observed that the variability of each speech breathing parameter was higher 

during the speech tasks when compared to quiet breathing. The variability of 

quiet breathing at rest has previously been reported to comprise a series of 

‘random’ and ‘non-random’ components (Brack et al. 2002). While the non-

random components are believed to represent autonomic control, such as tidal 

volume and ventilation, the random components are believed to be more 

influenced by cortical control, which enables individuals to engage in speech 

tasks (Brack et al. 1998). The observation that quiet breathing was consistently 

associated with the least variability is therefore not surprising because breathing 

cycles were not influenced by linguistic demand. 

Within the speech tasks, no clear distinction was observed between the 

variability of the linguistically constrained (reading and counting) and 

unconstrained speech tasks (describing and conversational speech tasks). Since 

the unconstrained speech tasks were given linguistic freedom to alter and vary 

their sentences spontaneously and were not restricted by pre-scripted 

grammatical boundaries, it had been thought that speech breathing parameters 

measured during the linguistically unconstrained speech tasks might be 

associated with a greater variability. In a study by Conrad and Schonle (1979) 

with 15 healthy adults they reported that the variability of inspiratory and 

expiratory time was higher during a spontaneous speech task than during 

reading. However, the lack of any clear distinction between the variability of the 
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speech tasks suggests that speech task specificity might not be reflected by 

variability. The examination of absolute breathing parameters (such and mean 

inspiratory and expiratory time) may therefore be more useful than variability for 

examining speech task specificity in healthy adults  

The breathing parameters associated with the expiratory phase (expiration time, 

expiration magnitude, %RCExp an %ABExp) were consistently associated with 

greater variability during the speech tasks than quiet breathing. Since speech is 

produced in the expiratory phase of the breathing cycle (Hixon 1973; Hodge & 

Rochet 1989), changes in the length of the sentences spoken in the expiratory 

phase may have accounted for this greater variability. The variability of the 

abdominal contribution to inspiration and expiration was consistently greater 

(more than twice as high) than the variability of the ribcage contribution. This 

trend was observed during every breathing and speech task, in healthy older and 

younger adults. Generation of sub-glottal pressure for the production of speech 

is achieved by net compression of the lungs which can be achieved by a range of 

ribcage and abdominal contributions. However, abdominal muscle activity has 

been shown to be greater during speech (Hixon et al. 1973), which could 

account for why the variability of the abdominal contribution during speech was 

greater than the ribcage contribution. 

8.4.2 Breathing/speech breathing variability in pooled patients with CRD 

No clear difference between the variability of quiet breathing and speech was 

observed in the data from the group of pooled patients with CRD. Furthermore, 

when compared to the data from healthy older adults, patients with CRD had 

greater variability for every breathing parameter during quiet breathing, apart 

from expiration time. The benefit of monitoring resting breathing pattern 

variability is well recognised. Measurements of variability are frequently used in 

the context of ‘stability’ or ‘instability’,  and abnormalities in the control of 

breathing resulting from breathing pattern instability have been associated with 

a number of respiratory complications (Khoo 2000).  Low tidal volume breathing 

variability has been associated with pathological disease (Brack et al. 2002), 

chemically induced respiratory loading (Brack et al. 1998), and has been used as 

a predictor of unsuccessful patient separation from mechanical ventilation 

(Wysocki et al. 2006). On the other hand, a number of respiratory conditions 

have been associated with abnormally high variability and reduced stability 
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during resting breathing. For example, Cheyne-Stokes respiration is a distinctive 

breathing pattern often seen in patients with end stage congestive heart failure, 

and is characterised by periods of rapid breathing, followed by intermittent 

periods of apnoea (Andreas et al. 1996). Therefore, this pattern of breathing has 

high variability, reduced stability, and its presence has been associated with a 

higher risk of patient mortality (Andreas et al. 1996; Hanly & Zuberi-Khokhar 

1996). Thus it seems that there is an optimal level of breathing pattern 

variability, with either too low or too high being associated with disease.   

In the pooled CRD group the variability of breathing parameters associated with 

the expiratory phase had greater variability than during the inspiratory phase. As 

already discussed, this is likely to be related to change in the length of 

sentences spoken in the expiratory phase. No consistent pattern of difference in 

variability was observed between healthy older adults and patients with CRD for 

any parameters relating to respiratory timings or magnitudes during the speech 

tasks. However, patients with CRD consistently produced a higher ribcage and 

abdominal variability compared to healthy older adults during quiet breathing 

and every speech task. Patients with COPD have a number of structural 

abnormalities such as reductions of elastic recoil and respiratory muscle 

strength (O'Donnell & Laveneziana 2006; Loring et al. 2009). These 

abnormalities could mean that they are unable to maintain a consistent ribcage 

and abdominal displacement during quiet breathing and speech, and therefore 

have greater variability associated with their chest wall movements. Based on the 

concept that respiratory disorders are associated with high levels of resting 

breathing pattern variability (Andreas et al. 1996; Khoo 2000), it is possible that 

this theory could also apply to speech breathing patterns, as was found in this 

research. These findings suggest that examining the variability of the regional 

contributions of the ribcage and abdomen during speech might be useful for 

detecting abnormalities in lung health, compared to healthy individuals. 

8.5 The influence of age and sex on breathing and speech 

breathing patterns in healthy adults 

The paucity of research into speech breathing patterns has meant that the 

influence of age has received little attention, and there is no consensus on 

whether age has a significant influence on these patterns (Hoit & Hixon 1987). In 

contrast, the influence of age on breathing mechanics during resting breathing 
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has been extensively researched (Janssens et al. 1999; Pride 2005; Watsford et 

al. 2007). One of the age related changes in respiratory mechanics is chest 

compliance, which has repeatedly been shown to decrease with increasing age 

(Mittman et al. 1965; Lanteri & Sly 1993; Janssens et al. 1999). Reductions in 

elastic recoil have been shown to account for these differences (Lalley 2013).  

Research examining the influence of sex on breathing patterns has also been 

limited. Sex related differences in breathing mechanics have been previously 

related to developmental differences, for example surfactant deficiency in 

neonates is more commonly found in males, as the production of surfactant  has 

been shown to occur earlier in females (Fleischer et al. 1985). Anatomical 

differences, such as the size of the thorax and chest wall circumference have 

also been thought to account for the documented differences in resting lung 

function (Verschakelen & Demedts 1995; Carey et al. 2007). Anatomical 

differences have been shown to account for the observed differences in speech 

breathing patterns between male and females, however these studies measured 

breathing patterns using dated methods, where breathing cycles were identified 

from segments of speech played though a cassette player (Hoit et al. 1989; 

Sperry & Klich 1992). 

There is no clear consensus regarding whether age or sex have any significant 

impact on breathing and speech breathing patterns when measured using 

newer, automated methods. It therefore was considered important to examine 

this possibility further, as these variables could influence the interpretation of 

the results in speech breathing studies, particularly when performing 

comparative analyses. In this research the issue has been addressed using two 

approaches: by making direct comparisons between the younger and older 

healthy adult groups, and by using multiple regression analysis on the pooled 

data from the two healthy adult groups (older and younger).  

8.5.1 The influence of sex 

In these data, sex was not found to have a significant influence on any of the 

breathing parameters, during any of the tasks. Previous small observational 

studies also reported that respiratory timing parameters were not significantly 

influenced by sex, although there was some suggestion that breathing pattern 

was more ‘costal’ in females, compared to males during reading and singing 
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(Binazzi et al. 2006). While these findings were based on chest wall 

measurements obtained using OEP, similar findings have also been documented 

using different measurement systems. For example, movements of the chest 

wall were measured using a three-dimensional motion system (Vicon 

worksystem) to track the displacement of 14 markers positioned on the thorax 

and abdomen during quiet breathing in 100 healthy adults (Kaneko & Horie 

2012). Abdominal displacements during tidal breathing were found to be greater 

in the males. Another study (n=10) using RIP suggested that the abdominal 

contribution to tidal breathing was greater in males than in females during 

conversational speech and reading (Hodge & Rochet 1989). However, in their 

study, the differences in chest wall displacements were thought to reflect the 

differences in chest wall size, rather than sex. Therefore, the finding here that 

sex had no significant influence on breathing and speech breathing patterns 

supports the existing theory that the task requirements of speech have a greater 

functional role than sex in determining normative speech breathing behaviours 

(Hodge & Rochet 1989).  

8.5.2 The influence of age 

There was a small indication that the variance of expiration time during the 

quiet breathing task could partly be explained by age, where the beta weights 

showed that a unit increase of one year was associated with a predicted increase 

of 0.01 seconds. However, while the overall fit of the model was found to be 

statistically significant (p=0.01), the correlation was found to be weak (R
2

=0.12), 

and was not found during any of the speech tasks. The findings from the 

independent t tests also indicated that expiration time measured during the 

quiet breathing task was significantly longer in healthy older adults when 

compared to younger adults (t=-4.42, df=3, p=0.00). However, as for the 

regression analysis, these significant findings were confined to the quiet 

breathing task. The idea that expiration time might increase with age appears to 

be counter intuitive, since studies examining the influence of age on breathing 

mechanics have repeatedly shown that increasing age is negatively associated 

with breathing mechanics (Lanteri & Sly 1993; Pride 2005; Watsford et al. 2007). 

In particular, reductions in elastic recoil and respiratory muscle strength would 

theoretically mean than the ability to sustain the expiration phase would also 

decline with age (Lalley 2013).   
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Age was found to significantly influence chest wall contributions (regional 

contributions of the ribcage and abdomen to inspiration and expiration) 

consistently during every task (p=0.00). In general, the regression analysis 

suggested that increasing age was associated with a greater ribcage and smaller 

abdominal contribution. However, the correlation was again found to be weak. 

The comparative analysis presented in section 7.5.5 also indicated that ribcage 

contribution during expiration was significantly greater in healthy older adults 

during every breathing and speech task.  Few studies have compared the 

regional contributions of the ribcage and abdomen during quiet breathing and 

speech between young and old age groups. Of the few, a similar study using RIP 

also demonstrated a trend towards a greater ribcage contribution during quiet 

breathing in the supine position. Tobin et al (1983) measured resting breathing 

patterns in 18 older adults (mean age=68.9±6.5 years) and 47 healthy young 

adults (mean age=28.6±5.3 years). While comparisons were not performed using 

statistical tests, their findings also suggested that ribcage contribution during 

tidal breathing was greater in healthy older adults (46±14%) when compared to 

the younger group (42±3%). Physiologically, a trend towards a breathing pattern 

that is dominated by rib cage displacements with increasing age could be partly 

explained by age related changes in respiratory muscle postural strength. In 

particular, diaphragmatic strength has been shown to be reduced in older 

individuals (Tolep et al. 1995), increasing the contribution of the ribcage 

compartment during tidal breathing.  A trend towards an increased ribcage 

contribution with increasing age is also likely to be related to age related change 

in respiratory mechanics (Janssens et al. 1999; Watsford et al. 2007). However, 

the ribcage contribution observed throughout every task in healthy older adults 

in the current research was even higher than expected (between 82 and 84%). At 

present it is not known why the ribcage contribution was found to be so high in 

the healthy older group in comparison to the Tobin et al (1983) data, but may 

reflect methodological differences. As previously mentioned, one of the 

challenges faced when interpreting breathing and speech breathing parameters 

(such as regional contributions of the ribcage and abdomen) is concerned with 

the lack of well-defined normative reference values that have been obtained 

using standardised protocols.  

The findings from the independent t tests (section 7.5.5) indicated that 

expiration magnitude was significantly larger in the healthy younger adults than 
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the healthy older adults, throughout every breathing and speech task. While 

these findings cannot be directly compared to existing literature (as respiratory 

magnitudes have not previously been quantified as a surrogate for tidal 

volumes), these findings further reflect the influence of increasing age on 

respiratory mechanics during quiet breathing and speech. Physiologically, the 

effect of ageing on the respiratory system is associated with reduced lung 

compliance and increased residual volume, which reduces volume of air entering 

and exiting the lungs during tidal breathing (Lanteri & Sly 1993). This was 

reflected in the current research, as healthy older adults had a significantly 

smaller expiration magnitude when compared to the younger group during 

every breathing and speech task. However, no firm conclusions can be drawn 

from these findings as the regression analysis did not identify any significant 

influence of age on expiratory magnitude, and the t test results were based on a 

sample of small size, which may not be representative of the wider population. 

8.5.3 Summary of section 8.5 

In summary, breathing and speech breathing patterns seem to be influenced by 

age, but not sex. Age was therefore taken into consideration during the 

comparative analysis (in section 7.5.7), where a decision was taken to compare 

breathing and speech breathing pattern data between healthy older adults and  

pooled patients with CRD.  

 

8.6 The influence of chronic respiratory disease on 

breathing and speech breathing patterns 

The influence of chronic respiratory disease on breathing and speech breathing 

patterns will now be discussed according to the following sub-headings; 1) 

COPD versus bronchiectasis, 2) Self-reported asthma versus healthy younger 

adults, and 3) healthy older adults versus pooled patients with CRD. 

8.6.1 COPD versus bronchiectasis 

In this research no statistically significant differences in timings, relative 

volumes or chest wall movements were detected between COPD and 

bronchiectasis patients during any task. This was the first study to record 
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speech breathing patterns in patients with bronchiectasis. One previous study 

looked for differences in speech breathing patterns between different diagnostic 

groups, where it was concluded that speech breathing patterns were 

significantly different (asthma (n=14), emphysema (COPD) (n=15), sarcoidosis 

(n=12) and healthy individuals (n= 14)) (Lee et al. 1993). Lee et al (1993) used 

discriminant function analysis to identify two breathing parameters that best 

predicted group membership; inspiratory time/total time and expiratory time. 

They reported that 54% of the overall participants were classified correctly 

according to their primary diagnosis, which means 46% were not. This sounds 

close to the 50:50 expectation from tossing a coin. On closer inspection, healthy 

participants were correctly classified more frequently (69%), while sarcoidosis 

had the fewest correct classifications (25%). Although patients with emphysema 

(COPD) were correctly classified 60% of the time, these patients were the most 

physiologically impaired (FEV1  %predicted = 42.5 ±13.1), compared to the 

asthma (FEV1 %predicted = 70.0 ± 20.5), sarcoidosis (FEV1  %predicted = 79.5 ± 

7.49) and healthy participants (FEV1 % predicted= 78.3 ± 7.85), who all appeared 

to have similar lung function. Therefore, although the authors described speech 

breathing patterns as being ‘disease specific’, their findings could just mean 

that speech breathing patterns differed between healthy people and those with 

severe respiratory impairment, rather than between specific diseases. 

In this research, patients with COPD and bronchiectasis had similar ages and 

lung function. It is possible that significant differences in breathing parameters 

were not observed between the two diagnostic groups because both groups had 

similar lung function, as they were both classified as having ‘severe’ airways 

obstruction according to the GOLD classification of airways obstruction 

guidelines (GOLD 2014). It is also possible that statistically significant 

differences were not detected between the two diagnostic groups because the 

sample size was too small. Retrospective power calculations based on 

respiratory rate suggest that a sample size of 2982 (1491 per group) would be 

required to detect a statistically significant difference at the 0.05 alpha level in a 

future study, at 80% power (see appendix 3).  

8.6.2 Self-reported asthma versus healthy younger adults 

No statistically significant differences were identified between healthy younger 

adults (n=29) and adults with self-reported asthma (n=11) for any breathing 
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parameter or task, apart from expiration time.  Expiration time was found to be 

significantly longer in the asthma group during the quiet breathing task (mean 

difference: 1.12 sec., t=-4.08, df=38, p=0.00).  This finding appears to be 

counter intuitive. Physiologically, patients with asthma commonly present with 

persistent airflow limitation which arises from chronic airways inflammation and 

is marked by reductions in Peak Expiratory Flow (PEF) (chapter three) (Lopez & 

Del Castillo 2000; John Henderson 2013). Airflow limitation can be variable and 

fully reversible. However, in some patients persistent airflow limitation can 

develop, despite optimal treatment (Barnes & Woolcock 1998). In theory, the 

presence of airflow limitation would also impact respiratory timing components, 

by reducing their duration.  

Although the differences between the two groups were non-significant during 

the speech tasks, adults with self-reported asthma consistently produced a 

breathing pattern that was characterised by having a longer inspiration phase, 

shorter expiration phase, smaller expiratory magnitude and a faster respiratory 

rate when compared to healthy younger adults. It is possible that the small 

sample size was insufficiently powered to detect a significant difference between 

the two groups. Retrospective power calculations based on respiratory rate 

indicate that a sample size of 90 participants (45 in each group) would be 

required to detect a significant difference at the 0.05 alpha level, at 80% power 

(see Appendix 3). However, a trend towards a significantly longer inspiration 

phase, and shorter expiration phase in patients with asthma has previously been 

documented in a previous study which was also based on a small sample size 

(Loudon et al. 1988). As previously discussed in the literature review (section 

5.4.3), Louden et al (1988) compared the breathing patterns obtained using RIP 

during conversation, describing and counting between healthy adults (n=10) and 

patients with varying degrees of asthma (n=14). Amongst the major findings of 

their study, patients with asthma were found to spend a significantly greater 

proportion of the respiratory cycle on the inspiration phase, while their 

expiration phase was shorter, and respiratory rate faster when compared to 

healthy adults. At present it is not possible to draw any firm conclusions from 

the findings in the current research because asthma status was not clinically 

confirmed, and was self-reported.  

Due to the uncertainties regarding asthma status in the current research, a 

decision was made to exclude adults with self-reported asthma from the pooled 
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analysis (in the next section) on the basis that 1) their diagnosis was 

unconfirmed, and 2) they were younger in age. 

8.6.3 Pooled CRD vs healthy older adults 

The breathing and speech breathing patterns that were obtained from 

participants with COPD and bronchiectasis were pooled into one group to 

increase the power of the sample (n=20). This group was compared to the older 

healthy group (n=20).  

A study by Lee et al (1993) has concluded that speech breathing patterns 

differed between health and disease. However, in their sample, patients with 

emphysema (COPD) had an average age of 62.5±8.98 years and were compared 

to healthy adults with an average age of 39.8±14.0 years (Lee et al. 1993). 

It is possible that the differences observed in the study by Lee et al (1993) could 

partly be explained by the age difference, since the average age difference 

between the two groups was 23 years. In this research the average age 

difference between the two groups (healthy older and COPD/bronchiectasis) was 

only 3 years, which was non-significant.   

8.6.3.1 Respiratory timing and magnitude parameters 

In comparison to the healthy older group, patients with CRD consistently 

produced speech breathing patterns that were characterised by having longer 

inspiratory timing, shorter expiratory and breathing cycle timings, smaller 

respiratory magnitudes and a faster respiratory rate during every speech task. 

The next sections will discuss the results from the independent sample t tests 

based on expiratory magnitude, expiratory time, respiratory rate and the 

regional contribution of the rib cage to expiration. 

Respiratory volumes (Expiratory magnitude) 

There were no statistically significant differences in expired volumes 

(magnitudes) between healthy adults and pooled patients with CRD during any 

of the tasks examined. This lack of statistical significance could have resulted 

from a small sample size (see appendix 3). Retrospective power calculations 

based on expiratory magnitude indicated that a sample size of 142 (71 per 
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group) would be required to detect a statistically significant difference in a 

future study, at the 0.05 alpha level (80% power).  

 

While respiratory magnitudes have not been quantified in previous speech 

breathing studies, Lee et al (1993) estimated the volume of air expired as a 

percentage of the vital capacity using RIP in 16 healthy adults and 15 patients 

with COPD during a conversational speech and counting task. Although the 

differences between the two groups were not directly compared for statistically 

significant differences, the volume of expired air (%VC) in patients with COPD 

and healthy adults was reported as 22.0±16.3% and 14.2±9.9% respectively 

during a conversational speech task. Similar findings were also reported during 

a counting task for patients with COPD (expired volume %VC =26.3±16.1) and 

healthy adults (expired volume %VC= 10.1±8.1). These findings indicate that 

patients with COPD use a greater percentage of their vital capacity during 

speech. The use of higher lung volumes in patients with COPD may be a 

compensatory mechanism to increase the static lung recoil. Loss of elastic recoil 

pressure in the small airways is a consequence of hyperinflation, which leads to 

reduced pressure in generating expiratory flow (O'Donnell & Laveneziana 2006). 

Therefore, patients with COPD have been shown to initiate breaths at higher 

volumes to increase the calibre of their airways (Loudon et al. 1988). However, 

as previously noted, the findings from Lee et al (1993) are not conclusive 

because of the large age difference between their sample of healthy adults 

(mean age: 39.8±14.0 years) and their sample of patients with COPD (mean age: 

62.5±8.98 years). Age related influences on volumes could have been larger 

than respiratory pathology influences. 

 

Respiratory timing (Expiration times) 

Statistically significant differences in expiratory times were detected between 

healthy older adults and patients with CRD during the conversation and reading 

task, but not during the counting or quiet breathing tasks. Expiratory flow 

limitation during tidal breathing has been associated with severe obstructive 

airways disease (Baydur & Milic-Emili 1997; GOLD 2014), while expiration time 

emerged as the best parameter to predict respiratory disease group membership 

during spontaneous speech (Lee et al. 1993). Physiologically, reductions in the 

duration of expiration may be a direct consequence of airways obstruction, 
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which has been considered to be the hallmark of COPD (Spruit & Singh 2013; 

GOLD 2014), and is also a characteristic of patients with bilateral bronchiectasis 

and other obstructive disease (Baydur & Milic-Emili 1997; Koulouris et al. 2003). 

As discussed, Lee et al (1993) also reported that expiratory time was 

significantly shorter in patients with emphysema (now defined as COPD) during 

a counting and conversational speech task. However, as with their volume 

results, it is not clear whether age or pathology had more influence on 

expiration time (Hoit & Hixon 1987; Pride 2005; Watsford et al. 2007). The 

findings from the current research provide a clearer indication about the 

influence of respiratory disease on expiratory time during speech, because the 

age difference between the two groups in the current research was small and 

non-significant. This was the first study to have examined speech breathing 

patterns in patients with CRD during a reading task, so comparisons with 

published data are not possible, but no influence of disease on expiratory time 

was seen during the reading task. 

The mean difference in expiratory time between the groups was smallest during 

the quiet breathing task. Unlike speech, quiet breathing does not impose any 

additional mechanical demand on respiratory drive (Bailey & Hoit 2002; Hoit et 

al. 2007). The dual-task of producing speech while satisfying ventilatory needs 

has been shown to cause speaking related breathlessness during high 

respiratory drive (for example, during exercise) in healthy adults (Bunn & Mead 

1971; Hoit et al. 2007), while patients with chronic respiratory disease have 

been shown to exhibit speaking related breathlessness in the absence of any 

external mechanical load (Lee et al. 1993). The finding that the size of difference 

in expiration time was the smallest during the quiet breathing task provides 

further support for the hypothesis that breathing patterns during speech may be 

more useful than resting breathing for highlighting any differences between 

health and respiratory disease. 

The mean difference between the two groups for expiratory time was found to 

be the greatest during the conversation task which was statistically significant. 

Linguistically, a spontaneous speech task, like conversational speech, provides 

patients the ventilatory freedom to adjust their speech within a comfortable 

range to avoid breathlessness, as conversational speech does not imposed any 

pre-scripted grammatical boundaries (Winkworth et al. 1994; Winkworth et al. 

1995). Participants had the freedom to pause, or alter their speech in response 
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to any respiratory discomfort (Lee et al. 1993). In contrast, the reading task cued 

participants to breathe and pause in response to pre-written grammatical 

boundaries in the text. Since both groups were provided with the same reading 

material, the grammar and pre-written text may have caused both groups to 

pause and breathe at the same locations throughout the recording. Previous 

research has reported that breaths are taken at grammatically appropriate 

locations (Winkworth et al. 1994). However, these theories cannot be confirmed 

as the linguistic locations of breaths were not examined in this research, 

because the aim was to produce an automated system, and computers are not 

yet able to cope with semantic analysis of running speech.   

Respiratory rate 

Statistically significant differences in respiratory rate were only identified 

between the two groups during the conversational speech task, where pooled 

patients with CRD were found to have a significantly faster respiratory rate in 

comparison to healthy older adults (t=-2.87, df=37, p=0.00). Physiologically, a 

faster respiratory rate manifests from the increased respiratory drive secondary 

with chronic airflow limitation (Sassoon & Hawari 1999; Scano & Ambrosino 

2002). 

While the trend towards a faster respiratory rate was also observed within the 

patient group during the reading, counting and quiet breathing task, the 

differences between the groups were non-significant. As previously discussed, 

the lack of statistical significance could be because the sample size lacked 

statistical power. Retrospective power calculations based on respiratory rate 

suggest that a future study would require a sample size of 90 (45 per group) to 

detect a statistically significant difference at the 0.05 alpha level, at 80% power 

(see Appendix 3). However, since the differences between the groups were 

found to be statistically significant during the conversational speech task, this 

finding provides further evidence to suggest that a conversational speech task 

may be more useful for highlighting the difference between health and disease. 

As previously discussed, a conversational speech task allowed patients to alter 

their breathing pattern within a comfortable range, in response to their airflow 

limitation. This could have meant that the differences between health and 

disease appeared to be more profound during the conversational speech task 

because the task allowed patients the freedom to alter their breathing cycles. 
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8.6.3.2 Regional contributions of the rib cage and abdomen  

This was the first research to explore chest wall contributions during speech 

breathing in a patient sample. To date the limited evidence that speech 

breathing patterns differ between healthy adults and patients with chronic 

respiratory disease has been based solely on respiratory timing and volume 

components (Loudon et al. 1988; Lee et al. 1993). No previous research has 

quantified regional contributions of the ribcage and abdomen during speech 

tasks in patients with CRD, even though abnormalities in chest wall movements 

have been repeatedly documented during tidal breathing (Delgado 1982; 

Gilmartin & Gibson 1984; Georgiadou et al. 2007). 

It is generally believed by clinicians that the presence of chronic respiratory 

disease is associated with a characteristic ‘apical’ breathing pattern, with 

minimal abdominal displacement, especially in the advanced stages of the 

disease pathway (De Troyer et al. 1997; GOLD 2014). In turn, physiotherapy 

practices such as ‘breathing retraining’ provide techniques to optimise the use 

of the diaphragm, by providing exercises to recruit abdominal activity during 

inspiration, while relaxing the shoulders to improve ventilation (Casciari et al. 

1981; Dechman & Wilson 2004). Physiologically, diaphragmatic insufficiency 

(which arises from hyperinflation) places patients with COPD at a mechanical 

disadvantage during tidal breathing, because it decreases the ability of the lungs 

to generate inspiratory pressures (Frisk et al. 2014). In COPD there is increased 

activity of the accessory muscles of respiration in order to generate enough 

pressure to expel the air (Similowski et al. 1991; Ottenheijm et al. 2005). As a 

consequence, a number of clinical descriptors have been use to describe the 

breathing pattern that arises from diaphragmatic insufficiency, such as ‘apical 

breathing’ and ‘use of accessory muscles’. 

In this research the percentage contributions of the rib cage and abdomen 

during inspiration and expiration appeared to be counterintuitive when 

comparing between healthy older adults and patients with chronic respiratory 

disease. Healthy older adults used a significantly greater proportion of ribcage 

motion, and hence a smaller proportion of abdominal motion, during inspiration 

and expiration when compared to patients with CRD. The differences for %RCExp 

was found to be statistically significant between the two groups for every task. 

However, these findings contradict standard text book descriptions and the 
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common clinical belief that patients with respiratory disease recruit a smaller 

proportion of their abdominal muscles during tidal breathing in comparison to 

healthy adults (Binazzi et al. 2008). 

As this was the first study to include these parameters during speech breathing 

tasks, comparisons with previous literature are not possible. Of the few studies 

that have quantified the regional contributions rib cage and abdomen during 

tidal breathing, there is some evidence to suggest that patients with COPD have 

a 50:50 rib cage to abdomen contribution, with a move towards a more 

abdominal breathing pattern during exercise. In a previous study which 

employed RIP to measure breathing patterns from 22 males with ‘stable’ COPD 

(FEV1 % predicted= 42.6±13.5),  resting rib cage and abdominal contributions to 

tidal volume were reported to be 49.82±11.19% and 50.18±11.19% respectively 

(Alves et al. 2008).  In the current research it was around 60:40. 

One of the reasons for the discrepancies between these findings could be 

related to the system used to measure breathing pattern. Breathing pattern data 

from this research, as well as in the study by Alves et al (2008) were obtained 

using RIP. Using the two degrees of freedom model proposed by Konno and 

Mead (1967), RIP measures the change within the cross sectional area of the 

thoracic cavity. As previously discussed in section 2.3.5.1, embedded within the 

model was the assumption that the chest is made from two ‘cylinders’: a ribcage 

and an abdominal compartment. In a RIP system bands are placed around each 

of these compartments. The rib cage band is placed just below the axilla, 

representing the lower part of the rib cage. While RIP claims to quantify ribcage 

activity, the actual measurement is taken only from the lower ribcage. This 

provides no information about the movement of the upper ribcage, which has 

been traditionally identified as the area more likely to be used in chronic 

respiratory disease (GOLD 2014). Furthermore, due to its anatomical low 

positioning, it is possible that the ribcage band could also be influenced by 

some abdominal movement. The counterintuivity of the findings in this research 

could therefore be attributed to the positioning of the bands and the different 

uses of medical terminology conflicting with what is measured by RIP. For 

example, ‘apical breathing’ anatomically refers to the area around the clavicles, 

whereas the RIP ribcage band measures the changes in the cross sectional areas 

in the lower chest. Nevertheless, these findings suggest that patients with 

chronic respiratory disease do not exhibit a breathing pattern dominated by 
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ribcage movement, contradicting standard text book descriptions and clinician 

perceptions. At present it is not known why healthy older adults had a greater 

ribcage contribution during tidal breathing and speech, but the methods and 

procedure used to obtain data from both groups were the same. This included 

the calibration procedures, positioning of the RIP bands, recording period (two 

minutes) and the speech tasks. 

8.6.4 Summary of section 8.6 

Expiratory time, respiratory rate and %RCExp were found to be significantly 

different between healthy older adults and patients with CRD during every 

breathing and speech task. However, the greatest number of significant 

differences was observed during the conversational speech task. A 

conversational speech task may therefore be more useful for highlighting the 

differences between health and disease during future speech breathing 

assessments because the task allows patients to alter their breathing pattern in 

response to their airway limitation. Future research is needed to quantify the 

regional contributions of the ribcage and abdomen during speech in patients 

with CRD, in order to provide comparative data.  

 

8.7 The responsiveness of breathing and speech breathing 

patterns to a clinical intervention (Pulmonary 

Rehabilitation) for patients with COPD or bronchiectasis 

If speech breathing patterns are to have any value for monitoring chronic 

respiratory disease progress, it would be useful to know if they are responsive to 

change. In this research a decision was made to look for proof of principle data 

via an observational study of an existing clinical intervention (pulmonary 

rehabilitation (PR)). PR was selected on the basis that it has a robust evidence 

base for effectiveness in chronic respiratory disease (Lacasse et al. 2007; BTS 

2013), and frequently contains breathing pattern manipulation as part of the 

programme (NICE 2010; Spruit & Singh 2013). 
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Breathing and speech breathing pattern data were recorded before, during and 

after a six week PR programme. Data on some clinical variables were obtained 

from the medical notes.  

The main findings were:  

1. No changes in in resting breathlessness (Borg scores) were detected after 

PR.  

2. Functional walking distance increased significantly (both clinically and 

statistically) after PR. 

3. No changes in breathing and speech breathing parameters in the pooled 

patients with chronic respiratory disease were detected after PR.  

4. No changes in the variability of breathing parameters in pooled patients 

with chronic respiratory disease were detected after PR. 

These findings will now be discussed. 

8.7.1 Breathlessness  

The level of self-perceived breathlessness did not change significantly between 

the baseline and post PR assessment. Previous studies that have reported a 

significant level of improvement had a high level of breathlessness at baseline 

(>5) (Gigliotti et al. 2003; Clini et al. 2009), whereas in this research the average 

resting Modified Borg Score for the group was very low at baseline (‘very mild 

shortness of breath’) and remained low after the six week PR programme, and 

no statistically significant changes were detected.  It is therefore likely that 

significant changes in breathlessness were not seen because of a ‘ceiling effect’. 

This means that since the average Modified Borg Score was already low at 

baseline, there was no room for further improvement, even after a six week PR 

programme (Wang et al. 2008).  

Several studies that have observed significant improvements in Modified Borg 

Scores following PR have reported higher breathlessness scores at baseline 

(Foglio et al. 1999; Ries 2005; Lacasse et al. 2007; Clini et al. 2009). Foglio et al 

(1999) examined the long term effectiveness of PR in 32 patients with COPD 

before and after an eight week PR programme which included optimisation of 

pharmacological medicine and three, three-hourly sessions of supervised 

incremental exercises per week. While the intensity of the PR intervention was 
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much higher than the PR programme in this research, the average baseline 

Modified Borg Score was reported to be 5.4±1.3, which significantly reduced to 

3.6±0.9 following the eight week intervention. Similar Modified Borg Scores have 

also been reported in other studies at baseline; 6.4±1.6 (Clini et al. 2009) and 

6.6±2.6 (Gigliotti et al. 2003). Given the limited number of studies that have 

used the Modified Borg Score to evaluate breathlessness following PR, the 

minimal clinically important difference (MCID) remains uncertain, although Ries 

et al (2005) suggests that changes of two units are most commonly observed 

and associated with large effect sizes (above 0.8) as defined by Cohen (1992) 

(Cohen 1992a; Ries 2005). In this research the baseline Modified Borg Score was 

already too low for any change to be deemed as ‘clinically significant’. 

The subjective nature of the Modified Borg Scale 

One of the limitations of the Modified Borg Scale as an outcome measure relates 

to its subjectivity. Poor symptom perception has been widely acknowledged in a 

range of chronic respiratory diseases (Janssens et al. 2009), and has been 

considered to be an important factor in COPD morbidity and mortality related to 

poor treatment outcomes (von Leupoldt & Dahme 2007). The sensation of 

breathlessness is a subjective experience (Cockcroft & Guz 1987; Burdon et al. 

1996; Ambrosino & Scano 2001) and the Modified Borg Scale requires the 

individual to rate this experience on a ten point scale anchored to descriptions 

ranging from “nothing at all” to “shortness of breath so severe you need to stop” 

(Chen et al. 2002). A number of psychological and emotional factors have been 

shown to influence the perception of breathlessness (Burdon et al. 1996),  and 

focusing attention away from breathlessness has been shown to reduce the level 

of perceived breathlessness (Thornby et al. 1995). Nevertheless it has been 

reported that the Modified Borg Scale is a reliable and valid tool in pulmonary 

medicine (Chen et al. 2002; Ries 2005). 

8.7.2 Functional exercise capacity (Incremental Shuttle Walk Test) 

The minimal clinically important difference (MCID) for the ISWT has been 

previously described in two papers (Singh et al. 2008; Dodd et al. 2011). In the 

original paper by Singh et al (2008), a change of 47.5m (5 shuttles) was 

associated with feeling ‘slightly’ better, while a change of 78.7m (eight shuttles) 

was associated with the next rating “better”. The average improvement in 

walking distance that was observed in this research exceeded both of these 
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thresholds, as walking distance was found to improve by an average of 89m for 

the group. This improvement is higher than the level of improvement 

documented in some previous studies. In a previous observational study where 

395 patients with COPD attended an eight week outpatient PR based 

programme, the mean (95% CI) improvement after PR was 66m (5-83) in patients 

with and MRC grade of 2, and 55m (43-64) in patients with grade 5, where both 

grades were found to be significant (p<0.0005).  

In another study where the efficacy of an ‘intensive’ eight week PR programme 

was examined in an RCT of 126 patients with COPD, ISWT distance was also 

found to significantly improve by 88m in patients who had ‘moderate’ symptoms 

based on the MRC scale (3 and 4), while patients with a ‘severe’ rating of 

breathlessness (MRC grade 5) improved by only 10m, which was under the MCID 

threshold. However, in their study, patients with an MRC score of 5 (severe) had 

supervised training at home, while patients with ‘moderate’ breathlessness had 

supervised training within an outpatient setting, which was not accounted for by 

the trial. These findings suggest that improvements in ISWT distance decrease 

with increasing MRC grade (Wedzicha et al. 1998; Singh et al. 2008).  In this 

research MRC scores were not available, but the low baseline Borg scores could 

explain why the level of improvement exceeded the changes in walking 

distances that were documented by previous studies. However, while the 

average change in walking distance was deemed as clinically and statistically 

significant, the wide confidence interval suggests that there was high variance 

between the subjects. The individual data demonstrates that two participants 

increased their walking distance by an average of 250m, although walking 

distance was found to decrease post PR for only one participant (PR3).  

The ISWT is a standardised measure for evaluating endurance capacity in 

patients with chronic lung disease during submaximal exercise (such as 

activities of daily living) (Revill et al. 1999; Eaton et al. 2006; Holland et al. 

2014). However, while the test aims to measure functional walking distance, the 

test is effort dependant and is subject to non-respiratory limitations, such as 

weakness or pain (Hill 2006). It is possible that participant PR3 had a shorter 

walking distance after PR because s/he had one or more of these non-respiratory 

limitations. However this information was not recorded in the patient notes and 

it is therefore not known if the decrease in walking distance was due to a) 
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deteriorating respiratory symptoms b) the onset of a non-respiratory limitation 

(such as pain) or c) another reason.  

There is also some evidence to suggest that patients worked harder during the 

ISWT after the six week PR programme. This is because the mean heart rate for 

the group measured immediately after the ISWT was found to increase 

significantly after the six week PR programme. Breathlessness scores were also 

higher post ISWT, post PR, although the difference did not reach statistical 

significance. The ISWT was originally developed to overcome some of the 

practical issues associated with traditional outcome measures, such as cycle 

ergometry and treadmill testing, because it is thought that these methods are 

not representative of naturalistic daily exercise (Spence et al. 1993; Holland et 

al. 2014). While the ISWT is believed to overcomes these issues, reproducibility 

studies have highlighted the risk of a learning effect (Knox et al. 1988; Dyer et 

al. 2002). In these studies, test re-test results indicated that performance 

improved when carried out over consecutive days and weeks. It is therefore 

recommended that two baseline tests are performed to overcome any possible 

training effect (Holland et al 2014). However, the PR programme observed in this 

study only performed a single test at baseline. A learning effect can therefore 

not be ruled out, and may account for some of the large improvement in the 

ISWT seen from before to after PR.   

8.7.3 Breathing and speech breathing patterns 

8.7.3.1 Respiratory timings and magnitudes before and after PR 

No clinically or statistically significant changes in breathing parameters relating 

to respiratory timings and magnitudes in pooled patients with CRD were 

detected after PR. This is the first study to compare respiratory timing and 

volume components before and after a PR programme for patients with COPD 

and bronchiectasis, so no data are available for comparison. Randomised 

controlled trials have repeatedly shown that PR reduces breathlessness and 

increases exercise tolerance (Reardon et al. 1994; Couser et al. 1995; Griffiths et 

al. 2000; Berry et al. 2003), improves health related quality of life (Wijkstra et al. 

1995), reduces hospital admissions and reduces re-admission in patients with 

COPD (Morgan 2003) compared to those receiving ‘usual care’(Lacasse et al. 

2007; BTS 2013). However, PR has been found to have minimal effect on lung 
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function, as airways limitation persists throughout the natural history of COPD 

(Lacasse et al. 2007; Ries et al. 2007). PR has also been found to significantly 

reduce speaking related breathlessness (Binazzi et al. 2011), which is directly 

related to specific parameters of breathing pattern, such as respiratory timing 

components and volume. However, as previously discussed in section 5.4.2, it is 

possible that these results were influenced by the high intensity of the exercise 

component (six sessions per week for a period of four weeks). Therefore, it is 

not clear if speaking breathlessness would reduce following a typical PR 

programme which is much lower in intensity.  

Regional contributions of the rib cage and abdomen 

No changes in relative ribcage and abdominal contributions to respiration were 

detected after PR. This was the first study to record these parameters during 

speech tasks before and after any clinical intervention. In theory, data relating to 

the movements of the chest wall could provide important sources of information 

relating to respiratory health (Gilmartin & Gibson 1984; Aliverti et al. 2004; 

Binazzi et al. 2008), and have potential in the evaluation of physiotherapy 

interventions in patients with breathing dysfunction. However, while a number of 

strategies used within traditional PR programmes aim to improve the mechanics 

of breathing, such as breathing retraining techniques, there is still no evidence 

that the contributions of the rib cage and abdominal compartments alter 

following PR.  

In a recent study by Georgiadou et al (2007), regional ribcage and abdominal 

volumes were examined in patients with COPD in order to understand the 

mechanisms of improvement in chest wall modulation following exercise. Using 

OEP, the separate compartmental volumes of the rib cage and abdomen were 

quantified at rest, as well as during an exercise test protocol (three minutes of 

rest, followed by three minutes of unloaded pedalling). These measurements 

were obtained before and after participants attended a 12 week PR programme, 

with participants attending three sessions per week. It was reported that PR 

which predominantly consisted of physical exercise was associated with 

significant reductions in dynamic hyperinflation. End-expiratory abdominal 

volumes were found to reduce significantly both at rest and during exercise 

(163±59 to 125±27 mL) following the 12 week PR programmes. This decrease in 

abdominal end expiratory volume following PR was thought to be attributable to 
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an increase in abdominal muscle activity, or a combination of prolonged 

expiration in association with increased abdominal contraction. In this research, 

a trend towards decreases in abdominal motion was also observed after PR. 

However, these results cannot be directly compared because of the different 

measurement systems that were used.  

As discussed earlier, this trend in the direction of change appears to be counter-

intuitive. It is generally believed that respiratory disease is associated with 

increased ribcage movement, with little abdominal activation, which has been 

predominantly attributed to diaphragm insufficiency (De Troyer et al. 1997; 

Cahalin et al. 2002; Ottenheijm et al. 2005). However, despite this common 

belief, there is a lack of data on regional chest contributions in patients with 

chronic respiratory diseases, and few studies comparing data before and after 

any interventions that have been associated with improvements in respiratory 

related symptoms. The lack of data means that there are no ‘normalised’ 

reference values against which to compare the results.  

8.7.3.2 Speech breathing pattern variability before and after PR 

The extremes of resting breathing variability (either too high or too low) have 

previously been associated with respiratory disease (Kuratomi et al. 1985; Brack 

et al. 2002). It was therefore hypothesised that speech breathing variability 

might alter in response to a PR programme. However, no changes were observed 

when examining speech breathing variability before and after PR during any of 

the breathing or speech tasks. Although there is no previous literature to 

compare these findings to, these observations are in line with the mean 

breathing and speech breathing pattern data, which also did not change from 

before to after PR.  An intervention designed to improve chronic respiratory 

disease did not alter speech breathing pattern variability in this research.   

8.7.3.3 Possible reasons for some of the negative findings 

1. Small sample size 

It is possible that statistically significant differences were not detected before 

and after PR because the sample size was insufficiently powered to detect a 

significant difference for any of the breathing parameters. Retrospective power 

calculations suggested that based on respiratory rate (during the conversational 

speech task), the power achieved in the current study was only 40%. Based on 
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the results obtained in the current research, table 61 presents the sample size 

required for a future before and after study based on 80% power to detect a 

statistically significant difference at the 0.05 alpha level for expiratory time, 

expiratory magnitude, respiratory rate and %RCExp: 

 

Breathing parameter Expected 

mean 

difference 

SD of the mean 

difference 

Sample size base 

on 80% power 

Expiratory time 

(seconds) 

0.5 ±0.93 28 

Expiratory magnitude 

(arbitrary units) 

0.40 ±0.69 24 

Respiratory rate 

(breaths per minute) 

1 ±2.05 33 

%RCExp  5 ±19.90 195 

Table 61   Sample size required for a future study based on the results from 

the current research 

 

2. The intensity  and duration of the Pulmonary Rehabilitation 

programme 

It is possible that significant changes in breathlessness and physiology were not 

observed because the intensity and duration of the PR programme was 

insufficient to generate change. However, functional walking distance did 

improve significantly (although some of that increase may have been learning 

effect due to failure to repeat the test at baseline). While the optimal length of 

PR currently remains unclear (Spruit & Singh 2013; GOLD 2014), RCTs examining 

the effect of short term versus long term PR programmes have largely suggested 

that PR interventions with longer durations have a more favourable effect on 

patient centred end points, including breathlessness (Green et al. 2001; Berry et 

al. 2003; Verrill et al. 2005; Lacasse et al. 2007). Improvements in 

breathlessness and other patient centred outcomes have been documented 

when the duration of the PR intervention has lasted more than eight weeks, with 

participants attending three sessions per week (Lacasse et al. 2007; Spruit & 

Singh 2013).  
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Numerous trials have examined the impact of duration of PR programmes on 

outcomes (Troosters et al. 2000; Berry et al. 2003; Lacasse et al. 2007). Some of 

these trials have been subject to a systematic review (Beauchamp et al. 2011). 

Five RCTs were included and assessed as being of ‘moderate’ quality. Since a 

meta-analysis was not possible because of heterogeneity of the PR content and 

outcome measures, the results of the review were inconclusive. However, based 

on the individual findings of the RCTs, the longer programmes were found to be 

associated with greater patient benefits, with a minimum of eight weeks 

recommended to achieve substantial effects.  

Clinically, the duration of PR is determined by the availability of staffing and 

financial resources, which is generally why the NHS cannot support the existence 

of ‘longer’ PR programmes. In this research, the PR programme lasted for a 

period of six week, with participants attending two supervised sessions per 

week. Since a six week programme is below the reported threshold for achieving 

substantial effect’, it is possible that changes in breathing and speech breathing 

patterns were not observed because the duration of the PR programme was too 

short to achieve changes in these variables. 

Other factors may also contribute to the efficacy of the duration of the PR 

programme, such as disease severity. In a previous meta-analysis which was 

designed to determine the efficacy of PR in patients with COPD, 20 RCTs (979 

patients) were identified from MEDLINE, CINAHL and the Cochrane database 

(Salman et al. 2003). A meta-regression analysis was performed on the walking 

distance that was achieved during an ISWT in order to examine the association 

between this measure and PR programme characteristics (such as duration of 

the programme). No other patient outcomes were examined. In trials that 

included patients who were classified as having severe COPD, the rehabilitation 

groups performed significantly better when compared to the control when the 

duration of PR was more than six months. There were two studies (n = 68)  

where PR lasted less than three months which favoured the control group, 

whereas studies lasting more than six months favoured the treatment arm (n = 

198). The severity of the disease (as defined by objective lung function tests) 

also appeared to influence the extent of the patient outcomes following PR. 

Studies that included patients with mild to moderate COPD performed better in 

the short and long term programmes. However, in patients with severe COPD, 

walking distance was found to be better when they participated in the longer 
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term programmes (more than six months). Although these findings were based 

on pooled data which was considered as being heterogeneous, they suggest that 

the optimal duration of PR could also be influenced by the severity of the 

disease. In this research, patients with COPD and bronchiectasis were classified 

as having ‘severe’ airway obstruction (mean FEV1 %predicted = 48.38) based on 

the GOLD criteria (GOLD 2014). Therefore, it is possible that these patients may 

have required a training period lasting at least six months in order to observe 

significant changes in some parameters (Salman et al. 2003). 

3. The content of the Pulmonary Rehabilitation programme 

Although the content of PR has been described as being multidimensional, 

exercise training has been considered as the cornerstone of the intervention. In 

agreement with previous trials examining the efficacy of PR, significant 

improvements in exercise capacity were observed in the current investigation, 

which was possibly attributable to the dense exercise content of the PR 

programme. Education, medication optimisation and supervised breathing 

retraining techniques (which aim to ‘normalise’ breathing pattern, prolong 

expiration, and reduce respiratory rate and overall ventilation (Hill 2006; Lacasse 

et al. 2007; Ries et al. 2007) are also embedded into the core of the programme. 

However one of the challenges with comparing between programmes is that the 

content of PR has not yet been standardised and there is considerable variation 

between hospitals (Spruit & Singh 2013; GOLD 2014). While improvements in 

exercise capacity may influence breathing pattern, breathing retraining is the 

component of PR which is most likely to affect breathing and speech breathing 

patterns. The teaching  of breathing re-training aims to modify ineffective 

breathing patterns which are a common feature of a number of chronic 

respiratory diseases (Casciari et al. 1981; Dechman & Wilson 2004). In this 

research, physiotherapy administered breathing retraining was taught during 

only one session in a group setting (lasting one hour) throughout the six week 

period. Patients were taught a combination of breathing control exercises, 

pursed lip breathing (PLB) and diaphragmatic control (DC). Breathing retraining 

for asthma, on the other hand, is usually taught on a one-to-one basis over 

several weeks (Thomas et al. 2003). In patients with COPD, breathing retraining 

is believed to improve breathing control, reduce dynamic hyperinflation and 

reduce respiratory rate. These mechanisms have been associated with improved 

gas exchange and increased tidal volumes (Mueller et al. 1970; Casciari et al. 
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1981; Breslin 1992). The optimal duration of breathing retraining required to 

have an effect in COPD is currently unclear (NICE 2010; Spruit & Singh 2013). In 

this research, it is possible that the duration and intensity of breathing re-

training was not long enough for patients to learn and maintain modified 

breathing and speech breathing patterns.  

 

4. Ceiling effect of some of the measures 

The lack of detectable change between the baseline and post PR breathlessness 

score may have been because there was no room for improvement, as the level 

of self-perceived breathlessness was too low at baseline for any changes to 

occur. Breathlessness and breathing pattern can be seen to be closely related, as 

the symptom of breathlessness is directly related to specific parameters of 

breathing pattern, such as respiratory rate, timing components and lung volume 

(Muers 1993; Rao & Gray 2003). Episodes of increased breathlessness are 

characterised by having an increased respiratory rate, shorter respiratory timing 

components (such as inspiration and expiration time and breathing cycle time), 

and smaller lung volumes. Therefore, it is possible that differences in breathing 

and speech breathing patterns were not detected because they were related to 

the symptom of breathlessness, which was found to remain stable throughout 

the duration of PR in this research.  

5. The influence of respiratory disease on breathing/speech breathing 

patterns is irreversible 

It is possible that changes were not observed before and after PR because 

altered speech breathing patterns are irreversible, and do not ‘change back’, 

even when a respiratory disease improves. Although there is no previous 

literature to compare these findings to, one indication which suggests that 

alterations in speech breathing patterns might be irreversible is that objective 

measures of lung function (such as FEV1) do not improve throughout the natural 

progression of COPD, even in response to a PR programme (Niederman et al. 

1991). Even though pharmacological bronchodilators are shown to improve FEV1 

acutely, following an episode of bronchospasm, the long term effects are not 

equivalent. Therefore, it is possible that therapeutic interventions (such as PR) 
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can improve functional ability, and enable patients to cope with symptoms like 

breathlessness, without altering the underlying pathology.  

8.7.4 Summary of section 8.7 

Although functional exercise capacity significantly improved, no clinically or 

statistically significant changes in breathlessness or breathing parameters 

relating to respiratory timing, magnitudes or regional contributions of the 

ribcage and abdomen were detected following a six week PR programme for 

patients with COPD and bronchiectasis. 

  

8.8 Limitations and technical issues 

8.8.1 Evaluation of the semi-automatic algorithm  

Earlier in this thesis (chapter six, section 6.1.7) it was discussed that breathing 

parameters relating to timings, volumes and the regional contributions of the rib 

cage and abdomen were extracted from the raw data files using a semi-

automatic peak detection algorithm. In brief, breathing cycles were detected by 

the algorithm which identified local minima and maxima within the RIP signal (ie, 

the peaks and troughs), which signified the beginning and end of each 

inspiration phase. However, in circumstances where movement could influence 

the quality of the RIP signal that was recorded, introducing artefacts, the 

algorithm would occasionally incorrectly identify the start and end of the 

inspiration phase. The observation that RIP does not respond well to body 

movement is not an uncommon finding, as previous studies have also outlined 

the artefactual problems associated with recording breathing pattern using RIP 

during periods of movement, such as during exercise (Caretti et al. 1994; 

Clarenbach et al. 2005).  In this research, movements were more commonly 

found to occur during the conversational speech task, as participants 

occasionally used hand gestures to aid their verbal communication, even though 

they were encouraged to remain still throughout the recordings.  

In order to ensure that each inspiration phase was correctly identified by the 

peak detection algorithm, each speech breathing file required validation. This 

was performed in order to certify that each inspiration phase corresponded with 
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a period of silence in the speech signal, because speech is primarily driven by 

the expiratory phase (Hoit et al. 1989; Hoit et al. 1990; Winkworth et al. 1995). 

While the adjustment of speech breathing patterns was validated against the 

speech signal, this procedure could not be performed from data obtained during 

the quiet breathing task, as no speech was recorded. Instead, the beginning and 

end of each inspiration phase were validated by listening to the inhalation and 

exhalation (the flow of air in and out of the lungs) in the adjacent recording 

signal.  

For each breathing and speech breathing file, a decision was made to either: 

keep, move, delete or add a marker so that the beginning and end of each 

inspiration phase was accurately verified.  A record of how many times each of 

the ‘adjustments’ (move, add, delete) was applied to each data set has been 

provided in appendix 8. 

It was consistently observed (throughout each data set: healthy adults, healthy 

older adults, adults with self-reported asthma and patients with chronic 

respiratory disease), that the quiet breathing task required fewer adjustments 

than the speech tasks. The total number of adjustments recorded during the 

quiet breathing task ranged from 17 to 59, in 20 healthy older adults and 15 

patients with CRD (post PR) respectively. The quiet breathing task probably 

allowed participants to remain more still throughout the recordings, as no 

speech was involved.  

In contrast, there was a distinct increase in the number of adjustments that was 

required for the speech tasks. For example, the total number of adjustments 

performed for all participants with chronic respiratory disease (post PR) was 121 

(during the reading task), 107 (during the counting task) 105 (during the 

conversational speech task). This was roughly double the amount of 

adjustments that were performed for the quiet breathing task in the same cohort 

(n=59). As discussed, the most likely explanation is that participants were 

unable to remain completely still throughout the recordings because of the 

subconscious hand gestures, which caused artefacts in the RIP signal and 

therefore required more adjustments. Furthermore, the artefacts interfered with 

the RIP signal making it unclear where the exact start and end of each 

inspiration phase was. This was reflected by looking at the breakdown of what 

adjustments were applied to the data, as the decision to ‘move’ was consistently 
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associated with the greatest number of adjustments throughout all data sets and 

tasks. 

Finally, another consistent observation relates to the data obtained from 

participants with chronic respiratory disease (before, during and after PR) which 

consistently required more adjustments than the healthy participants. It has 

been well established that patients with chronic respiratory disease demonstrate 

abnormal breathing mechanics, particularly due to impaired diaphragmatic 

control and the recruitment of accessory muscles (Cahalin et al. 2002; Frisk et 

al. 2014; GOLD 2014). Although the reason why patient data required more 

adjustments remains speculative, it is possible that artefacts were generated in 

the RIP signal because of abnormal accessory muscle activity during tidal 

breathing. However, despite these issues, the average number of the 

adjustments remained low. For example, the highest number of total 

adjustments was 126, which was recorded during the spontaneous speech task 

in patients with chronic respiratory disease (before PR). This equated to an 

average of 6 adjustments per participant in an average of 32 breathing cycles 

(over a two minute period) per participant. 

In contrast, the data from adults with self-reported asthma required fewer 

adjustments during the data extraction phase, where the number of adjustment 

were found to be similar to those performed for healthy younger adults. 

However, it is not possible to draw any firm conclusions from the data acquired 

from adults with self-reported asthma, as asthma status was not clinically 

confirmed in this research. 

In conclusion, the ability of the semi-automatic algorithm to identify breathing 

cycles through the detection of the local minima and maxima was influenced by 

the quality of the RIP signal and movement artefacts, which were thought to be 

caused by spontaneous bodily movements during the recordings.  While 

movement artefacts were more commonly associated with the speech tasks, the 

actual number of adjustments that were required was found to be low. The 

advantage of using a semi-automatic algorithm was that the peaks and troughs 

(marking the beginning and end of inspiration) could initially be objectively 

identified by the algorithm, reducing some of the subjectivity associated with 

purely visual detection of breathing cycles used in previous studies (Loudon et 

al. 1988; Hoit et al. 1989; Lee et al. 1993). However, at present the process of 
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extracting speech breathing cycles is complex and time consuming. While these 

methods may be appropriate for use during laboratory based exploratory work, 

these methods would not be suitable for use in the clinical environment, 

because of the time required for post recording processing. If speech breathing 

pattern analysis is to become translated into the clinical setting in the future, 

simpler methods will be required to extract, analyse and report the data. In 

particular, there is a need to define the normative limits for each parameter. If 

the magnitude of the shortest breathing cycle could be defined (knowing how 

short is too short), the algorithm would be able to automatically reject more of 

the inappropriately detected peaks. This would require the recording of speech 

breathing patterns from a sample representing the wider population using 

standardised methods. 

8.8.2 Technical limitations 

All three studies in this investigation were subject to a number of technical 

limitations. Although the custom-made data acquisition box meant that data 

from the RIP system could be converted into digital form, the data acquisition 

box was subject to several technical failures during the data collection process. 

The main issues encountered included: a) loose connections between the 

microphone port and data acquisition box b) power supply disconnections and 

c) loosening of the abdominal and rib cage sockets. These were possibly 

encountered during the transportation of the equipment between the University 

of Southampton and St. Richard’s Hospital, Chichester. Unpacking the 

equipment at the beginning and end of each data collection sessions may have 

also contributed to these complications. This meant that several opportunities to 

record data were missed. In the third study, the data could not be collected at 

any other time because data collection sessions were standardised according to 

the PR schedule within the hospital.  

8.8.3 Indirect measurement of patient clinical data 

In the third study, information relating to patient outcome data, including self-

perceived breathlessness (obtained using the Modified Borg Scale) and 

functional walking distance (measured during the shuttle walk test), were 

obtained from patient notes. This may have been a potential limitation of the 

investigation because the researcher was not there to observe these 
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assessments, and it was not clear whether the respiratory physiotherapist 

adhered to published guidelines during these assessments. Furthermore, data 

relating to lung function were not obtained on the baseline assessment due to 

therapist time constraints, so it was recorded up to six weeks prior to the 

beginning of PR. It is therefore unclear whether the lung function data provided 

an accurate representation of the patients lung function at the start of PR.  

8.8.4 Design  

The purpose of the third study was to examine whether speech breathing 

patterns altered following a six week PR programme. Ideally, the study needed 

an ‘inactive’ control group so that comparisons could be made between the 

intervention (PR) versus an inactive control (patients not receiving the 

intervention), where the primary comparison would be between the two groups 

post intervention. In order to randomise patients into either arm of the trial, a 

‘waiting list control group’ would usually be used. If patients were randomised 

to the control group, they would be asked to postpone their PR until their 

breathing/speech breathing patterns had been recorded three times over a six 

week period. They would then be able to begin their PR after this period. A 

waiting list control group would be more ethical to employ within a rolling PR 

programme, where patients can join the programme at any time point. In 

contrast, a cohort programme is structured so that the same patients complete 

one programme. While the benefits of a cohort programme relate to continuity, 

the waiting time between programmes are generally longer, as unlike rolling 

programmes, patients cannot join at any time point. Since the PR programme in 

the current study was based on a cohort model, it was felt that employing a 

waiting list control group would not be ethical, because of the delay in 

treatment. Furthermore, the time constraints associated with the PhD was also a 

barrier to employing a control group. 

8.8.5 Sample size 

Finally, a general limitation of all three studies relates to the small sample size 

recruited. In all three studies a convenience sample was sought on the basis that 

no previous reports have documented speech breathing characteristics in a 

heterogeneous sample, as earlier studies examined speech breathing patterns 

according to specific characteristics; sex (Hoit et al. 1989), age (Hoit & Hixon 
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1987; Hodge & Rochet 1989; Hoit et al. 1990) and lung disease (Loudon et al. 

1988; Lee et al. 1993). None of the study samples were based on a power 

calculation; the absence of a power calculation could expose the comparative 

statistical analyses to type two errors (false negative).  

8.9 Summary of chapter eight 

The findings of this research have been discussed and contextualised in relation 

to the existing literature, and the limitations of the three studies. The final 

chapter in this thesis presents the conclusions of the research in relation to the 

research questions specified throughout chapter seven. 
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Chapter Nine                                      

Conclusion 

9.1 Introduction  

The body of research in this thesis aimed to evaluate speech protocols for use 

when studying speech breathing patterns, and to characterise and compare 

speech breathing patterns between health and in chronic respiratory disease. 

Information gathered from this work was taken forward to explore the impact (if 

any) on speech breathing patterns in patients with COPD and bronchiectasis 

before and after an intervention targeting a sound evidence base for 

effectiveness (Pulmonary Rehabilitation) (Lacasse et al. 2007; NICE 2010; BTS 

2013). If speech breathing parameters had been found to alter significantly in 

response to the PR programme, this would support the hypothesis that analysis 

of speech breathing patterns has potential as a respiratory monitoring tool, 

and/or as an outcome measure, for evaluating respiratory health following a 

therapeutic intervention of known effect.  

9.2 Research Conclusions 

The conclusions drawn from this body of research have been presented in 

relation to the initial research questions, which were specified throughout the 

results chapter (chapter seven). 

1. Is the detection of breathing cycles using a semi-automatic algorithm 

feasible for extracting breathing and speech breathing parameters 

from the raw data files? 

a. This research has demonstrated the feasibility of using a semi-

automatic algorithm for the detection of breathing cycles. The 

advantage of this method is that it reduces some of the subjectivity 

associated with former data extraction methods, which solely relied on 

visual or aural detection of breathing cycles. However, simpler 

automated methods for extracting/analysing speech breathing data 

will be required if speech breathing pattern analysis is to be translated 

into clinical practice in the future. 
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2. Do breathing and speech parameters remain stable throughout a four 

minute recording period in healthy adults during a quiet breathing, 

reading, describing and conversation task? 

a. This research has demonstrated the possibility of using shorter 

recording time periods for the assessment of speech breathing 

patterns, because all speech breathing parameters remained stable 

during both two minute and four minute recording periods during every 

task. Reducing the recording period of speech breathing patterns could 

improve the efficiency of research protocols, particularly for patients 

with CRD who experience speaking related breathlessness, while still 

providing meaningful data for clinical interpretation. 

3. What is the optimal speech task(s) for use during speech breathing 

assessments? 

a. The describing task was found to have limited clinical utility during 

assessment of speech breathing patterns because of the fluency related 

difficulties experienced while performing the task. Due to these 

difficulties, the use of a describing task has not been recommended as 

a surrogate for spontaneous speech during future speech breathing 

assessments. 

 

b. When differentiating between healthy older adults and pooled patients 

with CRD (see conclusion/research question 8a), the conversational 

speech task highlighted the greatest number of differences between the 

two groups, and was comfortable for participants to perform. A 

conversational speech task is therefore recommended for use during 

future speech breathing assessments involving patients with respiratory 

disease. 

4. Are breathing and speech breathing parameters significantly 

influenced by age or sex in healthy adults? 

a. The regional contributions of the ribcage and abdomen during quiet 

breathing and speech might by influenced by age, but not sex. 

Although these findings were not conclusive, future research should 

take age into consideration, particularly when interpreting findings 

and comparing between groups.  
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5. Do healthy younger adults produce ‘task specific’ breathing and 

speech breathing patterns during a quiet breathing, reading, 

describing and conversation task? 

a. In healthy young adults speech breathing patterns were significantly 

influenced by the type of speech spoken. They were able to 

significantly differentiate between constrained (reading) and 

unconstrained speech (conversational speech and describing), as well 

as between speech and quiet breathing. The task specific nature of 

speech breathing behaviours should be taken into consideration when 

interpreting future speech breathing patterns in healthy cohorts. 

6. Do healthy older adults produce ‘task specific’ breathing and speech 

breathing patterns during a quiet breathing, reading, counting and 

conversational speech task? 

a. The distinction between constrained and unconstrained speech tasks 

became less obvious in healthy older adults. Further research is 

required to confirm these findings, as reducing the ability to produce 

task specific breathing patterns might represent another mechanism 

of change throughout the aging pathway. 

7. Do patients with chronic respiratory disease (COPD, bronchiectasis  

(CRD) and adults with self-reported asthma) produce ‘task specific’ 

speech breathing patterns? 

a. The distinction between the speech tasks was also less clear in adults 

with self-reported asthma. However, no firm conclusions can be drawn 

from these findings, as asthma status was not clinically confirmed. 

 

b. There was no evidence to suggest that pooled patients with CRD 

produced task specific breathing patterns. If confirmed by future 

research, the inability to produce task specific breathing patterns 

might represent another mechanism to differentiate between health 

and chronic respiratory disease. 

 

8. Can speech breathing pattern analysis be used to differentiate 

between healthy older adults and pooled patients with CRD? 

 

a. Speech breathing patterns were significantly different between healthy 

older adults and pooled patients with CRD.  
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9. What breathing/speech task is the most useful for highlighting the 

differences between health and CRD? 

a. In parallel to conclusion 3b, the greatest number of significant 

differences between healthy older adults and pooled patients with CRD 

were identified during spontaneous speech – conversation. A 

conversational speech task should be more useful for highlighting the 

differences between health and chronic respiratory disease in future 

speech breathing studies.  

10.   Can speech breathing pattern analysis significantly differentiate   

between CRDs (ie, between COPD and bronchiectasis)? 

a. This research did not find any evidence to support previous claims 

that speech breathing patterns are disease specific. However, the 

insufficiently powered sample size meant that firm conclusions could 

not be drawn from these results.  

11.   Do breathing and speech breathing patterns in pooled patients with 

CRD alter following a six week PR programme? 

a. Although functional exercise capacity was found to significantly 

improve following PR, no changes in breathlessness or speech 

breathing parameters were observed during any of the tasks. No firm 

conclusions can be drawn from this finding because of the 

uncontrolled nature of the study and the small sample may not be 

representative of the wider population. Larger controlled studies are 

needed to test the possibility that objective measurements of speech 

breathing patterns alter over time, or in response to clinical 

interventions with a sound evidence base for effectiveness. 

 

Conclusion 

The analysis of speech breathing patterns has shown some potential for future 

use as an objective respiratory monitoring tool, and/or as an outcome measure 

following clinical interventions. Speech breathing protocols have been 

optimised, supporting the use of shorter recording periods, and suggesting that 

a conversational speech task should be used when investigating any differences 

in speech breathing pattern between health and disease. However, before 

speech breathing pattern analysis can be recommended for future clinical use, 
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there are several areas which need further development. To be clinically useful, 

more simplified data extraction methods are needed to reduce the time required 

to extract, analyse and interpret the data. While this research has enhanced 

previous knowledge regarding the distinction between health and disease in 

terms of mean differences and task specificity, further work is still required to 

determine whether speech breathing patterns alter over time, either throughout 

the disease pathway, or following a clinical intervention of known effect (such as 

breathing retraining). The final chapter of this thesis will outline some of the 

possible areas for future research. 
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Chapter Ten                                               

Future research  

10.1 Introduction 

This is the first time that speech breathing pattern analysis has been considered 

for its potential use in the field of respiratory monitoring. In line with the 

increase in respiratory related hospital admissions (Connolly et al. 2006), 

chapter two revealed the drawbacks associated with current respiratory 

monitoring techniques, and highlighted the need for newer methods that could 

quantify small changes in lung health earlier in the disease process, before overt 

respiratory symptoms develop. Although this research has supported the 

observation that that speech breathing patterns differ between health and 

chronic respiratory disease, it still remains unclear as to how these patterns alter 

over time, in response to disease progression, when respiratory symptoms 

deteriorate, or following a therapeutic intervention. A summary of the main 

areas for future research will now be considered. 

10.1.1 Examination of the stability of speech breathing patterns over time 

within patients with chronic respiratory disease 

If speech breathing pattern analysis is to translate into clinical practice in the 

future, further research is needed to determine the stability of speech breathing 

patterns over time. The stability of speech breathing patterns needs to be 

measured during consecutive hours, and days during stable periods of 

respiratory disease. While this research found that speech breathing patterns 

remained stable over a six week period in patients undertaking PR, only three 

measurements were taken over the six week period. Therefore, it is unclear how 

speech breathing patterns change (or remain stable) on a day to day basis. 

Determining the stability of speech breathing pattern is particularly important if 

this measure is to be considered as a respiratory monitoring tool. If speech 

breathing patterns are found to be too variable during consecutive days during 

stable periods of the disease, speech breathing pattern analysis would have 

limited clinical utility for respiratory monitoring.  
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10.1.2 Exploration of speech breathing patterns over a longer period of 

time 

Research is required to pursue the possibility of detecting changes in speech 

breathing patterns over longer periods of time, which correlate with either an 

improvement or decline in patient clinical outcomes. Although this research has 

shown that speech breathing patterns are different between health and 

respiratory disease, it is not clear at what point these changes occur. 

Longitudinal studies are required to determine how speech breathing 

parameters relate to disease severity, and / or fluctuate with exacerbations. To 

determine this, research is needed to characterise speech breathing patterns in 

patients with chronic respiratory disease during different stages of the disease, 

to determine how, and if speech breathing patterns relate to objective measures 

of lung function throughout the disease process. 

10.1.3  Responsiveness of speech breathing patterns to a therapeutic 

intervention 

Ideally, a controlled design would be used to assess the effects of any 

intervention. In this research, speech breathing patterns were observed before 

and after a six week PR programme within patients with chronic respiratory 

disease. An intervention that might be expected to change breathing patterns 

and speech breathing patterns could be physiotherapy breathing retraining. 

Future research could therefore examine speech breathing patterns before and 

after a breathing retraining programme using a randomised controlled trial 

design, as well as incorporating patients with different chronic respiratory 

pathologies. 

10.2 Implications for clinical practice 

It is too soon to know if speech breathing patterns will be a useful tool for the 

remote monitoring of respiratory health. The concept is attractive, because 

samples of speech are readily available across any distance via telephones. 

Clinicians know that patients’ ability to form full sentences becomes impaired 

when they are breathless, but it is not yet known how speech breathing patterns 

relate to any underlying pathology, or how they respond to specific 

interventions.
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Appendix 1 – Participant recruitment poster (Study one and 

two) 
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Appendix 2 – Participant Information Sheet (PIS) (study two) 

 

Participant Information Sheet (PIS) 
 

Speech Breathing in Adults. 
 

You are being invited to take part in a research study. Before you decide whether you 
would like to participate, it is essential that you understand the purpose of the research 
and what it will involve if you wish to take part. Please take time to read the following 
information and discuss it with others if you wish. It is important that you understand all 
of the information before you decide whether or not you would like to take part in the 
research. Pease contact us if there is any more information that you require or if 
anything is unclear.  

 
What is the purpose of this study? 

Breathlessness is a common symptom experienced by many patients with chronic lung 
conditions Research has shown that breathing patterns in these patients can be altered. 
It is difficult to monitor breathing patterns because it usually involves the use of mouth 
pieces or facemasks which can be restrictive, particularly for patients with respiratory 
conditions. We are experimenting with ways of monitoring breathing patterns from 
people’s speech patterns. We would therefore like to record breathing and speech 
patterns from 40 people to test our theories.   
 
Why have I been chosen? 

You have been chosen because we would like to record breathing and speech patterns 
from a group of 40 adults. 

 
 Do I have to take part? 

It is entirely your decision whether or not you decide to participate in this study. If you 
do part, you will be asked to sign a consent form. In addition, you are free to withdraw 
from the study at any point during the procedure with out having to give a reason.  

 
What will happen to me if I take part? 

If you indicate that you would like to take part in this study, the researcher (Roxy 
Tehrany) will contact you to organise a convenient time and date to attend a breathing 
and speech pattern recording session at the University of Southampton. This will take 
approximately 40 minutes. When you arrive you will be given a chance to ask any 
questions. You will then need to fill in and sign a consent form. In order for the breathing 
apparatus to record your breathing patterns, two elastic belts with built in sensors will 
be attached around your upper chest and abdomen (tummy). The belts will need to be 
attached close to your skin in order to record your breathing patterns, therefore you will 
need to wear a vest or minimal undergarments on your top half to ensure that the 
sensors make close contact with your skin. If you wish, your outer garments (i.e, t-shirt) 
can then be replaced over the top of the belts to cover you up. As you breathe, signals 
from the belts are sent down some wires for recording. You will not feel anything while 
this is happening. We will ask you to sit quietly in a chair and complete a short 
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questionnaire about your age, sex and general health. We will then ask you to speak into 
a microphone during three different speaking tasks. These will involve reading a piece of 
text out loud, answering some questions about your daily routine and to describe a 
picture.  Each speaking task will take 3-4 minutes. The belts will then be removed and 
you will be free to go. 

 
What are the side effects of any treatment received when taking part in this study? 
There are no known side effects from taking part in this study. 
 
What are the possible disadvantages in taking part in this study? 

There are no known disadvantages or risks from taking part in this study. 
 
What are the possible benefits of taking part in this study? 

There are no direct benefits from you taking part in this study. It is hoped that the 
information gained from this study may be used to monitor breathing patterns in patients 
with chronic lung disease. This could lead to improved understanding of breathing patterns 
by health professionals and patients, as well as improved management of patients with 
chronic lung disease. 
 
Will my taking part in this study be kept confidential? 

All information collected during the research process will remain confidential. Any data that 
is collected from you will have your name removed and will be allocated with an individual 
code so that you will not be able to be identified. The information will be stored on a 
password protected laptop which will be stored in a locked cupboard with in the university.  
 
What will happen to the results of the research study? 

The information recorded from breathing and speech patterns will be converted into figures 
for analysis. Some of the information may be used to develop future research ideas. The 
findings may also be written up in the form of reports or research articles and published at 
conferences or in academic journals. If this happens, you will not be identifiable. 
 
Who has reviewed the study? 

The study has been reviewed by the Ethics committee of the Faculty of Health Sciences. 
Ethics number:  FoHS-ETHICS-2011-038 
 
What to do if you want to complain. 
If you have a concern or a complaint about this study you should contact Susan Rogers, 
Head of Research & Enterprise Services, at the Faculty of Health Sciences (Address: 
University of Southampton, Building 67, Highfield, Southampton, SO17 1BJ ; Tel: +44 (0)23 
8059 7942; Email: S.J.S.Rogers@soton.ac.uk).   If you remain unhappy and wish to complain 
formally Susan Rogers can provide you with details of the University of Southampton 
Complaints Procedure. 
 
Thank you for taking the time to read this Information Sheet 
If you would like any further information please contact: 
 
Researcher      Supervisor 
Rokhsaneh Tehrany     Anne Bruton PhD MA MCSP 

https://www.outlook.soton.ac.uk/owa/redir.aspx?C=531b84916d5a485ebb4e3359f6b799ee&URL=mailto%3aS.J.S.Rogers%40soton.ac.uk
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Appendix 3 – Retrospective power calculations 

Retrospective power calculations based on 80% power to detect a 

statistically significant difference at the 0.05 alpha level during the 

conversational speech task for expiration time, expiration magnitude, 

respiratory rate and %RCExp 

Healthy young adults versus healthy old adults: sample size required for a 

future study (independent sample t test): 

 

COPD versus bronchiectasis: Sample size required for a future study 

(independent sample t test): 

 

 

 

 

 

Breathing parameter Group 1 

mean 

(healthy 

young) 

Group 2 

mean 

(healthy  

old) 

SD of the mean 

difference (during 

conversational 

speech) 

Sample size 

based on 80% 

power 

Expiratory time 

(seconds) 

 

4.24 4.70 ±1.49 
322(166 per 

group) 

Expiratory 

magnitude (arbitrary 

units) 

1.96 1.50 ±1.28 
246 (123per 

group) 

Respiratory rate 

(breath per minute) 

 

12.11 11.70 ±3.78 
2672 (1336 per 

group) 

%RCExp  

 

 

64.82 83.38 ±15.08 
24 (12 per group) 

Breathing parameter Group 1 

mean 

(COPD) 

Group 2 mean 

(bronchiectasis) 

SD of the mean 

difference (during 

conversational 

speech) 

Sample size 

based on 80% 

power 

Expiratory time 

(seconds) 
3.75 3.56 ±0.96 

804 (402 per 

group) 

Expiratory 

magnitude (arbitrary 

units) 

 

1.60 1.28 ±0.76 
180 (90 per 

group) 

Respiratory rate 

(Breaths per minute) 
14.35 14.62 ±2.63 

2982 (1491 per 

group) 

%RCExp  

 

62.61 53.02 ±17.54 
108 (54 per 

group) 
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Healthy young versus adults with self-reported asthma: Sample size required for 

a future study (independent sample t test): 

Breathing parameter Group 1 

mean 

(healthy 

young) 

Group 2 

mean (self-

reported 

asthma) 

SD of the mean 

difference (during 

conversational 

speech) 

Sample size 

based on 80% 

power 

Expiratory time 

(seconds) 
4.24 3.84 ±1.57 

486 (243 per 

group) 

 

Expiratory 

magnitude (arbitrary 

units) 

1.96 2.00 ±1.41 

372 (186 per 

group) 

 

 

Respiratory rate 

(Breaths per minute) 
12.11 14.21 ±3.51 

90 (45 per 

group) 

 

%RCExp  

64.82 64.39 ±13.35 

392 (196 per 

group) 

 

 

Healthy older adults versus pooled patients with COPD: Sample size required for 

a future study (independent sample t tests): 

Breathing 

parameter 

Group1 mean 

(healthy older 

adults) 

Group 2 

mean (pooled 

patients with 

CRD) 

SD of the mean 

difference (during 

conversational 

speech) 

Sample size 

based on 80% 

power 

Expiratory time 

(seconds) 

4.70 3.68 ±1.30 54 (27 per group) 

 

 

Expiratory 

magnitude 

(arbitrary units) 

1.50 1.87 ±0.78 142 (71 per 

group) 

 

Respiratory rate 

(Breaths per 

minute) 

11.70 14.43 ±3.68 60 (30 per group) 

%RCExp  83.38 59.58 ±15.67 16 (8 per group) 
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Appendix 4 – Participant consent form (study one) 
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Appendix 5 – Demographic and anthropometric questionnaire 

(first study) 

Research Questionnaire 

Date: (dd/mm/yy) 

 

1.0        Demographic data 

 

1.1  Full Name:      

 

1.2  Date of birth:  

        dd/mm/yy       

1.3  Age:                  yrs 

 

2.0         Consent:  please ‘tick’ as appropriate  

3.1 Have any queries about the study and consent been answered to your satisfaction?              

3.2 Have you signed the Consent form?   

3.3 Are you willing to be on the Faculty Participant Register?         

              

3.0        Other Information 

4.1 Do you have asthma? 

 

Yes     No       (Please circle) 

4.2 If ‘yes’ are you receiving any current 

medication? 

 

 

4.3 Do you have any other respiratory  problems? 

 

Yes     no       (Please circle) 

4.4 If ‘yes’, please state the problem. 

 

 

4.5 Are you receiving any prescribed medication? Yes      no       (Please circle) 

4.6 If ‘yes’, what medication are you taking?  

 

4.7 Have you taken part in any other study today 

that involved the use of any respiratory 

medications? 

Yes      no       (please circle) 
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Appendix 6 – An extract from the reading task used in the first 

and second study  

Reading Material for Participants 

When we got to the strange house it began to snow in quite a 

different way. A mass of tired old clouds opened and flung snow 

at us, all of a sudden and just anyhow. They weren’t ordinary 

snowflakes – they fell straight down in large sticky lumps, they 

clung to each other and sank quickly and they weren’t white, but 

grey. The whole world was as heavy as lead. Mummy carried in 

the suitcases and stamped her feet on the doormat and talked the 

whole time because she thought the whole thing was such fun 

and that everything was different. But I said nothing because I 

didn’t like this strange house. I stood in the window and watched 

the snow falling, and it was all wrong. It wasn’t the same as in 

town. There it blows black and white over the roof or falls gently 

as if from heaven, and forms beautiful arches over the sitting-

room window. The landscape looked dangerous too. It was bare 

and open and swallowed up the snow, and the trees stood in 

black rows that ended in nothing. At the edge of the world there 

was a narrow fringe of forest. Everything was wrong. It should be 

winter in town and summer in the country. Everything was topsy-

turvy. The house was big and empty, and there were too many 

rooms.  
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Appendix 7 – An example of the describing material used during 

the ‘describing’ task (study one) 
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Appendix 8 - Evaluation of the semi-automatic algorithm used for 
extrapolating breathing parameters from the raw data files. 

The following tables provide a breakdown of the number of times each raw data file had to be 

‘adjusted’ during the data extraction process by implementing the ‘rules’ that were outlined in 

chapter 6 (move, delete, add).  The following tables will now outline the number of adjustments for 

each participant according to the following data sets, where there were 530 data sets that were 

analysed in total; 

 Healthy young adults  

 Quiet breathing 

 Reading 

 Describing 

 Conversational speech 

 Adults with self-reported asthma 

 Quiet breathing 

 Reading 

 Describing 

 Conversational speech 

 Healthy older adults 

 Quiet breathing  

 Reading 

 Counting 

 Conversational speech 

 Patients with chronic respiratory disease Before PR (COPD and bronchiectasis) 

 Quiet breathing  

 Reading 

 Counting 

 Conversational  speech 

 Patients with chronic respiratory disease during PR (COPD and bronchiectasis) 

 Quiet breathing  

 Reading 

 Counting 

 Conversational speech 

 Patients with chronic respiratory disease after PR (COPD and bronchiectasis) 

 Quiet breathing  

 Reading 

 Counting 

 Conversational speech. 
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Table 1 Number of adjustments: Healthy young adults (n=29)  during quiet breathing, reading, describing and spontaneous speech. 

 ID                    Quiet breathing task 
Delete                Add             Move              Total 

                            Reading task 
Delete                  Add             Move           Total 

                              Describing task 
Delete               Add             Move           Total 

              Spontaneous speech task 
Delete           Add              Move            Total 

001 0 0 0 0 2 2 3 7 3 1 4 8 2 2 4 8 

002 0 0 2 2 3 0 0 3 4 2 2 8 2 3 0 5 

003 1 1 0 1 2 0 3 5 3 1 3 7 1 0 3 4 

004 0 0 0 0 2 0 3 5 4 3 3 10 3 0 2 5 

005 0 0 0 0 0 0 4 4 3 2 4 9 2 3 1 6 

006 0 0 0 0 0 0 1 1 1 1 7 9 1 0 1 2 

007 0 0 0 0 3 1 1 5 1 2 6 9 2 0 0 2 

008 0 0 2 2 0 0 2 2 1 1 1 3 1 0 0 1 

009 0 0 2 0 2 0 0 2 0 3 1 4 0 2 1 3 

010 0 0 0 0 3 0 0 3 3 0 2 5 0 0 0 0 

011 0 0 0 0 0 0 4 4 0 1 0 1 1 3 2 6 

012 0 0 0 0 0 0 0 0 3 0 6 9 1 0 2 3 

013 1 1 0 2 2 0 1 3 3 2 0 5 1 0 1 2 

014 0 0 0 0 0 0 0 0 0 1 2 3 1 1 0 2 

015 0 0 0 0 2 0 1 3 1 1 5 7 0 0 1 1 

016 0 0 0 0 0 0 0 0 0 1 2 3 0 0 0 0 

017 0 0 0 0 3 0 1 4 1 3 7 11 0 0 1 1 

018 0 0 2 2 0 0 3 3 1 2 2 5 0 0 1 1 

019 0 0 0 0 0 0 0 0 0 3 0 3 1 1 1 3 

020 2 2 0 2 0 0 1 1 0 0 1 1 2 0 2 4 

021 0 0 0 0 2 0 0 2 0 0 1 1 1 0 0 4 

022 0 0 2 2 3 0 1 4 1 1 0 2 0 0 0 1 

023 0 0 3 3 0 0 3 3 0 0 0 0 0 1 1 2 

024 0 0 0 0 2 0 1 3 3 2 2 7 2 0 1 3 

025 1 1 2 3 3 0 3 6 0 1 1 2 1 0 1 2 

026 0 0 0 0 0 0 0 0 1 0 0 1 2 0 0 2 

027 0 0 4 4 2 1 1 4 0 1 0 1 2 1 0 3 

028 0 0 3 3 0 0 0 0 0 2 3 5 1 0 1 2 

029 0 0 2 2 2 0 3 5 0 0 0 0 0 0 1 1 

Total 5 5 24 32 38 4 40 82 37 37 65 139 30 17 28 79 
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Table 2 Number of adjustments: Adults with self-reported asthma (n=11) during quiet breathing, reading, describing and spontaneous speech 

 

 

 

 

 

 

 

 

ID                    Quiet breathing task 
Delete                Add             Move              Total 

                            Reading task 
Delete                  Add             Move           Total 

                              Describing task 
Delete               Add             Move           Total 

              Spontaneous speech task 
Delete           Add              Move            Total 

001 0 1 0 0 1 1 1 3 3 0 2 5 1 1 3 4 

002 0 0 1 1 2 0 0 2 1 0 5 6 3 2 3 8 

003 0 0 0 0 2 2 0 4 1 2 2 5 2 0 3 5 

004 0 0 1 1 0 0 1 1 1 3 1 4 0 0 1 1 

005 0 0 1 1 0 0 3 3 2 2 1 5 0 0 1 1 

006 0 0 0 0 1 0 0 1 2 2 2 6 4 0 1 5 

007 0 0 2 2 1 0 3 4 3 1 4 8 2 0 2 4 

008 0 0 2 2 3 0 1 4 3 1 1 5 0 0 2 2 

009 0 0 1 1 0 0 2 2 0 3 3 6 0 0 1 1 

010 0 1 0 1 1 0 3 4 4 1 2 7 0 0 2 2 

011 0 0 3 3 0 0 0 4 1 1 1 3 2 4 2 8 

Total 0 2 8 32 11 3 14 32 21 16 24 60 14 7 21 42 
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Table 3  Number of adjustments: Healthy older adults (n=20) during quiet breathing, reading, counting and spontaneous speech 

ID                    Quiet breathing task 
Delete                   Add          Move              Total 

                            Reading task 
Delete                  Add             Move           Total 

                             Counting task 
Delete               Add             Move           Total 

              Spontaneous speech task 
Delete           Add              Move            Total 

HO1 0 0 0 0 2 0 1 3 1 1 1 3 2 1 2 5 

HO2 0 0 1 1 0 0 2 2 3 2 3 8 1 0 2 3 

HO3 0 0 1 1 2 0 1 2 2 0 2 4 0 0 1 1 

HO4 0 0 2 2 0 0 1 1 1 1 3 5 1 0 1 2 

HO5 1 0 0 1 2 0 2 4 2 1 2 5 1 2 1 4 

HO6 0 0 2 2 2 1 3 6 1 0 2 3 0 0 2 2 

HO7 0 0 0 0 0 0 3 3 1 0 1 2 1 0 1 2 

HO8 0 1 1 1 0 0 1 1 0 0 1 1 0 0 2 2 

HO9 0 0 0 0 0 0 3 3 3 0 2 5 1 1 1 3 

HO10 0 0 2 2 1 0 1 2 0 0 0 0 0 2 2 4 

HO11 0 0 0 0 0 0 1 1 2 0 0 2 0 0 2 2 

HO12 0 0 1 1 2 0 1 3 1 0 2 3 2 0 1 3 

HO13 0 0 0 0 0 0 1 1 0 0 3 3 2 0 3 5 

HO14 0 0 1 1 1 0 1 2 2 1 3 5 1 0 1 2 

HO15 0 1 0 1 0 0 1 1 1 0 0 1 0 1 1 2 

HO16 0 0 0 0 0 1 1 2 0 0 1 1 0 1 1 2 

HO17 0 0 1 1 1 0 2 3 1 0 3 4 0 0 2 2 

HO18 1 0 0 1 0 1 2 3 0 0 2 2 2 0 1 3 

HO19 0 0 1 1 1 0 2 3 1 0 0 1 0 0 2 2 

HO20 0 0 1 1 0 0 1 1 2 1 3 6 1 1 3 5 

Total 2 2 14 17 14 3 31 47 24 7 34 64 15 9 32 56 

-= Missing data 
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Table  4 Number of adjustments: Patients with chronic respiratory disease Before PR (n=20)- during quiet breathing, reading, counting and spontaneous 

speech 

ID                    Quiet breathing task 
Delete                   Add          Move              Total 

                            Reading task 
Delete                  Add             Move           Total 

                             Counting task 
Delete               Add             Move           Total 

              Spontaneous speech task 
Delete           Add              Move            Total 

PR1 - - - - - - - - - - - - - - - - 

PR2 - - - - 1 1 1 3 1 0 4 5 1 1 2 4 

PR3 - - - - 2 0 1 3 0 1 1 2 0 2 2 4 

PR4 - - - - 1 1 3 4 1 0 1 2 1 2 2 5 

PR5 - - - - 2 2 3 7 0 1 5 6 1 0 4 5 

PR6 1 1 1 3 1 0 4 5 1 0 4 5 1 0 3 4 

PR7 3 1 1 5 1 0 1 2 1 0 6 7 3 0 5 8 

PR8 1 1 1 3 1 0 1 2 1 1 3 5 2 1 2 5 

PR9 1 1 3 5 2 1 1 4 1 0 1 2 1 1 6 8 

PR10 1 1 2 4 3 1 4 8 2 0 7 9 2 1 3 6 

PR11 2 0 3 5 1 1 5 7 1 0 4 5 1 0 6 7 

PR12 0 0 1 1 1 0 3 4 1 0 3 4 1 1 4 6 

PR13 1 1 2 4 4 0 3 7 2 1 3 6 1 1 5 7 

PR14 1 0 2 3 1 0 5 6 2 0 6 8 2 3 3 8 

PR15 0 2 1 3 2 1 3 6 2 3 3 8 3 3 3 9 

PR16 1 0 1 2 1 1 4 6 2 1 6 9 1 1 1 3 

PR17 2 0 1 3 4 0 1 5 2 1 1 4 1 3 6 10 

PR18 0 1 2 3 1 0 2 3 1 1 1 3 1 1 7 9 

PR19 2 1 1 4 1 0 2 3 4 2 3 9 3 3 2 8 

PR20 1 1 2 4 1 1 6 8 2 2 3 7 2 2 6 10 

Total 17 11 24 52 31 10 53 94 27 14 65 105 28 26 72 126 

-= Missing data 

 

 



 

 364 

 

Table  5 Number of adjustments: Patients with chronic respiratory disease during PR (n=20)- Quiet breathing, reading, counting and spontaneous speech 

ID                    Quiet breathing task 
Delete                   Add          Move              Total 

                            Reading task 
Delete                  Add             Move           Total 

                             Counting task 
Delete               Add             Move           Total 

              Spontaneous speech task 
Delete           Add              Move            Total 

PR1 - - - - - - - - - - - - - - - - 

PR2 - - - - - - - - - - - - - - - - 

PR3 - - - - - - - - - - - - - - - - 

PR4 - - - - - - -- - - - -- - - - -- - 

PR5 - - - - - - - - - - - - - - - - 

PR6 - - - - 1 2 1 4 3 0 5 8 3 1 2 6 

PR7 1 1 2 4 0 1 1 2 1 2 2 5 1 2 4 7 

PR8 0 1 1 2 1 1 1 3 1 0 4 5 1 3 5 9 

PR9 1 0 2 3 0 0 2 2 1 2 3 6 2 1 2 5 

PR10 1 1 1 3 1 1 4 6 3 2 2 7 2 0 4 6 

PR11 0 1 2 3 0 2 5 7 2 2 3 7 2 2 2 6 

PR12 3 0 1 4 2 1 5 8 1 2 2 5 3 2 3 8 

PR13 1 0 3 4 3 1 5 9 0 1 5 6 2 2 6 10 

PR14 2 0 1 3 0 1 6 7 2 0 6 8 1 1 2 4 

PR15 1 3 1 5 2 1 7 10 2 1 7 10 3 1 1 4 

PR16 2 0 2 4 4 3 6 13 3 1 6 10 0 0 6 6 

PR17 2 3 1 6 3 1 3 7 4 3 4 11 3 2 1 6 

PR18 0 1 1 2 1 2 2 5 2 1 5 8 2 3 6 11 

PR19 2 0 3 5 2 3 3 8 2 0 4 6 3 1 7 11 

PR20 1 1 1 3 4 2 6 12 2 1 7 10 1 1 2 4 

Total 17 12 32 51 24 22 57 103 29 18 65 112 29 22 53 103 

-= Missing data 
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Table  6 Number of adjustments: Patients with chronic respiratory disease after PR (n=20)- Quiet breathing, reading, counting and spontaneous speech 

ID                    Quiet breathing task 
Delete                   Add          Move              Total 

                            Reading task 
Delete                  Add             Move           Total 

                             Counting task 
Delete               Add             Move           Total 

              Spontaneous speech task 
Delete           Add              Move            Total 

PR1 - - - - 1 2 4 7 1 1 2 4 0 2 3 5 

PR2 - - - - 2 2 3 7 0 2 2 4 2 0 7 9 

PR3 - - - - 1 3 2 6 1 0 0 1 0 2 5 7 

PR4 - - -- - 1 1 4 6 1 1 3 5 0 1 4 5 

PR5 - - - - 1 2 2 5 1 0 4 5 1 2 3 6 

PR6 1 1 3 4 1 1 2 4 3 2 1 6 2 2 3 7 

PR7 2 0 0 2 1 0 3 4 2 1 4 7 1 2 1 4 

PR8 0 2 2 4 2 1 1 4 4 3 2 9 2 0 3 5 

PR9 1 3 1 4 1 1 2 4 2 1 3 6 1 0 5 6 

PR10 3 1 1 5 2 2 3 7 2 0 2 4 1 1 3 5 

PR11 - - - - - - - - - - - - - - - - 

PR12 1 2 4 7 1 2 3 6 1 4 1 6 2 0 5 7 

PR13 0 1 1 2 2 3 5 10 2 0 0 2 1 0 6 7 

PR14 1 2 5 8 4 4 2 10 1 0 3 4 2 0 2 4 

PR15 1 3 0 4 1 1 3 5 1 4 2 7 3 1 2 6 

PR16 0 2 2 4 2 2 4 8 4 2 5 11 2 2 1 5 

PR17 0 3 1 4 1 2 6 9 2 1 4 7 3 1 2 6 

PR18 1 0 3 4 0 1 2 3 3 1 5 9 0 1 1 2 

PR19 2 1 1 3 1 3 2 6 2 0 2 4 1 3 2 6 

PR20 2 1 2 4 1 2 7 10 1 1 4 6 0 0 3 3 

Total 15 22 26 59 26 35 60 121 34 24 49 107 24 20 61 105 

-= Missing data 
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Appendix 9 – Faculty of Health Science ethical approval letter    

(study one and two) 
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Faculty of Heath Science ethics approval letter (Study 2) 

Submission Number: 12246 

Submission Name: Speech breathing in adults 

This is email is to let you know your submission was approved by the Ethics Committee. 

 

You can begin your research unless you are still awaiting specific Health and Safety 

approval (e.g. for a Genetic or Biological Materials Risk Assessment) 

 

Comments 

1.Thank you for your request for ethical approval for this study. Given it has previously 

received ethical approval in its current form, and that you require to collect further data 

using the same application, I am happy to approve it, subject to the approval of my co-

reviewer 

 

 

Click here to view your submission 

 

------------------ 

ERGO : Ethics and Research Governance Online 

http://www.ergo.soton.ac.uk 

------------------ 

DO NOT REPLY TO THIS EMAIL  

 

 

 

 

 

 

 

 

 

 

 

http://www.ergo.soton.ac.uk/
http://www.ergo.soton.ac.uk/
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Appendix 10 – Faculty of Health Science indemnity 

insurance confirmation letter (study one and two) 

 

 



 

 370 

Indemnity insurance for study two: 

 

 

 

 

 

 



   

371 

Appendix 11 – Participant invitation letter (study three) 

Date: August 2
nd

 2012 

 

Dear Patient, 

 

 

I would like to invite you to take part in a research study which aims to examine breathing 

patterns before and after attending a 6 week Pulmonary Rehabilitation (PR) program. We hope to 

involve up to 40 patients who have been enrolled onto a PR program at St. Richard’s Hospital, 

Chichester. You are being invited because your nurse/physiotherapist has recommended that you 

take part in a PR program. 

I have enclosed a copy of the Participant Information Sheet (PIS) that will provide you with 

more information about the study and procedure if you choose to take part. Briefly, if you would 

like to take part, you will be invited to attend 3 separate recording sessions that will take place on 

the same day as the first, sixth and last PR session, which will be on a Tuesday or Thursday. 

During these sessions we would like to record your breathing patterns during different speech 

tasks, including reading, counting conversation, where each session will last approximately 20 

minutes. 

If you are interested in taking part, or would like further information, I would be grateful if you 

could complete the enclosed reply slip and post using the pre-paid envelope provided. I will 

contact you as soon as I receive the reply-slip on the contact details that you provide. Alternatively, 

you can contact the researcher, Roxy Tehrany, directly on xxxxxx for further information. 

Whether you decide to take part or not will not affect your future treatment. 

 

Yours sincerely, 

 

Roxy Tehrany, MSc, BSc, MCSP 

PhD Student and Physiotherapist 

Postgraduate office, 

Faculty of health sciences 

University of Southampton, 

Southampton 

SO17 1BJ 

Direct tel: xxxxxx 

email: xxxxxxxx 
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   Appendix 12 – Participant Information Sheet (Study three) 

 Participant Information Sheet (PIS) 

 
Breathing patterns before and after attending a Pulmonary Rehabilitation 
programme. 

 
You are being invited to take part in a research study. Before you decide whether you 
would like to participate, it is essential that you understand the purpose of the research 
and what it will involve if you wish to take part. Please take time to read the following 
information and discuss it with others if you wish. It is important that you understand all 
of the information before you decide whether or not you would like to take part in the 
research. Pease contact us if there is any more information that you require or if 
anything is unclear.  

 
What is the purpose of this study? 

People with breathing problems often find they get breathless when talking. We would 
like to record your breathing pattern before, during after attending a 6 week Pulmonary 
Rehabilitation (PR) programme to see if there are any changes. 
 
Why have I been chosen? 

You have been chosen because we would like to record breathing and speech patterns 
from a group of 40 patients before, during after attending a 6 week PR programme. 

 
Do I have to take part? 

It is entirely your decision whether or not you decide to participate in this study. If you 
do decide to take part, you will be asked to sign a consent form. In addition, you are free 
to withdraw from the study at any point during the procedure without having to give a 
reason. This will not affect your PR classes. 

 
What will happen to me if I take part? 

If you indicate that you would like to take part in this study, you will be invited to attend 3 
separate recording sessions that will take place on the same day as your first, sixth and 
last PR session at St. Richard’s Hospital in Chichester, where each recording session will 
last approximately 20 minutes. The researcher, Roxy Tehrany, will contact you and advise 
you on the times and dates for each recording session once the dates of your PR course 
has been confirmed. When you arrive you will be given a chance to ask any questions and 
will then be asked to fill in and sign a consent form and questionnaire about your age, sex 
and general health. You will be asked to remove the clothing from your upper body, or to 
wear minimal undergarments, so that the breathing apparatus can be applied close to 
your skin. This consists of two elastic belts with built in sensors which go around your 
upper chest and abdomen (tummy area). If you wish, your outer garments can then be 
replaced over the top of the belts. As you breathe, signals from the belts are sent down 
some wires for recording. You will not feel anything while this is happening. We will then 
ask you to speak into a microphone during three different speaking tasks. These will 



   

373 

include; reading a piece of text out loud, answering some questions about your daily 
routine and counting.  Each speech task will last 2 minutes. For the reading task, you may 
wear your reading glasses if needed. After that the belts will be removed and you will be 
free to go.  

 
 What are the side effects of any treatment received when taking part in this study? 
There are no known side effects to taking part in this study. 
 
What are the possible disadvantages in taking part in this study? 

There are no known serious disadvantages or risks in taking part in this study. 
 
What are the possible benefits of taking part in this study? 

There are no direct benefits of you taking part in this study. It is hoped that the information 
gained from this study may be used to monitor breathing patterns in patients with lung 
problems. This could lead to improved understanding of breathing patterns by health 
professionals and patients and improved management of patients with lung disease. 
 
Will my taking part in this study be kept confidential? 

All information collected during the research process will remain confidential. Any data that 
is collected from you will have your name removed and will be allocated with an individual 
code so that you will not be able to be identified. The information will be stored on a 
password protected laptop that will be stored in a locked cupboard with in the university.  
 
What will happen to the results of the research study? 
The information recorded from breathing and speech patterns will be converted into figures 
for analysis. Some of the information may be used to develop future research ideas. The 
findings may also  written up in the form of reports or research articles and published at 
conferences or in academic journals. If this happens, you will not be identifiable. 
 

Who has reviewed the study? 
The study has been reviewed by the NHS Ethics committee  
 
What to do if you want to complain. 
If you have a concern or a complaint about this study you should contact Susan Rogers, 
Head of Research & Enterprise Services, at the Faculty of Health Sciences (Address: 
University of Southampton, Building 67, Highfield, Southampton, SO17 1BJ ; Tel: +44 (0)23 
8059 7942; Email: S.J.S.Rogers@soton.ac.uk).   If you remain unhappy and wish to complain 
formally Susan Rogers can provide you with details of the University of Southampton 
Complaints Procedure. 
 
Thank you for taking the time to read this Information Sheet 

 
If you would like any further information please contact: 
 
Researcher      Supervisor 
Roxy Tehrany MSc MCSP    Anne Bruton PhD MA MCSP 

https://www.outlook.soton.ac.uk/owa/redir.aspx?C=531b84916d5a485ebb4e3359f6b799ee&URL=mailto%3aS.J.S.Rogers%40soton.ac.uk
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Appendix 13 – Participant reply form (Study three) 

  Reply slip. 

Please fill out this reply-slip and post using the pre-paid envelope if you are 

interested in taking part in the study, or would like further information. 

The researcher will then contact you on the telephone number that you 

provide. Alternatively, you can contact the researcher directly on xxxxxxx 

for further information. 

Name:..........................................................................................................

............................................. 

Telephone No.: ................................................................... 

Please indicate a convenient time and date for the researcher to 

contact you:................................... 

Thank you. 

Roxy Tehrany 
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Appendix 14 – Participant confirmation letter (Study three) 

Date: xxx 

Ethics committee number: xxxx 

Dear Mr/Miss/Mrs xxx, 

 

 

RE: Breathing patterns before and after attending Pulmonary Rehabilitation 

(PR). 

 

Following our earlier telephone conversation on xxx, I am writing to confirm your place 

on the above study. As discussed, you are invited to attend 3 recording sessions that 

will take place on the same day as your first, sixth and last PR session, which will be 

on a Tuesday or Thursday and will last 20 minutes each. The recording sessions will take 

place before you attend your PR class. 

Once the dates of your PR sessions have been confirmed, I will send you a letter 

detailing the exact dates and times for each recording session.   

In the meantime, if you have any questions regarding the study please do not hesitate to 

contact me on the contact details provided below.  

Yours sincerely, 

 

Roxy Tehrany, MSc, BSc, MCSP 

PhD Student and Physiotherapist 

Postgraduate office, 

Faculty of health sciences 

University of Southampton, 

Southampton 

SO17 1BJ 

Direct tel: xxxxx 

email: xxxxxx 
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Appendix 15 – Final study confirmation letter (study 

three) 

Date: xxx 

Ethics committee number: xxxx 

Dear Mr/Miss/Mrs xxx, 

 

 

RE: Research Study – confirmation of times/dates. 

 

Following my previous letter on xxx, I am writing to confirm the times and dates of 

each recording session for the ‘breathing pattern’ study. As discussed, each 

recording session will take place on the same day as your first, sixth and last PR 

assessment, which will be on a Tuesday or Thursday. The times/dates for each 

recording session are as follows: 

     Date:  Time:  Place:  Duration: 

Recording session 1 -   xxxx  xxxx  xxxx  20mins aprox. 

Recording session 2 -  xxxx  xxxx  xxxx  20mins aprox. 

Recording session 3 -  xxxx  xxxx  xxxx   20mins aprox. 

Each recording session will be the same where your breathing patterns will be 

recorded during 3 different speech tasks including, reading, counting and 

conversation. Please be aware that since the recording sessions will take place 

before your PR session session, I would therefore be grateful if you could arrange 

parking or transportation for this additional time that you will be here for. 

I will look forward to meeting you on xxx 

If you have any further questions or would like to withdraw from the study, Please 

do not hesitate to contact me on xxxxxxxx 

Yours sincerely, 

Roxy Tehrany, MSc, BSc, MCS 

PhD Student and Physiotherapist 

Postgraduate office, University of Southampton 
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Appendix 16 – Modified Borg Scale 

 

The Modified Borg Scale 

 

Please circle the number that best describes the level of breathlessness that 

you may be experiencing: 

 

 

0 Nothing at all 

0.5 Very, very slight shortness of breath 

1 Very mild shortness of breath 

2 Mild shortness of breath 

3 Moderate shortness of breath or breathing difficulty 

4 Somewhat severe 

5 Strong or hard breathing 

6 - 

7 Severe shortness of breath or very hard breathing 

8 - 

9 Extremely severe 

10 Shortness of breath so severe you need to stop 

 

 

 

 

 



 

 378 

 

Appendix 17 – Faculty of Health Science indemnity 

insurance confirmation and NHS ethics approval letters 
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Appendix 18 – St. Richards Hospital Research and 

Development approval letter (study three) 
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Appendix 19 – Missing data from study three (patients with 

COPD and bronchiectasis)  

Quiet breathing task 

 Before PR During PR After PR 

Missing because 

of equipment 

failure 

5 6 5 

Missing because 

of participant drop 

out 

0 0 1 

Missing (other) 

0 

 

0 0 

Total no. of 

missing data sets 
5 6 6 

Total no. Full data 

sets 
15 14 14 

 

Table 1. Total number of complete data sets available from time point one, 

two and three during the quiet breathing task 

 

Conversational speech task 

 Before PR During PR After PR 

Missing because 

of equipment 

failure 

1 5 0 

Missing because 

of study drop out 
0 0 1 

Missing other 

0 

 

0 0 

Total no. of 

missing data sets 
1 5 1 

Total no. Full data 

sets 
19 15 19 

 

Table 2. Total number of complete data sets available from time point one, 

two and three during the conversation task 
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Reading task 

 Before PR During PR After PR 

Missing because 

of equipment 

failure 

1 5 0 

Missing because 

of study drop out 
0 0 1 

Missing other 

0 

 

0 0 

Total no. of 

missing data sets 
1 5 1 

Total no. Full data 

sets 
19 15 19 

 

Table 3. Total number of complete data sets available from time point one, 

two and three during the reading task 

 

Counting task 

 Before PR During PR After PR 

Missing because 

of equipment 

failure 

1 5 0 

Missing because 

of study drop out 
0 0 1 

Missing other 

0 

 

1 0 

Total no. of 

missing data sets 
1 6 1 

Total no. Full data 

sets 
19 14 19 

 

Table 4. Total number of complete data sets available from time point one, 

two and three during the counting task 
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Appendix 20: Results from the one way repeated measures 

ANOVA (before, during and after PR) 
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TI (sec) = Inspiration time (seconds); TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary units); EM (a.u) = Expiration magnitude 

(arbitrary units); Ttot (sec) = breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); RC% Cont Insp = Ribcage percentage contribution to 

inspiration; AB%Cont Insp = Abdominal percentage contribution to inspiration; RC% Cont Exp = Ribcage percentage contribution to expiration; AB% Cont Exp 

= Abdominal percentage contribution to expiration; DF = Degrees of Freedom; 
1

Sphericity assumed; 
2

Greenhouse-Geisser 

Before, during and after PR: Mean differences in breathing parameters measured at three different time points during a 

two minute quiet breathing task in patients with CRD – results of the one way repeated measures ANOVA (n=13) 

 

 Before PR During PR After PR DF F p 

TI (sec) 

 

1.59±0.59 1.69±0.44 1.52±0.34 2
1

 0.69 0.50 

TE (sec) 

 

2.38±0.78 2.40±0.78 2.23±0.52 1.96
2

 0.48 0.61 

IM (a.u) 

 

1.25±0.50 1.61±0.69 1.58±0.60 1.98
2

 3.38 0.05 

EM (a.u) 

 

1.25±0.51 1.59±0.71 1.56±0.58 1.97
2

 2.85 0.07 

Ttot (sec) 

 

4.01±1.37 4.08±1.14 3.76±0.81 1.69
2

 0.58 0.54 

RR (bpm) 

 

16.33±4.38 15.80±4.50 16.68±3.76 1.87
2

 0.35 0.69 

%RC Insp 
61.33±11.62 70.45±9.04 67.44±13.13 1.79

2

 3.42 0.05 

%AB Insp 
38.00±11.83 29.13±8.96 32.02±13.35 1.81

2

 3.23 0.06 

%RC Exp 
59.74±12.51 68.24±7.39 66.53±12.48 1.56

2

 2.83 0.09 

%Ab Exp 
39.61±12.65 31.39±7.48 32.97±12.56 1.57

2

 2.66 0.10 
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 Before PR During PR After PR DF F p 

TI (sec) 

 

0.66±0.13 0.64±0.11 0.63±0.10 1.63
2

 0.82 0.43 

TE (sec) 

 

3.29±0.77 3.02±0.74 3.06±0.63 1.81
2

 1.98 0.16 

IM (a.u) 

 

1.30±0.36 1.46±0.53 1.41±0.60 1.55
2

 0.45 0.59 

EM (a.u) 

 

1.29±0.36 1.46±0.54 1.39±0.59 1.58
2

 0.48 0.58 

Ttot (sec) 

 

3.98±0.82 3.65±0.77 3.72±0.67 1.95
2

 2.08 0.14 

RR (bpm) 

 

15.72±3.08 16.99±3.32 16.69±3.01 1.96
2

 2.07 0.15 

%RC Insp 

 

61.73±12.03 63.56±13.48 65.28±13.45 1.74
2

 0.49 0.58 

%AB Insp 

 

38.00±12.09 36.30±13.47 34.48±13.44 1.76
2

 0.48 0.59 

%RC Exp 

 

60.28±15.31 66.46±12.37 65.55±15.61 1.56
2

 1.27 0.29 

%Ab Exp 
39.57±15.22 33.42±12.49 34.44±16.22 1.57

2

 1.19 0.31 

TI (sec) = Inspiration time (seconds); TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary); EM (a.u) = Expiration magnitude (arbitrary); Ttot (sec) = 

breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); RC% Cont Insp = Ribcage percentage contribution to inspiration; AB%Cont Insp = Abdominal 

percentage contribution to inspiration; RC% Cont Exp = Ribcage percentage contribution to expiration; AB% Cont Exp = Abdominal percentage contribution to expiration; DF = 

Degrees of Freedom; 
1

Sphericity assumed; 
2

Greenhouse-Geisser 

Before, during and after PR: Mean differences in breathing and speech breathing parameters measured at three different time points 

during a two minute reading task in patients with CRD – results of the one way repeated measures ANOVA (n=14) 
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TI (sec) = Inspiration time (seconds); TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary); EM (a.u) = Expiration magnitude (arbitrary); Ttot (sec) = 

breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); RC% Cont Insp = Ribcage percentage contribution to inspiration; AB%Cont Insp = Abdominal 

percentage contribution to inspiration; RC% Cont Exp = Ribcage percentage contribution to expiration; AB% Cont Exp = Abdominal percentage contribution to expiration; DF = 

Degrees of Freedom; 
1

Sphericity assumed; 
2

Greenhouse-Geisser 

Before, during and after PR: Mean differences in breathing and speech breathing parameters measured at three different 

time points during a two minute conversation task – results of the one way repeated measures ANOVA (n=14) 

 Before PR During PR After PR DF F p 

TI (sec) 

 

0.75±0.18 0.77±0.15 0.73±0.16 1.52
2

 0.54 0.54 

TE (sec) 

 

3.97±1.12 4.01±1.36 4.15±1.27 1.81
2

 0.19 0.80 

IM (a.u) 

 

1.36±0.60 1.65±0.77 1.66±0.62 2
1

 1.75 0.20 

EM (a.u) 

 

1.34±0.58 1.65±0.78 1.64±0.61 2
1

 1.87 0.18 

Ttot (sec) 

 

4.75±1.26 4.79±1.47 4.82±1.13 1.80
2

 0.02 0.96 

RR (bpm) 

 

13.44±3.15 13.53±3.76 13.07±3.37 1.82
2

 0.25 0.75 

%RC Insp 

 

55.98±13.44 61.35±13.55 16.36±61.36 1.60
2

 1.73 0.20 

%AB Insp 

 

43.76±13.38 38.38±13.32 28.36±7.84 1.59
2

 1.77 0.19 

%RC Exp 
54.92±13.52 61.31±12.81 58.09±16.53 1.56

2

 0.90 0.39 

%AB Exp 
44.90±13.27 38.35±11.94 41.43±16.55 1.56

2

 0.95 0.38 
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 Before PR During PR After PR DF F p 

TI (sec) 

 

0.64±0.27 0.63±0.32 0.52±0.12 1.51
2

 1.27 0.29 

TE (sec) 

 

3.45±1.97 3.57±2.02 3.44±1.57 1.87
2

 0.10 0.88 

IM (a.u) 

 

1.06±0.44 1.55±0.34 1.19±0.56 2
1

 0.31 0.73 

EM (a.u) 

 

1.05±0.43 1.14±0.33 1.18±0.55 2
1

 0.29 0.74 

Ttot (sec) 

 

4.10±1.95 4.25±2.12 3.97±1.61 1.81
2

 0.41 0.64 

RR (bpm) 

 

16.99±5.87 17.19±7.60 17.19±6.60 1.75
2

 0.15 0.97 

%RC Insp 
54.48±11.37 65.91±11.56 64.60±13.05 1.59

2

 3.73 0.05 

%AB Insp 
45.09±11.43 34.61±11.61 35.22±13.09 1.60

2

 3.54 0.05 

%RC Exp 
55.50±10.87 65.86±13.01 61.06±12.06 1.74

2

 2.69 0.09 

%Ab Exp 
44.11±11.04 34.33±13.07 38.57±11.94 1.77

2

 2.40 0.11 

TI (sec) = Inspiration time (seconds); TE (sec) = expiration time (sec); IM (a.u) = inspiration magnitude (arbitrary); EM (a.u) = Expiration magnitude (arbitrary); 

Ttot (sec) = breathing cycle time (sec); RR (bpm) = respiratory rate (breaths per minute); RC% Cont Insp = Ribcage percentage contribution to inspiration; 

AB%Cont Insp = Abdominal percentage contribution to inspiration; RC% Cont Exp = Ribcage percentage contribution to expiration; AB% Cont Exp = 

Abdominal percentage contribution to expiration; DF = Degrees of Freedom; 
1

Sphericity assumed; 
2

Greenhouse-Geisser 

 Before, during and after PR: Mean differences in breathing and speech breathing parameters measured at three different 

time points during a two minute counting task – results of the one way repeated measures ANOVA (n=14) 
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Brack T, ThüEr I, Clarenbach CF, Senn O, Noll G, Russi EW and Bloch KE (2007) 

Daytime Cheyne-Stokes Respiration in Ambulatory Patients With Severe 

Congestive Heart Failure Is Associated With Increased Mortality*. CHEST 

Journal 132(5): 1463-1471 

Bradley J and Moran F (2006) Pulmonary rehabilitation improves exercise 

tolerance in patients with bronchiectasis. Australian Journal of 

Physiotherapy 52(1): 65 

Brannan JD and Lougheed MD (2012) Airway hyperresponsiveness in asthma: 

Mechanisms, Clinical Significance and Treatment. Frontiers in Physiology 

10(3): 460 

Braun S (1990) Clinical Methods: The history, physical and laboratory 

examinations. (3rd edition Edition) Boston: Butterworths 

Breslin EH (1992) The pattern of respiratory muscle recruitment during pursed-lip 

breathing. CHEST Journal 101(1): 75-78 

Britton M (2003) The burden of COPD in the U.K: results from the confronting 

COPD survey. Respiratory Medicine 97(2): 71-79 

Broder HL, Mcgrath C and Cisneros GJ (2007) Questionnaire development: face 

validity and item impact testing of the Child Oral Health Impact Profile. 

Community Dentistry and Oral Epidemiology 35(1): 8-19 

Brooks D and Thomas J (1995) Interrater Reliability of Auscultation of Breath 

Sounds Among Physical Therapists. Physical Therapy 75(12): 1082-1088 



 

 396 

Brooks D, Wilson L and Kelsey C (1993) Accuracy and reliability of 'specialized' 

physical therapists in auscultating tape-recorded lung sounds. 

Physiotherapy Canada. Physiotherapie Canada 45(1): 21-24 

Brown BH, Barber DC and Seagar AD (1985) Applied potential tomography: 

possible clinical applications. Clinical Physics and Physiological 

Measurement 6(2): 109 

Brown K, Aun C, Jackson E, Mackersie A, Hatch D and Stocks J (1998) Validation of 

respiratory inductive plethysmography using the Qualitative Diagnostic 

Calibration method in anaesthetized infants. Eur Respir J 12(4): 935-43 

Bruce EN (1996) Temporal variations in the pattern of breathing. Journal of 

applied physiology 80(4): 1079-1087 

Brullmann G, Fritsch K, Thurnheer R and Bloch KE (2010) Respiratory monitoring 

by inductive plethysmography in unrestrained subjects using position 

sensor-adjusted calibration. Respiration 79(2): 112-20 

Brusasco V, Crimi E and Pellegrino R (1998) Airway hyperresponsiveness in 

asthma: not just a matter of airway inflammation. Thorax 53(11): 992-998 

Bruton A and Holgate ST (2005) Hypocapnia and asthma: A mechanism for 

breathing retraining? CHEST Journal 127(5): 1808-1811 

Bts (2006) Burdon of lung disease 2006.  

Bts (2013) British Thoracic Society guideline on Pulmonary Rehabilitation in 

adults.  

Bts (2014) BTS/ SIGN document on the management of asthma.  

Buffels J, Degryse J, Heyrman J and Decramer M (2004) Office spirometry 

significantly improves early detection of copd in general practice*: The 

didasco study. Chest 125(4): 1394-1399 

Bunn JC and Mead J (1971) Control of ventilation during speech. J Appl Physiol 

31(6): 870-872 

Burdon JGW, Pain MCF, Rubinfoeld AR and Nana A (1996) Chronic Lung disease 

and the perception of breathlessness: a clinical perspective. Eur Respir J 

7(7): 1342-1349 

Burge PS (2000) Randomised, double blind, placebo controlled study of 

fluticasone propionate in patients with moderate to severe chronic 

obstructive pulmonary disease: the ISOLDE trial. BMJ 320(7245): 1297 

Burgess J, Ekanayake B, Lowe A, Dunt D, Thien F and Dharmage SC (2011) 

Systematic review of the effectiveness of breathing retraining in asthma 

management. Expert Review of Respiratory Medicine 5(6): 789-807 

Bussey-Smith KL and Rossen RD (2007) A systematic review of randomized 

control trials evaluating the effectiveness of interactive computerized 



   

397 

asthma patient education programs. Annals of Allergy, Asthma & 

Immunology 98(6): 507-516 

Cahalin LP, Braga M, Matsuo Y and Hernandez ED (2002) Efficacy of 

Diaphragmatic Breathing in Persons With Chronic Obstructive Pulmonary 

Disease: A Review of the Literature. Journal of Cardiopulmonary 

Rehabilitation and Prevention 22(1): 7-21 

Cala SJ, Kenyon CM, Ferrigno G, Carnevali P, Aliverti A, Pedotti A, Macklem PT and 

Rochester DF (1996) Chest wall and lung volume estimation by optical 

reflectance motion analysis. Journal of applied physiology 81(6): 2680-

2689 

Campbell EJM (1964) Physical signs of diffuse airway obstruction and lung 

distension. Thorax 24(1): 1-3 

Cantineau JP, Escourrou P, Sartene R, Gaultier C and Goldman M (1992) Accuracy 

of respiratory inductive plethysmography during wakefulness and sleep in 

patients with obstructive sleep apnea. CHEST Journal 102(4): 1145-1151 

Caretti DM, Pullen PV, Premo LA and Kuhlmann WD (1994) Reliability of 

Respiratory Inductive Plethysmography for Measuring Tidal Volume During 

Exercise. American Industrial Hygiene Association Journal 55(10): 918-923 

Carey MA, Card JW, Voltz JW, Arbes Jr SJ, Germolec DR, Korach KS and Zeldin DC 

(2007) It's all about sex: gender, lung development and lung disease. 

Trends in Endocrinology & Metabolism 18(8): 308-313 

Carry P-Y, Baconnier P, Eberhard A, Cotte P and Benchetrit G (1997) Evaluation of 

Respiratory Inductive Plethysmography Accuracy for Analysis of Respiratory 

Waveforms. CHEST Journal 111(4): 910-915 

Casaburi R, Porszasz J, Burns MR, Carithers ER, Chang RS and Cooper CB (1997) 

Physiologic benefits of exercise training in rehabilitation of patients with 

severe chronic obstructive pulmonary disease. American Journal of 

Respiratory and Critical Care Medicine 155(5): 1541-1551 

Casanova C, Hernández MC, Sánchez A, García-Talavera I, De Torres JP, Abreu J, 

Valencia JM, Aguirre-Jaime A and Celli BR (2006) Twenty-Four-Hour 

Ambulatory Oximetry Monitoring in COPD Patients With Moderate 

Hypoxemia. Respiratory Care 51(12): 1416-1423 

Casciari RJ, Fairshter RD, Harrison A, Morrison JT, Blackburn C and Wilson AF 

(1981) Effects of breathing retraining in patients with chronic obstructive 

pulmonary disease. CHEST Journal 79(4): 393-398 

Cazzola M, Macnee W, Martinez FJ, Rabe KF, Franciosi LG, Barnes PJ, Brusasco V, 

Burge PS, Calverley PMA and Celli BR (2008) Outcomes for COPD 

pharmacological trials: from lung function to biomarkers. European 

Respiratory Journal 31(2): 416-469 

Celli BR, Macnee W, Agusti A, Anzueto A, Berg B, Buist AS, Calverley PMA, 

Chavannes N, Dillard T, Fahy B, Fein A, Heffner J, Lareau S, Meek P, 

Martinez F, Mcnicholas W, Muris J, Austegard E, Pauwels R, Rennard S, 



 

 398 

Rossi A, Siafakas N, Tiep B, Vestbo J, Wouters E and Zuwallack R (2004) 

Standards for the diagnosis and treatment of patients with COPD: a 

summary of the ATS/ERS position paper. European Respiratory Journal 

23(6): 932-946 

Ceresa CC and Johnston IDA (2008) Auscultation in the diagnosis of respiratory 

disease in the 21st century. Postgraduate Medical Journal 84(994): 393-

394 

Chadha TS and Sackner MA (1983) Validation of respiratory inductive 

plethysmography with change in body posture. Am Rev Respir Dis 128(2): 

331 

Chadha TS, Schneider AW, Birch S, Jenouri G and Sackner MA (1984) Breathing 

pattern during induced bronchoconstriction. Journal of applied physiology 

56(4): 1053-1059 

Chadha TS, Watson H, Birch S, Jenouri GA, Schneider AW, Cohn MA and Sackner 

MA (1982) Validation of respiratory inductive plethysmography using 

different calibration procedures. Am Rev Respir Dis 125(6): 644-9 

Chalmers JD, Smith MP, Mchugh BJ, Doherty C, Govan JR and Hill AT (2012) Short- 

and Long-Term Antibiotic Treatment Reduces Airway and Systemic 

Inflammation in Non–Cystic Fibrosis Bronchiectasis. American Journal of 

Respiratory and Critical Care Medicine 186(7): 657-665 

Chang AB, Masel JP, Boyce NC, Wheaton G and Torzillo PJ (2003) Non-CF 

bronchiectasis: Clinical and HRCT evaluation. Pediatric Pulmonology 35(6): 

477-483 

Chen H, Cheng Y, Liu D, Zhang X, Zhang J, Que C, Wang G and Fang J (2010) 

Color structured light system of chest wall motion measurement for 

respiratory volume evaluation. Journal of Biomedical Optics 15(2): 260 

Chen MJ, Fan X and Moe ST (2002) Criterion-related validity of the Borg ratings of 

perceived exertion scale in healthy individuals: a meta-analysis. Journal of 

Sports Sciences 20(11): 873-899 

Chung KF, Wenzel SE, Brozek JL, Bush A, Castro M, Sterk PJ, Adcock IM, Bateman 

ED, Bel EH, Bleecker ER, Boulet L-P, Brightling C, Chanez P, Dahlen S-E, 

Djukanovic R, Frey U, Gaga M, Gibson P, Hamid Q, Jajour NN, Mauad T, 

Sorkness RL and Teague WG (2014) International ERS/ATS guidelines on 

definition, evaluation and treatment of severe asthma. European 

Respiratory Journal 43(2): 343-373 

Clarenbach CF, Senn O, Brack T, Kohler M and Bloch KE (2005) Monitoring of 

Ventilation During Exercise by a Portable Respiratory Inductive 

Plethysmograph*. CHEST Journal 128(3): 1282-1290 

Clini EM, Crisafulli E, Costi S, Rossi G, Lorenzi C, Fabbri LM and Ambrosino N 

(2009) Effects of early inpatient rehabilitation after acute exacerbation of 

COPD. Respiratory medicine 103(10): 1526-1531 

Cockcroft A and Guz A (1987) Breathlessness. Postgrad med J 63(742): 637-641 



   

399 

Cohen J (1992a) A power primer.  US: American Psychological Association 

Cohen NH (1992b) Chapter 3 Respiratory Monitoring in the Intensive Care Unit. 

ASA Refresher Courses in Anesthesiology 20(25-36 

Connolly MJ, Lowe D, Anstey K, Hosker HSR, Pearson MG and Roberts CM (2006) 

Admissions to hospital with exacerbations of chronic obstructive 

pulmonary disease: effect of age related factors and service organisation. 

Thorax 61(10): 843-848 

Conrad B and Schönle P (1979) Speech and respiration. European Archives of 

Psychiatry and Clinical Neuroscience 226(4): 251-268 

Cooper S, Oborne J, Newton S, Harrison V, Thompson Coon J, Lewis S and 

Tattersfield A (2003) Effect of two breathing exercises (Buteyko and 

pranayama) in asthma: a randomised controlled trial. Thorax 58(8): 674-

679 

Couser JJI, Guthmann R, Hamadeh MA and Kane CS (1995) Pulmonary 

rehabilitation improves exercise capacity in older elderly patients with 

copd. CHEST Journal 107(3): 730-734 

Cowie RL, Conley DP, Underwood MF and Reader PG (2008) A randomised 

controlled trial of the Buteyko technique as an adjunct to conventional 

management of asthma. Respiratory Medicine 102(5): 726-732 

Crenesse D, Berlioz M, Bourrier T and Albertini M (2001) Spirometry in children 

aged 3 to 5 years: reliability of forced expiratory maneuvers. Pediatr 

Pulmonol 32(1): 56-61 

Cronbach LJ and Meehl PE (1955) Construct validity in psychological tests. 

Psychological Bulletin 52(4): 281-302 

Cross D and Nelson HS (1991) The role of the peak flow meter in the diagnosis 

and management of asthma. Journal of Allergy and Clinical Immunology 

87(1): 120-128 

Cruz A (2007) Global Surveillance, prevention and control of chronic respiratory 

disease: A comprehensive approach. IN: Haydon A (ed): World Health 

Organization 

De Groote A, Paiva M and Verbandt Y (2001) Mathematical assessment of 

qualitative diagnostic calibration for respiratory inductive 

plethysmography. Journal of applied physiology 90(3): 1025-1030 

De Troyer A, Leeper JB, Mckenzie DK and Gandevia SC (1997) Neural drive to the 

diaphragm in patients with severe COPD. American Journal of Respiratory 

and Critical Care Medicine 155(4): 1335-1340 

Dechman G and Wilson CR (2004) Evidence Underlying Breathing Retraining in 

People With Stable Chronic Obstructive Pulmonary Disease. Physical 

Therapy 84(12): 1189-1197 

Dejours (1966) Respiration. Oxford University Press 



 

 400 

Delgado HR (1982) Chest wall and abdominal motion during exercise in patients 

with chronic obstructive pulmonary disease. Am Rev Respir Dis 126(200-5 

Demoly P, Annunziata K, Gubba E and Adamek L (2012) Repeated cross-sectional 

survey of patient-reported asthma control in Europe in the past 5 years. 

European Respiratory Review 21(123): 66-74 

Di Stefano A, Capelli A, Lusuardi M, Balbo P, Vecchio C, Maestrelli P, Mapp CE, 

Fabbri LM, Donner CF and Saetta M (1998) Severity of Airflow Limitation Is 

Associated with Severity of Airway Inflammation in Smokers. American 

Journal of Respiratory and Critical Care Medicine 158(4): 1277-1285 

Di Stefano A, Caramori G, Ricciardolo FLM, Capelli A, Adcock IM and Donner CF 

(2004) Cellular and molecular mechanisms in chronic obstructive 

pulmonary disease: an overview. Clinical & Experimental Allergy 34(8): 

1156-1167 

Diederich S, Jurriaans E and Flower CDR (1996) Interobserver variation in the 

diagnosis of bronchiectasis on high-resolution computed tomography. 

European Radiology 6(6): 801-806 

Dijkstra AE, De Jong K, Boezen HM, Kromhout H, Vermeulen R, Groen HJM, 

Postma DS and Vonk JM (2014) Risk factors for chronic mucus 

hypersecretion in individuals with and without COPD: influence of smoking 

and job exposure on CMH. Occupational and Environmental Medicine 

71(5): 346-352 

Dodd JW, Hogg L, Nolan J, Jefford H, Grant A, Lord VM, Falzon C, Garrod R, Lee C, 

Polkey MI, Jones PW, Man WD-C and Hopkinson NS (2011) The COPD 

assessment test (CAT): response to pulmonary rehabilitation. A 

multicentre, prospective study. Thorax 66(5): 425-429 

Dodge R, Cline M and Burrows B (1986) Comparisons of asthma, emphysema, and 

chronic bronchitis diagnoses in a general population sample. Am Rev 

Respir Dis 133(6): 981 - 986 

Doershuk C (1974) Specific airway resistance from the perinatal period into 

adulthood. Alterations in childhood pulmonary disease. Am Rev Respir Dis 

109(4): 452-457 

Donaldson GC and Wedzicha JA (2006) COPD exacerbations ·  1: Epidemiology. 

Thorax 61(2): 164-168 

Dudley DL and Pitts-Poarch AR (1980) Psychophysiologic aspects of respiratory 

control. Clinics in chest medicine 1(1): 131-143 

Dyer CaE, Singh SJ, Stockley RA, Sinclair AJ and Hill SL (2002) The incremental 

shuttle walking test in elderly people with chronic airflow limitation. 

Thorax 57(1): 34-38 

Eaton T, Young P, Nicol K and Kolbe J (2006) The endurance shuttle walking test: 

a responsive measure in pulmonary rehabilitation for COPD patients. 

Chronic Respiratory Disease 3(1): 3-9 



   

401 

Edwards EA, Metcalfe R, Milne DG, Thompson J and Byrnes CA (2003) 

Retrospective review of children presenting with non cystic fibrosis 

bronchiectasis: HRCT features and clinical relationships. Pediatric 

Pulmonology 36(2): 87-93 

Ejiofor S and Turner AM (2013) Pharmacotherapies for COPD. Clinical Medicine 

Insights: Circulatory, Respiratory and Pulmonary Medicine 7(1): 17-34 

Elias JA, Lee CG, Zheng T, Ma B, Homer RJ and Zhu Z (2003) New insights into the 

pathogenesis of asthma. The Journal of Clinical Investigation 111(3): 291-

297 

Eliason G, Abdel-Halim S, Arvidsson B, Kadi F and Piehl-Aulin K (2009) Physical 

performance and muscular characteristics in different stages of COPD. 

Scandinavian Journal of Medicine & Science in Sports 19(6): 865-870 

Enright PL, Lebowitz MD and Cockroft DW (1994) Physiologic Measures: 

Pulmonary Function Tests. American Journal of Respiratory and Critical 

Care Medicine 149(2): 9-18 

Erbland ML, Ebert RV and Snow SL (1990) Interaction of hypoxia and hypercapnia 

on respiratory drive in patients with copd. Chest 97(6): 1289-1294 

Ernst E (2000) Breathing techniques--adjunctive treatment modalities for asthma? 

A systematic review. European Respiratory Journal 15(5): 969-972 

European Respiratory Society (2015) Adult asthma European Respiratory Society 

Lung White Book.  Sheffield: European Respiratory Society Available from: 

http://www.erswhitebook.org/chapters/adult-asthma/ [Accessed March 

2015] 

Evans DJ and Greenstone M (2003) Long-term antibiotics in the management of 

non-CF bronchiectasis—do they improve outcome? Respiratory Medicine 

97(7): 851-858 

Fahy JV (2009) Eosinophilic and Neutrophilic Inflammation in Asthma. Proceedings 

of the American Thoracic Society 6(3): 256-259 

Fiamma M-N, Samara Z, Baconnier P, Similowski T and Straus C (2007) Respiratory 

inductive plethysmography to assess respiratory variability and complexity 

in humans. Respiratory Physiology & Neurobiology 156(2): 234-239 

Fieselmann J, Hendryx M, Helms C and Wakefield D (1993) Respiratory rate 

predicts cardiopulmonary arrest for internal medicine inpatients. Journal of 

General Internal Medicine 8(7): 354-360 

Fitzpatrick AR (1983) The Meaning of Content Validity. Applied Psychological 

Measurement 7(1): 3-13 

Fleischer B, Kulovich MV, Hallman M and Gluck L (1985) Lung Profile: Sex 

Differences in Normal Pregnancy. Obstetrics & Gynecology 66(3): 327-330 

Fletcher C and Peto R (1977) The natural history of chronic airflow obstruction. 

BMJ 1(6077): 1645-1648 

http://www.erswhitebook.org/chapters/adult-asthma/


 

 402 

Foglio K, Bianchi L, Bruletti G, Battista L, Pagani M and Ambrosino N (1999) Long-

term effectiveness of pulmonary rehabilitation in patients with chronic 

airway obstruction. European Respiratory Journal 13(1): 125-132 

Folke M, Cernerud L, Ekström M and Hök B (2003) Critical review of non-invasive 

respiratory monitoring in medical care. Medical and Biological Engineering 

and Computing 41(4): 377-383 

Forey B, Thornton A and Lee P (2011) Systematic review with meta-analysis of the 

epidemiological evidence relating smoking to COPD, chronic bronchitis and 

emphysema. BMC Pulmonary Medicine 11(1): 36 

Forgacs P, Nathoo AR and Richardson HD (1971) Breath sounds. Thorax 26(3): 

288-295 

Frisk B, Espehaug B, Hardie JA, Strand LI, Moe-Nilssen R, Eagan TML, Bakke PS and 

Thorsen E (2014) Airway obstruction, dynamic hyperinflation, and 

breathing pattern during incremental exercise in COPD patients. 

Physiological Reports 2(2) 

Fukakusa M, Bergeron C, Tulic MK, Fiset P-O, Al Dewachi O, Laviolette M, Hamid Q 

and Chakir J (2005) Oral corticosteroids decrease eosinophil and CC 

chemokine expression but increase neutrophil, IL-8, and IFN-γ –inducible 

protein 10 expression in asthmatic airway mucosa. Journal of Allergy and 

Clinical Immunology 115(2): 280-286 

Garcia-Aymerich J, Farrero E, Félez MA, Izquierdo J, Marrades RM and Antó JM 

(2003) Risk factors of readmission to hospital for a COPD exacerbation: a 

prospective study. Thorax 58(2): 100-105 

Garcia-Pachon E (2002) Paradoxical movement of the lateral rib margin (Hoovers 

sign) for detecting Obstructive Airways Disease. Chest 122(651-655 

Garrod R, Paul EA and Wedzicha JA (2000) Supplemental oxygen during 

pulmonary rehabilitation in patients with COPD with exercise hypoxaemia. 

Thorax 55(7): 539-543 

Georgiadou O, Vogiatzis I, Stratakos G, Koutsoukou A, Golemati S, Aliverti A, 

Roussos C and Zakynthinos S (2007) Effects of rehabilitation on chest wall 

volume regulation during exercise in COPD patients. European Respiratory 

Journal 29(2): 284-291 

Giardino N, Chan L and Borson S (2004) Combined Heart Rate Variability and 

Pulse Oximetry Biofeedback for Chronic Obstructive Pulmonary Disease: 

Preliminary Findings. Applied Psychophysiology and Biofeedback 29(2): 

121-133 

Gibson P (2003) Self-management education and regular practitioner review for 

adults with asthma. Cochrane Database of Systematic Reviews  

Gigliotti F, Coli C, Bianchi R, Romagnoli I, Lanini B, Binazzi B and Scano G (2003) 

Exercise training improves exertional dyspnea in patients with copd*: 

Evidence of the role of mechanical factors. Chest 123(6): 1794-1802 



   

403 

Gilbert R, Auchincloss JH, Brodsky J and Boden W (1972) Changes in tidal volume, 

frequency, and ventilation induced by their measurement. Journal of 

applied physiology 33(2): 252-254 

Gilmartin JJ and Gibson GJ (1984) Abnormalities of chest wall motion in patients 

with chronic airflow obstruction. Thorax 39(4): 264-271 

Godfrey S, Edwards RHT, Campbell EJM and Newton-Howes J (1970) Clinical and 

physiological associations of some physiological signs in examonation of 

the chest. Thorax 25(285-287 

Gold (2014) Global strategy for the diagnosis, management and prevention of 

Chronic Obstructive Pulmonary Disease. IN: Decramer M (ed):  

Gomez P and Danuser B (2004) Affective and physiological responses to 

environmental noises and music. International Journal of Psychophysiology 

53(2): 91-103 

Gosker HR, Zeegers MP, Wouters EFM and Schols AMWJ (2007) Muscle fibre type 

shifting in the vastus lateralis of patients with COPD is associated with 

disease severity: a systematic review and meta-analysis. Thorax 62(11): 

944-949 

Gosselink R, De Vos J, Van Den Heuvel SP, Segers J, Decramer M and Kwakkel G 

(2011) Impact of inspiratory muscle training in patients with COPD: what is 

the evidence? European Respiratory Journal 37(2): 416-425 

Graham LE and Conley EM (1971) Evaluation of Anxiety and Fear in Adult Surgical 

Patients. Nursing Research 20(2): 113-122 

Grap MJ (2002) Pulse Oximetry. Critical Care Nurse 22(3): 69-74 

Green RH, Singh SJ, Williams J and Morgan MDL (2001) A randomised controlled 

trial of four weeks versus seven weeks of pulmonary rehabilitation in 

chronic obstructive pulmonary disease. Thorax 56(2): 143-145 

Griffiths TL, Burr ML, Campbell IA, Lewis-Jenkins V, Mullins J, Shiels K, Turner-

Lawlor PJ, Payne N, Newcombe RG, Lonescu AA, Thomas J and Tunbridge J 

(2000) Results at 1 year of outpatient multidisciplinary pulmonary 

rehabilitation: a randomised controlled trial. The Lancet 355(9201): 362-

368 

Groote AD, Groswasser J, Bersini H, Mathys P and Kahn A (2002) Detection of 

obstructive apnea events in sleeping infants from thoracoabdominal 

movements. Journal of Sleep Research 11(2): 161-168 

Grosjean F and Collins M (1979) Breathing, pausing and reading. Phonetica 36(98-

114 

Gross NJ (2001) Extrapulmonary effects of chronic obstructive pulmonary disease. 

Current Opinion in Pulmonary Medicine 7(2): 84-92 



 

 404 

Grossman P, Wilhelm FH and Brutsche M (2010) Accuracy of ventilatory 

measurement employing ambulatory inductive plethysmography during 

tasks of everyday life. Biological Psychology 84(1): 121-128 

Guyatt GH, Feeny DH and Patrick DL (1993) Measuring Health-Related Quality of 

Life. Annals of Internal Medicine 118(8): 622-629 

Haave E, Hyland M and Engvic H (2007) Improvements in exercise capacity during 

a 4 week Pulmonary Rehabilitation programme for patients with COPD do 

not correspond with improvements in self reported health status or quality 

of life. International Journal of Chronic Respiratory Disease 2(3): 355-359 

Hacken N (2010) Bronchiectasis. BMJ 341(1098-1093 

Halbert RJ, Natoli JL, Gano A, Badamgarav E, Buist AS and Mannino DM (2006) 

Global burden of COPD: systematic review and meta-analysis. European 

Respiratory Journal 28(3): 523-532 

Han J, Stegen K, Cauberghs M and Van De Woestijne K (1997) Influence of 

awareness of the recording of breathing on respiratory pattern in healthy 

humans. European Respiratory Journal 10(1): 161-166 

Hanly PJ and Zuberi-Khokhar NS (1996) Increased mortality associated with 

Cheyne-Stokes respiration in patients with congestive heart failure. 

American Journal of Respiratory and Critical Care Medicine 153(1): 272-6 

Hansen EF, Vestbo J, Phanareth K, Kok-Jensen A and Dirksen A (2001) Peak Flow 

as Predictor of Overall Mortality in Asthma and Chronic Obstructive 

Pulmonary Disease. American Journal of Respiratory and Critical Care 

Medicine 163(3): 690-693 

Harris ND, Suggett AJ, Barber DC and Brown BH (1987) Applications of applied 

potential tomography (APT) in respiratory medicine. Clinical Physics and 

Physiological Measurement 8(4A): 155 

Hawkins NM, Virani S and Ceconi C (2013) Heart failure and chronic obstructive 

pulmonary disease: the challenges facing physicians and health services. 

European Heart Journal 34(36): 2795-2803 

Hepper NGG, Fowler WS and Helmholz JHF (1960) Relationship of height to lung 

volume in healthy men. CHEST Journal 37(3): 314-320 

Hill NS (2006) Pulmonary Rehabilitation. Proceedings of the American Thoracic 

Society 3(1): 66-74 

Hixon J (1973) Normal aspects of speech, hearing and language: Respiratory 

function in speech. Prentice Hall 

Hixon J, Goldman MD and Mead J (1973) Kinematics of the chest wall during 

speech production: Volume displacement of the rib cage, diaphragm, and 

abdomen. J Speech Hear Res 16(1): 297-356 



   

405 

Hixon J, Mead J and Goldman MD (1976) Dynamics of the chest wall during 

speech production: Function of the thorax, rib cage, diaphragm, and 

abdomen. J Speech Hear Res 19(1): 297- 356 

Hodge MN and Rochet AP (1989) Characteristics of speech breathing in young 

women. J Speech Hear Res 32(3): 1240-1251 

Hodgetts TJ, Kenward G, Vlachonikolis IG, Payne S and Castle N (2002) The 

identification of risk factors for cardiac arrest and formulation of activation 

criteria to alert a medical emergency team. Resuscitation 54(2): 125-131 

Hoeppner VH, Cockcroft DW, Dosman JA and Cotton DJ (1984) Nighttime 

ventilation improves respiratory failure in secondary kyphoscoliosis. The 

American review of respiratory disease 129(2): 240-243 

Hogg JC (2006) Why does airway inflammation persist even after the smoking has 

stopped? Thorax 61(2): 69-67 

Hoit JD and Hixon TJ (1986) Body Type and Speech Breathing. J Speech Hear Res 

29(3): 313-324 

Hoit JD and Hixon TJ (1987) Age and Speech Breathing. J Speech Hear Res 30(3): 

351-366 

Hoit JD, Hixon TJ, Altman ME and Morgan WJ (1989) Speech Breathing in Women. J 

Speech Hear Res 32(2): 353-365 

Hoit JD, Hixon TJ, Watson PJ and Morgan WJ (1990) Speech Breathing in Children 

and Adolescents. J Speech Hear Res 33(1): 51-69 

Hoit JD, Lansing RW and Perona KE (2007) Speaking-Related Dyspnea in Healthy 

Adults. Journal of Speech, Language, and Hearing Research 50(2): 361-374 

Hoit JD and Lohmeier HL (2000) Influence of continuous speaking on ventilation. J 

Speech Hear Res 43(5): 1240-1251 

Holgate ST (2008) Pathogenesis of Asthma. Clinical & Experimental Allergy 38(6): 

872-897 

Holland A, Hill CJ and Jones A, Y. (2012) Breathing exercises for Chronic 

Obstructive Pulmonary Disease. The Cochrane Library  

Holland AE, Spruit MA, Troosters T, Puhan MA, Pepin V, Saey D, Mccormack MC, 

Carlin BW, Sciurba FC, Pitta F, Wanger J, Macintyre N, Kaminsky DA, Culver 

BH, Revill SM, Hernandes NA, Andrianopoulos V, Camillo CA, Mitchell KE, 

Lee AL, Hill CJ and Singh SJ (2014) An official European Respiratory 

Society/American Thoracic Society Technical Standard: field walking tests 

in chronic respiratory disease. European Respiratory Journal  

Homma I and Masaoka Y (2008) Breathing rhythms and emotions. Experimental 

Physiology 93(9): 1011-1021 

Hoover CF (1920) The diagnostic significance of inspiratory movements of the 

costal margins. Am. J. Med. Sci 159(633-643 



 

 406 

Hough A (2001) Physiotherapy in Respiratory Care. (Third Edition Edition) 

Salisbury: Acorn Bookwork 

Huber JE (2008) Effects of utterance length and vocal loudness on speech 

breathing in older adults. Respiratory Physiology & Neurobiology 164(3): 

323-330 

Huber JE and Spruill IIIJ (2008) Age-Related Changes to Speech Breathing With 

Increased Vocal Loudness. Journal of Speech, Language, and Hearing 

Research 51(3): 651-668 

Inéz F (2000) Electrical impedance tomography (EIT) in applications related to 

lung and ventilation: a review of experimental and clinical activities. 

Physiological Measurement 21(2): 1-21 

Ingemarsson I (2003) Gender aspects of preterm birth. BJOG: An International 

Journal of Obstetrics & Gynaecology 110(34-38 

Jamison J and Mckindley R (1993) Validity of peak expiratory flow rate variability 

for the diagnosis of asthma. Clinical Science 85(3): 367-71 

Janssens JP, Pache JC and Nicod LP (1999) Physiological changes in respiratory 

function associated with ageing. European Respiratory Journal 13(1): 197-

205 

Janssens T, Verleden G, De Peuter S, Van Diest I and Van Den Bergh O (2009) 

Inaccurate perception of asthma symptoms: A cognitive–affective 

framework and implications for asthma treatment. Clinical Psychology 

Review 29(4): 317-327 

John Henderson A (2013) Aetiology of asthma. Paediatrics and Child Health 23(7): 

287-290 

Jubran A (1999) Pulse oximetry. Critical Care 3(2): R11 - R17 

Kaneko H and Horie J (2012) Breathing Movements of the Chest and Abdominal 

Wall in Healthy Subjects. Respiratory Care 57(9): 1442-1451 

Kataoka H (2007) Age-related pulmonary crackles in asymptomatic cardiovascular 

patients. CHEST Journal 132(4): 581-581 

Katz LE, Gleich GJ, Hartley BF, Yancey SW and Ortega HG (2014) Blood Eosinophil 

Count Is a Useful Biomarker to Identify Patients with Severe Eosinophilic 

Asthma. Annals of the American Thoracic Society 11(4): 531-536 

Keatings VM, Collins PD, Scott DM and Barnes PJ (1996) Differences in interleukin-

8 and tumor necrosis factor-alpha in induced sputum from patients with 

chronic obstructive pulmonary disease or asthma. American Journal of 

Respiratory and Critical Care Medicine 153(2): 530-534 

Kendall JM (2003) Designing a research project: randomised controlled trials and 

their principles. Emergency Medicine Journal 20(2): 164-168 



   

407 

Kennedy S (2007) Detecting changes in the respiratory status of ward patients. 

Nursing Standard 21(49): 42-46 

Ketelaars CA, Schlösser MA, Mostert R, Huyer Abu-Saad H, Halfens RJ and Wouters 

EF (1996) Determinants of health-related quality of life in patients with 

chronic obstructive pulmonary disease. Thorax 51(1): 39-43 

Khoo C (2000) Determinants of ventilatory instability and variability. Respiration 

Physiology 122(2-3): 167-182 

Knox AJ, Morrison JF and Muers MF (1988) Reproducibility of walking test results 

in chronic obstructive airways disease. Thorax 43(5): 388-392 

Ko FWS and Hui DSC (2012) Air pollution and chronic obstructive pulmonary 

disease. Respirology 17(3): 395-401 

Konno K and Mead J (1967) Measurement of the separate volume changes of rib 

cage and abdomen during breathing. J Appl Physiol 22(3): 407-22 

Koulouris NG, Retsou S, Kosmas E, Dimakou K, Malagari K, Mantzikopoulos G, 

Koutsoukou A, Milic-Emili J and Jordanoglou J (2003) Tidal expiratory flow 

limitation, dyspnoea and exercise capacity in patients with bilateral 

bronchiectasis. European Respiratory Journal 21(5): 743-748 

Kraft M, Martin RJ, Wilson S, Djukanovic R and Holgate ST (1999) Lymphocyte and 

Eosinophil Influx into Alveolar Tissue in Nocturnal Asthma. American 

Journal of Respiratory and Critical Care Medicine 159(1): 228-234 

Kreit JW and Sciurba FC (1996) The accuracy of pneumotachograph 

measurements during mechanical ventilation. American Journal of 

Respiratory and Critical Care Medicine 154(4): 913-917 

Kuratomi Y, Okazaki N, Ishihara T, Arai T and Kira S (1985) Variability of Breath-

by-Breath Tidal Volume and its Characteristics in Normal and Diseased 

Subjects. Japanese Journal of Medicine 24(2): 141-149 

Lacasse Y, Martin S, Lasserson TJ and Goldstein RS (2007) Meta-analysis of 

respiratory rehabilitation in chronic obstructive pulmonary disease. A 

Cochrane systematic review. Europa medicophysica 43(4): 475-485 

Lake FR, Henderson K, Briffa T, Openshaw J and Musk AW (1990) UPper-limb and 

lower-limb exercise training in patients with chronic airflow obstruction. 

Chest 97(5): 1077-1082 

Lalley PM (2013) The aging respiratory system—Pulmonary structure, function 

and neural control. Respiratory Physiology & Neurobiology 187(3): 199-210 

Lanteri CJ and Sly PD (1993) Changes in respiratory mechanics with age. Journal 

of Applied Physiology 74(1): 369-378 

Layton AM, Moran SL, Garber CE, Armstrong HF, Basner RC, Thomashow BM and 

Bartels MN (2013) Optoelectronic plethysmography compared to 

spirometry during maximal exercise. Respiratory Physiology & 

Neurobiology 185(2): 362-368 



 

 408 

Lebowitz MD (1991) The use of peak expiratory flow rate measurements in 

respiratory disease. Pediatric Pulmonology 11(2): 166-174 

Lee L, Friesen M, Lambert IR and Loudon RG (1998) Evaluation of Dyspnea During 

Physical and Speech Activities in Patients With Pulmonary Diseases. Chest 

113(3): 625-632 

Lee L, Loudon RG, Jacobson BH and Stuebing R (1993) Speech Breathing in 

Patients with Lung Disease. American Journal of Respiratory and Critical 

Care Medicine 147(5): 1199-1206 

Leonhardt S and Lachmann B (2012) Electrical impedance tomography: the holy 

grail of ventilation and perfusion monitoring? Intensive Care Medicine 

38(12): 1917-1929 

Levy ML, Quanjer PH, Booker R, Cooper BG, Holmes S, Small I and Null (2009) 

Diagnostic spirometry in primary care: Proposed standards for general 

practice compliant with American Thoracic Society and European 

Respiratory Society recommendations. Primary care respiratory journal : 

journal of the General Practice Airways Group 18(3): 130-147 

Lieber C and Mohsenin V (1992) Cheyne-Stokes respiration in congestive heart 

failure. Yale journal of medicine and biology. 65(1): 39-50 

Lieberman MD and Cunningham WA (2009) Type I and Type II error concerns in 

fMRI research: re-balancing the scale. Social Cognitive and Affective 

Neuroscience 4(4): 423-428 

Llewellin P, Sawyer G, Lewis S, Cheng SOO, Weatherall M, Fitzharris P and Beasley 

R (2002) The relationship between FEV1 and PEF in the assessment of the 

severity of airways obstruction. Respirology 7(4): 333-337 

Lokke A, Lange P, Scharling H, Fabricius P and Vestbo J (2006) Developing COPD: 

a 25 year follow up study of the general population. Thorax 61(11): 935 - 

939 

Lopez A and Del Castillo F (2000) Influence of peak expiratory flow monitoring on 

an asthma self-management education programme. Respiratory Medicine 

94(8): 760-766 

Loring SH, Garcia-Jacques M and Malhotra A (2009) Pulmonary characteristics in 

COPD and mechanisms of increased work of breathing. Journal of applied 

physiology 107(1): 309-314 

Loudon RG, Lee L and Holcomb BJ (1988) Volumes and Breathing Patterns during 

Speech in Healthy and Asthmatic Subjects. J Speech Hear Res 31(2): 219-

227 

Loveridge B, West P, Kryger MH and Anthonisen NR (1986) Alteration in breathing 

pattern with progression of chronic obstructive pulmonary disease. The 

American review of respiratory disease 134(5): 930-934 

Macnee W (2005) Pathogenesis of Chronic Obstructive Pulmonary Disease. 

Proceedings of the American Thoracic Society 2(4): 258-266 



   

409 

Mahler DA and Wells CK (1988) Evaluation of clinical methods for rating dyspnea. 

CHEST Journal 93(3): 580-586 

Maitre B, Similowski T and Derenne JP (1995) Physical examination of the adult 

patient with respiratory diseases: Inspection and palpation. Eur Respir J 

8(9): 1584-1593 

Manifold JaY and Murdoch BE (1993) Speech Breathing in Young Adults: Effect of 

Body Type. J Speech Hear Res 36(4): 657-671 

Marquis F, Coulombe N, Costa R, Gagnon H, Guardo R and Skrobik Y (2006) 

Electrical Impedance Tomography's Correlation to Lung Volume is Not 

Influenced by Anthropometric Parameters. Journal of Clinical Monitoring 

and Computing 20(3): 201-207 

Martínez-García MÁ, Soler-Cataluña JJ, Donat Sanz Y, Catalán Serra P, Agramunt 

Lerma M, Ballestín Vicente J and Perpiñá-Tordera M (2011) Factors 

associated with bronchiectasis in patients with copd. CHEST Journal 

140(5): 1130-1137 

Masaoka Y and Homma I (1997) Anxiety and respiratory patterns: their 

relationship during mental stress and physical load. International Journal 

of Psychophysiology 27(2): 153-159 

Masaoka Y and Homma I (1999) Expiratory time determined by individual anxiety 

levels in humans. Journal of applied physiology 86(4): 1329-1336 

Mcardle N and O'neill B (2001) Survey of the Physiotherapy Management of 

Patients with Bronchiectasis in the UK. Physiotherapy 87(11): 605 

Meier U (2006) A note on the power of Fisher's least significant difference 

procedure. Pharmaceutical Statistics 5(4): 253-263 

Mendelson Y (1992) Pulse oximetry: theory and applications for noninvasive 

monitoring. Clinical Chemistry 38(9): 1601-7 

Metlay JP, Kapoor WN and Fine MJ (1997) Does this patient have community-

acquired pneumonia?: Diagnosing pneumonia by history and physical 

examination. JAMA 278(17): 1440-1445 

Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo R, 

Enright P, Van Der Grinten CPM, Gustafsson P, Jensen R, Johnson DC, 

Macintyre N, Mckay R, Navajas D, Pedersen OF, Pellegrino R, Viegi G and 

Wanger J (2005) Standardisation of spirometry. European Respiratory 

Journal 26(2): 319-338 

Minami S, Yamamoto S, Ogata Y, Nakatani T, Takeuchi Y, Hamaguchi M, Koba T 

and Komuta K (2014) Ambulatory pulse oximetry monitoring in Japanese 

COPD outpatients not receiving oxygen therapy. Multidisciplinary 

Respiratory Medicine 9(1): 24 

Mitchell HL, Hoit JD and Watson PJ (1996) Cognitive-Linguistic Demands and 

Speech Breathing. J Speech Hear Res 39(1): 93-104 



 

 410 

Mittman C, Edelman NH, Norris AH and Shock NW (1965) Relationship between 

chest wall and pulmonary compliance and age. Journal of Applied 

Physiology 20(6): 1211-1216 

Moher D, Schulz KF and Altman DG (2001) The CONSORT statement: revised 

recommendations for improving the quality of reports of parallel-group 

randomised trials. The Lancet 357(9263): 1191-1194 

Moore CA, Caulfield TJ and Green JR (2001) Relative Kinematics of the Rib Cage 

and Abdomen During Speech and Nonspeech Behaviors of 15-Month-Old 

Children. J Speech Lang Hear Res 44(1): 80-94 

Morgan MDL (2003) Preventing hospital admissions for COPD: role of physical 

activity. Thorax 58(2): 95-96 

Mueller RE, Petty TL and Filley GF (1970) Ventilation and arterial blood gas 

changes induced by pursed lips breathing. Journal of Applied Physiology 

28(6): 784-9 

Muers M (1993) Understanding Breathlessness. Lancet 342(9): 1190 

Murray MP, Turnbull K, Macquarrie S and Hill AT (2009) Assessing response to 

treatment of exacerbations of bronchiectasis in adults. European 

Respiratory Journal 33(2): 312-318 

Newall C, Stockley RA and Hill SL (2005) Exercise training and inspiratory muscle 

training in patients with bronchiectasis. Thorax 60(11): 943-948 

Nice (2010) Chronic Obstructive Pulmonary Disease. Management of COPD in 

adults in primary and secondary care.  

Nice (2015) Draft guidelines to improve asthma diagnosis.  

Nici L, Zuwallack R, Wouters E and Donner CF (2006) On pulmonary rehabilitation 

and the flight of the bumblebee: the ATS/ERS Statement on Pulmonary 

Rehabilitation. European Respiratory Journal 28(3): 461-462 

Nicod LP (2005) Lung defences: an overview. European Respiratory Review 

14(95): 45-50 

Niederman MS, Clemente PH, Fein AM, Feinsilver SH, Robinson DA, Ilowite JS and 

Bernstein MG (1991) Benefits of a multidisciplinary pulmonary 

rehabilitation program. improvements are independent of lung function. 

CHEST Journal 99(4): 798-804 

Nield MA, Soo Hoo GW, Roper JM and Santiago S (2007) Efficacy of Pursed-Lips 

Breathing:  A breathig pattern retraining strategy for dyspnoea reduction. 

Journal of Cardiopulmonary Rehabilitation and Prevention 27(4): 237-244 

Niewoehner DE (2010) Outpatient Management of Severe COPD. New England 

Journal of Medicine 362(15): 1407-1416 

Nolan D and White P (1999) FEV1 and PEF in COPD management. Thorax 54(5): 

468 



   

411 

O'donnell AE (2008) Bronchiectasis. CHEST Journal 134(4): 815-823 

O'donnell DE and Laveneziana P (2006) Physiology and consequences of lung 

hyperinflation in COPD. European Respiratory Review 15(100): 61-67 

O'donnell DE, Revill SM and Webb KA (2001) Dynamic Hyperinflation and Exercise 

Intolerance in Chronic Obstructive Pulmonary Disease. American Journal of 

Respiratory and Critical Care Medicine 164(5): 770-777 

O'neill B, Bradley JM, Mcardle N and Macmahon J (2002) The current 

physiotherapy management of patients with bronchiectasis: a UK survey. 

International journal of clinical practice 56(1): 34-35 

O’donnell DE (2000) Assessment of bronchodilator efficacy in symptomatic 

copd*: Is spirometry useful? CHEST Journal 117(2): 42-47 

O’driscoll BR, Howard LS and Davison AG (2008) BTS guideline for emergency 

oxygen use in adult patients. Thorax 63( 6): 3-15 

Ong H, Lee A, Hill C, Holland A and Denehy L (2011) Effects of pulmonary 

rehabilitation in bronchiectasis: A retrospective study. Chronic Respiratory 

Disease 8(1): 21-30 

Orozco-Levi M (2003) Structure and function of the respiratory muscles in 

patients with COPD: impairment or adaptation? European Respiratory 

Journal 22(46 suppl): 41-51 

Ottenheijm CaC, Heunks LMA, Sieck GC, Zhan W-Z, Jansen SM, Degens H, De Boo 

T and Dekhuijzen PNR (2005) Diaphragm Dysfunction in Chronic 

Obstructive Pulmonary Disease. American Journal of Respiratory and 

Critical Care Medicine 172(2): 200-205 

Parameswaran K, Belda J and Sears M (1999) Use of peak flow variability and 

methacholine responsiveness in predicting changes from pre-test 

diagnosis of asthma. European Respiratory Journal 14(6): 1358-1362 

Parreira VF, Bueno CJ, França DC, Vieira DSR, Pereira DR and Britto RR (2010) 

Padrão respiratório e movimento toracoabdominal em indivíduos 

saudáveis: influência da idade e do sexo. Brazilian Journal of Physical 

Therapy 14(411-416 

Parreira VF, Vieira DSR, Myrrha MaC, Pessoa IMBS, Lage SM and Britto RR (2012) 

Optoelectronic plethysmography: a review of the literature. Brazilian 

Journal of Physical Therapy 16(439-453 

Pasterkamp H, Kraman S and Wodicka G (1997) Respiratory sounds: Advances 

beyond the stethoscope. American Journal of Respiratory and Critical Care 

Medicine 156(3): 974 - 84 

Pasteur M and Hill AT (2010) BTS guideline for non-CF Bronchiectasis - a quick 

reference guide. IN: Society BT (ed):  

Pasteur MC, Helliwell SM, Houghton SJ, Webb SC, Foweraker JE, Coulden RA, 

Flower CD, Bilton D and Keogan MT (2000) An Investigation into Causative 



 

 412 

Factors in Patients with Bronchiectasis. American Journal of Respiratory 

and Critical Care Medicine 162(4): 1277-1284 

Pauwels RA, Buist AS, Calverley PMA, Jenkins CR and Hurd SS (2001) Global 

Strategy for the Diagnosis, Management, and Prevention of Chronic 

Obstructive Pulmonary Disease. American Journal of Respiratory and 

Critical Care Medicine 163(5): 1256-1276 

Peat J, Woolcock A and Cullen K (1990) Decline of lung function and development 

of chronic airflow limitation: a longitudinal study of non-smokers and 

smokers in Busselton, Western Australia. Thorax 45(1): 32 - 37 

Perez-Padilla R, Vollmer WM, Vázquez-García JC, Enright PL, Menezes AMB, Buist 

AS, For The B and Groups PS (2009) Can a normal peak expiratory flow 

exclude severe chronic obstructive pulmonary disease? The International 

Journal of Tuberculosis and Lung Disease 13(3): 387-393 

Perez W and Tobin MJ (1985) Separation of factors responsible for change in 

breathing pattern induced by instrumentation. Journal of applied 

physiology 59(5): 1515-1520 

Perkins G, Mcauley D, Giles S, Routledge H and Gao F (2003) Do changes in pulse 

oximeter oxygen saturation predict equivalent changes in arterial oxygen 

saturation? Critical Care 7(4): 67 - 71 

Petty TL (2003) Definition, epidemiology, course, and prognosis of COPD. Clinical 

Cornerstone 5(1): 1-10 

Piirila P and Sovijarvi A (1995) Crackles: recording, analysis and clinical 

significance. European Respiratory Journal 8(12): 2139-2148 

Pomidori L, Campigotto F, Amatya TM, Bernardi L and Cogo A (2009) Efficacy and 

Tolerability of Yoga Breathing in Patients With Chronic Obstructive 

Pulmonary Disease: A pilot study. Journal of Cardiopulmonary 

Rehabilitation and Prevention 29(2): 133-137  

Poole K, A,, Thompson JR, Hallinan H, M, and Breadsmore C, S (2000) Respiratory 

inductance plethysmography in healthy infants: a comparison of three 

calibration mentods. Eur Respir J 16(1084-1090 

Priban IP (1963) An analysis of some short-term patterns of breathing in man at 

rest. The Journal of Physiology 166(3): 425-434 

Price D, Yawn B, Brusselle G and Rossi A (2013) Risk-to-benefit ratio of inhaled 

corticosteroids in patients with COPD. Primary Care Respiratory Journal 

22(1): 92-100 

Pride NB (2001) Smoking cessation: effects on symptoms, spirometry and future 

trends in COPD. Thorax 56(2): 7-10 

Pride NB (2005) Ageing and changes in lung mechanics. European Respiratory 

Journal 26(4): 563-565 



   

413 

Quackenboss JJ, Lebowitz MD and Krzyzanowski M (1991) The Normal Range of 

Diurnal Changes in Peak Expiratory Flow Rates: Relationship to Symptoms 

and Respiratory Disease. American Review of Respiratory Disease 143(2): 

323-330 

Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, Calverley P, Fukuchi Y, Jenkins C, 

Rodriguez-Roisin R, Van Weel C and Zielinski J (2007) Global Strategy for 

the Diagnosis, Management, and Prevention of Chronic Obstructive 

Pulmonary Disease. American Journal of Respiratory and Critical Care 

Medicine 176(6): 532-555 

Ralston AC, Webb RK and Runciman WB (1991) Potential errors in pulse oximetry 

III: Effects of interference, dyes, dyshaemoglobins and other pigments*. 

Anaesthesia 46(4): 291-295 

Rameckers H, Kohl J and Boutellier U (2007) The influence of a mouthpiece and 

noseclip on breathing pattern at rest is reduced at high altitude. 

Respiratory Physiology &amp; Neurobiology 156(2): 165-170 

Rao AB and Gray D (2003) Breathlessness in hospitalised adult patients. Postgrad 

med J 79(681-685 

Reardon J, Awad E, Normandin E, Vale F, Clark B and Zuwallack RL (1994) The 

effect of comprehensive outpatient pulmonary rehabilitation on dyspnea. 

CHEST Journal 105(4): 1046-1052 

Reck CL, Fiterman-Molinari D, Barreto SSM and Fiterman J (2010) Baixo grau de 

percepção da dispneia após teste de broncoprovocação induzida por 

metacolina em pacientes com asma. Jornal Brasileiro de Pneumologia 

36(539-544 

Renzi G, Milic-Emili J and Grassino AE (1986) Breathing Pattern in Sarcoidosis and 

Idiopathic Pulmonary Fibrosis. Annuals of the New York acadamy of 

sciences 465(482-490 

Revill SM, Morgan MDL, Singh SJ, Williams J and Hardman AE (1999) The 

endurance shuttle walk: a new field test for the assessment of endurance 

capacity in chronic obstructive pulmonary disease. Thorax 54(3): 213-222 

Revow MD, England SJ, Stogryn HA and Wilkes DL (1987) Comparison of 

calibration methods for respiratory inductive plethysmography in infants. J 

Appl Physiol 63(5): 1853-61 

Ries AL (2005) Minimally Clinically Important Difference for the UCSD Shortness 

of Breath Questionnaire, Borg Scale, and Visual Analog Scale. COPD: 

Journal of Chronic Obstructive Pulmonary Disease 2(1): 105-110 

Ries AL, Bauldoff GS, Carlin BW, Casaburi R, Emery CF, Mahler DA, Make B, 

Rochester CL, Zuwallack R and Herrerias C (2007) Pulmonary 

Rehabilitation*. Chest 131(5 suppl): 40-42 

Ritz T, Simon E and Trueba AF (2011) Stress-Induced Respiratory Pattern Changes 

in Asthma. Psychosomatic Medicine 73(6): 514-521 



 

 414 

Rodenstein DO and Mercenier C (1980) Influence of the respiratory route on 

resting breathing pattern in humans. Am Rev Respir Dis 131(1): 163-6 

Rodger RS (1975) The number of non-zero, post hoc contrasts from ANOVA and 

error rate. British Journal of Mathematical and Statistical Psychology 28(1): 

71-78 

Rolston D, Diaz-Guzman E and Budev M (2008) Accuracy of the physical 

examination in evaluating pleural effusion. Cleveland Clinic Journal of 

Medicine 75(4): 297-303 

Romei M, Mauro AL, D’angelo MG, Turconi AC, Bresolin N, Pedotti A and Aliverti A 

(2010) Effects of gender and posture on thoraco-abdominal kinematics 

during quiet breathing in healthy adults. Respiratory Physiology & 

Neurobiology 172(3): 184-191 

Roth M (2008) Pathogenesis of COPD. Part III. Inflammation in COPD. The 

International Journal of Tuberculosis and Lung Disease 12(4): 375-380 

Russell BA, Cerny FJ and Stathopoulos ET (1998) Effects of Varied Vocal Intensity 

on Ventilation and Energy Expenditure in Women and Men. J Speech Lang 

Hear Res 41(2): 239-248 

Russell NK and Stathopoulos E (1988) Lung Volume Changes in Children and 

Adults during Speech Production. J Speech Hear Res 31(2): 146-155 

Sackner MA (1996) A simple and reliable method to calibrate respiratory 

magnetometers and Respitrace. J Appl Physiol 81(1): 516-7 

Sackner MA, Watson H, Belsito AS, Feinerman D, Suarez M, Gonzalez G, Bizousky 

F and Krieger B (1989) Calibration of respiratory inductive plethysmograph 

during natural breathing.  

Saetta M (1999) Airway Inflammation in Chronic Obstructive Pulmonary Disease. 

American Journal of Respiratory and Critical Care Medicine 160(1): 17-20 

Salman GF, Mosier MC, Beasley BW and Calkins DR (2003) Rehabilitation for 

Patients With Chronic Obstructive Pulmonary Disease. Journal of General 

Internal Medicine 18(3): 213-221 

Sassoon CSH and Hawari FI (1999) Breathing Pattern of Patients with COPD IN: 

Vincent J-L (ed) Yearbook of Intensive Care and Emergency Medicine 1999. 

Springer Berlin Heidelberg 201-206 

Scano G and Ambrosino N (2002) Pathophysiology of Dyspnea. Lung 180(131-148 

Schreur HJ, Sterk PJ, Vanderschoot J, Klink V and Dijkman HJ (1992) Lung sound 

intensity in patients with emphysema and in normal subjects at 

standardised airflows. Thorax 47(9): 647-679 

Seemungal TR, Donaldson G, Bhowmik A, Jeffries D and Wedzicha J (2000) Time 

Course and Recovery of Exacerbations in Patients with Chronic Obstructive 

Pulmonary Disease. American Journal of Respiratory and Critical Care 

Medicine 161(5): 1608-1613 



   

415 

Semmes BJ, Tobin MJ, Snyder JV and Grenvik A (1985) Subjective and objective 

measurement of tidal volume in critically ill patients. CHEST Journal 87(5): 

577-579 

Sewell L, Singh SJ, Williams JEA, Collier R and Morgan MDL (2006) How long 

should outpatient pulmonary rehabilitation be? A randomised controlled 

trial of 4 weeks versus 7 weeks. Thorax 61(9): 767-771 

Shea SA, Walter J, Murphy K and Guz A (1987) Evidence for individuality of 

breathing patterns in resting healthy man. Respiration Physiology 68(3): 

331-344 

Silva G, Sherrill D, Guerra S and Barbee R (2004) Asthma as a risk factor for COPD 

in a longitudinal study. Chest 126(59 - 65 

Similowski T, Yan S, Gauthier AP, Macklem PT and Bellemare F (1991) Contractile 

Properties of the Human Diaphragm during Chronic Hyperinflation. New 

England Journal of Medicine 325(13): 917-923 

Singer RB and Hastings AB (1948) An Improved Clinical Method for the Estimation 

of Disturbances of the Acid-Base Balance of Human Blood. Medicine 27(2): 

223 

Singh J and Al E (2014) An official Systematic review of the European Respiratory 

Society/ American Thoracic Society: Measurment properties of field 

walking tests in chronic respiratory disease.  

Singh SJ, Jones PW, Evans R and Morgan MDL (2008) Minimum clinically important 

improvement for the incremental shuttle walking test. Thorax 63(9): 775-

777 

Slader CA, Reddel HK, Spencer LM, Belousova EG, Armour CL, Bosnic-Anticevich 

SZ, Thien FCK and Jenkins CR (2006) Double blind randomised controlled 

trial of two different breathing techniques in the management of asthma. 

Thorax 61(8): 651-656 

Sliwinski P, Lagosz M, Gorecka D and Zielinski J (1994) The adequacy of 

oxygenation in COPD patients undergoing long-term oxygen therapy 

assessed by pulse oximetry at home. European Respiratory Journal 7(2): 

274-278 

Soguel Schenkel N, Burdet L, De Muralt B and Fitting J (1996) Oxygen saturation 

during daily activities in chronic obstructive pulmonary disease. European 

Respiratory Journal 9(12): 2584-2589 

Soler-Cataluña JJ, Martínez-García MÁ, Román Sánchez P, Salcedo E, Navarro M 

and Ochando R (2005) Severe acute exacerbations and mortality in patients 

with chronic obstructive pulmonary disease. Thorax 60(11): 925-931 

Solomon NP and Hixon TJ (1993) Speech Breathing in Parkinson's Disease. J 

Speech Hear Res 36(2): 294-310 

Sovijarvi ARA, Malmberg LP, Charbonneau G, Vanderschoot J, Dalmasso F, Sacco 

C, Rossi M and Earis J (2000) Characteristics of breath sounds and 



 

 416 

adventitious respiratory sounds. European respiratory review 10(2): 591 -

596 

Spence DP, Hay JG, Carter J, Pearson MG and Calverley P (1993) Oxygen 

desaturation and breathlessness during corridor walking in chronic 

obstructive pulmonary disease: effect of oxitropium bromide. . Thorax 

48(11): 1145-1150 

Sperry EE and Kilich RJ (1992) Speech breathing in senescent and younger woman 

during oral reading. Journal of speech and breathing research 35(1246-

1255 

Sperry EE and Klich RJ (1992) Speech Breathing in Senescent and Younger Women 

During Oral Reading. J Speech Hear Res 35(6): 1246-1255 

Spruit MA and Singh SJ (2013) An Official American Thoracic Society/European 

Respiratory Society Statement: Key Concepts and Advances in Pulmonary 

Rehabilitation. American Journal of Respiratory and Critical Care Medicine 

188(8): 13-64 

St. John RE (2003) End-Tidal Carbon Dioxide Monitoring. Critical Care Nurse 

23(4): 83-88 

Stanley K (2007) Design of Randomised Controlled Trials. Circulation 115(9): 

1164-1169 

Stoneham MD, Saville GM and Wilson IH (1994) Knowledge about pulse oximetry 

among medical and nursing staff. The Lancet 344(8933): 1339-1342 

Sykes A and Johnston SL (2008) Etiology of asthma exacerbations. Journal of 

Allergy and Clinical Immunology 122(4): 685-688 

Takahashi T, Ichinose M, Inoue H, Shirato K, Hattori T and Takishima T (2003) 

Underdiagnosis and undertreatment of COPD in primary care settings. 

Respirology 8(4): 504-508 

Takigawa N, Tada A, Soda R, Date H, Yamashita M, Endo S, Takahashi S, Kawata 

N, Shibayama T, Hamada N, Sakaguchi M, Hirano A, Kimura G, Okada C 

and Takahashi K (2007) Distance and oxygen desaturation in 6-min walk 

test predict prognosis in COPD patients. Respiratory Medicine 101(3): 561-

567 

Tang J, Mandrusiak A and Russell T (2012) The Feasibility and Validity of a 

Remote Pulse Oximetry System for Pulmonary Rehabilitation: A Pilot Study. 

International journal of telemedicine and applications 2012( 

Taylor MB and Whitwam JG (1986) The current status of pulse oximetry. 

Anaesthesia 41(9): 943-949 

Teramoto S (2007) 1. COPD Pathogenesis from the Viewpoint of Risk Factors. 

Internal Medicine 46(2): 77-80 



   

417 

Thomas M, Mckinley RK, Freeman E, Foy C, Prodger P and Price D (2003) 

Breathing retraining for dysfunctional breathing in asthma: a randomised 

controlled trial. Thorax 58(2): 110-115 

Thornby MA, Haas FO and Axen K (1995) EFfect of distractive auditory stimuli on 

exercise tolerance in patients with copd. Chest 107(5): 1213-1217 

Thurlbeck WM (1982) Postnatal human lung growth. Thorax 37(8): 564-571 

Tobias JD and Meyer DJ (1997) Noninvasive monitoring of carbon dioxide during 

respiratory failure in toddlers and infants: end-tidal versus transcutaneous 

carbon dioxide. Anesthesia & Analgesia 85(1): 55-58 

Tobin MJ (1992) Breathing pattern analysis. Intensive Care Medicine 18(193 - 201 

Tobin MJ, Chadha TS, Jenouri G, Birch S, Gazeroglu HB and Sackner MA (1983a) 

Breathing pattern. 1. Normal subjects. Chest 84(1): 202-205 

Tobin MJ, Chadha TS, Jenouri G, Birch S, Gazeroglu HB and Sackner MA (1983b) 

Breathing patterns. 2. Diseased subjects. Chest 84(3): 286-294 

Tobin MJ, Jenouri G, Lind B, Watson H, Schneider A and Sackner MA (1983c) 

Validation of respiratory inductive plethysmography in patients with 

pulmonary disease. Chest 83(4): 615-20 

Tobin MJ, Mador MJ, Guenther SM, Lodato RF and Sackner MA (1988) Variability of 

resting respiratory drive and timing in healthy subjects. Journal of Applied 

Physiology 65(1): 309-317 

Tolep K, Higgins N, Muza S, Criner G and Kelsen SG (1995) Comparison of 

diaphragm strength between healthy adult elderly and young men. 

American Journal of Respiratory and Critical Care Medicine 152(2): 677-

682 

Tolep K and Kelsen SG (1993) Effect of aging on respiratory skeletal muscles. 

Clinics in chest medicine 14(3): 363-378 

Tønnesen P (2013) Smoking cessation and COPD. European Respiratory Review 

22(127): 37-43 

Tooth L, Ware R, Bain C, Purdie DM and Dobson A (2005) Quality of Reporting of 

Observational Longitudinal Research. American Journal of Epidemiology 

161(3): 280-288 

Trauer JM, Gielen CA, Aminazad ALI and Steinfort CL (2013) Ambulatory oximetry 

fails to predict survival in chronic obstructive pulmonary disease with mild-

to-moderate hypoxaemia. Respirology 18(2): 377-382 

Troosters T, Gosselink R and Decramer M (2000) Short- and long-term effects of 

outpatient rehabilitation in patients with chronic obstructive pulmonary 

disease: a randomized trial. The American Journal of Medicine 109(3): 207-

212 



 

 418 

Troosters T, Gosselink R, Janssens W and Decramer M (2010) Exercise training 

and pulmonary rehabilitation: new insights and remaining challenges. 

European Respiratory Review 19(115): 24-29 

Troyer D and Estenne M (1984) Co-ordination between ribcage muscles and 

diaphragm during quiet breathing in humans. Journal of applied 

physiology 57(3): 899-906 

Turner JM, Mead J and Wohl ME (1968) Elasticity of human lungs in relation to 

age. Journal of Applied Physiology 25(6): 664-671 

Tzortzaki EG and Siafakas NM (2009) A hypothesis for the initiation of COPD. 

European Respiratory Journal 34(2): 310-315 

Valta P, Takala J, Foster R, Weissman C and Kinney JM (1992) Evaluation of 

respiratory inductive plethysmography in the measurement of breathing 

pattern and peep-induced changes in lung volume. CHEST Journal 102(1): 

234-238 

Van Der Bruggen-Bogaarts BaHA, Van Der Bruggen HMJG, Van Waes PFGM and 

Lammers J-WJ (1996) Screening for bronchiectasis : A comparative study 

between chest radiography and high-resolution ct. Chest 109(3): 608-611 

Vannuccini L, Rossi M and Pasquali G (1998) A new method to detect crackles in 

respiratory sounds. Technology and Health Care 6(1): 75-79 

Verrill D, Barton C, Beasley W and Lippard WM (2005) The effects of short-term 

and long-term pulmonary rehabilitation on functional capacity, perceived 

dyspnea, and quality of life*. CHEST Journal 128(2): 673-683 

Verschakelen JA and Demedts MG (1995) Normal thoracoabdominal motions. 

Influence of sex, age, posture, and breath size. American Journal of 

Respiratory and Critical Care Medicine 151(2): 399-405 

Vogiatzis I, Terzis G, Stratakos G, Cherouveim E, Athanasopoulos D, Spetsioti S, 

Nasis I, Manta P, Roussos C and Zakynthinos S (2011) Effect of pulmonary 

rehabilitation on peripheral muscle fiber remodeling in patients with copd 

in gold stages ii to iv. Chest 140(3): 744-752 

Von Leupoldt A and Dahme B (2007) Psychological aspects in the perception of 

dyspnea in obstructive pulmonary diseases. Respiratory Medicine 101(3): 

411-422 

Wang L, Zhang Z, Mcardle JJ and Salthouse TA (2008) Investigating Ceiling Effects 

in Longitudinal Data Analysis. Multivariate Behavioral Research 43(3): 476-

496 

Wang YT, Green JR, Nip ISB, Kent RD and Kent JF (2010) Breath Group Analysis for 

Reading and Spontaneous Speech in Healthy Adults. Folia Phoniatrica et 

Logopaedica 62(6): 297-302 

Warren RH and Alderson SH (1985) Calibration of computer-assisted (Respicomp) 

respiratory inductive plethysmography in newborns. Am Rev Respir Dis 

131(4): 564-7 



   

419 

Watsford ML, Murphy AJ and Pine MJ (2007) The effects of ageing on respiratory 

muscle function and performance in older adults. Journal of Science and 

Medicine in Sport 10(1): 36-44 

Watz H, Waschki B, Boehme C, Claussen M, Meyer T and Magnussen H (2008) 

Extrapulmonary Effects of Chronic Obstructive Pulmonary Disease on 

Physical Activity. American Journal of Respiratory and Critical Care 

Medicine 177(7): 743-751 

Wedzicha J, Bestall J, Garrod R, Garnham R, Paul E and Jones P (1998) Randomized 

controlled trial of pulmonary rehabilitation in severe chronic obstructive 

pulmonary disease patients, stratified with the MRC dyspnoea scale. 

European Respiratory Journal 12(2): 363-369 

Wedzicha JA and Seemungal TaR (2007) COPD exacerbations: Defining their cause 

and prevention. The Lancet 370(9589): 786-796 

Welsby PD and Earis JE (2001) Some high pitched thoughts on chest examination. 

Postgraduate Medical Journal 77(912): 617-620 

Western PJ and Patrick JM (1988) Effects of focusing attention on breathing with 

and without apparatus on the face. Respiration Physiology 72(1): 123-130 

Weycker D, Edelsberg J, Oster G and Tino G (2005) Prevalence and Economic 

Burden of Bronchiectasis. Clinical Pulmonary Medicine 12(4): 205-209 

White JE, Drinnan MJ, Smithson AJ, Griffiths CJ and Gibson GJ (1995) Respiratory 

muscle activity during rapid eye movement (REM) sleep in patients with 

chronic obstructive pulmonary disease. Thorax 50(4): 376-382 

Whittom F, Jobin J, Simard PM, Leblanc P, Simard C, Bernard S, Belleau R and 

Maltais F (1998) Histochemical and morphological characteristics of the 

vastus lateralis muscle in patients with chronic obstructive pulmonary 

disease. Medicine and science in sports and exercise 30(10): 1467-1474 

Who (2004) World Health Organization: Chronic Obstrucive Pulmonary Disease 

(COPD).  [Accessed January 2011] 

Who (2011) COPD: Definition.  [Accessed January 2011] 

Wijdicks E, F, M. (2007) Biot's breathing. J Neurol Neurosurg Psychiatry 78(5): 

512-513 

Wijkstra PJ, Ten Vergert EM, Van Altena R, Otten V, Kraan J, Postma DS and Koëter 

GH (1995) Long term benefits of rehabilitation at home on quality of life 

and exercise tolerance in patients with chronic obstructive pulmonary 

disease. Thorax 50(8): 824-828 

Wilkinson TMA, Donaldson GC, Hurst JR, Seemungal TaR and Wedzicha JA (2004) 

Early Therapy Improves Outcomes of Exacerbations of Chronic Obstructive 

Pulmonary Disease. American Journal of Respiratory and Critical Care 

Medicine 169(12): 1298-1303 



 

 420 

Winkworth AL, Davies PJ, Adams RD and Ellis E (1995) Breathing patterns during 

spontaneous speech. Journal of speech and breathing research 38(124-

144 

Winkworth AL, Davis PJ, Ellis E and Adams RD (1994) Variability and Consistency 

in Speech Breathing During Reading: Lung Volumes, Speech Intensity, and 

Linguistic Factors. J Speech Hear Res 37(3): 535-556 

Wise RA (2006) The Value of Forced Expiratory Volume in 1 Second Decline in the 

Assessment of Chronic Obstructive Pulmonary Disease Progression. The 

American Journal of Medicine 119(10): 4-11 

Wukitsch M, Petterson M, Tobler D and Pologe J (1988) Pulse oximetry: Analysis 

of theory, technology, and practice. Journal of Clinical Monitoring 4(4): 

290-301 

Wysocki M, Cracco C, Teixeira A, Mercat A, Diehl J-L, Lefort Y, Derenne J-P and 

Similowski T (2006) Reduced breathing variability as a predictor of 

unsuccessful patient separation from mechanical ventilation *. Critical 

Care Medicine 34(8): 2076-2083 10.1097/01.CCM.0000227175.83575.E9 

Yan S, Sliwinski P and Macklem PT (1996) Association of chest wall motion and 

tidal volume responses during CO2 rebreathing. Journal of Applied 

Physiology 81(4): 1528-1534 

Yañez AM, Guerrero D, Pérez De Alejo R, Garcia-Rio F, Alvarez-Sala JL, Calle-Rubio 

M, Malo De Molina R, Valle Falcones M, Ussetti P, Sauleda J, García EZ, 

Rodríguez-González-Moro JM, Franco Gay M, Torrent M and Agustí A 

(2012) Monitoring breathing rate at home allows early identification of 

copd exacerbations. CHEST Journal 142(6): 1524-1529 

Yoshida T and Tuder RM (2007) Pathobiology of Cigarette Smoke-Induced Chronic 

Obstructive Pulmonary Disease. Physiological Reviews 87(3): 1047-1082 

Yoshimi K, Ueki J, Seyama K, Takizawa M, Yamaguchi S, Kitahara E, Fukazawa S, 

Takahama Y, Ichikawa M, Takahashi K and Fukuchi Y (2012) Pulmonary 

rehabilitation program including respiratory conditioning for chronic 

obstructive pulmonary disease (COPD): Improved hyperinflation and 

expiratory flow during tidal breathing. Journal of Thoracic Disease 4(3): 

259-264 

Zielinski J and Bednarek M (2001) Early detection of COPD in a high-risk 

population using spirometric screening. Chest 119(731 - 736 

Molinari, M. (2003) High fidelity imaging in electrical impedance tomography. 

University of Southampton, School of Electronics and Computer Science, 

Doctoral Thesis , 150pp.  

 

 



   

421 

 

 

 

 

 

 

 


