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A lack of good outcome measures has been a barrier to the development of an evidence base for all areas of respiratory physiotherapy. Many of the clinically available outcome measures are not specifically related to the physiotherapy intervention employed and may be affected by other factors. In this paper, the outcome measures currently clinically available to UK NHS physiotherapists to assess the response to alveolar recruitment and airway clearance interventions have been reviewed. It is clear that there is an urgent need to increase the accuracy, reliability, and sensitivity of the outcome measures employed, or to develop new measures to assess the effectiveness of respiratory physiotherapy. Lung sounds provide useful, specific information, but standard auscultation is too subjective to allow them to be used as an outcome measure. Computer Aided Lung Sound Analysis (CALSA) is proposed as a new objective, non-invasive, bedside clinical measure with the potential to monitor and assess the effects of airway clearance therapy.
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There is an acknowledged need to provide all areas of physiotherapy practice with a sound evidence base. In order to achieve this, it is necessary to have objective, reliable, valid and appropriate outcome measures for research purposes. Outcome assessment is also essential to determine individual patient responses, to evaluate the overall effectiveness of an intervention, programme or service, and to make comparisons between interventions. It is, therefore, necessary to have robust outcome measures that can also be applied clinically. The main aims of respiratory physiotherapy include: (i) increasing alveolar recruitment, thereby improving ventilation; (ii) increasing secretion removal and therefore airway clearance; (iii) decreasing work of breathing and consequently dyspnoea; (iv) increasing muscle strength and endurance to increase exercise capacity and independence in daily © W. S. Maney & Son Ltd 2006



functioning; and (v) increasing patients’ understanding of their lung condition to promote self-management. Research into airway clearance techniques was one of the priorities for research identified during the UK, Chartered Society of Physiotherapy 2002 ‘Priorities for Physiotherapy Research’ exercise.1,2 In this paper, we have reviewed outcome measures that address the first two related aims, i.e. alveolar recruitment and airway clearance techniques. In all areas of respiratory physiotherapy, one of the barriers to the development of the required evidence base has been the lack of good outcome measures. There are many doubts about the accuracy, reliability, sensitivity and validity of current measures, and their ability to reflect clinical changes resulting from airway clearance techniques.3–7 The American Thoracic Society8 has suggested that there is a need either to simplify some of the current tools (without losing DOI 10.1179/108331906X163441
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their discriminative capability or ability to detect change), or to develop new tools for respiratory interventions. Respiratory physiotherapists use the following outcome measures to monitor their interventions and evaluate their practice: sputum quantity, respiratory function tests, tests of gas exchange, imaging evidence and standard auscultation techniques. Most of these clinically available outcome measures are not specifically related to the physiotherapy intervention employed and may be affected by other factors. There is no gold standard outcome measure that is specifically related to respiratory physiotherapy interventions. Most of the published respiratory physiotherapy research compares two or more active interventions rather than an active intervention versus an inactive control. In such studies, it is never clear if differences are not detected because the outcome measures are not appropriate, or because the treatments being compared are equally effective/ineffective. Although there are other more invasive or laboratory-based outcome measures available, these are generally only applicable to a research setting. In this paper, we have focused on reviewing only those measures currently clinically available to the majority of UK physiotherapists, and propose a potential new clinical measure, i.e. Computer Aided Lung Sound Analysis (CALSA). The measures have been reviewed to determine their conformity with the requirements for outcome measures recently outlined by Jones and Agusti,9 i.e. relevance, sensitivity, selectivity and specificity, reliability, repeatability, interpretability, simplicity and cost-efficacy.



SPUTUM QUANTITY Airway clearance implies movement and expectoration of secretions and is one of the aims of respiratory physiotherapy.10 Sputum volume/weight (dry or wet) has been suggested as a convenient and useful outcome measure for reflecting the amount of secretions released from the airways.11 Mucus is transported from the bronchial airways by mucociliary clearance, spontaneous cough or directed huffs and coughs. Subsequently, it is either expectorated or swallowed.12 Published studies have used sputum quantity as an outcome measure for various physiotherapy interventions.13–16 Although sputum expectoration is relatively simple to collect and measure, it is not specific to alveolar recruitment or airway clearance, or sensitive to small differences. Its repeatability is influenced by many factors; therefore, the relevance of the measure has frequently been questioned.4,12,17–19 Furthermore, sputum weight does not accurately or reliably represent sputum clearance and there is no convincing



evidence that volume of sputum equates with pulmonary function.7,19–21 Lack of expectoration during physiotherapy treatments does not mean that surface secretion movement is not happening, or that airway clearance has not occurred. It is very common to expectorate a few hours after a physiotherapy session, or to swallow secretions, which means that weight of sputum expectorated during a session may seriously underestimate airways secretion clearance. Not all the mucus cleared from the lungs is expectorated22 and a significant amount may be swallowed or contaminated with saliva.12,17,18,23 Sputum production can, therefore, be both over- and under-estimated. Therefore, even if measured very precisely, the authors consider sputum quantity to be an unreliable outcome measure.



BEDSIDE RESPIRATORY FUNCTION TESTS If alveolar recruitment manoeuvres or airway clearance techniques are effective, then ventilation should improve and, therefore, larger volumes of air should be inspired/expired. The way that an individual inhales and exhales volumes of air as a function of time is assessed by spirometry. The typical measures are forced vital capacity (FVC), vital capacity, forced expiratory volume in one second (FEV1) and the ratio between FEV1 and FVC. Measures of maximum expiratory flow over the middle 50% of vital capacity, inspiratory capacity, and forced maximal flow during expiration or inspiration (peak expiratory or inspiratory flow) or as a function of volume (flow–volume curves), can also be made.24–26 In order to have clinical utility, the dynamic lung volumes and maximum flows of any individual need to be compared with predicted values,26 using the same reference source, anthropometric (e.g. gender, age, height, weight) and ethnic characteristics.27 Spirometry has been described as a cost-effective, simple, reliable, valid, bedside measure and as easy to interpret28 when used to give evidence about specific lung function or indirect information about respiratory muscle performance,26 and a sensitive marker of respiratory disease,29 but is inadequate for assessing the effectiveness of therapeutic interventions.9 Lung function correlates poorly with dyspnoea and other symptoms30 and is inadequate to describe the impact of a disease.9 Furthermore, the accuracy, selectivity and sensitivity of spirometry depends on many factors which are difficult to control: volume or flow transducer characteristics, use of an in-line filter, recorder, display or processor and also on individual factors, e.g. the cooperation of the patient; relationship between the patient and the technician.25 Generally, measurements
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are highly dependent on patients’ initial effort and motivation.31 This makes it unsuitable for patients who are unwilling or unable to co-operate, or who have any pain or discomfort; such conditions pertain in a large proportion of patients requiring respiratory therapy. Nevertheless, spirometry is widely used by respiratory physiotherapists for a range of screening, assessment and monitoring purposes.26 Numerous short-term studies comparing different respiratory physiotherapy interventions have been unable to detect differences between treatments when using spirometry as an outcome measure, despite an increase in sputum production and changes in sputum visco-elasticity.13,17,32–35 However, in more intensive studies involving several treatment sessions each day over a period of a week or more,36–38 and in longterm studies (around one year),39,40 spirometry was able to detect significant differences between physiotherapy interventions. Therefore, it is suggested that while spirometry lacks sufficient sensitivity to be used as a clinical outcome measure for assessing and monitoring respiratory physiotherapy treatments on a daily basis, it is more useful for longer term evaluations, provided patient co-operation is not affected.



TESTS OF GAS EXCHANGE Blood gas analysis If ventilation improves or sputum is removed from the lungs, it would be logical to expect that oxygenation would also show improvement. Arterial blood gas analysis is the gold standard test for assessment of arterial gases, i.e. oxygen and carbon dioxide. It is sensitive, specific, reliable, relevant, repeatable and easy to interpret. However, arterial blood gases are obtained invasively and the procedure is not always easily or simply performed.41 The test results reveal information about oxygen partial pressure (PaO2), carbon dioxide partial pressure (PaCO2) and hydrogen ion activity (pH) in arterial blood, as well as calculated indices of bicarbonate concentration, base excess and oxygen saturation. These provide data for one specific moment in time, but are not usually used on a daily basis to monitor physiotherapy interventions (except for patients receiving intensive care), because of the invasive nature of the sampling process.



Non-invasive oxygen saturation Oxygen saturation can be assessed indirectly and noninvasively using pulse oximeters. Pulse oximetry is
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simple to perform, is relevant and can be measured over time.41 However, the specificity, reliability and sensitivity levels of this outcome measure are variable. Pulse oximeters are unable to detect saturations below 83% with an acceptable degree of accuracy and precision and the measures obtained are influenced by many factors, such as: haemoglobin level, arterial blood flow to the vascular bed, temperature of the area where the oximetry sensor is located, fluorescent or direct sunlight, jaundice, discoloration of the nail bed, nail polish, bruising under the nail, motion artefact, intravascular dyes, and skin pigmentation.42–44 Pulse oximeters are also unable to differentiate between oxygen and carbon monoxide; the presence of the latter bound to haemoglobin increases registered oxygen saturation values,44 so oximeters should not be used in patients who smoke tobacco.43 Oxygen saturation calculated by a pulse oximeter has a 95% confidence interval of ± 4%,43 which is deemed sufficiently accurate for most clinical situations45 but is insufficiently precise for research. Research studies that have used arterial blood gases46,47 or oxygen saturation33,35,37,48,49 as an outcome measure for airway clearance or alveolar recruitment manoeuvres have not detected significant differences between different respiratory physiotherapy interventions. Thus, although measures of gas exchange have many of the qualities required of an ideal outcome measure, their low sensitivity and specificity makes them less useful for assessing the effects of physiotherapy interventions.



IMAGING Respiratory conditions have been assessed by a variety of imaging techniques such as chest radiographs, computerised tomography and magnetic resonance imaging. Chest radiographs provide a picture of the extent and severity of disease at a specific time, but sometimes it may take one or two days to detect abnormalities that other clinical measures have already detected.50 Although chest radiography is a very commonly used investigation and is in itself reliable, relevant and relatively simple to perform, detailed interpretation of the resultant film is relatively complicated.51 Radiologists are able to provide physiotherapists and other clinicians with reports detailing any abnormalities detected, but such reports may not be immediately available. In addition, radiograph evaluation entails subjectivity, variability, and uncertainty even when performed by experienced radiologists;52,53 indeed, it has been found that the chest radiograph is the most common type of radiograph to be misinterpreted by observers.54,55 In some



302



MARQUES, BRUTON AND BARNEY



situations, chest radiographs may suggest more extensive disease, in others they may underestimate the pathology present.50 Nevertheless, comparisons with previous radiographs provide a measure of improvement or deterioration over time, and response to treatment. However, the inherent risks associated with exposure to radiation mean that it would not be appropriate to recommend routine before-and-after radiographs specifically to assess the effects of physiotherapy. For assessment of chest radiographic images there are various objective scoring systems for specific pathologies (for example, the Brasfield score for cystic fibrosis)56 and recent attempts have been made to computerise analysis,57 but no method has yet been universally accepted. In several studies including chest radiographs as an outcome measure to assess the effects of respiratory physiotherapy, no detectable differences were shown between interventions.18,20,34,39,40 Other imaging techniques are available, but are no more practical for the assessment of routine physiotherapy.



AUSCULTATION Standard auscultation via a stethoscope is an assessment tool used by many health professionals during chest examination in their clinical practice50,58,59 and is often used by physiotherapists to monitor patients’ response to respiratory interventions. However, the literature has contradictory reports about its value in routine current practice. Some authors argue that auscultation is an inappropriate outcome measure because of the differences in health professionals’ hearing acuity as well as in the properties of stethoscopes. There can also be different approaches to the description of auscultatory findings, nomenclature difficulties, and inter- and intra-observer variability.60–62 Others have argued that auscultation is an easy, rapid, effective, non-invasive, and cost-effective way of assessing the condition of the airway and breathing.58 The sound heard through a stethoscope depends on three main factors: (i) sound present at the chest wall; (ii) perception of sound by the human ear; and (iii) acoustics of the stethoscope itself.62 Therefore, standard auscultation is a subjective process that depends on the hearing experience and the ability to differentiate between different sound patterns.61 Agreement between observers during standard stethoscope examination for the presence of normal or abnormal lung sounds (i.e. wheezes or crackles) was found to be only ‘poor-to-moderate’, and clinical experience was not found to have any clear effect on accuracy or reliability.63–65 Elphick et al.66 found that using computerised acoustic analysis



of recorded lung sounds improved the reliability of detection for all sounds when compared to listening through a stethoscope. Therefore, although the use of a standard stethoscope may be too subjective to provide a useful outcome measure, the sounds generated from the lungs may still provide useful information, and should relate directly to movement of air and secretions. The authors believe that lung sounds recorded directly from a microphone, and their computer-aided analysis, provide a potential non-invasive bedside outcome measure that could detect changes in the airways specifically related to physiotherapy interventions.



Lung sounds Despite an incomplete understanding of the basic mechanisms of production of lung sounds, and a lack of adequate clinical and physiological correlates of the sounds themselves,67,68 the field has advanced in recent years. Normal lungs generate breath sounds as a result of turbulent airflow in the trachea and proximal bronchi, e.g. large and medium size airways. The airflow in the small airways and alveoli has a very low velocity and is laminar, and, therefore, silent. Turbulent flow characteristics are influenced by airway dimensions, which are a function of body height;69 body size, age, gender and airflow will all affect breath sounds.70 Sounds heard or recorded at the chest wall surface are generated from within the lungs, and are, therefore, also affected by the transmission characteristics of the lung and chest wall.62,71 They differ according to the location at which they are heard or recorded, and vary with the respiratory cycle.72 The geometry of the bronchi also contributes to the complexity of the thoracic acoustics73 because it affects flow, and consequently breath sounds. Normal breath sounds are classified into three frequency bands, i.e. low (100–< 300 Hz), middle (300–< 600 Hz) and high (600–1200 Hz).70 Breath sounds may be abnormal in certain pathological conditions of the airway or lungs. Normal breath sounds can be classified as ‘abnormal’ if heard at inappropriate locations. For example, ‘bronchial breathing’, involving a prolonged and loud expiratory phase with frequency components up to 600–1000 Hz,72 is normal if heard over the trachea, but abnormal if heard at the lung periphery. This would typically be heard in the presence of lung consolidation. There are also added sounds (known as adventitious sounds) which can be continuous (wheezes) or discontinuous (crackles). The presence of adventitious sounds usually indicates a pulmonary disorder.74 Other added sounds, such as stridor and pleural rub
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will not be discussed here as they are unlikely to be affected by physiotherapy interventions. Wheezes are continuous adventitious lung sounds. The mechanisms underlying their production appear to involve an interaction between the airway wall and the gas moving through the airway.75 The normal sound wave form for breath sounds is replaced by continuous undulating sinusoidal deflections76 produced by fluttering of the airway walls. These oscillations start when the airflow velocity reaches a critical value, called flutter velocity, due to narrowed airways.72,75,77 Wheezes are always accompanied by flow limitation but flow limitation is not necessarily accompanied by wheezes.72 These can be produced by any of the mechanisms that reduce airway calibre such as bronchospasm, mucosal oedema, intraluminal tumour or secretions, foreign bodies, or external compression.75 The pitch of the wheeze is dependent on the mass and elasticity of the airway walls and on the flow velocity and is not influenced by the length or size of the airway.75 The dominant frequency of a wheeze is usually between 80–100 Hz and 500 Hz and the duration longer than 100 ms.72 Wheezes can be monophonic, when only one pitch is heard, or polyphonic when multiple frequencies are heard simultaneously.72 They are clinically defined as musical sounds and can be characterised by their location, intensity, pitch, duration in the respiratory cycle, and relationship to the phase of respiration.75 Wheezes are typical in bronchitis, asthma and emphysema78 and their number per respiratory cycle, using Computer Aided Lung Sound Analysis (CALSA), has been reported to be a good indicator of obstruction.79 Crackles are discontinuous adventitious sounds. They are intermittent, non-musical, brief sounds thought to be caused by the acoustic energy generated by pressure equalisation or change in elastic stress after a sudden opening or closing of airways.60,72,80,81 Crackles may represent abrupt opening or closing of single airways and will frequently be heard when there is inflammation, infection or oedema in the lungs. One factor that may be affected by these conditions is the elastic recoil pressure which may increase. The appearance of crackles may be an early sign of respiratory disease.72 Crackles tend to occur first in the basal areas of the lungs but may spread to the upper zones as disease progresses. Their character is explosive and transient and depends on the diameter of the airways, which is related to the pathophysiology of the surrounding tissue. Their duration is less than 20 ms, and their frequency content typically is wide, ranging from 100–2000 Hz.72 This short duration and often low intensity, makes their discrimination and characterisation by normal auscultation very difficult.82 Crackles may change or disappear during
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auscultation or during pulmonary function tests, possibly due to the effect of lung expansion.



Computer-aided lung sound analysis (CALSA) CALSA is designed to overcome the inherent problems of standard auscultation techniques, by removing the subjective component and allowing the quantification of lung sounds. Digital recordings of lung sounds are simple and relevant to collect, and have shown very high inter- and intrasubject repeatability with any interindividual variability explained by height, gender and anatomical characteristics.83 It has been claimed that the use of objective respiratory acoustic measurements is promising for detection of regional changes.84 Lung sound interpretation is enhanced using CALSA through the generation of permanent records of the measurements made, and through graphical representations that help with diagnosis and management of patients suffering from chest diseases.72,74,85,86 There is increasing evidence that CALSA provides clinically useful information about regional ventilation within the lungs.85 The number and distribution of crackles per breath has been associated with severity of disease in patients with interstitial lung disorders60,72 and pneumonia.87,88 Recorded crackles have also been found to differ in different diseases, allowing differentiation between conditions such as COPD, fibrosing alveolitis, bronchiectasis, heart failure,89 asbestosis and pulmonary oedema.90,91 Therefore, the authors believe that analysing the waveform, number, distribution, timing, and pitch of crackles and wheezes may have clinical significance in assessing physiotherapy interventions. However, reliable and convenient bedside methods for recording and analysing acoustic signals are still being developed. Recent guidelines for research and clinical practice in the field of respiratory sound analysis have been produced (Computerized Respiratory Sound Analysis 2000) financed by the European Union.61 There is a great deal of information derivable from lung sounds, that is not normally readily accessible even to experienced clinicians. At a single anatomical site, a clinician can potentially make several observations – presence or absence of adventitious sounds, character, timing, location, and duration of adventitious sounds, duration of the inspiratory and expiratory phases. A clinician listening at ten sites has, therefore, at least 60 possible sets of recordable data, which exceeds the memory capacity of most people. Murphy et al.88 suggested that the current primary advantages of CALSA over standard auscultation are efficient objective data collection and
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management, and automatic data archiving with easy retrievability. The specificity, sensitivity and clinical utility of lung sound analysis have also been studied. CALSA has already been used to assess the airways’ response to bronchodilators and bronchoconstrictors in children and in adults.92 Baughman and Loudon93 studied the lung sounds of 20 asthmatic adult patients before and after a bronchodilator, and found that the use of the bronchodilator was associated with a reduction in the proportion of the respiratory cycle occupied by wheezes from 86% to 31%, and a reduction in sound frequency from 440 Hz to 298 Hz. In two studies involving patients with airways’ obstruction, Fiz et al.94,95 found changes in the frequency content of lung sound signals after the administration of bronchodilators. Malmberg et al.96 studied 11 asthmatic children (aged 10–14 years) and found that spectral analysis of lung sounds can be used to detect airways obstruction during bronchial challenge tests. When combined with spirometry, CALSA increased the sensitivity of detection of pulmonary disease, and was able to provide early signs of lung disease that was not detected by spirometry alone.97 Furthermore, as FEV1 does not seem to reflect small changes in airway morphology in asthma, CALSA may provide a more sensitive indication of minor alterations in airway geometry.98 Baughman and Loudon79 recorded the lung sounds of asthmatic patients overnight and were able to detect different degrees of obstruction severity that were not revealed by any other outcome measure. Therefore, the possibility of using computers to aid interpretation is a further advantage of CALSA over those listed previously. In future, it may be possible to determine the site of any airway obstruction and to follow the effect of therapy by the analysis of respiratory sounds.99,100 The data required for CALSA have clinical utility, can be interpreted objectively and are relevant and simple to collect – requiring only a microphone and a recording device from which sounds may be transferred to a digital format for analysis. In the future, the aim should be to develop equipment and software portable enough to allow the clinician to perform a bedside measurement and to interpret the data quickly and accurately. The technique has been found to be specific, reliable, and sensitive within the limited use to which it has been put to date. Although it has been used for some time to identify normal and abnormal lung sounds, it has not yet been evaluated as an outcome measure for physiotherapy. The authors believe that in future CALSA could become a convenient and reliable bedside measure to monitor and assess the effects of therapy.



CONCLUSIONS Clinical respiratory physiotherapists currently lack good outcome measures that are specifically related to the interventions employed (for example, alveolar recruitment or airway clearance techniques). Most of the clinically available outcome measures are not specifically related to physiotherapy interventions and may be affected by other factors. Therefore, when assessing the effectiveness of interventions, it is never clear if a lack of significant effect is found as a result of ineffective treatment, or from the use of an inappropriate outcome measure. It is clear that there is an urgent need to increase the accuracy, reliability, and sensitivity of the outcome measures employed, or to develop new measures to assess the effectiveness of respiratory physiotherapy. Lung sounds provide useful, specific information, but standard auscultation is too subjective to allow them to be used as an outcome measure. Computer Aided Lung Sound Analysis is proposed as an objective, non-invasive, bedside clinical measure with the potential to monitor and assess the effects of airway clearance therapy.
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