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1.1 Introduction and historical background 

 

Wheezing disorders are a common problem in young children. In clinical practice clinicians 

have to rely on the history and complaints of the parents to estimate the severity of the disease 

without the benefit of objective measures of lung function. Especially in very young children 

between the ages of a several months and 5 years ethical and technical difficulties are inherent 

to routine lung function testing. 

 

A non-invasive electromyographic (EMG) device that is easy to handle to estimate lung 

function would extend diagnostic possibilities and would provide an objective measure to 

evaluate therapy in infants with recurrent wheezing disorders. Monitoring the activity of the 

diaphragmatic and intercostal muscular system is the most direct way to obtain information on 

respiratory muscle function and could be used as an indirect variable to estimate airway 

obstruction. Studies in animals show that histamine- or methacholine-induced 

bronchoconstriction responses causes the diaphragm and intercostal muscles to increase their 

electrical activity (Van Lunteren 1987, Trippenbach 1988). During the last decades 

transcutaneous EMG measurements have been used in respiratory studies, involving both 

adults and infants (Campbell 1954, Taylor 1960, Agostoni 1960, Prechtl 1977, Muller 1980, 

O’Brien 1983, O’Brien 1987, Clanton 1995, Beck 1998, Sinderby 1998). At the Department 

of Medical Physiology, University of Groningen, a method for monitoring respiratory EMG 

activity transcutaneously, has been developed and used for several years in the field of 

developmental neurology, especially in diagnosing disordered respiratory behaviour of 

neonates and infants (Prechtl 1977, O’Brien 1983, O’Brien 1987). 

 

In an earlier phase, a pilot study was designed to investigate whether an increase in 

transcutaneously measured EMG activity corresponded with the dose-step that induced a 20% 

fall or more after a histamine-inhalation challenge in asthmatic school children (Sprikkelman 

1998). An inverse correlation had been observed between the maximum fall in FEV1 and the 

increase in diaphragmatic and intercostal EMG activity. With regard to humans, Sprikkelman 

et al. were probably the first to publish data concerning the use of diaphragmatic and 

intercostal EMG activity during histamine induced airway obstruction in the assessment of 

bronchial responsiveness in school children (Sprikkelman 1998). The conclusion at the time 

was that surface EMG of the diaphragmatic and intercostal muscles appeared to be non-

invasive and easy to perform.  
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Recent reports suggest that lower respiratory illness in early childhood, in which wheezing is 

a prominent feature, is an important risk factor for developping chronic obstructive lung 

disease at the opposite end of life. There is evidence that the early initiation of treatment may 

provide long-lasting improvement even after asthma therapy has been stopped (Grol 1996, 

Grol 1999, Sears 2000). As tools to confirm clinical diagnosis, to monitor response to therapy, 

and to follow the course of the disease are required in infants with recurrent wheezing, 

validation of this new method is necessary. 

 

 

1.2 Wheezing disorders in infancy: The size of the problem 

 

Wheezing disorders are a common problem in young children (Larsen 1992, Silverman 1995). 

The infant with persistent or recurrent wheezing during the first 4 years of life poses a 

diagnostic dilemma, which can be a source of anxiety to both physicians and parents. Many 

different conditions may cause wheezing in childhood, including asthma-like manifestations 

and viral infections, congenital lung disorders (i.e.,cystic fibrosis) and foreign body aspiration 

(Avila 1998, Lemanske 2002). The findings of an elevated respiratory rate, in conjunction 

with subcostal retractions, hyperinflation to percussion, and wheezing, are diagnostic for 

airway obstruction in the larger and smaller airways. 

 

Asthma usually begins at an early age, and is by far the most prevalent disorder that is 

recognised as a major health problem in the Western World (American Public Health 

Association 1992). The disease is characterised by recurrent attacks of airway obstruction, 

which can be partly or completely reversed, either spontaneously or in response to 

medication. Asthma is a heterogeneous condition, as the nature of the attacks and the pattern 

of recurrence vary considerably from child to child (Stein 1997). Although mild asthma 

during childhood may resolve, it seems that in those with severe asthma, wheezing continues 

into adulthood (Sears 2000). 

 

Several different phenotypes of  wheezing disorders have been suggested that follow a 

common pathway characterised by recurrent airway obstruction (Stein 1997). Three of these 

types are transient early wheezing, nonatopic wheezing of the toddler and early school years, 

and atopic wheezing (Stein 1997).  
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Transient early wheezing 

Transient early wheezing characteristically resolves by age 3. The primary risk factor for 

transient early wheezing seems to be exposure to environmental tobacco smoke, and 

mechanical pulmonary characteristics, such as reduced airway resistance or increased 

dynamic compliance, and is not associated with a family history of asthma.  

 

Nonatopic wheezing 

Most school-age children have a history of airflow limitation during the first 3 years of life 

(Yunginger 1992). The most common cause of airflow limitation in infancy is a viral 

infection, often caused by the respiratory syncytial virus (RSV). Stein et al. found that no 

relationship of RSV lower respiratory tract infection was identified to allergic sensitisation, 

irrespective of family history of asthma (Stein 1997). However, these children with a RSV 

lower respiratory tract infection before 3 years of age had a significantly lower FEV1 by the 

age of 13 (Stein 1999). 

 

Atopic wheezing 

Frequently, asthma that begins early in life is associated with the genetic predisposition for 

sensitisation to allergens (atopy). Early allergic sensitisation seems to play an important role 

in persistent asthma. Among school-age children with persistent asthma, the onset of 

symptoms before age 3 is associated with increased severity of the disease and increased 

bronchial hyperresponsiveness later in life (Martinez 1995). Thus, the decisive airway 

changes seem to begin early in life. 

 

The prevalence of asthma/wheezing disorders is difficult to establish, since there is no clear 

dividing line between health and disease. The internationally reported prevalence of asthma 

varies widely between countries, ranging from 11 to 20% in school-age children (Godfrey 

1992). In 80% of these children, symptoms of wheezing started before the age of 5 years 

(Godfrey 1992). During adolescence the prevalence decreases, and 40-80% of children with 

asthma become symptom-free. In early childhood there is a remarkable difference in the 

prevalence of asthma between sexes, the male:female ratio is approximately 2:1. During 

adolescence this ratio reduces to 1:1. In the last decade, there is an increasing prevalence of 

all 3 above mentioned phenotypes of asthma in pre-school children (Kuehni 2001). The fact 

that all pre-school wheezing disorders have increased suggests that factors unrelated to atopy 
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are implicated in the changing epidemiology of wheezing in childhood (Burney 1990, Britton 

1992). 

 

Epidemiological data on early childhood wheezing are scanty. Two large population studies 

are available to date. In Tucson, Arizona, USA, 287 children (33.5%) of a birth cohort of 826 

infants who were followed prospectively, developed at least one lower respiratory tract illness 

with wheezing during the first 3 years of life. Sixty percent of these early “wheezers” 

remained wheezing-free after the age of 6 years; the other 40% had persistent wheeze 

(Martinez 1995). In a random population sample of 1650 white children (response rate of 

86.2%) under 5 years of age in Leicestershire, United Kingdom, prevalence rates for 

wheezing were cross-sectionally investigated. Cumulative prevalence rates were 20.2% for 

boys and 9.5% for girls in the first year of life, 18.1% and 8.2% in the second year of life, 

18.1% and 14.5% in the third, 14.1% and 16.6% in the fourth, and 18.2% and 16.0% in the 

fifth year of life, respectively (Luyt 1993). Doctor diagnosed asthma was about half as 

prevalent as symptoms of wheezing during the first four years of life in this study. Wheezing 

during the first years of life has a rather benign prognosis and seems unrelated to childhood 

asthma, but if it develops after the age of 2 it is a prognostic factor for developing asthma. 

The latter is usually associated with the presence of atopy for inhalant allergens (Wilson 

1989). 

 

No data for random population samples are available to estimate the prevalence of early 

childhood wheezing in The Netherlands. In an older population-based study from Groningen, 

Jancik et al. showed that over 26% of the examined toddlers (mean age of 1) had symptoms of 

cough, full chest, wheezing, shortness of breath or were diagnosed as asthmatic (Jancik 1975). 

These data are compatible with the Leicestershire data (Luyt 1993). Some studies quoted 

annual period prevalence figures with a 20 to 30% relative increase in the prevalence of 

wheezing between the 1970s and late 1980s and a doubling in hospital admission rates for 

diagnosed asthma in young children (Strachan 1992, Hess 2003). Hess et al. found that, 

between 1980 and 1999, hospital admissions for asthma increased significantly in the age 

group 0 to 4 years (Hess 2003). In line with these observations, Kuehni et al. found that, 

between 1990 and 1998, there was a significant increase in the prevalence of reported 

wheezing ever from 16 to 29% and current wheezing from 12 to 26%, while diagnosis of 

asthma increased from 11 to 19% (Kuehni 2001).  
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It is clear that wheezing disorders are a significant health problem in young children, not least 

in the Netherlands, both in general practice and at referral centers (Brand 1998, Hess 2003). 

There is a large group of children (about 20% of the population) who develop wheezing 

during viral infections during the first 3 years of life but whose symptoms disappear at school 

age. These children do not have any of the important risk factors associated with asthma in 

childhood, such as genetic background or bronchial hyperresponsiveness. The main 

characteristic associated with asthma in these children is reduced lung function, which can be 

detected before these illnesses develop (Martinez 1997, Martinez 1998). In addition, the 

evidence suggests that recurrent obstructive symptoms remit in a large number of children 

who develop these symptoms during the first 2 to 3 years of life, and low lung function seems 

to be the main risk factor for these transient episodes (Martinez 1988). The development of 

accurate prognostic tests may be decisive in determining adequate strategies for prevention 

and treatment of asthma. 

 

 

1.3 Lung function testing in infants and pre-school children 

 

Pulmonary function testing is a fundamental part of the evaluation of the patient with asthma 

symptoms, not only in establishing the diagnosis but also in assessing disease severity. 

Additionally, as mentioned above, several studies have suggested that certain infants are 

predisposed to wheezing in the first 2 years of life due to abnormal lung function, prior to the 

first wheezing illness and the subsequent development of asthma (Stein 1997, Martinez 1995, 

Young 2000, Sega 2001). However, medical decision making in infants must often rely on 

clinical assessment without the benefit of objective measures of pulmonary function, because 

technical difficulties are inherent to pulmonary function testing in young children. Although 

in the past decade newer techniques for lung function measurement were developped, most of 

these techniques are still used as research tools and are not easy to use for routine lung 

function measurements in clinical practice (Stocks 1991, Benoist 1994, Kraemer 1995, 

Bisgaard 1995, Stocks 1999, Marchal 1999, Davis 2003).  

 

In school-age children (5 years and older) direct lung volume measurements can be made by 

body plethysmography (Hofhuis 2003), interrupter resistance measurements (Arets 2003) and 

gas dilution techniques (Boeck 1998). Flow-volume measurements during forced expiration 

can also be performed (Pfaff 1994, Official Statement of the European Respiratory Society 
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1993). These tests have the advantage of being fairly easy to perform, but require co-

ordination and co-operation of the patient which makes them difficult to use before the age of 

5 (Crenesse 2001). The lung compliance and resistance of infants and young children can be 

measured during active breathing using an oesophageal balloon or using a weighted-

spirometer method (Tepper 1984). Respiratory system mechanics can also be measured using 

passive deflation or forced oscillation techniques (Solymar 1989, Stocks 1996, Zach 1997). In 

infants, partial expiratory flow-volume loops can be obtained by applying rapid thoracic 

compression by means of an inflatable jacket (Landau 1996, Stocks 1996). These methods are 

technically demanding and often require sedation of the patient, which limits their application 

to research laboratories. A time-based trace of tidal flow-volume parameters can be obtained 

using a pneumotachograph attached to a tracheal tube or facemask. Tidal breathing indices 

appeared not to be useful when used to assess histamine- or salbutamol-induced airway 

obstruction/dilation in infants (Carlson 1994, Aston 1994). While remaining a useful 

epidemiological tool, its clinical value in individual infants is limited by the marked 

variability both within and between infants (Dezateux 1994, Van der Ent 1997). 

 

In recent years an increasing number of reports have appeared on the applicability of scoring 

clinical signs (including respiration rate, wheezing, retractions, observed dyspnea, and 

inspiratory-to-expiratory ratio) as a measure of airway obstruction in infants and young 

children (Avital 1988, Beck 1992, Obata 1992, Van der Windt 1993, Parkin 1996, 

Sprikkelman 1996, Pavon 1999, Yong 1999, Sprikkelman 1999). Scoring clinical indices is 

easy, non-invasive and can be performed without active co-operation of the patient. Although 

scoring clinical signs appeared to be useful for assessing severity of dyspnea in young 

children, most of these are based on subjective judgement. 

 

Many methods have evolved for the assessment of airway obstruction in dyspneic infants and 

pre-school children who are not able to co-operate with sophisticated testing methods. 

Nevertheless, especially in infants and pre-school children possibilities to measure lung 

function parameters (in-)directly, are lacking. A non-invasive and easy-to-handle device, to 

estimate airway obstruction in early childhood objectively would extend diagnostic 

possibilities to establish the diagnosis, to evaluate therapy in infants with recurrent wheezing 

disorders and follow progression of the disease. 
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1.4 Electromyography of respiratory muscles: A review of relevant literature 
 

In 1960 Taylor was perhaps the first who recognised that it is possible to record 

diaphragmatic EMG activity, using surface electrodes (Taylor 1960). In the course of 

studying the activity of intercostal muscles in a group of 80 volunteers, he recorded the EMG 

signal both with surface and needle electrodes in the seventh right intercostal space in the 

mid-clavicular line. In this study the results of  both EMG measurements were compared in 

order to test whether Campbell in 1954 might have been mistaken in attributing inspiratory 

activity, measured with surface electrodes in the lower intercostal spaces, to intercostal 

muscles instead of to the diaphragm (Campbell 1954). Taylor found inspiratory activity on the 

surface electrodes during quiet breathing, while the needle in the intercostal muscle showed 

no activity. The surface electrode showed activity in inspiration and expiration during deep 

breathing, while the needle electrode revealed only inspiratory activity. However, the activity 

recorded with surface electrodes during the inspiration phase was found to pick up some of 

the electrical activity of a much more distant source (diaphragm) than that in expiration 

(intercostal muscles). Green and Howell (Green 1959) may have made the same mistake in 

interpretation. Using surface electrodes placed in the 6th to 9th intercostal spaces in 6 healthy 

young male subjects, they interpreted their recordings during inspiration as intercostal 

activity, which carried over into expiration. However, the possibility that they might have 

recorded the diaphragmatic activity seems likely. These findings emphasise the need for 

caution in interpreting the origin of respiratory muscle activity recorded with surface 

electrodes. Koepke et al. (Koepke 1958) and Taylor (Taylor 1960) showed diaphragmatic 

activity during quiet breathing while the lower intercostal muscle activity was only apparent 

during deep breathing.  

 

Another (invasive) method became popular in adult studies, namely that of recording 

diaphragmatic EMG activity via bipolar oesophageal electrodes (Agostoni 1960, Lourenço 

1967, Petit 1960, Draper 1959). In 1975, Finkel recorded the intercostal muscle activity with 

surface electrodes and validated measurements of diaphragmatic activity using an 

oesophageal probe with electrodes in newborn infants (Finkel 1975). Studies of the 

electromyogram of the diaphragm, as measured with oesophageal electrodes are still currently 

in use in different fields of research (Sinderby 1997, Beck 1998, Sinderby 1998, Hemmerling 

2001).  



General introduction and aim of the study 
 

 

 

17

An attempt to detect the electrical activity of the human diaphragm by placing surface 

electrodes on the skin was successfully described by Hagan et al. (Hagan 1976). They 

recorded diaphragmatic EMG activity in infants by means of surface electrodes in the 7th 

intercostal spaces in the mid-clavicular line. One year later, Prechtl et al. described a method 

that is still currently in use (Prechtl 1977). Prechtl and colleagues successfully recorded 

diaphragmatic EMG activity with new bipolar electrode placement, during polygraphic 

studies of newborn respiratory muscle activity. The electrodes were positioned bilaterally at 

the costal margin in or just outside the mid-clavicular line. The significance of these earlier 

observations of recording diaphragmatic activity from surface skin electrodes seems to have 

been neglected for a long time. 

 

To date, studies in animals show that histamine- or methacholine-induced bronchoconstriction 

causes the diaphragm and intercostal muscles to increase their electrical activity (Haxhiu 

1983, Van Lunteren 1984, Van Lunteren 1987, Trippenbach 1988). During the last decades 

transcutaneous respiratory EMG measurements are used in respiratory studies, involving both 

adults and infants. Muller and colleagues found an increase in the tonic activity of the 

diaphragm and intercostal muscles in adult asthmatics during histamine-induced 

hyperinflation (Muller 1980). Tonic activity was defined as electrical activity in the EMG 

present at the end of expiration. Although the intercostal EMG activity was recorded with 

surface electrodes, for the diaphragmatic EMG trans-oesophageal techniques were used to 

measure the electrical activity of the diaphragm. Using oesophageal electrodes, Gandevia and 

McKenzie observed changes in the diaphragmatic EMG activity when posture or lung volume 

was changed (Gandevia 1986).  

 

The use of EMG recordings to evaluate diaphragmatic activation during tidal breathing and 

histamine-induced airway obstruction has been criticised because an artifact might occur, 

created by changes in lung volume (Wheatley 1990, De Troyer 1997). It is well established 

that functional residual capacity (FRC) often increases, accompanied by an increase in tonic 

activity of the diaphragm and intercostal muscles during spontaneous breathing (Wheatley 

1990, De Troyer 1997) or during a histamine-induced airway obstruction (Meessen 1996, 

Muller 1980). Although other research groups have described that voluntary diaphragm EMG 

is systematically affected by changes in lung volume (Wheatley 1990), Beck et al. 

demonstrated that the diaphragm EMG was not influenced by lung volume at sub-maximal 
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contraction levels (Beck 1998). It should be mentioned that an esophageal electrode was used 

in these studies to measure diaphragm activity. 

 

At the University of Groningen, a transcutaneous method for monitoring respiratory EMG 

activity has been developed and used for several years in the field of developmental 

neurology (Prechtl 1977, O’Brien 1980), especially in diagnosing disordered respiratory 

behaviour of neonates and infants (O’Brien 1987). The idea gained round to combine the 

EMG technique on the respiratory muscles and the dose-response histamine-inhalation test in 

a study to provide a new easy to handle, and non-invasive way of monitoring respiratory 

muscle activity as an indirect measure to assess airway obstruction in young children. 

Therefore a pilot study was designed to investigate whether an increase in transcutaneous 

EMG corresponded with the dose-step that induced a 20% fall or more after a histamine 

inhalation challenge in asthmatic schoolchildren (Sprikkelman 1998). A correlation was 

observed between the maximal fall in FEV1 and the increase in diaphragmatic and intercostal 

EMG activity expressed as the logarithmic ratio between the mean averaged EMG peak-to-

peak activity on the highest histamine dose and that at baseline. Moreover, the increase in 

EMG activity of the diaphragm showed an individual increase that coincided with the decrea-

se in FEV1 on the different dose-steps. An example is shown in figure 1.  

 

The observation in this study, that EMG activity in children increases after histamine-induced 

bronchoconstriction is in accordance with Haxhiu et al. (Haxhiu 1983) and Van Lunteren et 

al. (Van Lunteren 1984, Van Lunteren 1987). They found an increase in diaphragmatic and 

intercostal EMG activity after histamine- and methacholine-induced bronchoconstriction in 

dogs, and with observations of Trippenbach et al. (Trippenbach 1988), who showed an 

increase in diaphragmatic EMG activity after a histamine challenge in rabbits.  

 

Although these observations were in accordance with observations in animal studies, before 

the current study was performed, there was no certainty whether the observations in animal 

studies could be extrapolated to humans (Sprikkelman 1998). The investigated animals 

breathe in a supine position and therefore might have a different physiological respiratory 

mechanism of the diaphragm. It has to be mentioned that in contrast with this study using 

human subjects, in animal studies invasive electrodes were used, inserted in the diaphragm 

and intercostal muscles. With regard to humans, Sprikkelman and colleagues were the first to 

publish data concerning the use of diaphragmatic and intercostal EMG after histamine-
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induced airway obstruction in the assessment of bronchial responsiveness in children 

(Sprikkelman 1998). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. An example of diaphragmatic and intercostal EMG recordings during a histamine 

challenge test (From: Sprikkelman et al., 1998). 

 

 

1.5 Respiratory muscles and electromyography: Respiration analysis 

 

In the studies described in this thesis, we paid particular attention to the inspiratory muscles. 

Clearly the expiratory muscles are important, especially in cough. Although expiratory flow 

limitation (i.e., in asthmatic patients) may well be an important cause of respiratory failure, 

this results from alterations in the mechanical properties of the lungs, rather than stressing the 

expiratory muscles beyond their limit of endurance. Very few patients ever complain of 

difficulty in breathing out. The main inspiratory muscles can be divided in 2 distinct groups 

with different mechanisms of action: 1. the diaphragm, and 2. the intercostal muscles.  

 

Diaphragm and intercostal muscles 

Based on embryology, morphology, and functional characteristics, the diaphragm and 

intercostal muscles are essentially striated skeletal muscles (Edwards 1986), although 

important differences exist. Compared with peripheral skeletal muscles, respiratory muscle 
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fibres are characterised by increased fatigue resistance, increased maximal blood flow, greater 

oxidative capacity, and higher capillary density (Edwards 1986). In addition, respiratory 

muscles differ from skeletal muscles because they cope primarily with elastic (chest wall and 

lungs) and resistive (airways) loads, rather than inertial forces (Kavan 1996). A balance of 

recoil forces of the lung and chest wall determines the resting position. Respiratory muscle 

function is under both involuntary and voluntary control. Respiratory muscles contract 

rhythmically rather than episodically, and their action is life sustaining (Derenne 1978, 

Rochester 1985). 

 

The diaphragm is the principal inspiratory muscle and consists of a left and a right 

hemidiaphragm, which can act fairly independently (Rochester 1985, Loring 1986). Motor 

innervation comes from the left and right phrenic nerves. In actuality the diaphragm can be 

distinguished in a costal and a crural part, connected by the non-contractile central tendon. 

The muscle fibres of the costal part of the diaphragm run from the central tendon to the 

xiphoid and the inner aspect of the lower 6 ribs and costal cartilages. The muscle fibres of the 

crural part run from the central tendon to the upper 3 lumbar vertebrae. The central tendon 

may be considered as electrically neutral. Early studies showed that phrenic nerve stimulation 

causes the ribs to move up and out (Goldman 1973) (see figure 1). Respiratory muscle length 

depends on the lung volume, and for the diaphragm, the optimal length occurs slightly below 

functional residual capacity. The optimal length of a muscle is the length at which the 

maximal force can be generated. 

 

The parasternal intercostal muscles are primarily muscles of inspiration. Needle EMG studies 

demonstrated that in normal humans in an upright position, the parasternal muscles are mostly 

always activated during tidal breathing (De Troyer 1987). Contraction of the parasternal 

intercostal muscles assists in lifting the upper rib cage. In infants, the ribs are already 

elevated, and this may be one reason why motion of the rib cage during tidal breathing 

contributes only little to the tidal volume (Hershenson 1990). As opposed to the diaphragm, 

the optimal length for the parasternal muscles occurs closer to total lung capacity than 

functional residual capacity (Farkas 1985). This allows the inspiratory muscles, working in 

co-ordinated action, to maintain force generation over a wide range of lung volumes. 



General introduction and aim of the study 
 

 

 

21

 

 

 

            
 

           Intercostal muscles 

            
 

           Diaphragm 

 

 

 

 

 

Figure 1. Action of the normal diaphragm.  

Note: During tidal breathing the lower third of the costal diaphragm lies opposed to the inner 

surface of the rib cage (P.S., phrenicocostal sinus). Right lung is shown in inspiration (light 

dotted) and expiration (heavy dotted). Insp, inspiration; exp, expiration. [From: Handbook of 

Physiology, section 3: Respiration, Vol. 1., Fenn W.O. and Rahn H. (Eds)]. 

 

 

In contrast, the 2 layers of inter-osseous intercostal muscles (superficial external and deep 

internal muscles) function synergistically in trunk rotation and flexion (De Troyer 1985). The 

main function of the intercostal muscles during tidal breathing is rib stabilisation (De Troyer 

1980, Macklem 1983). A typical respiratory cycle sequence consists of upper airway muscle 

contraction to maintain passage of the upper airway, intercostal muscle contraction to prevent 

rib cage distortion, diaphragm contraction as the principal inspiratory muscle, inspiratory 

muscle relaxation, and finally passive expiration. When ventilation needs increase, for 

example in asthmatic patients, the accessory inspiratory muscles and the expiratory muscles 

are recruited. 

 

Impulse to inspiration 

Respiratory muscles are under control of autonomic and voluntary respiratory centers 

(Cherniack 1988). Efferent neurons travel to the ventrolateral spinal cord and then to the 

motor unit consisting of an anterior horn cell, peripheral nerve axon, neuromuscular junction, 
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and muscle fibres innervated by that axon (Murphy 1988). When an action potential contacts 

the nerve ending, acetylcholine is released and binds to the post-synaptic receptor, causing a 

local depolarisation at the endplate of the muscle cell membrane. By activating voltage-gate 

potassium and sodium channels, the depolarisation produces an action potential. This charge 

travels along the membrane surface and into the transverse tubular system, releasing Ca2+ 

from the sarcoplasmatic reticulum into the myoplasm. This intracellular free Ca2+ binds to 

troponin-C, causing tropomyosin to be removed from the active site on actin. This removal is 

followed by actin-myosin interaction, cross-bridge cycling and muscle cell contraction. 

Relaxation occurs when ATP-dependent sarcoplasmatic reticulum uptake reduces intracellular 

Ca2+ concentration and reverses this process. 

 

The individual temporally dispersed muscle fibre potentials summate to form a composite 

motor unit action potential which in normal muscles ranges in amplitude from a few micro 

volts to 10 mV (De Luca 1979). The size of the motor unit potential is directly related to the 

size of the motor unit. The average number of muscle fibres per motor unit varies between 

100 and 1700 in different human muscles (Buchthal 1980). Muscles that are finely controlled 

generally have low innervation ratios (few muscle fibres per motor unit). It may be of 

significance that innervation ratios of 25-83 have been reported in the human diaphragm 

(Campbell 1970). The force generated by the individual motor unit is graded by means of 

changes in its frequency of discharge, which rarely exceeds 30 per second (Adrian 1929). The 

force of the whole muscle contraction depends on muscle length, stimulation frequency, 

velocity of contraction, muscle mass and mechanical advantage, and is graded by 3 

mechanisms (De Luca 1979): 1. the number of activated motor units, 2. the firing frequency 

of the active units, and 3. synchronisation of the activity of the different motor units. The 

resulting respiratory muscle contraction displaces the components of the chest wall, abdomen 

and rib cage.  

 

Monitoring respiratory activity 

The electromyographic (EMG) signal that we measure by means of surface electrodes is the 

result of the many action potentials in many muscle fibres. The motor unit action potential is 

the result of super position of the action potentials of the activated muscle fibres that belong 

to that particular motor unit, firing at random moments, dependent of the power needed. The 

raw EMG signal, as measured by means of surface electrodes, is a result of the electrical 

activity of many motor units.  
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The electrical muscle activity of the diaphragm and intercostal muscles was derived 

transcutaneously from pairs of single electrodes. In order to obtain electrical activity of the 

diaphragm, electrodes were placed as follows (see figure 2): below the costal margin on the 

right and left sides of the body in a virtual line drawn vertically through the nipples (frontal 

lead of the diaphragm), and bilaterally on the back-side of the body at the same level (dorsal 

lead of the diaphragm). The position of the recording electrodes for the diaphragm EMG was 

chosen somewhat intuitively. The electrode position allowed us to measure the length of the 

muscle fibres and we were able to exactly replace the electrodes during the next measuring 

occasion. In addition, while measuring a ‘wide slice’ of the diaphragm (the muscle tissue 

between the pairs of electrodes), we experienced a reduced sensitivity for small differences in 

the placement of the electrodes during different occasions. During tidal breathing the frontal 

lead of the diaphragm was only minimally contaminated with electrical activity of the 

intercostal muscles and it seemed unlikely that the signal was contaminated with electrical 

activity of the abdominal muscles. However, the site seemed acceptably close to the insertion 

of the costal fibres of the diaphragm along the costal margin. Our choice of electrode site 

proved fortunate, as the measurements with pairs of single electrodes consistently yielded a 

clear respiratory EMG signal, peaking in inspiration.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Electrode positions for the diaphragm.  

 

Central tendon 
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Note: An electrode placed at the costal margin ‘overlooks’ the electrical activity of the muscle 

tissue between the electrode position and the central tendon. The frontal left and right 

electrodes ( ) ‘overlooks’ the frontal, and the dorsal left and right electrodes (bilaterally on 

the back-side of the body at the same level) ‘overlooks’ the dorsal part of the diaphragm. 

 

 

To obtain electrical activity from the intercostal parasternal muscles, electrodes were placed 

in the second intercostal space 1 left and 1 right, about 3 cm parasternal. This position of 

electrodes allowed us to register electrical activity of the intercostal muscles even during tidal 

breathing. In addition, we experienced that the intercostal signal was not contaminated by 

possible electrical activity from the diaphragm and only minimally by the superficial external 

and deep internal intercostal muscles. A common electrode was placed at the level of the 

sternum.  

 

To be able to measure, condition and digitise the analogue signals and pre-process the digital 

signals, we used a compact measurement apparatus (Porti-16 front-end Amplifier, TMS 

International, Enschede, The Netherlands). This amplifier has been designed to cope with 

problems inherent to the measurement of small signals of high impedance, such as 

physiological signals from respiratory muscles during tidal breathing. The Porti-16 front-end 

comprises 8 bipolar electrophysiological (electro-X-gram (EXG)) channels and 8 differential 

physical channels (auxiliary (AUX), a general purpose differential input with unity gain). To 

prevent yielding of static electricity between the body and the amplifier a common return path 

is created by connecting a so-called common electrode, to the zero-signal point of the input 

stage of the amplifier. The common component consists of mains interference generated by 

the leakage current from the body to the amplifier over the impedance of the common 

electrode, the offset potential of the common electrode, and the sum of the electrical activity 

of tissue between the common and the measuring  electrodes. To guarantee the patient’s 

safety, all data was sent to the computer via fibre optics. As leakage current from the subject 

to earth can be minimised by isolating the preamplifier from the main supply, the front-end 

was isolated from the main supply by a highly isolated power supply. The EXG channels had 

a high input impedance (2GΩ) and actively driven, shielded electrode cables (guarding). 

 

It still does not seem to be fully appreciated that the electrode cable is the main source of line 

frequency interference pick up (O’Brien 1983). All conductive parts of a measurement such 
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as the body of the subject, the electrode cables and the amplifier case are capacitively coupled 

to each other and power lines in ceiling, walls and floor, the power cords of electrical 

equipment at the measuring site and the body of the experimenter. These sources generate a 

very complicated electrical field at the line frequency, continuously varying in magnitude and 

phase as objects and bodies move around at the site. As the body of the subject and the 

amplifier case may be seen as point sources, they exhibit interference that is common to all 

EMG measurement channels. The electrode cables, however, run through fields of different 

magnitude and phase and if not tied together closely, they pick up unequal displacement 

currents, resulting in mains interference in the EMG signals. In shielding the electrode cable, 

the variable capacitive coupling of the signal, leading to unknown sources, has been replaced 

by a stable coupling to the cable shield. If the shield of the electrode cable is connected to the 

common node of the amplifier’s power supply to form a low impedance return path for the 

displacement currents, part of this current is now also leaking from the subject via the 

electrode and the cable shield to this node. Again the unequal electrode impedances will result 

in mains interference in the EMG signals. The cable capacity and in conjunction the mained 

interference may be reduced to insignificance by driving the shield with a low-impedance 

version of the electrode signal. This technique is called guarding. Using guarded cables, the 

amount of line frequency interference coupled into the electrode cable is reduced to 

insignificant values. The combination of using a modern amplifier with tremendously high-

input impedances and guarded electrode cables made practices like scratching or puncturing 

the skin to lower electrode impedance superfluous. The common mode signal range was 6 V, 

the differential signal range was 300 mV (differential gain of 20), and the common mode 

rejection ratio (CMRR) was > 100 dB at 50-60 Hz. Analogue high-pass or low-pass filters 

were not used so that the analogue signals could not be degraded before sampling. The 

analogue signals were digitised by sigma-delta analogue-to-digital converters (ADC) with 

inherent digital anti-aliasing filters (see figure 3). The converters have a sample output with a 

resolution of 22 bits, resulting in a least significant bit of 71.5 nV for the differential signal. 

The total amplifier and ADC noise was < 2 µVpp. The AUX channels had an instrumentation 

amplifier with common-mode and differential signal ranges of 6 V, a high-input impedance of 

> 1 GΩ, and a CMRR of > 100 dB. The same ADC was used as the one utilized for the EXG 

channels, but with a resolution of 1.43 µV least significant bit. Each AUX input connector 

was provided with a symmetrical 10 V, 10 mA power supply for powering analogue signal 

conditioning circuits. The maximum sample frequency of the Porti-16 front-end was 2 kHz, 
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however, the sensitivity for the detection of respiratory muscle activity appeared to be optimal 

at a sample frequency of 400 Hz. The EXG signal was transformed into an EMG signal by 

means of a digital first-order high-pass filter (time constant = 0.01 s). In some studies a 

reference respiratory signal was recorded from a magnetometer respiration band, connected to 

and powered by the AUX input. After analogue-to-digital conversion, scaling and filtering of 

the data were performed digitally. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Digital Reference Amplifier.  

Note: ADC, analogue-to-digital converter; DSP, digital signal processor; PC, personal 

computer. 

 

 

In measuring the neural drive of muscles it is common practice to convert the raw EMG into a 

form more convenient for further analysis. Therefore, in our study, the running average (mean 

absolute value) was used. The electrical activity measured from electrodes, placed on the 

trunk as previously described, exhibit substantial disturbance caused by the electrical activity 

of the heart, mainly the QRS complex (see figure 4).  
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Figure 4. The EMG processing technique.  

Note: For explanation of the process see text. 

 

 

The QRS complex was cut out of the EMG signal and the gap was filled by means of 

interpolation, using techniques as described previously by O’Brien et al. (O’Brien 1983). The 

EMG signal was processed in 2 branches, 1 branch for the QRS detection and the other for the 

EMG processing. The QRS complex is simply detected by means of a level detector with 

automatic gain control and shaped into a standard pulse with a width of 100 ms (QRS pulse) 

by means of a ‘one-shot’. The EMG processing branch starts with a high-pass filter to remove 

low-frequency artifacts from the EMG signal followed by a delay of 40 ms to be sure that the 

whole QRS complex fits into the QRS pulse. Next the filtered and delayed signal is led to a 

switch, controlled by the QRS, acting as a gate in front of the averager (gated EMG). The 

signal was averaged by means of a mean absolute box-car averager with a rectangular time 

window of 200 ms. The output signal of the averager is fed back to the gate switch during the 

QRS pulse. As shown in the figure, the resulting average EMG is of good quality and almost 

free of QRS artifact. The reference respiratory signal recorded via the magnetometer 

respiration band (see figure 4: Thorax band) has been particularly useful when used in 
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conjunction with EMG to display approximate tidal volumes. Data analysis is extensively 

described in Chapter 3 of this thesis. 

 

 

1.6 The aim of the study  

 

The aim of this study is to design and validate an on-line measurement device that is capable 

for measuring electrical activity of the diaphragm and intercostal muscles transcuteneously, in 

order to find an indirect variable to estimate airway obstruction in infants with recurrent 

wheezing disorders. 

 

In Chapter 1, a general introduction is given on the size of the problem of wheezing disorders 

in infancy, alternative techniques for lung function measurements in infants and pre-school 

children, and electromyography of the diaphragm and intercostal muscles as an indirect 

measure for airway obstruction. 

 

In Chapter 2, we aimed to validate the technical aspects of the device and we investigated the 

reproducibility of the electric signal in children with and without wheezing disorders in 

different age groups. We aimed to develop a software program that controls the measurement 

and analysis the data. Data acquisition and pre-processing were conducted by means of a 

small battery-powered measurement device, called front-end. During the development of the 

equipment pilot studies were executed to test the measurement devices and the software in the 

clinical environment. These studies included interfering factors such as electrical signals from 

the surroundings, the influence of body posture on the EMG measurements, and the role of 

the electrical activity from the lower intercostal and abdominal muscles, on the quality of 

inspiratory EMG signals from higher diaphragmatic and intercostal muscles. Finally, we 

aimed to investigate the reproducibility of the diaphragmatic and intercostal EMG 

measurements, obtained with this new device, in adults, school children with and without 

asthma, and pre-school children during tidal breathing. 

 

In Chapter 3, we responded to an article that was published by Corne et al. in the Journal of 

Applied Physiology (89; 481-492, 2000), in which a method was described for the removal of 

the electrocardiogram (ECG) artifact present in the oesophageal diaphragmatic EMG 

waveform. 
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In Chapter 4 of this thesis, we aimed to investigate whether the new polygraph device could 

detect increasing and decreasing respiratory diaphragmatic and intercostal muscle activity 

coinciding with a particular degree of airway obstruction in school children. We therefore 

investigated the association between electromyography (EMG) of the diaphragm and 

intercostal muscles and the forced expiratory volume in 1 second (FEV1) during histamine 

challenge, and the response to salbutamol. Moreover, we assessed the reproducibility of the 

EMG measurements during different levels of airway obstruction in asthmatic school 

children.  

 

In Chapter 5, we made the step to the young child. Since no ‘gold standard’ is available by 

which the degree of airway obstruction can be estimated in dyspneic pre-school children, we 

compared the EMG signal of the diaphragmatic and intercostal muscles with the appearance 

of clinical symptoms of airway obstruction (wheezing, cough, increased respiratory rate and 

prolonged expiration) during histamine challenge testing in asthmatic pre-school children. 

 

The objective of the next study (Chapter 6) was to investigate the electromyographic activity 

of the diaphragmatic and intercostal muscles in relation to the Clinical Asthma Score (Parkin 

1996) in infants with airflow obstruction who were admitted to the Emma Childrens Hospital  

AMC, Amsterdam. We aimed to describe a method by which airway obstruction can be 

monitored in infants who are not able to perform routine lung function tests. 

 

In Chapter 7, we investigated the reliability and predicting value of the electrical activity of 

the diaphragm and intercostal muscles, as an indicator for airway obstruction during histamine 

challenge in school children who were admitted to our outpatient clinic because of the 

suspicion of asthma based on their recurrent respiratory symptoms.  

 

In the General discussion (Chapter 8), concluding remarks and suggestions for further 

research are made. 
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Abstract 

 

Introduction. A new method is being developed to investigate airway obstruction in young 

children by means of noninvasive electromyography (EMG) of diaphragmatic and intercostal 

muscles. The purpose of this study was to evaluate the reproducibility of the EMG 

measurements.  

 

Methods. Eleven adults, 39 school children (20 healthy, 19 asthmatic), and 16 preschool 

children were studied during tidal breathing on separate occasions, two for adults with a time 

interval of 3 weeks and three for children with time intervals of 1 and 24 hours. Single 

electrodes were placed on the second intercostal space left and right of the sternum, and at the 

level of the frontal and the dorsal diaphragm. Bipolar electrode pairs were placed on the 

rectus abdominis muscle.  
 

Results. A newly designed Digital Physiological Amplifier without any analog filtering was 

used to measure the EMG signals. Except for the average dorsal diaphragm EMG derivation 

in healthy school children on the second occasion, a significant correlation between the mean 

peak-to-peak inspiratory activity of average diaphragmatic and intercostal EMG was found in 

the different age groups on the different measurement occasions (p < 0 .05). In order to assess 

the repeatability we described the agreement between the repeated measurements within the 

same subjects. No significant differences were found between the measurements on the 

separate occasions.  

 

Conclusion. Our observations indicate that the EMG signals derived from the diaphragm and 

intercostal muscles are reproducible during tidal breathing, in different age groups with and 

without asthma. 
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Introduction 

 

In pediatric practice, the majority of young children with airway obstruction is not able to 

perform adequate and reliable forced breathing maneuvers. Alternative methods have been 

developed to investigate airway obstruction. Most of these methods are not used routinely 

because they are often expensive, unpleasant for the patient (sedation), or difficult to perform.  

Over the past decades, surface electromyography (EMG) of the respiratory muscles has been 

used in several research and clinical studies, in animals as well as humans (Campbell 1958, 

Gaultier 1995, O’Brien 1983, O’Brien 1987, Prechtl 1977, Toshihiko Obata 1987, Veiersted 

1991).  Monitoring the activity of the diaphragmatic and intercostal muscular system is the 

most direct way to obtain information on respiratory muscle function.  

 

In a previous study, we investigated the relationship between transcutaneous diaphragmatic 

and intercostal EMG activity, and the fall in forced expiratory volume in 1 second (FEV1) 

after a histamine challenge (Sprikkelman 1998). The EMG activity at the provocation 

concentration level of 20 % (PC20) for histamine was compared with the EMG activity at 

baseline by calculating the ratio of the mean peak-to-peak average EMG excursion at the 

highest histamine dose to that at baseline. In that study we found an increased electrical 

activity of the diaphragm and intercostal muscles that correlated with a fall in FEV1.  

 

In the study at hand we present a noninvasive, easy-to-perform method that could be used on 

young children. A measurement device has been constructed to process transcutaneous EMG 

of the diaphragmatic and intercostal muscles as an indirect measure to estimate airflow 

limitation. The following question was addressed: Is the diaphragmatic and intercostal EMG 

signal, obtained with this new device, reproducible in adults, school children and preschool 

children during tidal breathing? 

 

 

Subjects, materials and methods 

 

Subjects and procedure 

We studied the reproducibility of the measurements in subjects of three age groups: 1) 11 

young adults (age range 20 - 30 years), 2) 20 healthy school children (age range 6 - 13 years), 

19 school children with asthma (age range 7 - 14 years), and 3) 16 healthy preschool children 
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(age range 7 months - 5 years). The subject characteristics are summarized in table 1. Asthma 

was defined according to the American Thoracic Society (ATS) criteria: Allergic or non-

allergic and an FEV1 > 70 % of the predicted value (American Thoracic Society 1987). 

Subjects with other systemic diseases or subjects who were not able to perform reproducible 

lung function maneuvers were excluded from participation in the study. The healthy subjects 

had no history of asthma and they showed a FEV1 > 80 % of the predicted value. 

 

In the healthy adult volunteers, measurements were performed on two separate occasions with 

a three-week interval. The healthy school children, school children with asthma and preschool 

children were measured on three occasions with time intervals of 1 and 24 hours. Sixteen 

asthmatic school children used inhaled corticosteroids, with a dosage ranging from 200 to 400 

µg twice a day. All of them used bronchodilator therapy on demand. Bronchodilator therapy 

was withheld for at least 8 hours (short acting) or 24 hours (long acting) before the EMG 

measurements were performed. All children were in a stable phase of the disease and had not 

suffered from respiratory infections for at least one month before the measurements. The 

EMG measurements were simultaneously recorded with Magnetometer Respiration (MR) 

bands (see Methods). The adults and school children were asked to sit in an upright posture 

with their hands resting on their legs. The subject was asked to relax for 15 minutes prior to 

the test; meanwhile the operator carefully described the procedure to the subject. After this 

resting period, the recording of the measurement started. Then followed spirometry, 

performed on the adults and the school children. EMG measurements of the preschool 

children were performed while the children were sitting in an upright position on their parent's 

lap. The subjects were unable to watch their respiration on the monitor and were asked not to 

move or talk during the measurements. The Medical Ethics Committee of the Academic 

Hospital of Groningen approved the study. Informed consent from the subjects and parents 

was obtained. 



 

 
  

Table 1. Demographic and baseline pulmonary function data for all test subjects 
 

 

   Adults    Healthy school children  School children (asthma)  Preschool children 

  

  n   11    20    19    16 

  age, yr   27.2 ± 3.1   9.0 ± 1.6   10.5 ± 1.9   2.4 ± 1.1 

  height, cm  177.5 ± 9.7   137.6 ± 10.5   147.4 ± 13.2   94.3 ± 12.6 

  weight, kg  69.6 ± 10.4   34.0 ± 9.8   40.7 ± 14.3   13.8 ± 3.0 

  gender (male / female) 6 / 5    7 / 13    8 / 11    12 / 4 

 

 

   Day 1  Day 2  Day 1  Day 2  Day 1  Day 2  

     

  VCATPS  

liters  5.4 ± 1.2 5.2 ± 1.1 2.3 ± 0.6 2.3 ± 0.6 2.8 ± 0.7 2.8 ± 0.7 

%Pred  106 ± 8.4 104 ± 8.4 96 ± 8.1  96 ± 10.5 100 ± 13.5 101 ± 14.0 

  FEV1/VCmax , %  80 ± 6.2  80 ± 6.9  89 ± 5.1  87 ± 6.4  80 ± 10.8 80 ± 11.2 

 

Note: Values are means ± SD. VCATPS, vital capacity in ambient temperature and pressure, saturated; FEV1, forced expiratory volume in 1 s; 

VCmax, maximum vital capacity; %Pred, percentage of predicted value. 
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Technical aspects of the measurements and measurement devices 

A compact measurement apparatus (Porti-X, Twente Medical Systems International, 

Enschede, The Netherlands) was designed, which allows for the acquisition of 

electro-physiological signals (EXG) and physical signals (AUX) at the same time. The 

Porti-16 front-end configuration we used, comprises 8 bipolar EXG channels and 8 

differential AUX channels. It measures and conditions the analog signals, digitizes them and 

pre-processes the digital signals. For patient safety, all signals are being sent to a computer by 

means of fiber optics. The front-end is isolated from the main supply by a highly isolated 

power supply. The bipolar EXG channels have a high input impedance (> 2 GΩ) and actively-

driven, shielded electrode cables (guarding). The common mode signal range is 6 V, the 

differential signal range is 300 mV and the Common Mode Rejection Ratio (CMRR) is > 100 

dB at 50-60 Hz. Analog high-pass or low-pass filters are absent so that the analog signals 

cannot be degraded before sampling. The analog signals are being digitized by means of 

Sigma-Delta Analog to Digital Converters (ADC) with inherent digital anti-aliasing filters.  

The ADC puts out samples with a resolution of 22 bits, resulting in a Least Significant Bit 

(LSB) of 71.5 nV for the differential signal. The total amplifier and ADC noise is < 2 µVpp. 

The AUX channels sport an instrumentation amplifier with common mode as differential 

signal ranges of 6 V, a high input impedance of > 1 GΩ and a CMRR of > 100 dB. We utilize 

the same ADC as the one used for the EXG channels, but this time with a resolution of 1.43 

µV LSB. Each AUX input connector is provided with a symmetrical 10 V, 10 mA power 

supply for powering analog signal conditioning circuits. Although the maximum sample 

frequency of the front-end is 2 kHz, we found that during tidal breathing, the sensitivity for 

the detection of respiratory muscle activity was optimal at a sample frequency of about 400 

Hz. At higher sample frequencies, in order to allow for an increased bandwidth for EMG 

signals, it appeared that the power of the EMG did not significantly exceed the power of the 

amplifier and ADC noise in the higher frequency bands. The EXG signal was transformed 

into an EMG signal by means of a digital first order high pass filter (TC = 0.01s), as an 

electro-physiological signal is characterized by the position of the electrodes in relation to the 

electrically active tissue and its signal properties. Gross changes in depth of breathing were 

measured by means of MR bands connected to and powered by the AUX input. After A-to-D 

conversion, scaling and filtering of the data was performed digitally, transforming the AUX 

input signal into a MR Monitor signal. 
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All data processing, recording, post-analysis and reporting were conducted by the data 

acquisition and processing package POLY of Inspektor Research Systems, Amsterdam, The 

Netherlands.  

 

EMG recordings 

The electrical muscle activity of the diaphragm and intercostal muscles was derived 

transcutaneously from electrodes (Neotrode, ConMed Corporation, New York, USA) placed 

as follows (see figure 1): 1) two bilaterally at the costal margin in the nipple line, 2) two 

bilaterally on the back at the same level, and 3) one each in the second intercostal spaces left 

and right, about 3 cm parasternal, respectively. The EMG signals of the rectus abdominis 

muscle were derived by bipolar electrode pairs, one pair on the right and one pair on the left 

side, 4 cm apart, at the level of the umbilicus. The common electrode was placed at the level 

of the sternum.  

 
 

Figure 1. Placement of the surface electrodes and magnetometer respiration bands. 

Note: Left: frontal view. Right: dorsal view. Placement of the two magnetometer respiration 

bands: band 1 (B1) around the chest, at the level of the lower rib cage, band 2 (B2) around the 
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abdomen, at the level of the umbilicus. E1 – E6, single electrodes; E7 – E10, bouble 

electrodes; Ec, common or "ground" electrode. Derivations are as follows: E1 – E2, 

intercostal electromyography (EMG); E3 – E4, frontal diaphragmatic EMG; and E5 – E6, 

dorsal diaphragmatic EMG. E7 – E8 and E9 – E10 are derived from the right and left 

abdominal EMG, respectively. 

 

 

Substantial heart activity (ECG) interferes with the diaphragm EMG signals measured at the 

trunk. This heart activity was removed from the respiratory muscle activity as described by 

O'Brien et al (O'Brien 1983): The QRS complexes of the ECG were detected easily and 

stretched to a standard pulse width of 100 ms. During this pulse a cut was made in the slightly 

delayed (40 ms) EMG signal in order to filter out the QRS complex completely (so called 

Gated EMG). Next, the gated EMG was rectified and averaged out with a moving time 

window of T = 200 ms. Finally, the missing signal in the gate was filled with the running 

average resulting in a fairly good interpolation during the gate and an almost ECG-free 

average EMG signal (see figure 2a). The excursions in the average diaphragm EMG are of an 

inspiratory nature, and the amplitude changes suggest a form of airflow control.  

 

Magnetometer Respiration Monitor 

A Magnetometer Respiration Monitor, consisting of two respiration bands (one placed around 

the thorax and one around the abdomen), was used for measuring a reference respiration 

signal (Respiband, SensorMedics, Bilthoven, The Netherlands). This reference respiratory 

signal has been particularly useful when used in conjunction with an EMG to display the 

approximate tidal volume. Mead et al used the magnetometer technique on adults and found a 

good correlation between their magnetometer signal and spirometrically measured tidal 

volumes (Mead 1964). 

 

Data analysis and statistics 

The average EMG and MR band signals are sampled in buffers. Sampling starts at a trigger 

event, marking the beginning of a breath, and stops at the beginning of the next one. Trigger 

events may be time marked and labelled in two ways: 1) a peak/bottom detection algorithm on 

average EMG or MR band, with automatic comment annotation and 2) visual peak/bottom 
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detection on either raw or average EMG and MR band, with manual comment annotation. The 

data in the sample buffers are re-sampled to a normalized interval time by use of linear 

interpolation. Then the sample buffers are added to averaging buffers. The mean ± standard 

deviation (SD) of the two MR bands and the average EMGs of diaphragm, intercostal- and 

abdominal muscles are shown in figure 2b as an example of the data analysis. The trigger 

point of an averaging sweep is derived from the chest band at the start of an inspiration. We 

used 6 to 10 tidal breathing movements for analysis. From the average data the highest and 

lowest peaks were detected. The number of sweeps, the mean peak-to-peak values ± SD 

together with the mean and SD of the breath-interval times, the minimum and maximum 

interval time and the correlation coefficient of the trend in the interval times were reported 

and exported in a spread-sheet format. 

 

To compare the mean peak-to-peak values, we used the Pearson's correlation coefficient (r) 

for all three respiratory EMG leads. For assessing agreement between the repeated 

measurements within the same subjects, analysis as described by Bland and Altman was used 

(Bland 1986). Statistical analysis and graphics were performed with Microsoft Excel and 

SPSS (SPSS Inc., Chicago, USA).  

 

 

Results 

 

EMG recordings of the diaphragm and intercostal muscles were successful among all 

volunteers. The healthy volunteers had no complaints and symptoms of pulmonary origin 

during the study and for a period of 1 month before the measurement. Two school children 

with asthma felt mildly obstructive during the measurements, but the recordings could be 

continued. The demographic data and baseline pulmonary function data of the healthy 

volunteers, healthy school children, school children with asthma, and the preschool children 

are shown in table 1. 
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Figure 2a. MR bands and EMG recordings during tidal breathing in 1 subject.  

Note: Top 2 lines show excursions of chest (Ches) and abdomen (Abdb), in arbitrary units, 

measured by MR bands. Remaining lines show preprocessed, average (Av) EMG signals from 

muscle derivations. Vertical lines mark onset of a single inspiration, as detected by chest 

signal. I, intercostal; DF, frontal diaphragm; DA, dorsal diaphragm; AR, right abdomen; AL, 

left abdomen.  
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Figure 2b. Computer screen, during result phase of EMG analysis, showing compound 

signals of MR bands and EMG recordings during tidal breathing in 1 subject.  

Note: Top and middle: mean (bold line) ± SD (thin lines) of 9 inspiration intervals of signals 

from chest and abdomen bands and AvI, AvDF, AvDA, AvAR, AvAL. All measurements 

were triggered at inspiration mark (first large vertical line), and interval-time normalized.  

Second and third vertical lines represent peak detection window; short lines mark detected 

peak and bottom. Bottom left: successive interval times, the last window shows some 

statistics of the interval times. Bottom right: interval times statistics. N, numer of intervals; 

Max, maximum interval time; Min, minimum interval time; R, time-trend indicator; Yn, 

intercept. 

 

 

Young adults 

In figure 3, the correlation coefficients between the average EMG of the measurements during 

tidal breathing on test day 1 and 2 (time interval 3 weeks) and the plots of the mean 
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differences between the measurements against the average of the two measurements are 

shown. In this figure, three leads are presented: average EMG frontal diaphragm, average 

EMG dorsal diaphragm, and average EMG of the intercostal muscles (AvDF, AvDB, and 

AvI), respectively. There was a highly significant correlation between the measurements at 

days 1 and 2 (rAvDF = 0.93, rAvDB = 0.98, rAvI = 0.98; p < 0.001). The average EMG 

amplitudes of the diaphragm and the intercostal muscles during quiet breathing in adults range 

between 10 and 20 µV, and between 3 and 8 µV, respectively. No significant differences 

between the two measurements were found. The mean of the differences between the 

measurements ± SD (of the differences) for the three leads are: AvDF -0.22 ± 0.90 µV, AvDB 

-0.03 ± 0.41 µV, and AvI -0.12 ± 0.16 µV.  

 

Healthy school children, school children with asthma and preschool children 

The correlation coefficients between the average EMG of the measurements, and the mean 

differences between the measurements against the average of the three measurements in these 

groups, are shown in table 2 (measurement 1 to 2 and 1 to 3; time interval 1 and 24 hours). 

The three leads are presented. The range of the average EMG amplitudes of the diaphragm in 

school children with and without asthma is of between 5 and 15 µV during quiet breathing. 

The average EMG amplitudes of intercostal muscles range between 2 and 5 µV.  

In the preschool children the range of the average EMG amplitudes of the diaphragm during 

quiet breathing are of between 3 and 10 µV. The range of the average EMG amplitudes of the 

intercostal muscles is between 2 and 5 µV.  
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Figure 3. Correlation coefficients between the average EMG of the measurements during tidal 

breathing on test day 1 and 2 (time interval 3 weeks) and the plots of the mean differences 

between the measurements against the average of the two measurements.  
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Note: Left: Pearson's correlation coefficient (r) between the average EMG of the 

measurements during tidal breathing. Right: plots of the mean differences (Diff) between the 

measurements vs. mean average (Avg) EMG of the two measurements for adults. Three leads 

are presented: AvDF, AvDA, and AvI. M-1/2, measurement 1; M-2, measurement 2;  Time 

interval was 3 wk. 

 

 

Discussion 

 

In this study we developed an on-line transcutaneous EMG measurement technique. We 

tested the reproducibility of this new method in measuring diaphragmatic and intercostal 

muscle activity during tidal breathing in adults and children.  

 

To our knowledge, no data have yet been published on the reproducibility of respiratory 

muscle activity in children during tidal breathing. Veiersted (Veiersted 1991) and Ferrario et 

al (Ferrario 1991) found good reproducibility of EMG measurements of the trapezius and jaw 

muscles, respectively. To evaluate the reproducibility of electromyographic measurements 

and specifically to test a calibration procedure, Veiersted studied the trapezius muscles with 

submaximal test contractions (Veiersted 1991). Ferrario et al reported reproducible 

electromyographic results in measuring jaw muscles under distinct conditions, from a state of 

resting to maximum voluntary clench (Ferrario 1991). The actions of muscles in the limbs and 

the jaw were different from those of breathing muscles. Therefore, these observations cannot 

be extrapolated to a study on respiration muscles (Derenne 1978, Mead 1964). Muscles of the 

limbs and the jaw usually work against an inertia, but respiratory muscles work against elastic 

recoil of the lung and chest wall.  

 

In contrast, Ng reported a poor reproducibility of surface respiratory muscle EMG 

measurements during 50% and 75% of PImax for between-day recordings in adult volunteers 

(Ng 1993). We measured three different age groups (adults, school children with and without 

asthma, and preschool children) during tidal breathing. We found a highly significant 

correlation between the measurements in all groups. In assessing agreement between the 

repeated measurements within the same subjects, we found no significant differences between 
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the measurements on the separate occasions. Furthermore, the standard deviation of the 

differences for all groups was approximately 1 µV or less. 

 

We wanted to know the degree of which the second and third measurements are likely to 

agree with the first measurement. Criteria for reproducibility of EMG measurements of 

respiratory muscles have never been well defined. Moreover, with this new device we had no 

prior knowledge of the magnitude and standard deviation of the signal. Opinions will differ 

on the question how much EMG values of repeated measurements might diverge while still 

being reproducible. A correlation of 0.8, as an arbitrary limit of agreement in reliability, was 

reported to be acceptable in EMG measurements (Franssen 1995). The test of significance 

shows us that the two measurements are related, but measuring agreement between two 

measurements may give us more insight in the assessment of repeatability. Ideally, the "limits 

of agreement" should be defined beforehand to help interpret comparison between 

measurements. Since ours is a new measure, "reference values" are not available. An accepted 

variation in lung function measurements (FEV1) is 5%, according to the ATS 

recommendations to establish reproducibility (American Thoracic Society 1995). This means 

that the largest FEV1, and the second largest FEV1 must not vary more than 5%. Comparing 

the mean differences and the standard deviations of the differences to the magnitude of the 

peak-to-peak amplitude, we found an acceptable amount of agreement in respiratory EMG 

measurements with 1 hour and 24 hours intervals in the school children with and without 

asthma and in the preschool children, and with a three-week interval between the 

measurements in the adult group. Compared to the ATS standard, the agreement between two 

EMG measurements in our study seems reasonably good.  

 

During these first measurements we experienced that the method for measuring respiratory 

EMG activity is indeed easy to perform. Even in preschool children, good EMG signals are 

easy to obtain. One of the problems mentioned in the literature is contamination by body 

posture and the activity of other muscles when diaphragmatic activity is measured by means 

of surface electrodes (Campbell 1958). Variation in electrode positioning is known to 

influence the amplitude of EMG signals. To minimize posture contamination, all 

measurements were performed in an upright, sitting position. The positioning of the 

electrodes in this study was controlled by marking the sites on the skin around the electrodes. 





 

 
  

Table 2. Pearson's correlation coefficient, mean differences between measurements, and SD of the differences for all test subjects 
 

   Adults  Healthy School Children  Asthmatic School Children Preschool Children   

  

    3 wk  1 hr  24 hrs  1 hr  24 hrs  1 hr  24 hrs   

 

AvDF  r  0.93  0,75  0.90  0.91  0.48*  0.84  0.89 

   md  -0.22  -0.50   -0,37  -0.02   -0.28   -0.18   0.18  

   1.96*SD  1.77  2.26  1.77  2.05  1.48  1.94  1.58 

 

AvDB  r  0.98  0.59  0.41†  0.90  0.79  0.93  0.97   

md  -0.03  -0.57  -0,10  -0.04  -0.70  0.20   0.05  

1.96*SD  0.81  2.35  3.24  0.86  1.23  0.88  0.65 

 

AvI  r  0.98  0,53*   0.65  0.65   0.57*  0.98  0.99 

   md  -0.12  -0.05   0,03  -0.01   -0.06   -0.04  0.01 

   1.96*SD  0.32  1.02  0.92  0.61  0.61  0.32  0.25 

 

 

Note: AvDF, average frontal diaphragm EMG; AvDA, average dorsal diaphragm EMG; AvI, average intercostal EMG. Pearson’s correlation 

coefficient (r) is significant at p < 0.01, unless otherwise specified. * p < 0.05; † not significant. 
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Due to the method of signal measurement, we never experienced problems with interference 

pick-up (shielded cables) or loss of electrode signal to the cable capacity (guarding) (Prechtl 

1977). The repeatability of measurements with a time interval of 1 hour is relatively poor for 

the healthy school children. A possible cause for this relatively poor correlation in the group 

could be a lack of experience with lung function testing. Because this group of children is not 

used to visit the hospital and undergo lung function tests, nervousness could have played a 

role during the first day of testing. The fact that children move or talk did not influence the 

analysis of the electrical signal. For analysis we used parts of the measurements during which 

the subject was breathing quietly.  

      

A repeated point of criticism of the transcutaneous measurement of respiratory muscles, is the 

effect of the electrical activity of abdominal muscles in the region of the frontal diaphragm. 

As figure 2a shows, there is some electrical activity detectable in the leads of the abdominal 

signals. However, the activity is of inspiratory nature. Because the abdominal muscles are 

expiratory, the source of this activity must reside elsewhere. The amplitude, being only 0.2 

µV, suggests some distant source. As figure 1 indicated, the electrodes of the abdominal leads 

are placed vertically, so the upper electrode could pick up some of the electrical activity of the 

frontal diaphragm, which is more than 20 times higher (4 µV). The distance between the two 

abdominal electrodes was about 2 cm and the distance from the abdominal electrodes to the 

frontal diaphragm was about 8 cm. Considering the two dimensional skin impedance, the 

upper electrode at this distance could measure (1/5)2 = 1/25 of the electrical activity of the 

diaphragm, about 0.2 µV. Another part of evidence may be found in the close timing of the 

peaks in both abdominal curves and that of the frontal diaphragm, in this case within 75 ms.  

In young children, measuring pulmonary function without sedation is difficult to perform. In 

this age group, tools to confirm clinical diagnosis, to monitor response to therapy and to 

follow the course of the disease are required. Validation of this new method is necessary, to 

be able to make comparisons between individuals, as well as to make repeated EMG 

measurements in the same subject. 

 

In conclusion, the new instrument described and the protocol used both for positioning the 

electrodes and for recording reproducible EMG signals, is noninvasive and appeared to be 

easy to perform. Although the results should be interpreted with caution, our observations 

indicate that the peak-to-peak values of the average EMG of the diaphragm and intercostal 
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muscles are reproducible during tidal breathing, in different age groups with and without 

asthma. 
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To the Editor: In the recent article of Corne et al. (Corne 2000) a method (which we will 

designate A) is used for the removal of the electrocardiogram (ECG) artifact present in the 

esophageal diaphragmatic electromyogram (EMG) waveform. The QRS artifact (typically 

100 ms long) was first removed from the signal. The EMG signal was then rectified. The 

deleted 100-ms segment was replaced with a straight line starting with the average of the 

signal over 40 ms before the QRS artifact and ending with the average over 40 ms after the 

QRS artifact. The EMG signal was then averaged (100-ms moving average). Their figure 1 in 

Ref. 1 shows a signal example of the process. The resulting signal called EMGdi is of good 

quality and detail with minimal ECG artifact (mainly P-wave residual). In 1981, LvE already 

patented (US patent 4,248,240) a method (which we will designate as B) for transcutaneous 

diaphragmatic EMG that works in a similar way (see figure 1). 

 

 

 

 

Figure 1. Removal of the electrocardiogram (ECG) artifact present in the diaphragmatic 

electromyogram (EMG) waveform.  
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Note: Top, method V. Eykern averager; bottom, method Corne averager. The deleted (gated) 

100-ms segment corresponding to the ECG artifact is replaced with the ongoing average, by 

switching from the rectified signal to the output of the averager during the gate. 

 

 

Here, the deleted (gated) 100-ms segment corresponding to the ECG artifact is replaced with 

the ongoing average, by switching from the rectified signal to the output of the averager 

during the gate. In recent studies, this method is used and described by Maarsingh et al. 

(Maarsingh 2000) and Sprikkelman et al. (Sprikkelman 1998).  

We were intrigued to see the difference between the two methods. Besides the difference in 

filling of the QRS gap, there is a significant difference in process delay time. For our method 

(B), 40 ms is necessary to align the detected QRS complex with the ECG artifact. Although 

Corne et al. (Corne 2000) used a pregate average of 40 ms, a 100-ms gate, and a further 40-ms 

average after the gate, adding up to a process time of 180 ms. If we delay the outcome of our 

method with 140 ms, the only difference between the two processes will be the filling of the 

gate. We compared methods A and B with an EMG averager without gating. For a test signal, 

we used an artificial respiratory EMG signal (30 breaths/ min); for time keeping and QRS 

detection, we used a genuine ECG signal of one of our recordings (68 - 80 beats/ min). In 37 

breaths the root mean square error was 5.7 % for method A and 6.4 % for method B, the first 

being slightly better (figure 2). 

 

In 1987, O’Brien et al. (O’Brien 1987) showed the feasibility and value of noninvasive 

transcutaneous diaphragm EMG in a group of infants using two prototype respiratory EMG 

monitors. With a second method available that produces almost ECG artifact-free averaged 

respiratory EMG waveforms either from esophageal or surface EMG recordings, the question 

arises of when we will see applications of respiratory EMG implemented in the clinical 

practice. Up until now, little has happened. 
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Figure 2. Comparison between methods A and B with an EMG averager without gating (see 

text). 

 

 

 



Two similar averages for respiratory muscle activity 
 

 61

References 
 
Corne S, Webster K, Younes M. Effects of inspiratory flow on diaphragmatic motor output in 

normal subjects. J Appl Physiol 89: 481-492, 2000. 

Maarsingh EJW, Eykern LA van, Sprikkelman AB, Hoekstra MO, Aalderen WMC van. 

Respiratory muscle activity measured with a noninvasive EMG technique: technical 

aspects and reproducibility. J Appl Physiol 88: 1955-1961, 2000. 

O’Brien MJ, Eykern LA van, Bambang Oetomo S, Vught HAJ van. Transcutaneous 

respiratory electromyographic monitoring. Crit Care Med 15/4: 294-299, 1987. 

Sprikkelman AB, Eykern LA van, Lourens MS, Heymans HS, Aalderen WMC van. 

Respiratory muscle activity in the assessment of bronchial responsiveness in asthmatic 

children. J Appl Physiol 84: 897-901, 1998. 



 

 





 

 

 
 

 

 

 

Chapter 4 
 
 

Airflow limitation in asthmatic children assessed with a 
non-invasive EMG technique 

 

 

Eric J.W. Maarsingh 1, Leo A. van Eykern 2, Rob J. de Haan 3, Rupino W. Griffioen 1, 

Maarten O. Hoekstra 1, Wim M.C. van Aalderen 1 

 
1 Dept. of Pediatric Pulmonology, Emma Children's Hospital, University Hospital Amsterdam, 2 Dept. 

of Neurology & Movement Sciences, University of Groningen, 3 Dept. of Clinical Epidemiology & 

Biostatistics, University of Amsterdam 

 

 

 

 

 

 

 

 

Respiratory Physiology & Neurobiology 2002, 133: 89-97 

 





Chapter 4 
 

 64 

Abstract 

 

Introduction. The aim of the study was to investigate the association between 

electromyography (EMG) of the diaphragm and intercostal muscles and the forced expiratory 

volume in 1 s (FEV1) at different levels of histamine induced airflow limitation, and the 

response to salbutamol. Moreover, we assessed the reproducibility of the EMG measurements 

on 2 different occasions during different levels of airflow limitation in asthmatic school 

children. 

 

Methods. Fourteen children with asthma performed 2 histamine challenges with a 24-hour 

time interval and 1 child performed 1 histamine challenge. The EMG signals were derived 

from surface electrodes. The logarithm of the EMG-Activity-Ratio (EMGAR, mean peak-

bottom ratio of respiratory muscle activity) was used as EMG parameter.  

 

Results. The log EMGAR of the diaphragm (di) and the log EMGAR of the intercostal 

muscles (int) associated well with the histamine-induced fall in FEV1 at 5% steps from the 

baseline value. After administration of salbutamol log EMGARdi and log EMGARint 

returned to baseline mean peak-bottom values (for all leads p < 0.001). The EMGARdi and 

EMGARint values were reproducible at different levels of airflow limitation. 

 

Conclusion. This study showed that EMGARdi and EMGARint as a parameter for a change in 

electrical activity of the diaphragm and intercostal muscles associated well with FEV1, was 

reversible after salbutamol and was reproducible at different levels of histamine-induced 

airflow limitation in asthmatic school children.  
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Introduction 

 

The measurement of lung function is important in clinical decision making on asthma. Lung 

function may provide essential information on the natural history and response to treatment 

(Bouchez-Buvry 1997, Haahtela 1994). Additionally, early recognition of airflow limitation 

and airway responsiveness in the course of asthma could provide a good opportunity for early 

intervention (Grol 1999, Sears 2000). Since spirometric tests require active co-operation for 

forced expiratory manoeuvres (FEV1), this type of test is limited to older children (American 

Thoracic Society 1994). Children under 6 years and less co-operative children are generally 

not able to perform reproducible forced expiratory manoeuvres, making the assessment of 

airflow limitation in this age group difficult. 

 

A non-invasive technique based on electromyographic (EMG) measurements of the 

diaphragm and intercostal muscles has been developed by our group for monitoring 

disordered respiratory behaviour in neonates and infants (Prechtl 1977, O’Brien 1987, 

Sprikkelman 1998, Maarsingh 2000). We investigated in a pilot study whether this method 

could be used for assessing bronchoconstriction responses (Sprikkelman 1998). Although, 

surface diaphragmatic and intercostal EMG values had a close inverse relationship to a 

maximum fall in FEV1 during a histamine challenge in asthmatic school children, the 

association with FEV1 at different levels of airflow limitation and response to treatment is still 

unknown. In another study, we reported that respiratory EMG measurements appeared to be 

reproducible during quiet breathing in children and adults without airflow limitation 

(Maarsingh 2000). 

 

In the present study we investigated in asthmatic school children: 1) the association between 

diaphragmatic and intercostal EMG and the FEV1 at different levels of histamine-induced 

airflow limitation, 2) the response of the EMG activity after administration of salbutamol, and 

3) the reproducibility of the diaphragmatic and intercostal EMG at different levels of airflow 

limitation. 
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Methods 

 

Study subjects 

Fifteen children (11 males, aged 10.8 ± 3.2 years) with mild to moderate asthma participated 

in the study. All children attended the outpatient clinic of the Emma Children's Hospital, 

University Hospital of Amsterdam, The Netherlands. The children were diagnosed as having 

asthma according to the International Consensus Report on Diagnosis and Management of 

Asthma (Kay 1992). Children with lung diseases other than asthma, or those who were not 

able to perform reproducible spirometric tests were excluded from participation in this study. 

All children were treated with inhaled corticosteroids and used bronchodilator therapy on 

demand. Inhaled corticosteroid therapy was continued during the study. The children had no 

complaints prior to the study and were asked not to use short and long acting bronchodilators 

8 and 24 hours prior to the test, respectively. During the measurements, the children were 

asked to sit in an upright position leaning backward with support, with their hands resting on 

their legs. The study was approved by the Medical Ethics Committee of the University 

Hospital of Amsterdam. Informed consent from the children and parents was obtained prior to 

inclusion in the study. 

 

Histamine challenge 

The children performed spirometric tests by means of a standard spirometer (MasterScreen 

Pneumo, Jaeger, Germany). Normal values of Zapletal et al. (Zapletal 1987) were used. For 

histamine inhalation we used a calibrated De Villbiss 646 nebulizer (De Villbiss, Somerset, 

MA, USA) with an output of 0.13 ml/min. The aerosols were delivered in the mouthpiece and 

the children were wearing a nose clip. As a baseline measurement the best of three efforts was 

used for analysis. Subsequently, the children were asked to inhale an aerosol of 0.9% 

phosphate-buffered saline solution (PBS) during 2 minutes of tidal breathing, as a means of 

control for the histamine challenge test. After that, at 5 minutes intervals doubled histamine 

aerosol concentrations were administered from 0.03 mg/ml up to a maximum of 16 mg/ml, 

also during two minutes of tidal breathing. In between dose steps, spirometry was performed 

90 seconds after inhalation of each dose of histamine. The challenge test was discontinued 

when the concentration of histamine induced a 20% fall in FEV1 or more from baseline 

(PC20), or when the maximum dose of histamine was reached. After the PC20 was reached, 

four puffs of 100 µg salbutamol dose-aerosol were administered with a Volumatic®. 
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Spirometry was repeated after 10 minutes to make sure that the FEV1 returned to ≥ 90% of the 

baseline value. 

 

EMG recordings 

Electrical muscle activity (EMG) of the diaphragm and intercostal muscles was derived 

transcutaneously from pairs of single electrodes (disposable Neotrode, ConMed Corporation, 

New York, USA). To obtain the electrical activity of the diaphragm, two electrodes were 

placed bilaterally below the costal margin in the nipple line (frontal lead of diaphragm) and 

two bilaterally on the back at the same level (dorsal lead of diaphragm). The mean value of 

the processed data of the frontal and dorsal leads of the diaphragm represented the electrical 

activity of the whole diaphragm. To obtain the electrical activity of the intercostal muscles, 

two electrodes were placed each in the second intercostal space left and right, 2 cm 

parasternal. A common electrode was placed at the level of the sternum. 

 

The electrodes were connected to a Porti-16 front-end (Twente Medical Systems 

International, Enschede, The Netherlands) comprising 8 general purpose inputs for the 

measurement of bipolar electro-physiological signals (Electro-X-Gram, EXG) and 8 

instrumentation inputs for physical signals (auxiliary, AUX (see Magnetometer respiration 

monitoring)). Electrical signals of heart activity was removed and the ‘gated’ EMG was 

averaged as described by O’Brien et al. (O’Brien 1983). To minimise displacement current 

leakage, the front-end was powered by a highly isolated power-supply and the measurement 

data were transported to a personal computer by fibre optics. The EXG signals were 

transformed into EMG signals by digital first order high-pass filters (time constant = 0.01s), 

as an electro-physiological signal is characterised by the position of the electrodes in relation 

to the electrically active tissue and its signal properties. The data recording, processing and 

analysis were done by the data acquisition and processing package POLY 5.0 (Inspektor 

Research Systems, Amsterdam, The Netherlands). Technical details of the measurements and 

measurement devices were extensively described in a recent paper (Maarsingh 2000). 

 

Magnetometer respiration monitoring 

A magnetometer respiration band (Respiband, SensorMedics, Bilthoven, The Netherlands) 

was placed around the chest at the level of the nipples and was used for a reference respiration 

signal (see Data analysis and statistics) (Mead 1967). The band was connected to, and 
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powered by the AUX input. The AUX input signal was transformed into a respiration band 

signal by scaling and filtering the data in software. 

 

Data analysis and statistics 

The EMG and AUX signals were recorded continuously with a sample frequency of ∼400 Hz. 

For analysis of the EMG signals we used the time interval in between 30 and 90 seconds after 

baseline measurements and the successive histamine concentration dose-steps, and 10 minutes 

after administration of salbutamol.  

 

All EMG data was reported as the logarithm of an EMG-Activity-Ratio (log EMGAR), as 

described in an earlier paper (Sprikkelman 1998). In short: a ratio was calculated of the mean 

peak-bottom respiratory activity at a given provocation concentration, to the mean peak-

bottom baseline value. The logarithmic of the EMGAR was used to make the relative change 

in EMGAR symmetric around the ratio of one (unity). A log EMGAR of ‘1’ means a factor 

10 increase in mean peak-bottom EMG activity, a log EMGAR of ‘-1’ means a decrease of a 

factor of 10. Pre-processing and peak-bottom detection on the averaged EMG and 

magnetometer respiration band signal was described in detail in a recent paper (Maarsingh 

2000). The pre-processed EMG and magnetometer respiration band signal was sampled in 

averaging buffers. The start of an inspiration was used as the trigger point of an averaging 

sweep. This trigger point was derived from the magnetometer respiration band signal instead 

of one of the respiratory EMG signals to rule out possible disturbances of the trigger point, 

caused by artifacts such as body movements or residual electrical heart activity. To calculate 

the mean peak-bottom value, a minimum of 6 tidal breaths was used. 

 

To study the association between the respiratory EMG measurements and the fall in FEV1 (in 

5%-steps from the baseline value), the Pearson’s Correlation Coefficient (PCC) was used. As 

the individual EMG and FEV1 scores were based on repeated measurements, we first 

correlated per 5% step the EMG and FEV1 scores for each patient. We then converted each 

individual patient correlation to standard scores using Fisher’s variance stabilising z transform 

(Shadish 1994), and pooled the standard scores accordingly. Finally, the estimated pooled 

standard score was converted back to the metric of a pooled correlation. The calculated 

pooled standard scores can be considered as the weighted average of the individual patient’s 

correlation. 
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The reproducibility of the respiratory EMG measurements was analysed by calculating 

Intraclass Correlation Coefficients (ICC), using a two-way mixed-effects model (Deyo 1991). 

This statistic assesses not only the strength of the correlation, but also whether the slope and 

the intercept vary from those expected with replicate measures. If one measure is 

systematically higher or lower than the other, the ICC is correspondingly reduced. The 

coefficient of the ICC can vary from 0.00 to 1.00 where values of ≥ 0.90 are regarded as 

evidence of high or excellent reliability; 0.80- 0.89 as good reliability; 0.70-0.79 as fair; and 

with those below 0.70 indicating poor reliability (Shrout 1979). Linear regression analysis 

was used to assess whether the agreement between respiratory EMG measurements on 2 

different occasions was dependent of the magnitude of the fall in FEV1. A 2-tailed paired t-

test was used for statistical analysis. A p ≤ 0.05 was considered to be statistically significant. 

 

 

Results 

 

At baseline, all children had normal lung function values on test day 1 (FEV1= 99.8 ± 15.7 

%predicted, FEV1/VC = 82 ± 10 %predicted) and test day 2 (FEV1= 102.1 ± 13.5 %predicted, 

FEV1/VC = 83 ± 9 %predicted). Fourteen out of 15 children performed two histamine 

challenges with a time interval of 24 hours, and one child performed one histamine challenge. 

The FEV1 decreased by 20% or more in 13 children after histamine challenge on both test 

occasions. One child had a maximum fall in FEV1 of 15% and 14% at the highest histamine 

concentration on test days 1 and 2, respectively. 

 

In figure 1, the association between the fall in FEV1 (in 5%-steps from the baseline value) and 

the log EMGARdi and log EMGARint is shown for test day 1. The association between the 

fall in FEV1 and the log EMGARdi and log EMGARint was similar for test day 2. Figure 1 

shows, on both test days, a linear increase in log EMGAR for both leads between a 5% to 

25% fall in FEV1.  
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Figure 1. Association between fall in FEV1 (5%-steps from baseline value) and log 

EMGARdi and log EMGARint on test day 1.  

Note: The fall in FEV1 is expressed as a percentage of the baseline values. 
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In figure 2, the relationship between the FEV1 and the diaphragmatic and intercostal EMGAR 

values after administration of salbutamol is shown for test day 1. Ten minutes after 

administration of salbutamol the FEV1 returned significantly to ≥ 90% of the baseline value in 

all children (p < 0.001). The mean log EMGAR values of the diaphragm and intercostal 

muscles returned to values not significantly different from baseline (all p-values < 0.001). 

Changes in FEV1 and respiratory EMG measurements showed similar results on the second 

test day. 

 

The Pearson’s correlation coefficients (PCC) and regression coefficients (RC) and 

reproducibility of the repeated EMG measurements are presented in table 1. The RC values 

for both test occasions of the frontal and dorsal lead of the diaphragm and the intercostal 

muscles indicate that the EMG-Activity-Ratio was not dependent on the magnitude of the 

histamine-induced fall in FEV1. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Relationship between the FEV1 and the diaphragmatic and intercostal EMGAR values after administration of salbutamol on test day 1. 

Note: After histamine challenge (Max fall in FEV1) FEV1 fell significantly (N = 15; p < 0.001), and returned to baseline values after inhalation of 

salbutamol (After salbutamol) (p < 0.001). Simultaneously significant changes in diaphragmatic and intercostal EMGAR values were observed. 

There is 1 missing value (N = 14), because of technical problems during the EMG measurement in 1 child after administration of salbutamol on 

test day 1.   
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Table 1. Range of PCC, pooled PCC, and ICC on test days 1 and 2. 

 

 
      TEST DAY 1      TEST DAY 2 

 

      Range of PCC Pooled PCC  Range of PCC Pooled PCC  ICC   RC 

 
EMGARdi (frontal) 0.84 – 0.94  0.90 0.80 – 0.93 0.88 0.64 (0.44 – 0.77) -0.02 (p = 0.87) 

 

EMGARdi (dorsal) 0.82 – 0.93  0.89 0.80 – 0.93 0.88 0.81 (0.70 – 0.88) -0.30 (p = 0.007) 

   

EMGARint 0.87 – 0.95  0.92 0.66 – 0.88 0.79 0.74 (0.59 – 0.83) 0.09 (p = 0.42) 

 

 

Note: EMGARdi frontal, EMG-activity-ratio, obtained from the frontal lead of the diaphragm; EMGARdi dorsal, EMGAR, obtained from the 

dorsal lead of the diaphragm; EMGARint, EMGAR, obtained from the intercostal muscle lead. PCC, Pearson’s Correlation Coefficient; ICC, 

intraclass correlation coefficient; RC, regression coefficient. 
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Discussion 

 

We found a good inverse association between the diaphragmatic and intercostal EMG-

Activity-Ratio values and the fall in FEV1 in 5% steps during histamine challenge in 

asthmatic school children. After administration of salbutamol the EMGAR values of all leads 

returned significantly to baseline values and appeared to be reproducible at different levels of 

airflow limitation on the different measurement days. 

 

In contrast to an earlier study (Sprikkelman 1998) in which we found in asthmatic children 

that the electrical activity of the diaphragm and intercostal muscles corresponded only with 

the maximum fall in FEV1 during a histamine challenge, we now describe the association 

between the fall in FEV1 in steps of 5% and increasing EMG activity. Our observation that the 

diaphragmatic and intercostal EMG activity in asthmatic children increased during a 

histamine-induced airflow limitation is in accordance with observations in animal studies 

(Van Lunteren 1984; Van Lunteren 1987) as well as in human studies (Sprikkelman 1998; 

Butler 1996; Meessen 1997). In our earlier study, diaphragmatic and intercostal EMG activity 

had not been determined before the dose step of PC20-histamine was reached. In addition, the 

present study showed a linear increase in the logarithm of the EMGAR for all leads in the 

range from 5% to 25% fall in FEV1, indicating that the electrical activity of the diaphragm 

and intercostal muscles increased exponentially. This indicates that monitoring the 

diaphragmatic and intercostal EMG activity is a sensitive tool to estimate airflow limitation in 

school children.  

 

In the present study we observed a fair agreement between EMG measurements on test days 1 

and 2, the intraclass correlation coefficient showed wide confidence intervals in all three 

leads. In our earlier study we showed that the EMG signals derived from diaphragm and 

intercostal muscles was reproducible during quiet breathing in children and adults without 

airflow limitation (Maarsingh 2000). The present study shows that both signals are also 

reproducible at different levels of airflow limitation. The agreement between test days 1 and 2 

of the EMG measurements of the frontal lead of the diaphragm and the intercostal muscles 

was not dependent on the magnitude of the fall in FEV1. However, more variation in EMG 

activity of the dorsal lead of the diaphragm was seen during increasing airflow limitation. 

Contamination of the signal, possibly caused by body posture, could have played a role in the 

variation in activity of the dorsal lead of the diaphragm as measured with surface electrodes. 
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To minimise body posture contamination, the procedure was carefully described by the 

operator (for example, the subjects were told when and how to relax) and all measurements 

were performed in an upright seated position, leaning backward with support for their arms. 

The use of surface electrodes to study the electrical activity of the diaphragm and intercostal 

muscles is sometimes criticised for difficulties to separate postural activity of trunk muscles 

from breathing activity (Van Lunteren 1985; Sinderby 1996). Nevertheless, in agreement with 

data from Gorini et al. (Gorini 1988) and in agreement with observations in a previous study 

(Sprikkelman 1998), we noticed only minimal interference caused by the activity of trunk 

muscles during the measurements. Postural contamination is not likely to play a major role in 

affecting the EMG measurements of the frontal lead of the diaphragm and the intercostal 

muscles. Calculating the mean values of the processed data of the frontal and dorsal lead of 

the diaphragm appeared to be a reliable measure for electrical activity of the whole 

diaphragm. 

 

An exponential increase in surface respiratory EMGAR was found during histamine-induced 

airflow limitation. The exact physiologic determinants of these EMG measurements during a 

histamine challenge are not clear. It has been suggested that respiratory EMG during 

increasing airflow limitation may reflect alterations in the control of breathing in response to 

underlying mechanics, such as changes in chest wall configuration, changes in lung volume 

(including hyperinflation) accompanied by an increase in tonic activity of the respiratory 

muscles, rather than a direct index for airflow limitation (Wheatley 1990; De Troyer 1997). 

However, until the moment that serious increased airflow limitation was observed (> 35% fall 

in FEV1), no increase in tonic activity in diaphragmatic and intercostal muscles was observed 

(results not shown). Therefore, in the present study, the EMG-Activity-Ratio as a measure for 

electrical muscle activity during airflow limitation was minimally influenced by a change in 

tonic activity. 

 

In conclusion, the EMG-Activity-Ratio as a parameter for a change in electrical activity of the 

diaphragm and intercostal muscles associated well with a histamine-induced fall in FEV1, and 

returned to baseline values after administration of salbutamol. Although the results should be 

interpreted with caution, our observations showed a reproducible diaphragmatic and 

intercostal EMGAR at different levels of airflow limitation in asthmatic school children. 

These findings support the idea that the respiratory EMG measurements may be an 

opportunity to indirectly estimate airflow limitation in asthmatic children who are not able to 
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perform spirometry reliably. A next step should be validation of this method in this specific 

age group. 
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Abstract 

 

Introduction. The aim of the study was to investigate the association between surface 

electromyographic (EMG) activity of the diaphragm and intercostal muscles, and clinical 

symptoms (wheezing, cough, increased respiratory rate and prolonged expiration) during 

bronchial challenge testing and after administration of salbutamol in asthmatic pre-school 

children.  

 

Methods. A histamine challenge test was performed in 20 asthmatic pre-school children. The 

histamine dose at the appearance of 1 or more clinical symptoms was defined as the 

maximum histamine provocation dose (PDcs). The clinical symptoms were recorded with a 

microphone over the trachea. The logarithm of the EMG-Activity-Ratio (EMGAR, mean peak 

activity ratio to baseline of respiratory muscles during tidal breathing) was used as EMG 

parameter.  

 

Results. In both the diaphragmatic and the intercostal log EMGAR values a linear increase 

was observed in the four histamine dose-steps prior to PDcs. At PDcs the mean log EMGAR 

of the diaphragm (di) and intercostal muscles (int) was significantly increased as compared to 

the baseline values. After administration of salbutamol the log EMGARdi and log EMGARint 

returned to baseline values and the clinical symptoms normalised in all children. At PDcs, no 

significant differences in the log EMGAR values could be detected at the appearance of the 

distinctive clinical symptoms, which suggests that wheezing is not the only indicator for the 

detection of airway responsiveness in young children.  

 

Conclusion. We found a linear association between histamine dose and the increase in surface 

diaphragmatic and intercostal respiratory EMG activity during a bronchial challenge test in 

pre-school asthmatic children, which returned to baseline values after inhalation of 

salbutamol. These findings support the idea that EMG measurements of the diaphragm and 

intercostal muscles may offer an opportunity to estimate airway response in young children in 

an alternative way. 
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Introduction 

 

The accumulating evidence of an increased incidence of asthma in early childhood and the 

impact of early treatment on pulmonary function outcome both justify the development of 

reliable methods to evaluate airflow limitation and bronchial responsiveness in the pre-school 

child (Haahtela 1994, Grol 1999). Several methods have been used to assess bronchial 

responsiveness in this age group (Bisgaard 1995). However, most of the methods are not used 

routinely because none of them are easily applicable.  

 

A method to assess bronchial responsiveness is based on detecting audible clinical symptoms 

over the chest or trachea (Beck 1992, Pasterkamp 1997, Yong 1999, Springer 2000). In earlier 

studies we found in asthmatic school children that the appearance of wheezing, cough, a 

prolonged expiration, and an increased respiratory rate corresponded well with a 20% fall in 

FEV1 during a bronchial challenge test (Sprikkelman 1996, Sprikkelman 1999). Wheezing by 

itself was found to be an insensitive indicator for assessing bronchial responsiveness. In the 

process of a study for a method to assess airway response in an indirect way, allowing for a 

minimum of co-operation from the child, we developed a non-invasive technique for 

monitoring respiratory muscle activity (Sprikkelman 1998, Maarsingh 2002). In recent studies 

we found that the respiratory EMG method correlated with the maximum fall in FEV1 during 

a histamine challenge in asthmatic school children (Sprikkelman 1998, Maarsingh 2002). 

Moreover, the respiratory EMG method correlated well at different degrees of airflow 

limitation and the signal appeared to be reproducible during tidal breathing with and without 

airflow limitation in school children with asthma (Maarsingh 2000, Maarsingh 2002). In pre-

school children we showed that the respiratory EMG method was reproducible during tidal 

breathing without airflow limitation (Maarsingh 2000).  

 

The aim of the study was to investigate the association between surface electromyographic 

(EMG) activity of the diaphragm and intercostal muscles, and clinical symptoms (wheezing, 

cough, increased respiratory rate and prolonged expiration) during bronchial challenge testing 

and after administration of salbutamol in asthmatic pre-school children.  
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Methods 

 

Patients 

A histamine challenge was performed in 20 pre-school children (8 males, 12 females), 

between the ages of 2 and 6. The children were diagnosed as having asthma according to the 

International Consensus Report on Diagnosis and Management of Asthma (Kay 1992) and 

attended the outpatient clinic of the Emma Children's Hospital at the University Hospital of 

Amsterdam. All suffered from recurrent periods of coughing, wheezing and dyspnoea. 

Children with lung diseases other than asthma were excluded from participation in the study. 

All children were free of complaints and symptoms of pulmonary origin on the day of the 

measurements. All children reacted well on β-adrenergic drugs and used these drugs on 

demand. Thirteen children were treated with inhaled corticosteroids. The children avoided 

short and long acting bronchodilator therapy 8 and 24 hours, respectively, before the 

measurements. Inhaled corticosteroid therapy was continued during the study. The children 

were measured in an upright sitting position with their hands resting on their legs. The 

Medical Ethics Committee of the University Hospital of Amsterdam approved the study. 

Informed consent from the parents was obtained prior to inclusion in the study. 

 

Histamine challenge 

For histamine inhalation we used a calibrated De Villbiss 646 nebulizer (De Villbiss, 

Somerset, MA, USA) with an output of 0.13 ml/min. The aerosol was delivered into a soft 

clear plastic facemask (Toddler, Vital Signs, Inc., Totowa, USA) to provide a good seal on the 

patients, and inhaled through the mouth. In order to avoid an effect of histamine on nasal 

resistance all children wore a small nose clip, so that the dead space was not increased. The 

children inhaled an aerosol of 0.9% phosphate-buffered saline solution (PBS) during 2 

minutes of tidal breathing, as a control for the histamine-challenge test. Subsequently, at 5-

minute intervals, doubled histamine aerosol concentrations were administered from 0.03 

mg/ml up to a maximum of 8 mg/ml during 2 minutes of tidal breathing as well. In between 

dose steps, clinical symptoms were recorded over the trachea for 2 minutes, starting 1 minute 

after administration of each dose of histamine during quiet respiration. The provocation test 

was terminated when 1 or more of the following clinical symptoms were observed: 1) 

wheezing, 2) persistent cough, 3) prolonged expiration, 4) increased respiratory rate, or 5) 

when the maximum dose of histamine was reached. For definition of the criteria see ‘Tracheal 

auscultation’. Bronchial responsiveness was defined as the histamine provocation dose at 
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which 1 or more of these clinical symptoms were observed (PDcs). After reaching the PDcs 

and/or the maximum dose of histamine, 4 puffs of 100 µg salbutamol dose-aerosol were 

administered with a Babyhaler. A 2-minute recording of the lung sounds was repeated 10 

minutes after inhalation of salbutamol to make sure that the clinical symptoms normalised. 

 

Trachea auscultation 

A microphone (Wip & Broos, Groningen, The Netherlands) was placed in the suprasternal 

notch and attached to the skin with two-sided adhesive tape rings. The clinical symptoms 

were stored on tape (DT-120 Rn, Sony), using a digital audio tape recorder (DTC-59 ES, 

Sony). The clinical symptoms were analysed directly by the investigator (E.M.) and classified 

as wheezing, persistent cough, prolonged expiration, and increase in the respiratory rate. 

Cough was scored when it appeared and was persistent, defined as during 1 minute or more 

continuously coughing after inhalation of histamine. Prolonged expiration was scored when 

the duration of expiration exceeded the duration of inspiration. An increase in the respiratory 

rate was defined as an increase of 50% or more from the baseline respiratory rate. As a 

control, a second analysis of the clinical symptoms was performed from the audio tape 

recordings. During this second analysis the investigator was unaware of patient characteristics 

and histamine concentrations.  

 

Electromyographic recordings 

A schematic presentation of the equipment used in the study is shown in figure 1. Respiratory 

electromyographic (EMG) signals were recorded continuously. Surface EMG of the 

diaphragm and intercostal muscles was derived from pairs of single electrodes (disposable 

Neotrode, ConMed Corporation, New York, USA). To obtain electrical activity from the 

diaphragm, 2 electrodes were placed bilaterally below the costal margin in the nipple line. To 

obtain electrical activity from the intercostal muscles, 2 electrodes were placed bilaterally, 1 

each in the second intercostal space left and right. A common electrode was placed at the 

level of the sternum.  
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Figure 1.  Schematic presentation of the respiratory EMG recording and analysis equipment 

as used in the study. Note: The electrodes for monitoring surface EMG of the diaphragm and 

intercostal muscles were placed bilaterally below the costal margin in the nipple line, and 1 

each in the second intercostal space left and right, respectively. The common electrode was 

placed at the level of the sternum. The electrodes were connected to a portable Porti-16 front-

end. The data were recorded, processed and analysed by POLY 5.0 (see Methods). 

 

 

The electrodes were connected to a portable Porti-16 front-end (TMS International, Enschede, 

The Netherlands) by means of shielded cables to avoid interference pick-up. To prevent loss 

of electrode signal to the cable capacity, a low impedance version of this electrode signal was 

fed back to the shield (guarding). The front-end measured, conditioned and digitised the 

analogue signals, and pre-processed the digital signals. The Porti-16 front-end configuration 

comprises 8 bipolar electro-physiological (EXG) channels and 8 differential physical (AUX) 

channels. The bipolar EXG channels have high input impedances (> 2 GΩ). The common 

mode signal range is 6 V, the differential signal range is 300 mV and the common mode 

rejection ratio is > 100 dB at 50-60 Hz. Analogue high-pass or low-pass filters are absent so 

that the analogue signals cannot be degraded before sampling. Because a surface EMG signal 

is more or less random noise modulated by muscle activity and because we were only 

interested in the amplitude properties of the EMG, in principle an Anti-Aliasing (AA) filter 

was not needed. High frequency interference was prevented to penetrate the electrode signal 
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path by using shielded and guarded electrode cables and shielded amplifier housing. High 

frequency instrumental noise was limited by the properties of the sigma-delta Analog-

toDigital Converter (ADC). The principle of the sigma-delta method is in short that at a very 

high sample frequency (570 kHz) a numeric representation of the signal (sigma) is made by 

updating sigma with the difference (delta) of the input signal and the previous sigma. This 

updating is performed by means of a high order digital low-pass (decimation) filter. The data 

stream of the decimation filter is sub-sampled with the output sample frequency. The cut-off 

frequency of the digital filter is automatically set to 0.34 * the output sample frequency, so 

acting as an inherent AA filter. To prevent aliasing at the 570 kHz primary sample frequency 

a simple first order low-pass analogue filter at 5 kHz was sufficient. Although the maximum 

sample frequency of the front-end is 2 kHz, the sensitivity for the detection of respiratory 

muscle activity during tidal breathing was optimal at a sample frequency of 400 Hz. The ADC 

puts out samples with a resolution of 22 bits, resulting in a least significant bit of 71.5 nV for 

the differential signal. The total amplifier and ADC noise is < 2 µVpp. The EXG signal was 

transformed into an EMG signal by means of a digital first-order high-pass filter (time 

constant = 0.01s), as an electro-physiological signal is characterised by the position of the 

electrodes in relation to the electrically active tissue and its signal properties.  

 

Substantial heart activity (mainly QRS complexes) interferes with the diaphragmatic and 

intercostal EMG signals measured at the trunk. This heart activity was removed from the 

respiratory muscle activity as described by O'Brien et al (O'Brien 1983). In short, the QRS 

complexes were detected and stretched to a standard pulse width of 100 ms. During this pulse 

a cut was made in the slightly delayed (40 ms) EMG signal in order to filter out the QRS 

complexes completely (so called ‘gated EMG’). Next, the gated EMG was rectified and 

averaged with a moving time window of T = 200 ms. Finally, the missing signal in the gate 

was filled with the running average resulting in a fairly good interpolation during the gate and 

an almost QRS-free averaged EMG signal. More detailed technical aspects of the 

measurements and measurement devices were described in a recent paper (Maarsingh 2000). 

 

The EMGAR method is based on the relation of the inspiratory neural drive needed to reach a 

certain lung volume at a given test moment with that at a reference moment, acting as 

baseline. The peak in the averaged electrical activity of the respiratory muscle represents the 

end of increasing lung volume; the peak amplitude represents the amount of neural drive 

necessary to reach end-inspirational lung volume. With the patient at rest, breathing at a more 
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or less constant lung volume, increasing airflow limitation leads to an increasing neural drive 

and consequently to an increasing peak amplitude in the averaged EMG. To avoid 

contamination of the peak values by tonic activity and instrumental noise, especially at low 

peak values, the tonic activity was eliminated by the vectorial subtraction of the bottom 

activity (containing the vectorial sum of the tonic activity and the instrumental noise) from the 

peak values. 

 

Data analysis and statistics 

During the histamine challenge test, the respiratory EMG signals were recorded continuously. 

To be able to compare both methods, we selected the part of the continuous EMG registration 

during tracheal auscultation (2 minutes in between histamine dose steps, starting 1 minute 

after administration of each dose of histamine) for data analyses. Cough periods were isolated 

and eliminated from EMG recordings used for calculating the EMGAR. For analysis of the 

EMG signals we calculated the EMG-Activity-Ratio (EMGAR) (Sprikkelman 1998), which 

can be represented as the ratio of the mean peak-to-bottom averaged EMG value during 

airway response and the mean peak-to-bottom averaged EMG value at baseline. A logarithmic 

conversion (log EMGAR) was used to make the relative change in EMG activity symmetric 

around the unity value. For example, a log EMGAR of 1 means an increase in EMG activity 

with a factor of 10, a log EMGAR of -1 means a decrease with a factor of 10, compared to the 

baseline value. For the calculation of the mean peak-to-bottom value a minimum of 6 tidal 

breaths was used, as described in detail in a recent paper (Maarsingh 2000). A two-tailed 

paired t-test was used for statistical analysis. A p ≤ 0.05 was considered to be statistically 

significant. 

 

 

Results 

 

The characteristics of the children and results of the bronchial challenge tests are presented in 

table 1. All children had a positive challenge test (PDcs). In all but 1 (child 11) challenges an 

increase in diaphragmatic and intercostal EMG activity was detected at the dose step at which 

1 or more clinical symptoms appeared (PDcs). 



 

 

Table 1. Characteristics of the children and results of bronchial challenge tests. 
 

 

Child Age Histamine Log EMG-Activity-Ratio  Clinical symptoms   

         PDcs  

No. (years) (mg/ml) Diaphragm  Intercostal muscles  

   at PDcs after salb. at PDcs after salb. at PDcs additional symptoms  after salbutamol 

 

1. 5.2 0.5 0.92  0.01 0.77 -0.04 wheeze cough, prol. expir.  none 
2. 4.6 2.0 0.58 -0.04 0.13     − cough     none 
3. 3.5 8.0 0.47  0.23 0.72  0.01 cough prol. expir.   none 
4. 2.7 2.0 0.55  0.16 0.32 -0.06 wheeze cough, prol. expir., respir. rate none 
5. 4.3 0.5 0.34 -0.08 0.56  0.09 wheeze cough, respir. rate  none 
6. 4.4 1.0 0.58  0.00 0.22 -0.64 wheeze cough, prol. expir., respir. rate none 
7. 5.5 2.0 0.53  0.10 0.41 -0.14 cough prol. expir., respir. rate  none 
8. 6.3 8.0 0.26 -0.13 1.19 -0.16 wheeze cough, prol. expir., respir. rate none 
9. 4.5 8.0 0.18 -0.20 0.45  0.20 wheeze cough, prol. expir.  none 
10. 4.2 1.0 0.37  0.12 0.83  0.42 wheeze prol. expir.   none 
11. 3.3 8.0 0.36 -0.23 -0.01 -0.63 cough prol. expir.   none 
12. 6.0 1.0 0.71  0.39 1.02  0.20 wheeze cough, prol. expir.  none 
13. 5.3 1.0 0.21  0.11 1.13  0.67 cough     none 
14. 5.1 0.25 0.16 -0.22 0.28 -0.05 wheeze cough, prol. expir., respir. rate none 
15. 5.8 1.0 0.45  0.10 0.39  0.21 prol. expir.     none 
16. 4.8 0.5 0.62 -0.00 0.16 -0.01 cough prol. expir.   none 
17. 3.8 8.0 0.42  0.03 0.26  0.01 cough     none 
18. 6.3 0.5 0.34  0.16 0.57 -0.04 wheeze cough    none 
19. 3.9 0.5 0.32    − 0.31    − prol. expir.     none 
20. 5.8 4.0 0.31  0.12 0.50 -0.43 cough prol. Expir.   none 
 

Note: Log EMG-Activity-Ratio, logarithm of the ratio of current mean peak-to-bottom value of EMG activity, to that at baseline; PDcs, 

histamine provocation dose at which the appearance of clinical symptoms was observed; prol. expir., prolonged expiration; respir. Rate, 

respiration rate. There are 3 missing values because of technical problems. 



Chapter 5 
 

 88 

 

 

 

Figure 2. Example of the averaged diaphragmatic EMG recording during a bronchial 

challenge test, using histamine (patient 5). 

Note: Left: histamine concentrations (mg/ml); right: mean peak-to-bottom values of the 

averaged EMG signal; scaling: EMG (µV) and time (s). Vt, tidal breathing before inhalation 

of histamine; PBS, phosphate buffered saline solution; 1 and 10 min*, 1 minute and 10 

minutes after administration of salbutamol. 
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In figure 2, an example of the averaged diaphragmatic EMG recording during a bronchial 

challenge test, using histamine, is shown (patient 5). Both the diaphragmatic and the 

intercostal EMGAR values increased in association with the appearance of clinical symptoms 

during the process of an increasing airway response. However, during this process of airway 

response alternating activity of the diaphragm and intercostal muscles was observed in nine 

individuals. 

 

Figure 3 shows the mean ± standard deviation of the log EMGAR values of the diaphragm 

and intercostal muscles for all children. In both the mean diaphragmatic and intercostal EMG 

activity a linear increase was observed in the four histamine dose steps prior to PDcs. At 

PDcs, the mean log EMGAR of the diaphragm and intercostal muscles was increased with a 

factor 2.7 (0.43 ± 0.18, p = 0.004) and with a factor 3.2 (0.51 ± 0.34, p = 0.005), respectively, 

as compared to the mean baseline values. Ten minutes after administration of salbutamol the 

mean log EMGAR of the diaphragm and intercostal muscles returned to baseline values. 

 

The mean ± standard deviation (SD) of the diaphragmatic and intercostal log EMGAR values 

at the provocation dose that the clinical symptoms appeared (PDcs), is shown in table 2. In 10 

out of 20 children the challenge test was terminated because of wheezing, in eight because of 

persistent cough and in two children because a prolonged expiration was observed. In 15 of 

20 positive challenges a combination of wheezing, persistent cough, a prolonged expiration or 

an increased respiration rate was detected. Most children (85%) coughed at the histamine dose 

at which one or more of the four clinical symptoms were observed (PDcs). The clinical 

symptoms used in the present study, for determining the PDcs, do not necessary reflect the 

same degree of response. However, no significant differences in diaphragmatic and intercostal 

log EMGAR values could be detected at the appearance of the different clinical symptoms at 

PDcs. 
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Figure 3. Logarithm of the EMG-Activity-Ratio of the diaphragm and intercostal muscles 

during histamine-induced airway response. 
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Note: Mean ± SD; PDcs, histamine provocation dose at which 1 or more of the clinical 

symptoms were observed; ‘Step –1’, represents 1 step prior to PDcs; ‘Step –2’, represents 2 

steps prior to PDcs, and so on; ‘1*’ and ‘10*’, 1 and 10 minutes, respectively, after 

administration of salbutamol. N, number of children. 

 

 

Discussion 

 

This study shows an increase in the mean surface diaphragmatic and intercostal log EMG-

Activity-Ratio in association with the appearance of clinical symptoms during a bronchial 

challenge test in asthmatic pre-school children. Ten minutes after administration of 

salbutamol the diaphragmatic and intercostal log EMGAR returned to baseline values in all 

challenges. 

 

The applicability of the respiratory EMG technique has been described in patients of all ages 

for monitoring disordered respiratory behaviour, including diaphragmatic inactivity from 

phrenic nerve injury (O’Brien 1983, O’Brien 1987), augmented expiratory muscle activity 

(Milanese 2000), diaphragmatic activity in the presence of a tension pneumothorax (O’Brien 

1987), weaning infants from ventilators (O’Brien 1987, Pang 1995), neural drive and 

inspiratory neuromuscular coupling in patients with asthma (Gorini 1988). Although the 

transcutaneous EMG technique could serve as a useful tool in assessing breathing patterns and 

airways obstruction (indirectly) in asthmatic patients, this method is still controversial. It has 

been argued that with this technique, difficulties arise in maintaining electrode orientation 

with respect to the muscle fibres and in controlling for influences of variable muscle-to-

electrode distance, because of variations in the amount of subcutaneous fat (O’Brien 1983, 

O’Brien 1987).  However, we minimized the above mentioned influences by using the ratio of 

the averaged electrical muscle activity at a given level of airflow limitation in relation to that 

at baseline (EMG-Activity-Ratio). Using this ratio, constant factors that influence the amount 

of electrical activity measured at both instances will be reduced to unity and after logarithmic 

transformation (log EMGAR) to zero, in fact correcting the actual value for the baseline 

value. In the present study there were three missing values because of technical problems. 

However, the assessment of airway response in an indirect way by measuring the surface 

diaphragmatic and intercostal muscle activity during bronchial challenge testing in pre-school 



Chapter 5 
 

 92 

children is innovative. With the development of improved software algorithms, we expect to 

reduce the amount of missing values in future studies.  

 

Table 2. Mean ± standard deviation (SD) of the diaphragmatic and intercostal log EMGAR 

values at the provocation dose that the clinical symptoms appeared (PDcs).  
 

Clinical symptom  N Log EMGAR  Log EMGAR  

     diaphragm   intercostals muscles 

 

Wheeze    10 0.44 ± 0.24  0.62 ± 0.33 

Cough    8 0.44 ± 0.14  0.41 ± 0.37 

Prol. expiration   2 0.39 ± 0.09  0.35 ± 0.06 

Increased respir. rate  0         -           - 

 

 

Note: Diaphragmatic and intercostal log EMGAR was not significantly different at the 

appearance of the different clinical symptoms at PDcs. N, number of patients. 

 

 

The diaphragmatic and intercostal EMGAR values increased in association with the 

appearance of clinical symptoms during airway response. A larger variability in intercostals 

EMG activity was found compared to diaphragm EMG activity, as can be seen in figure 3. 

This difference in variability may be explained in the functional characteristics of the 

respiratory muscles. As the diaphragm is the principal inspiratory muscle, the main function 

of the intercostals muscles during tidal breathing is rib stabilisation. When ventilation needs 

increase, for example during histamine challenge in asthmatic patients, the accessory 

inspiratory muscles are recruited. However, during the process of airway response, alternating 

activity of the diaphragm and intercostal muscles was observed in some individuals (table 1). 

For example, we found in 2 challenges (patients 2 and 16) a more pronounced increase in 

EMGAR of the diaphragm at PDcs, while in two other challenges (patients 8 and 13) a more 

pronounced increase in EMGAR of the intercostal muscles was observed at PDcs. The 

activity of the diaphragm and the intercostal muscles appeared to alternate at the different 

histamine dose steps, suggesting a shift from chest to abdominal breathing. Some children 

may respond with a more expressed abdominal breathing pattern while others prefer chest 

breathing or the combination of both. However, in spite of these possible different breathing 
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strategies, we found a linear increase in both diaphragmatic and intercostal mean log EMGAR 

values in the four histamine dose steps prior to PDcs. Therefore, monitoring both the 

diaphragm and the intercostal muscle activity could provide additional information in the 

process of estimating airway response in pre-school children. As the histamine dose-steps 

increased exponentially, it may be concluded that the increase in peak respiratory EMG 

activity bears a linear relation with the administered histamine dose in asthmatic children. 

 

In the present study we used the method as based on detecting audible clinical symptoms over 

the trachea. As most of the methods to assess the bronchial responsiveness in this specific age 

group in clinical practice are not easily applicable or less reliable, we did not attempt to 

measure FEV1 values or other flow measures. In an earlier study we found that lung sounds 

obtained with a microphone placed on the trachea corresponded well with a 20% fall in FEV1 

after methacholine challenge in school children (Sprikkelman 1996). However, in the latter 

study wheeze by itself was found to be not sensitive for bronchial responsiveness. A persistent 

cough, an increased respiratory rate, and a prolonged expiration were more frequently found 

during bronchial provocation testing (Sprikkelman 1996). In contrast, Springer et al. (Springer 

2000) and Noviski et al. (Noviski 1991) found that only the occurrence of wheeze correlated 

well with a decrease in FEV1. In addition, Noviski et al. observed the occurrence of cough and 

increased respiration rate, but found no association with either the methacholine concentration 

causing wheeze or the concentration causing a fall in FEV1 of 20% (Noviski 1991). Springer 

et al. found that cough was not helpful in determining the end point (PDcs) (Springer 2000). 

Considering these contradictory results it may be possible that the clinical symptoms used in 

the present study, for determining this end point of provocation, do not necessarily reflect the 

same degree of response. In addition, it is possible that histamine or methacholine may 

stimulate irritant receptors in the airways, resulting in cough rather than inducing 

bronchoconstriction. Cough is only an indirect consequence of bronchoconstriction mediated 

by irritant receptor stimulation. As monitoring the activity of the diaphragm and intercostal 

muscular system is the most direct way to obtain information on respiratory muscle function, 

this inter-individual difference in response to histamine could be detected by measuring the 

EMGAR of the diaphragm and intercostal muscles. However, when comparing the respiratory 

EMGAR values of the children who responded to histamine with different clinical symptoms, 

we could not find a significant difference in EMGAR of the diaphragm and intercostal 

muscles at the moment that these different clinical symptoms appeared (at PDcs). Although 

larger sample sizes would be preferable, the findings in the present study makes it likely that 
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wheezing is not the only indicator for the detection of airway responsiveness in asthmatic pre-

school children. Our observation is supported by Guirau and colleagues (Guirau 1997), who 

investigated the correlation between a methacholine provocation concentration that induced 

wheezing (PCwheeze) in healthy and wheezing children under 2 years of age, and the clinical 

evaluation of these children at admission and at followup. They found a significant inverse 

gradient between PCwheeze and the severity of clinical symptoms obtained during clinical 

evaluation. 

 

The use of EMG recordings to evaluate diaphragmatic activation during tidal breathing and 

histamine-induced airflow limitation has recently been criticised because an artifact might 

occur, created by changes in lung volume (Wheatley 1990, De Troyer 1997). It is well 

established that functional residual capacity (FRC) often increases, accompanied by an 

increase in tonic activity of the diaphragm and intercostal muscles during spontaneous 

breathing (Wheatley 1990, De Troyer 1997) or during a histamine-induced airflow limitation 

(Meessen 1996, Muller 1980). In the EMG curves in the present study we noticed that the 

tonic activity, defined as electrical activity in the EMG present at end expiration, slightly 

increased during histamine induced airway response (results not shown). Although others 

have described that voluntary diaphragm EMG is systematically affected by changes in lung 

volume (Wheatley 1990), Beck et al. demonstrated that the diaphragm EMG was not 

artifactually influenced by lung volume at sub-maximal contraction levels (Beck 1998). It 

should be mentioned that, in contrast to our study, an oesophageal electrode was used in these 

studies to measure diaphragm activity. Moreover, in a previous study we observed that 

histamine-induced changes in tonic activity of the respiratory muscles did not modify the 

association between the FEV1 and the EMG of the diaphragm and intercostal muscles 

(Maarsingh 2002). In line with the latter study, the change in tonic activity seemed to have a 

minor effect on the mean peak-to-bottom EMG activity and as a result it did not influence the 

EMG-Activity-Ratio as a parameter for respiratory muscle activity during airway response. 

 

In conclusion, we found an increase in surface diaphragmatic and intercostal log EMGAR 

values in association with the appearance of clinical symptoms during bronchial challenge 

testing in asthmatic pre-school children. After administration of salbutamol the diaphragmatic 

and intercostal log EMGAR returned to baseline values in all challenges. These observations 

indicate that in pre-school children histamine induced airway response and reversibility after 
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inhalation of salbutamol may be well reflected in the amplitudes of the diaphragm and 

intercostal muscles. 
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Abstract 

 

Introduction. The aim of this study was to investigate whether the changes that occurred in 

the Clinical Asthma Score (CAS) correlated with the changes in the respiratory 

electromyographic (EMG) activity over the days during admission to hospital in dyspneic 

infants. 

 

Methods. Sixteen infants (9 males) were studied during admission and 7 days after discharge. 

The CAS was used to assess the severity of dyspnea and consists of five items: respiration 

rate, wheezing, retractions, observed dyspnea, and inspiration-to-expiration ratio. Each item 

was scaled 0, 1, or 2, with a maximum score of 10. Electrical activity from the diaphragm (di) 

and intercostal muscles (int) was derived from surface electrodes. The logarithm of the EMG-

Activity-Ratio (log EMGAR; ratio of mean peak-to-bottom EMG activity during admision to 

the hospital, to that at baseline, 7 days after discharge) was used as EMG parameter. For 

assessing the association between the repeated observations of the CAS and the EMG 

measurements we used the analysis of covariance. 

 

Results. On the day of admission the patients had a mean CAS of 5.9 ± 1.2. On the day of 

discharge the mean CAS decreased significantly to 2.1 ± 1.6, indicating that the CAS returned 

to normal values. In line with this observation, a significant decrease in the log EMGARdi 

and log EMGARint was observed during the stay in the hospital. Over all subjects the 

correlation coefficient (r) of log EMGARdi versus CAS was 0.71, log EMGARint versus 

CAS was 0.67, and the mean logEMGAR versus CAS was 0.75 (p < 0.01, for all values). The 

correlation coefficients of subjects of ≤ 1 year were significantly lower than those of  subjects 

of > 1 year of age (p < 0.01) and female subjects showed higher correlation coefficients than 

males. 

 

Conclusion. This study showed a moderate, but significant, relationship between the changes 

that occurred in the CAS and the changes in respiratory EMG activity during admission to  

hospital in dyspneic infants. Moreover, the correlation coefficients of the combined leads of 

the intercostals and diaphragm (mean logEMGAR) were higher than those of the separate 

leads. 
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Introduction 

 

With respiratory diseases such as wheezy bronchitis and bronchial asthma, measurement of 

lung function parameters is very important for clinical decision-making and for monitoring 

response to therapy (Bouchez-Buvry 1997, Teeter 1999). Lung function tests provide 

objective data on airway obstruction. In infants, however,  routine measurements are rarely 

performed. This is because of the limited availability of lung function methods for infants and 

because of the demanding nature of existing methods. For instance, infants are not able to 

perform the forced respiratory manoeuvres that are required with spirometry, a method 

commonly applied with adults and older children (Crenesse 2001). A method sometimes 

applied with infants is the so-called squeeze-jacket method, a method that artificially causes a 

forced expiration by applying a sudden external pressure (Kraemer 1993, Hoo 2001). The 

squeeze-jacket method requires sedation of the infants, and did not enter routine clinical 

practice.  

 

Up to date, the only accepted clinical method to estimate the severity of airway obstruction in 

hospitalised dyspneic children under the age of 3 years is scoring clinical signs of asthma. A 

descriptive method called Clinical Asthma Score (CAS) has been developed and validated by 

Parkin et al. (1996). This method is based on scoring clinical signs of dyspnea, namely 

respiration rate, wheezing, retractions, observed dyspnea, and inspiration-expiration ratio. 

This method proved fairly useful for assessing the severity of dyspnea in young children 

(Parkin 1996, Windt 1994). However, the CAS method contains items that require subjective 

judgement, which restricts it accuracy. Moreover, it is rather labour intensive, as for an 

optimal outcome the assessments of more than one observer are required. Therefore, the 

development of an objective and automated index for determining airway obstruction in 

infants is most desirable. A good candidate for providing such an index is a method based on 

detecting surface electromyography (EMG) activity of the diaphragm and intercostal muscles. 

About three decades ago, the development of this technique commenced, with the intention to 

set up a method for monitoring disordered respiratory behaviour in neonates and infants 

(Prechtl 1977). The technique was improved ever since (O’Brien 1983, O’Brien 1987, Beck 

1999, Maarsingh 2000). In earlier studies, we applied this technique in order to investigate 

whether it can be used to monitor broncho-obstructive responses in asthmatic school children, 

while using spirometry as a reference method (Sprikkelman 1998, Maarsingh 2002, 

Maarsingh 2003). In these studies, responsiveness during histamine induced airway 
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obstruction and after consecutive salbutamol induced airway dilatation was studied. We found 

that the respiratory EMG activity closely corresponded to changes in the spirometry 

parameter FEV1, the expiratory volume in the first second of forced expiration. This 

correspondence between EMG activity and FEV1 appeared to be reproducible (Maarsingh 

2002). 

 

In the present study, we took a further step forward and investigated whether surface EMG 

can be used to examine dyspneic infants, using the Clinical Asthma Score as a reference 

method. For this, we repeatedly measured diaphragmatic and intercostal EMG activity during 

the treatment of infants admitted to our hospital. Seven days after discharge, one more 

measurement was performed that provided the subject's reference values. 

 

 

Methods 

 

Study subjects 

Sixteen infants (8 male, 8 female) aged 2 - 37 months (mean 11.1 ± 11.3) who were admitted 

to our hospital because of their dyspnea were eligible for the study. During admission the 

infants were diagnosed as having an exacerbation of wheezing illness such as Respiratory 

Syncytial bronchiolitis (positive RS-test), or an asthma attack according to the International 

Consensus Report on Diagnosis and Management of Asthma (Kay and Holgate 1992). 

Excluded from the study were infants with any other disease, such as chronic pulmonary, 

cardiac, neurological, or immunosuppressive disease and those with radiological evidence of 

pneumonia. 

 

All infants received initial management in the emergency department prior to admission to the 

ward, and were treated with inhaled bronchodilators, oral corticosteroids, and oxygen when 

necessary. Before the days of admission 9 infants were treated with inhaled corticosteroids 

and 8 infants had bronchodilator therapy on demand. Inhaled corticosteroids were continued 

during the measurements. The Medical Ethics Committee of the University Hospital 

Amsterdam approved the study. Informed consent from the parents was obtained prior to 

inclusion of their child in the study. 
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Clinical Asthma Score  

A Clinical Asthma Score (CAS) was used as described and validated by Parkin et al. (Parkin 

1996) to follow the course of the severity of airway obstruction during hospital admission and 

7 days after discharge. The score is the summation of values assigned to 5 different clinical 

characteristics, including: 1) respiration rate, 2) wheezing, 3) subcostal or intercostal 

retractions, 4) observed dyspnea, and 5) inspiration-to-expiration ratio (see table 1). The 

respiration rate was defined as less than 40 breaths/minute, 40-60 breaths/minute, or more 

than 60 breaths/minute. Wheezing was scored when heard with a stethoscope. Observed 

dyspnea was defined as the impression of the observer of the degree of the patient’s 

breathlessness (none, mild or marked). Inspiration-to-expiration ratio was scored as 

inspiration time exceeded the inspiration time, inspiration time was equal to expiration time, 

or expiration time exceeded the inspiration time. Each item was scaled 0, 1, or 2, respectively. 

The simple unweighted sum of the individual scores formed the final score with a maximum 

of 10. 

 

Table 1. Clinical Asthma Score (CAS) was used to follow the course of severity of airway 

obstruction during hospital admission and 7 days after discharge (see for definition the 

Methods section). 
 

Score    0   1   2 

 

Respiration rate    < 40 breaths/minute 40-60 breaths/minute > 60 breaths/minute 

Wheezing   none   expiration only  inspir. and expir. 

Retractions   none   subcostal only  subcostal and intercostal 

Observed dyspnea  none   mild   marked 

Inspiration-to-expiration ratio  I > E   I = E   I < E 

 

 
 
 
Measuring procedure 

During hospital admission the EMG measurements were recorded at the same time as the 

registration of the CAS at the 1st, 2nd, and 3rd day, and on the day of discharge. The EMG 

measurements were performed with a portable device on the ward. Seven days after discharge 

all infants attended the outpatient clinic for the final CAS and respiratory EMG 
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measurements. The CAS and the respiratory EMG values measured 7 days after discharge 

were used as baseline (patient’s reference value). 

 

To minimise signal contamination caused by body movements, the awake child was measured 

in a comfortable supine position while not moving. To account for day and night variation in 

the severity of airway obstruction, measurements were always made within one hour of those 

from the previous day. All measurements during the days of admission were recorded within 

30 minutes preceding bronchodilator therapy (if applied to). 

 

EMG recordings 

Electrical muscle activity (EMG) of the diaphragmatic and intercostal muscles was derived 

transcutaneously from pairs of single electrodes (disposable Neotrode, ConMed Corporation, 

New York, USA). To obtain the diaphragmatic electrical activity, 2 electrodes were placed 

bilaterally on the costal margin in the nipple line and 2 bilaterally on the back at the same 

height. The mean values of the processed data of the frontal and dorsal leads of the diaphragm 

were used as a measure for electrical activity of the whole diaphragm (Maarsingh 2002). The 

electrical activity of the intercostal muscles was obtained from 2 electrodes, 1 placed in the 

second intercostal space left and 1 right, 2 cm parasternally. A common electrode was placed 

at the level of the sternum. 

 

The electrodes were connected to a Porti-16 front-end (Twente Medical Systems 

International, Enschede, The Netherlands) comprising 8 general purpose inputs with a gain of 

20 for the measurement of bipolar electro-physiological signals (Electro-X-Gram, EXG) and 

8 instrumentation inputs with a unity gain for physical signals (auxiliary, AUX). For technical 

aspects of the measurements and measurement devices we refer to another paper (Maarsingh 

2000). In short, we used the following techniques to optimise the quality of the continuous 

EMG registration. The EXG channels have high input impedances (> 2 GΩ). The common 

mode signal range is 6 V, the differential signal range is 300 mV and the common mode 

rejection ratio is > 100 dB at 50-60 Hz. Electrode cables are shielded to avoid interference 

pick-up. To prevent loss of electrode signal to the cable capacity, a low-impedance version of 

this electrode signal is fed back to the shield (guarding). Analogue high-pass or low-pass 

filters are not used in the frequency band covered by the EMG signals, so that the analogue 

signals can not be degraded before sampling. The analogue signals are digitised by means of 

22 bits high-speed oversampling Sigma-Delta Analogue to Digital Converters (ADC) with 
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analog anti-aliasing filtering suitable for the oversampling frequency and sub-sampled after 

digital anti-aliasing filtering suitable for the sub-sample frequency. To minimise displacement 

current leakage the Porti-16 front-end was powered by means of a highly isolated power 

supply and the measurement data were transported to a personal computer by fibre optics. The 

EXG signals were transformed into EMG signals by digital first-order high-pass filters (time 

constant = 0.01 s). Electrical signals of heart activity were removed and the gated EMG was 

averaged as described by O’Brien et al. (1983). The data recording, processing and analysis 

were done by the data acquisition and processing package POLY 5.0 (Inspektor Research 

Systems, Amsterdam, The Netherlands). 

 

Data analysis and statistics 

The respiratory EMG signals were recorded continuously with a sample frequency of 400 Hz. 

For analysis of the EMG signals we used the time interval in which the child moved only 

minimally. To study the diaphragmatic and intercostal EMG activity, the method for EMG 

analysis has been discribed as previously (Sprikkelman 1998). In short, we calculated a ratio 

of the mean peak-to-bottom distance of the averaged electrical activity of the diaphragmatic 

and intercostal muscles during the episode of airway obstruction, to that at baseline (7 days 

after discharge). A logarithmic conversion of the EMG Activity Ratio (EMGAR) was used to 

make the relative change in EMG activity symmetric around unity. For example, a log 

EMGAR of 1 means an increase in EMG activity with a factor of 10 and a log EMGAR of –1 

means a decrease with a factor of 10, compared to the reference peak-to-bottom value at 

baseline. The mean peak-to-bottom value was calculated from 6 to 10 tidal breaths, as 

described earlier (Maarsingh 2000). 

 

For assessing the association between the repeated observations of the CAS and the EMG 

measurements we determined the quantity r2 using analysis of covariance (ANOCOVA), as 

described by Bland and Altman (1995). ANOCOVA removes differences between subjects 

and looks at changes within. This is attained by adjusting the Y-value (here CAS) to 

correspond to a common value of X (here EMG), thereby producing an equitable comparison 

of the groups of (X,Y) data. ANOCOVA assumes a linear relation between the two variables 

(CAS and EMG measurements), a similar assumption as made when calculating the more 

commonly used correlation coefficient, the Pearson product momentum correlation 

coefficient. In addition, analysis of covariance assumes that the slopes of the regression lines 

for each of the groups considered separately are all approximately the same. Before carrying 
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out ANOCOVA the validity of this assumption is tested, with a reliability level (α) of 0.01. 

The quantity r2 reflects the fraction of variation in Y that is associated with variation in X (or 

the other way round). The square root of this quantity, r, gives the correlation coefficient 

within subjects. 

 

Linear regression was carried out on the 16 groups of measurement observations (i.e., 16 

subjects, measured on different days). The effect of age and gender on the outcome of the 

correlation coefficient was also calculated with the analysis of covariance. To study the 

possible effect of age on the outcome values, we divided the infants in ≤ 1 year and > 1 year 

of age. 

 

Since the CAS contains items that require subjective judgement, the inter-observer reliability 

was assessed by having different observers independently scoring the degree of airway 

obstruction in the subjects. The inter-observer agreement was calculated using the intraclass 

correlation coefficient (ICC) with its 95% confidence interval. An ICC of 0.61-0.80 was 

considered to be an acceptable level of reliability, whereas a value of > 0.80 was regarded as 

evidence of good reliability. 

 

 

 



 

 
 

 

 

Table 2. Characteristics of the patients and results of the measurements. 
                  
Patient   Age  Gender  Admission  log EMGARdi    log EMGARint    Clinical Asthma Score 
No. (months) (m/f) duration  Day     Day     Day 
    (days)  1 2 3 4*  1 2 3 4*  1        2       3        4*       ref. 
 
 
1  2 f  3  0.43 0.39 - -0.21  0.49 -0.36 - -0.32  5       2       -         0      0 
2  24 m  3  0.07 0.06 - -0.21  0.64 0.09 - 0.08  4       0       -         0      0 
3  37 f  4  0.76 0.48 0.36 0.19  0.83 0.53 0.46 0.24  6       5       2         0     0 
4  3 f  3  0.43 0.20 - 0.13  0.56 0.06 - 0.06  4       3       -         2      1 
5   31  f  3  0.44 0.07 - 0.02  0.24 0.02 - -0.45  8       3       -         0      0 
6  6  m  5  0.44 -0.05 0.08 0.07  0.32 -0.03 -0.05 -0.05  8       7       8        4      0 
7  2  m  4  0.48 0.42 0.14 0.10  0.51 0.50 0.31 0.22  5       2       3        2      2 
8  8  m  9  0.31 0.27 0.13 0.01  0.26 0.14 0.15 0.15  7       2       2        2      0 
9  7  m  4  0.48 0.24 0.15 0.02  1.12 0.83 0.21 0.14  6       5       3        2      0 
10  3  f  3  0.38 0.04 - -0.08  0.53 -0.00 - -0.05  5       4       -         3      1 
11  12  f  5  0.43 0.21 0.13 0.08  1.01 0.63 0.14 0.13  7       6       7        5      2 
12  6  m  7  0.28 0.20 0.22 0.14  1.40 -0.51 -0.07 0.003  6       2       2        3      1 
13  2  f  3  0.51 0.32 - 0.04  0.6 0.21 - 0.18  6       5       -         4      0 
14  23  f  5  0.63 0.33 0.43 0.24  0.84 0.48 0.30 -0.20  5       1       0        1      0 
15  7  m  3  0.60 0.75 0.28 0.07  0.43 0.34 -0.31 -0.11  6       6       5        4      2 
16  3  m  4  0.47 0.27 0.15 -0.02  0.59 0.48 -0.14 0.04  7       6       6        2      2 
 
 
Mean   11.1   4.3  0.45 0.26 0.21 0.04  0.65 0.21 0.13 0.00  5.9    3.7     3.8     2.1   0.7  
SD  11.3   2.7  0.15 0.20 0.16 0.12  0.32 0.36 0.22 0.19  1.2    2.1     2.5     1.6   0.9  
p      0.00 0.00 0.00 NS  0.00 0.05 NS NS  0.00  0.02   0.05   NS   
 

Note: m, male; f, female; log EMGARdi, mean value of the logarithm of EMG-Activity-Ratio of frontal and dorsal diaphragmatic lead; log 

EMGARint, logarithm of EMG-Activity-Ratio of the intercostal muscles lead; 4*, day of discharge; ref., reference value. The respiratory EMG 

measurements at 7 days after discharge were considered to be the reference values (not shown in the table). The logarithm of the EMGAR values 

at 7 days after discharge is per definition 0 (= log 1). For subjects 1, 2, 4, 5, 10, and 13, Day 3 was the day of discharge (4*). P-values, compared 

to values measured 7 days after discharge. NS, not significant. 
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Results 

 

The characteristics of the patients and the individual results of the measurements are 

presented in table 2. On the day of admission in our hospital the patients had a mean Clinical 

Asthma Score (CAS) of 5.9 ± 1.2. On the last day of admission the mean CAS decreased 

significantly to 2.1 ± 1.6 (p = 0.001), indicating that the CAS returned to normal values. The 

mean CAS at the day of discharge was not significantly different from the mean CAS values 

at 7 days after discharge. The mean (± SD) duration of hospital admission was 4.3 ± 2.7 days. 

Seven days after discharge all infants attended the outpatient clinic and were free of 

complaints. 

 

A significant decrease in the log EMGAR of the diaphragmatic and intercostal muscles was 

observed during the days of admission to the hospital (table 2). The mean peak-to-bottom 

EMG values at the day of discharge (4*, see table) were not significantly different from the 

observations at 7 days after discharge. As the logarithmic conversion was used to make the 

relative change in EMG activity symmetric around unity, the EMG values at 7 days after 

discharge were per definition 0 (= log 1). 

 

The correlation coefficients (r) within subjects for CAS against logEMGAR of the diaphragm, 

intercostal muscles, and the mean of both leads are presented in table 3. The r of the mean 

logEMGAR values appeared to be the highest for all categories (i.e., overall, age and gender). 

The correlation coefficients of subjects ≤ 1 year were lower than those of subjects > 1 year of 

age and female subjects showed higher correlation coefficients than males. 

 

The inter-observer reliability for the CAS was assessed by having different observers 

independently score on 16 test occasions. The average measure intraclass correlation 

coefficient for reliability in CAS between the 2 observers was equal to 0.88 (confidence 

interval = 0.66 – 0.96). 
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Table 3. Correlation coefficients (r) for CAS versus logEMGAR of the diaphragm (di), 

intercostal muscles (int), and the mean of both leads. 

     LogEMGAR against CAS (r) 

 

   all subjects male female  ≤ 1 year > 1 year 

 

LogEMGARint 0.67  0.66 0.71  0.66  0.81 

LogEMGARdia 0.71  0.60 0.80  0.67  0.85 

LogEMGARmean 0.75  0.71 0.79  0.73  0.87 

 

Note: The p-values for all correlation coefficients are < 0.01. 

 

 

Discussion 

 

This study showed that the changes that occurred in the Clinical Asthma Score (CAS) 

corresponded moderately, but significantly, with the changes in the amplitude properties of 

the diaphragmatic and intercostal EMG Activity Ratio (EMGAR) during admission to the 

hospital and 7 days after discharge in dyspneic infants. Moreover, the correlation coefficients 

of the combined leads of the intercostals and diaphragm (mean logEMGAR) were higher than 

those of the separate leads. The correlation coefficients of subjects of ≤ 1 year were lower 

than those of subjects of > 1 year of age and female subjects showed a higher correlation 

coefficients than males. 

 

The results of the individual EMG measurements demonstrate that diaphragmatic and 

intercostal EMG activity varied during the course of admission. For example, in patient 1, the 

EMGAR of both the diaphragm and intercostal muscles was increased at the day of admission 

(see table 2). On the second day of admission the diaphragmatic activity remained relatively 

high in this patient, while the intercostal muscle activity returned to values below zero (unity). 

In patient 2, a difference in muscle activity was observed between the diaphragm and the 

intercostal muscles. This suggests that young children use various breathing strategies, such 

as breathing shifts between chest and abdominal breathing during airway obstruction. These 

breathing shifts could be the explanation of the inter-individual variation in EMG activity and 
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implicate that, using the respiratory EMG method, the mean value of the diaphragmatic and 

intercostal muscle signals should be used in the evaluation of airway obstruction. 

 

To our knowledge, no data have been published on the relationship between EMG 

measurements of respiratory muscles over time during admission for wheezing illnesses or an 

asthma attack in infants. Although a moderate trend was found in all 16 subjects, the 

association of respiratory EMG and the CAS was considerably weaker than reported in 

previous studies describing the EMG-FEV1 relationships (Sprikkelman 1998, Maarsingh 

2002). In agreement with our findings, several other studies demonstrated  this moderate 

association between several clinical signs (McFadden 1986), including respiratory rate 

(Kesten 1990) and wheezing (Baughman and Loudon 1984), and lung function measurements. 

Teeter et al. found a poor correlation between asthma symptoms, including cough, dyspnea, 

wheeze and chest tightness, and the level of airway obstruction as determined by the FEV1 

(Teeter and Bleecker 1998). However, in earlier studies we found a stronger association 

between lung function measurements (FEV1) and respiratory EMG measurements during 

histamine challenge in asthmatic school children (Sprikkelman 1998, Maarsingh 2002). The 

fact that a Clinical Asthma Score contains items that require subjective judgement and is 

therefore relatively imprecise, such as observed dyspnea, retractions of the chest wall and 

inspiration-to-expiration ratio (Windt 1994) may be the main explanation for the different 

strength of these associations. It appeared to be more difficult to score the Clinical Asthma 

Symptoms in younger children. In addition, following treatment subjective improvement in 

asthma symptoms may occur without improvement in the level of airflow limitation (Teeter 

1999, Male 2000). 

 

In the infants ≤ 1 year, relatively more body movements were observed during the 

measurements, causing an increased baseline noise on the EMG signal. Although it was 

technically not demanding to discriminate the breathing pattern of the child and its body 

movements, even the quiet parts contained on the average more noise with infants ≤ 1 year 

than with infants >1 year of age. Breaths can be recognized as more or less continuous 

sinusoidal signals. This is in contrast to body movements, having a more deviant peak-shape 

or elevated tonic activity, possibly caused by muscle activity to maintain body posture. 

Although, the method for EMG data processing has been developed to filter this baseline 

noise, increased movements during the measurement and muscle activity to maintain body 

posture, residual signal contamination could still influence the quality of the EMG signals. 
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The significant difference in the outcome of the correlation coefficients between female and 

male subjects is not complete understood. Looking at the raw EMG signals in retrospection, 

we found a more deviant peak-shape and elevated tonic activity in the male subjects, 

comparable with signals as described during body movements. This could be a reason for the 

difference in the outcome of the correlation coefficients between female and male subjects 

(see table 3). The difference between a cross sectional design of previous studies in which 

there were single measurements of a symptom and a physiological recording, and longitudinal 

measurements in which there were multiple recordings within subjects over a period of time, 

like in the present study, may be an other explanation for the different strength of these 

associations (CAS versus EMGAR and FEV1 versus EMGAR). 

 

In the present study we used the respiratory EMG measurements 7 days after discharge as the 

patient’s optimal value, as a reference value. In earlier studies, in which respiratory EMG 

measurements were performed during histamine challenge tests in (pre-) school children with 

asthma but without respiratory complaints preceding the study, we used the baseline 

(measurement before administration of histamine) for the FEV1 and the respiratory EMG 

measurements as reference value (Sprikkelman 1998, Maarsingh 2002). However, in clinical 

practice a patient’s optimal value should be used as reference value for routine measurements 

so that a change in airway obstruction could be expressed  as absolute percentage, which 

means as percents of the reference value (Demedts 1990, Brand 1992). As reference values 

for respiratory EMG measurements are not available yet, we used the respiratory EMG 

measurements 7 days after discharge where the infants were free of dyspnea and possibly 

other complaints. 

 

In conclusion, we showed a moderate, but significant, relationship between the changes that 

occurred in the CAS and the changes in amplitude properties of the diaphragmatic and 

intercostal EMG activity during and after admission to our hospital in dyspneic infants. 

Moreover, the correlation coefficients of the combined leads of the frontal and dorsal 

diaphragm (mean logEMGAR) were higher than those of the separate leads. The correlation 

coefficients of infants > 1 year were higher than those of infants ≤ 1 year and female subjects 

showed higher correlation coefficients than males. Although these results should be 

interpreted with caution, our observations indicate that in infants changes in airway 

obstruction in clinical practice may be reflected by the amplitude properties of the EMG 

activity of the diaphragmatic and intercostal muscles. However, before EMG measurements 
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can be introduced in regular patient care, future studies should be dedicated to associations 

between the EMG method and other techniques for lung function measurements in young 

children. 
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Abstract 

 

Introduction. In the process of a study for a method to assess airway response, allowing for a 

minimum of co-operation from the child, we investigated the diagnostic accuracy of 

respiratory electromyography (EMG) measurements during histamine challenge in school 

children with recurrent periods of cough and wheezing.  

 

Methods. A histamine challenge test was performed in 28 children (20 male, mean age 10.4 ± 

2.8 year). The forced expiratory volume in 1 s (FEV1) was measured at baseline, after 

successive histamine concentration steps until the PC20 was reached, and 10 minutes after the 

administration of salbutamol. Surface EMG signals were derived during tidal breathing from 

electrodes placed at the level of the diaphragm and in the second intercostal spaces left and 

right. The logarithm of the EMG-Activity-Ratio (log EMGAR; ratio of mean peak-to-bottom 

respiratory activity, to that at baseline) was used as EMG parameter. To assess the diagnostic 

properties of the EMG measurements in terms of sensitivity and specificity Receiver 

Operating Characteristic (ROC) curves were constructed. Additionally, the Areas Under the 

ROC-Curves (AUCs) were calculated.  

 

Results. The optimal log EMGAR cut-off score at PC20 for bronchial responsiveness was 

0.22, which represents an increase in diaphragmatic EMG activity of 67%. The sensitivity of 

the log EMGAR ranged from 95 to 100%, the specificity from 67% to 71%, and the AUCs 

from 89% to 96%, respectively. The AUCs of both leads did not differ significantly (p = 

0.76).  

 

Conclusion. The surface EMG of the diaphragmatic and intercostal muscles could serve as a 

useful diagnostic tool to measure histamine-induced airway obstruction in children with 

recurrent periods of cough and wheezing. 
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Introduction 

 

Measurement of lung function and breathing effort is important in clinical decision making on 

asthma (Bouchez-Buvry 1997, Teeter 1999). Early recognition of airway obstruction and 

airway responsiveness in the course of asthma would provide a good opportunity for early 

intervention (Grol 1999, Sears 2000). Histamine and methacholine challenge tests have 

provided a good tool for assessing airway responsiveness in school children with asthma 

(Godfrey 1999, Cockroft 1985, Hargrteave 1986). The forced expiratory volume in 1 s (FEV1) 

is the most commonly used indicator of airway obstruction. An important disadvantage of this 

test for young children is the inability to perform spirometry reliably, for reasons that include 

the active cooperation that is required for forced breathing maneuvers (Crenesse 2001). 

 

Transcutaneous electromyography (EMG) of the diaphragm and intercostal muscles could 

serve to indirectly assess airway obstruction, requiring only a minimum of cooperation from 

the child (Sprikkelman 1998, Maarsingh 2000, Maarsingh 2002). Recently, we reported that 

the surface diaphragmatic and intercostal EMG measurements closely corresponded to a 

histamine-induced fall in FEV1 and during the response to salbutamol in asthmatic school 

children (Maarsingh 2002). 

 

A new method for assessing histamine and salbutamol-induced changes in airway obstruction 

should preferably be compared to the FEV1 as the ‘gold standard’. Therefore, the study at 

hand was designed to evaluate the diagnostic accuracy of the diaphragmatic and intercostal 

EMG measurements, compared to the FEV1, as an indicator for airway obstruction during 

histamine challenge testing in school children with recurrent periods of cough and wheezing. 

 

 

Methods 

 

Study subjects 

To evaluate the diagnostic accuracy of the EMG measurements in comparison to FEV1 

values, a histamine challenge test was performed on 28 school children (mean age 10.4 ± 2.8 

year). All children were newly referred patients that were recruited from our outpatient clinic, 

and all suffered from symptoms of coughing, wheezing and/or dyspnea. All children were 

referred for further diagnostic evaluation and not diagnosed as having asthma (Teeter 1999). 
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Subject characteristics are summarized in table 1. Children already diagnosed as having 

asthma or other lung diseases, or children who were not able to perform reproducible lung 

function maneuvers were excluded from participation in this study. Nine children had 

bronchodilator therapy on demand, described by their home practitioner. The children were 

free of complaints in the month preceding the study and were asked not to use bronchodilator 

therapy 24 hours prior to the test. During the measurement, the children were asked to sit in 

an upright position with their hands resting on their legs. The Medical Ethics Committee of 

the University Hospital Amsterdam approved the study. Informed consent from the children 

and parents was obtained prior to inclusion in the study. 

 

 

Table 1. Demographic data. 
  

Age (years)   10.4 ± 2.8    

Height (cm)   141.2 ± 15.9 

Weight (kg)   35.1 ± 11.7 

Sex (male / female)  20 / 8 

Histamine concentration  

at PC20 (mg/ml)    8.4 ± 9.0 

 

Note: Values are means ± standard deviation.  

 

 

Histamine inhalation challenge 

The children performed spirometric tests by means of a standard spirometer (MasterScreen 

Pneumo, Jaeger, Germany). Normal values of Zapletal et al. were used (Zapletal 1987). The 

histamine challenge tests were performed according to a standardized protocol (Godfrey 

1999, Hargreave 1986). For histamine inhalation we used a calibrated De Villbiss 646 

nebulizer (De Villbiss, Somerset, MA, USA) with an output of 0.13 ml/min. The aerosols 

were delivered via a mouthpiece and the children were wearing a nose clip.  

 

Experimental protocol 

As a baseline measurement, all children performed spirometry 3 times. The technically best 

performed FEV1 measurement was used for analysis. Subsequently, the children were asked 

to inhale an aerosol of 0.9% phosphate-buffered saline solution (PBS) during 2 minutes of 
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tidal breathing. This was followed by doubled histamine aerosol concentrations from 0.03 

mg/ml up to a maximum of 16 mg/ml, at 5-minute intervals. In between dose steps, 

spirometry was performed after 90 seconds. The challenge test was discontinued when the 

FEV1 decreased by 20% or more from baseline, or when the maximum dose of histamine was 

reached. Bronchial responsiveness was defined as the concentration of histamine inducing a 

fall of 20% or more in FEV1 (PC20). After the PC20 was reached 3 puffs of 100 µg salbutamol 

dose-aerosol were administered by a Volumatic®. Spirometry was repeated after 10 minutes to 

make sure that the FEV1 returned to ≥ 90% of the baseline value. 

 

The EMG recordings 

The part of the EMG recording in the minute before the FEV1 measurements of the successive 

histamine concentration dose steps was used for analysis (i.e., 30 - 90 seconds after histamine 

inhalation). Electrical activity of the diaphragm and intercostal muscles was derived 

transcutaneously from disposable electrodes (Neotrode, ConMed Corporation, New York, 

USA). To obtain electrical activity of the diaphragm, 2 electrodes were placed bilaterally on 

the costal margin in the nipple line (frontal lead) and 2 bilaterally on the back at the same 

level (dorsal lead). The mean value of the processed data of the frontal and dorsal lead of the 

diaphragm represented the electrical activity of the whole diaphragm (Maarsingh 2002). To 

obtain electrical activity of the intercostal muscles, 2 electrodes were placed in the second 

intercostal space, 1 left and 1 right. The common electrode was placed at the level of the 

sternum. 

 

The electrodes were connected to a Porti-16 front-end (TMS International, Enschede, The 

Netherlands) comprising 8 general purpose inputs for the measurement of bipolar electro-

physiological signals (Electro-X-Gram, EXG) and 8 instrumentation inputs for physical 

signals (auxiliary, AUX). Technical aspects of the measurements and measurement devices 

were described in detail in another paper (Maarsingh 2000). In short, we used the following 

techniques to optimise the quality of the continuous EMG registration. The EXG channels 

have high input impedances (> 2 GΩ). The common mode signal range is 6 V, the differential 

signal range is 300 mV and the common mode rejection ratio is > 100 dB at 50-60 Hz. 

Electrode cables are shielded to avoid interference pick-up. To prevent loss of electrode signal 

to the cable capacity, a low-impedance version of this electrode signal is fed back to the shield 

(guarding). Analogue high-pass or low-pass filters are not used in the frequency band covered 

by the EMG signals, so that the analogue signals can not be degraded before sampling. The 
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analogue signals are digitised by means of 22 bits high-speed oversampling Sigma-Delta 

Analogue to Digital Converters (ADC) with analog anti-aliasing filtering suitable for the 

oversampling frequency and sub-sampled after digital anti-aliasing filtering suitable for the 

sub-sample frequency. To minimise displacement current leakage the Porti-16 front-end was 

powered by means of a highly isolated power supply and the measurement data were 

transported to a personal computer by fibre optics. The EXG signals were transformed into 

EMG signals by digital first-order high-pass filters (time constant = 0.01 s). Electrical signals 

of heart activity were removed and the gated EMG was averaged as described by O’Brien et 

al. (1983). The data recording, pre-processing and analysis were conducted by the data 

acquisition and processing package POLY 5.0 (Inspektor Research Systems, Amsterdam, The 

Netherlands). Data pre-processing and analysis were described in detail in a previously 

published paper (Maarsingh 2000). 

 

Data analysis and statistics 

The EMG signals were recorded continuously. The part of the EMG signals during tidal 

breathing in the minute before the FEV1 measurements of the successive histamine 

concentration dose-steps was used for analysis (30 – 90 seconds after histamine provocation). 

The EMG data are reported as the logarithm of the EMG-Activity-Ratio (log EMGAR), as 

described in an earlier paper (Sprikkelman 1998). In short, a ratio was calculated of the mean 

peak-to-bottom electrical activity of the diaphragmatic and intercostal muscles after 

administration of histamine or salbutamol, to the mean peak-to-bottom electrical activity at 

baseline. The mean peak-to-bottom value was calculated from a minimum of 6 tidal breaths 

(Maarsingh 2000). We calculated the logarithm of the EMGAR to present the relative change 

in EMG activity as a number symmetric around the ratio of 1 (unity). 

 

To assess the diagnostic properties of the EMGAR measurements in terms of sensitivity and 

specificity, we first constructed Receiver Operating Characteristic (ROC) curves. The ROC-

curve allows a statistical examination of a test's ability to discriminate between the children 

with and without bronchial responsiveness, over the full range of possible cut-off levels 

(McNeil 1975, Beck 1989). Sensitivity was defined as the capacity of the EMG measurement 

to positively identify a child as bronchial responsive (defined as a fall in FEV1 ≥ 20% after 

histamine challenge). Specificity was defined as the capacity of the EMG measurement to 

identify those children with an FEV1 < 20% after histamine challenge as non-responsive.  
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Additionally, we calculated the Areas Under the ROC-Curves (AUCs) and their Standard 

Errors (SE). The AUC represents the probability that a random pair of subjects will be 

correctly classified as having a fall in FEV1 of more or less than 20% by the log EMGAR 

scores. A value of 0.50 is obtained when a diagnostic test does not better than chance and a 

value of 1 means perfect accuracy. We statistically compared the difference between the 

AUCs of the diaphragmatic and intercostal EMGAR rates by the method as described by 

Henley and McNeil (Henley 1983). 

 

 

Results 

 

At baseline, all children had normal FEV1 values (FEV1, 99.6 ± 13.8 %pred; FEV1/VCmax, 84 

± 9.2 %pred). The FEV1 decreased by 20% or more in 21 out of 28 challenges (mean fall in 

FEV1, 28.0 ± 9.6 %), and returned to a FEV1 ≥ 90% of the baseline value after inhalation of 

salbutamol in all children (mean -4.3 ± 8.4 %). Seven children did not reach a 20% fall in 

FEV1 after inhalation of the maximum histamine concentration. The logarithm of the 

EMGAR values at baseline is per definition 0 (= log 1). At PC20 the log EMGAR of the 

diaphragm was 0.52 ± -0.07 and the log EMGAR of the intercostal muscles was 0.66 ± 0.30. 

After inhalation of salbutamol the log EMGAR decreased to 0.23 ± 0.20 and 0.01 ± 0.24, 

respectively. 

 

In figure 1, the ROC-curves are shown for the lead of the diaphragmatic and the intercostal 

muscles against FEV1 (cut-off level at a 20% fall) during the histamine challenge test. The 

optimal EMGAR cut-off score for bronchial responsiveness was 0.22 (the point closest to the 

upper left corner of the graph), which represents an increase in diaphragmatic EMG activity 

of 67%. 
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Figure 1. The ROC-curves for the leads of the diaphragm and intercostal muscles versus 

FEV1 during histamine challenge. A value of 0.50 (dotted line) is obtained when a diagnostic 

test does not better than chance. 

 

 

The diagnostic properties of the diaphragmatic and intercostal EMGAR measurements in 

comparison with FEV1 values are shown in table 2 A and B. The sensitivity of the EMGAR 

ranged from 95 to 100%, the specificity from 67% to 71%, and the AUCs from 89% to 96%, 

respectively. The AUCs of both leads did not differ significantly (p = 0.76).  
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Table 2. Diagnostic accuracy of the diaphragmatic EMG activity (A) and the intercostal 

muscle EMG activity (B) in comparison to a 20% fall in FEV1. 
 

A. 

 

         Fall in FEV1 

 

     ≥ 20%  < 20%  

 

log EMGAR  Test +   21  2  

(diaphragm)  Test −   0  5  

 

   Sensitivity (%)  100 

Specificity (%)  71 

  AUC (SE)  0.96 (0.02)   

 

 

 

B. 

 

         Fall in FEV1 

 

     ≥ 20%  < 20%  

  

log EMGAR  Test +   20  2 

(intercostal muscles) Test −   1  4 

 

   Sensitivity (%)  95 

Specificity (%)  67 

  AUC (SE)  0.89 (0.04)  

    

 

Note: Test +, log EMGAR of diaphragmatic lead ≥ 0.22; test −, log EMGAR of 

diaphragmatic lead < 0.22; AUC, Area Under the ROC-Curve; SE, Standard Error. The result 

of the intercostal muscle lead of 1 measurement is missing because of technical problems (N 

= 27). 
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Discussion 

 

In the present study we investigated the diagnostic accuracy of respiratory EMG 

measurements during histamine challenge in school children with recurrent periods of cough 

and wheezing. Our results showed that at a cut-off level of 0.22, the EMGAR measurements 

had an optimal sensitivity and specificity rate. This cut-off score corresponds to an increase of 

67% in the diaphragmatic EMG activity in relation to that at baseline during tidal breathing. 

The sensitivity rates of both the diaphragmatic and intercostal EMGAR were higher (95-

100%) than their specificity rates (67-71%), indicating that this indirect measure of airway 

obstruction leads to more false-positive test results than false-negative findings. Hence, when 

the EMGAR test is negative, one may quite reliably rule out the presence of airway 

obstruction. The promising diagnostic properties of the surface EMG of diaphragmatic and 

intercostal muscles were also reflected in the AUCs. In general, about 5% (diaphragm) to 

10% (intercostal) of the asthmatic children will be misclassified by the bronchial 

responsiveness category. However, we could not demonstrate a difference in diagnostic 

accuracy between both leads. 

 

Obstructive airway diseases typically present with dyspnoea, cough and wheezing, and are 

defined by a reduced FEV1. Jakeways et al. (Jakeways 2003) concluded in their recently 

published study that the FEV1, as the percentage of the predicted value, appeared to be the 

measure of airflow impairment most closely associated with chronic respiratory symptoms in 

the general population. The forced expiratory test is widely accepted and is well standardized 

by the American Thoracic Society (ATS) as a parameter for airway obstruction (American 

Thoracic Society 1995). Therefore, in school-age children the FEV1 value may be the most 

preferable measure to compare the respiratory EMG measurements with. In the present study 

we compared the EMG method with the FEV1 in children age 7 to 17 years, because children 

in this age group are able to produce reliable and reproducible forced expiratory tests.  

 

The present study was in continuation of earlier studies in which we developped a method 

based on detecting surface EMG of the diaphragmatic and intercostal muscles in healthy and 

asthmatic subjects (Sprikkelman 1998, Maarsingh 2000). In these studies we found that the 

EMG measurements appeared to be reproducible during tidal breathing in different age 

groups with and without asthma (Maarsingh 2000), and that in asthmatic school children the 

surface EMG of the diaphragmatic and intercostal muscles closely corresponded to the FEV1 
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at different levels of histamine-induced airway obstruction (Sprikkelman 1998). In a recently 

published study, reproducible diaphragmatic and intercostal EMG values were found at 

different levels of airway obstruction on 2 different test days (Maarsingh 2002). In addition, 

the EMG values returned to baseline values after administration of salbutamol. As the 

respiratory EMG measurements appeared to be minimally intrusive and easy-to-perform in 

children, we believe that the method of respiratory EMG could have sufficient advantages to 

pursue these investigations. An easy to perform and minimally intrusive test method offers the 

possibility for bronchial responsiveness challenge testing, especially in children who are not 

able to cooperate with standard lung function procedures. In young children we recently 

showed an increase and consecutive decrease in EMG signal after inhalation of histamine and 

salbutamol, coinciding with their symptom scores (Maarsingh 2004). 

 

The analyses of data from diagnostic tests requires the need to decide how good the test 

should be to be clinically valuable. The answer to this question is related to the prevalence of 

the disease in the children being tested. In the present study the recruitment of subjects was 

based on school-age children with recurrent periods of cough and wheezing that were referred 

by their general practitioner to our outpatient clinic for further diagnosis, and if necessary, 

treatment. In none of these children a definite diagnosis of asthma was made before this 

diagnostic process. A total of 21 out of 28 children appeared to have increased bronchial 

responsiveness, defined as a decrease in FEV1 by 20% or more. Besides a desirably high 

specificity, the prerequisit for the test was a high sensitivity. As a positive result will probably 

lead to a diagnosis of disease and clinical intervention, our choise for a high sensitivity leeds 

to a limitation of only ruling out a bronchial hyperreactivity and not diagnosing it.  

 

Although the surface EMG measurements of the diahragm and intercostal muscles could 

serve as a useful tool in assessing airway obstruction in school children with recurrent periods 

of cough and wheezing, this method is still controversial. Firstly, one of the problems with 

this technique is measuring the activity of other muscles (cross-talk) when diaphragmatic and 

intercostal muscle activity is measured by means of surface electrodes. However, we noticed 

only minimal interference caused by trunk or other accessory inspiratory or expiratory 

muscles. As we could not find significantly different activity patterns between the frontal and 

dorsal leads of the diaphragm, both leads were averaged and considered one muscle 

(Maarsingh 2002). Secondly, a variation in electrode positioning is known to influence the 

amplitude of EMG signals. To minimize these influences, we used large electrodes (diameter 
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2.0 cm) and placed them with a relatively large inter-electrode distance. The electrical activity 

therefore originates from an extensive portion of the muscle. To rule out the constant factors 

such as tissue properties and electrode positions that influence the amount of EMG signal 

measured, we calculated the ratio of the averaged peak-to-bottom electrical activity after 

administration of histamine or salbutamol, to the mean peak-to-bottom electrical activity at 

baseline (i.e., before histamine provocation). By calculating this ratio as a measure for 

variation in electrical activity we reduced these invariant factors to unity and, after 

logarithmic transformation, to zero. 

 

In conclusion, the surface EMG of the diaphragmatic and intercostal muscles, as a minimally 

intrusive and easy-to-perform indirect measure for airway obstruction in children, could serve 

as a useful diagnostic tool to measure histamine-induced airway obstruction in children with 

recurrent periods of cough and wheezing who are not able to perform forced expiratory tests 

reliably. As the prerequisit for the test was a high sensitivity, in the present study we found 

that the EMG method can reliably rule out brochial hyperreactivity and not diagnose it. 

However, before respiratory EMG measurements can be introduced in regular patient care, 

future studies, preferably with larger sample sizes and in the open population, should replicate 

our findings. In these studies, research attention should be paid also to the predictive ability of 

the EMGAR scores. 
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Summary 

 

Wheezing disorders are a common problem in young children. In clinical practice clinicians 

have to rely on the history and complaints of the parents to estimate the severity of the disease 

without the benefit of objective measures of pulmonary function tests. Especially in children 

between the ages of 0 and 5 years technical and ethical difficulties are inherent to routine 

pulmonary function testing. An easy to handle device to estimate lung function would extend 

diagnostic possibilities and would provide an objective measure to evaluate the clinical course 

of the disease and the efficacy of therapy in infants with recurrent wheezing disorders. 

Therefore,  we tried to develop a non-invasive method to investigate changes in airway 

obstruction in young children by means of electromyographic (EMG) measurements of the 

diaphragmatic and intercostal muscles.  

 

In Chapter 1, a general introduction is given on the size of the problem of wheezing disorders 

in infancy, alternative techniques for lung function measurements in infants and pre-school 

children, and electromyography of the diaphragm and intercostal muscles as an indirect 

measure for airway obstruction. The infant with persistent or recurrent wheezing during the 

first 4 years of life poses a diagnostic dilemma, which can be a source of anxiety to both 

physicians and parents. Many different conditions may cause wheeze in childhood, including 

asthma-like manifestations and viral infections, congenital lung disorders (i.e. cystic fibrosis) 

and foreign body aspiration. The prevalence of asthma/wheezing disorders is difficult to 

establish, since there is no clear dividing line between health and disease. The internationally 

reported prevalence of asthma varies widely between countries, ranging from 11 to 20% in 

school-age children. In 80% of these children, symptoms of wheezing started before the age 

of 5 years. Although in the past decade newer techniques for lung function measurement in 

pre-school children have entered the market, most of these techniques are still used as 

research tools and are not easy to use for routine lung function measurements in clinical 

practice. A non-invasive and easy-to-handle device, to estimate airway obstruction in early 

childhood objectively, would extend diagnostic possibilities to establish the diagnosis, to 

evaluate therapy in infants with recurrent wheezing disorders and follow progression of the 

disease. The idea was rising to combine the EMG technique on the respiratory muscles and 

the dose-response histamine-inhalation test in a study to provide a new easy-to-handle and 

non-invasive way of monitoring respiratory muscle activity as an indirect measure to assess 

airway obstruction in young children. The literature on the subject is reviewed. In 1960, it was 
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recognised that it was possible to record diaphragmatic EMG activity, using surface 

electrodes. In the same period another method became popular in adult and animal studies, 

namely that of recording diaphragmatic and EMG activity via bipolar oesophageal electrodes. 

During the last decades transcutaneous respiratory EMG measurements are being used in 

respiratory studies, involving both adults and infants. Up to the start of these studies, only 

studies in animals showed that histamine- and methacholine-induced bronchoconstriction 

caused the diaphragm and intercostal muscles to increase their electrical activity. At the 

University of Groningen, a transcutaneous method for monitoring respiratory EMG activity 

has been developed and used for several years in the field of developmental neurology, 

especially in diagnosing disordered respiratory behaviour of neonates and infants. Finally, in 

this chapter the aim of the study is described. 

 

The purpose of the first study in this thesis (Chapter 2) was to develop a new, and smaller, 

ambulant device that enabled us to investigate airway obstruction in children with wheezing 

disorders by means of non-invasive EMG of the diaphragmatic and intercostal muscles. In 

addition, the reproducibility of the EMG measurements was evaluated. Eleven adults, 39 

school children (20 healthy and 19 asthmatic), and 16 pre-school children were studied during 

tidal breathing on separate occasions to evaluate the reproducibility of the EMG signals. The 

adults were measured on two occasions with a time interval of three weeks. All children were 

measured on three occasions with time intervals of one and 24 hours, respectively. A newly 

designed digital physiological amplifier without any analogue filtering was used to measure 

the EMG signals. We found a significant correlation between the mean peak-to-bottom 

activity of the average diaphragmatic and intercostal EMG on the different measurement 

occasions in the different age groups (p < 0.05).  The only exception was the dorsal lead of 

the diaphragm, in healthy school children on the second occasion. The EMG measurements 

were found to be reproducible during tidal breathing in all age groups, with and without 

asthma. The EMG measurements appeared to be easy, non-invasive and were performed 

without active co-operation of  the participants.  

 

In Chapter 3 (letter to the editor), we discussed with Corne et al. (J Appl Physiol 2000; 89: 

481-492) differences between two similar averages for the removal of the electrical activity of 

the heart artifact (the QRS from the electrocardiogram) present in the diaphragmatic 

electromyographic waveform. In the article of Corne et al. a method is used for the removal of 

the electrocardiogram (ECG) artifact present in the oesophageal diaphragmatic EMG 



Chapter 8 
 

 132 

waveform. In 1981 LvE already patented a method for transcutaneous diaphragmatic EMG 

that works in a similar way. We were intrigued to see the difference between the two 

methods. Besides the difference in filling of the QRS gap, there is a significant difference in 

process delay time. 

 

In Chapter 4, the association between the EMG of the diaphragm and intercostal muscles, 

and the FEV1 at different levels of histamine-induced airway obstruction, and the consecutive 

response to salbutamol was assessed. Moreover, the reproducibility of the EMG 

measurements was studied on two different occasions at different levels of airway obstruction.  

Fourteen school children with asthma performed two histamine challenges with a 24-hour 

time interval and one child performed one histamine challenge test. The logarithm of the 

EMG-Activity-Ratio (EMGAR; ratio of the mean peak-to-bottom averaged EMG activity 

during a certain extent in airway obstruction, to that at baseline) was used as EMG parameter. 

This study showed that the log EMGAR as a parameter for a change in electrical activity of 

the diaphragm and intercostal muscles associated well with the histamine-induced fall in 

FEV1 at 5% steps from the baseline value. After inhalation of salbutamol both the 

diaphragmatic and intercostal log EMGAR values returned to the initial mean peak-to-bottom 

values (p < 0.001). We concluded from this study that indeed changes in FEV1 in school 

children with asthma could easily be visualized in a non-invasive manner by changes in EMG 

activity of diaphragm and intercostals muscles. Additionally the EMG measurements were 

reproducible at different levels of airway obstruction. 

 

In Chapter 5, we studied changes in the amplitude properties of the surface EMG activity of 

the diaphragm and intercostal muscles in relation to the appearance of one or more clinical 

symptoms (wheezing, cough, increased respiratory rate and prolonged expiration) during 

histamine challenge testing in 20 asthmatic pre-school children. The literature on this subject 

is not conclusive. In her thesis, Sprikkelman et al describe a good agreement between the total 

cumulative histamine dose causing a fall in FEV1 of 20% or more and the detection of a 

change in the different lung sounds, such as wheezing, cough, increased respiratory rate and 

prolonged expiration. Other investigators described that this fall in FEV1 only correlated with 

the appearance of wheezing and not with the other clinical symptoms such as cough, 

increased respiration rate, and prolonged expiration. The histamine dose at the appearance of 

clinical symptoms was defined as the maximum histamine provocation dose (PDcs). The 

clinical symptoms were recorded with a microphone over the trachea. The logarithm of the 
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EMG-Activity-Ratio (log EMGAR) was used as EMG parameter. In both the diaphragmatic 

and the intercostal EMGAR values a linear increase was observed in the four histamine dose-

steps prior to PDcs. At PDcs the mean log EMGAR of the diaphragm and intercostal muscles 

was significantly increased as compared to the baseline values. After administration of 

salbutamol the log EMGAR of both the diaphragm and intercostal muscles returned to 

baseline values and the clinical symptoms normalised in all children. At PDcs, no significant 

differences in the log EMGAR values could be detected at the appearance of the distinctive 

clinical symptoms, which suggests that wheezing is not the only indicator for the detection of 

airway responsiveness in young children. We found a linear increase in surface diaphragmatic 

and intercostal log EMGAR during a histamine inhalation challenge in pre-school children 

with asthma, which was reversible after inhalation of salbutamol. These findings support the 

idea that EMG measurements of the diaphragm and intercostal muscles may offer an 

opportunity to estimate changes in airway obstruction in young children in an alternative way. 

 

In Chapter 6, we investigated in dyspnoeic infants whether the changes that occurred in the 

Clinical Asthma Score (CAS) correlated with the changes in the amplitude properties of the 

diaphragmatic and intercostal EMG activity over the days during and after admission to the 

hospital. Sixteen infants (nine males) were studied during admission and seven days after 

discharge. The CAS was used to assess the severity of dyspnoea and consists of five items: 

respiration rate, wheezing, retractions, observed dyspnoea, and inspiration-to-expiration ratio. 

Each item was scaled 0, 1, or 2, with a maximum score of 10. Electrical activity from the 

diaphragm (di) and intercostal muscles (int) was derived from surface electrodes. The 

logarithm of the EMG-Activity-Ratio (log EMGAR) was used as EMG parameter. For 

assessing the association between the repeated observations of the CAS and the EMG 

measurements we used the quantity r2 obtained with analysis of covariance. On the day of 

admission the patients had a mean CAS of 5.9 ± 1.2. On the day of discharge the mean CAS 

decreased significantly to 2.1 ± 1.6, indicating that the CAS returned to normal values. In line 

with this observation, a significant decrease in the log EMGARdi and log EMGARint was 

observed during the stay in the hospital. Over all subjects the correlation coefficient (r) of log 

EMGARdi versus CAS was 0.71, log EMGARint versus CAS was 0.67, and the mean 

logEMGAR versus CAS was 0.75 (p < 0.01, for all values). The correlation coefficients of 

subjects of ≤ 1 year were significantly lower than those of  subjects of > 1 year of age (p < 

0.01) and female subjects showed higher correlation coefficients than males. This study 
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showed a moderate, but significant, relationship between the changes that occurred in the 

CAS and the changes in respiratory EMG activity in dyspnoeic infants during admission to 

hospital. Moreover, the correlation coefficients of the combined leads of the intercostals and 

diaphragm (mean logEMGAR) were higher than those of the separate leads. Measuring the 

respiratory EMG activity is an objective measure for monitoring changes in electrical activity 

of the respiratory muscles during airway obstruction and could be a method used in younger 

children who are not able to perform spirometry reliably. The advance in clinical practice may 

include an extension of diagnostic possibilities, monitoring efficacy of therapy, and could be 

used as an objective measure in the followup of the disease in infants with recurrent wheezing 

disorders. 

 

In the process of a study for a method to assess airway response (Chapter 7), allowing for a 

minimum of co-operation from the child, we investigated the diagnostic accuracy of 

respiratory electromyography (EMG) measurements during histamine challenge in school 

children with recurrent periods of cough and wheezing. A histamine challenge test was 

performed in 28 children (20 male, mean age 10.4 ± 2.8 year). The forced expiratory volume 

in 1 s (FEV1) was measured at baseline, after successive histamine concentration steps until 

the PC20 was reached, and 10 minutes after the administration of salbutamol. Surface EMG 

signals were derived during tidal breathing from electrodes placed at the level of the 

diaphragm and in the second intercostal spaces left and right. The logarithm of the EMG-

Activity-Ratio (log EMGAR) was used as EMG parameter. To assess the diagnostic 

properties of the EMG measurements in terms of sensitivity and specificity Receiver 

Operating Characteristic (ROC) curves were constructed. Additionally, the Areas Under the 

ROC-Curves (AUCs) were calculated. The optimal log EMGAR cut-off score at PC20 for 

bronchial responsiveness was 0.22, which represents an increase in diaphragmatic EMG 

activity of 67%. The sensitivity of the log EMGAR ranged from 95 to 100%, the specificity 

from 67% to 71%, and the AUCs from 89% to 96%, respectively. The AUCs of both leads did 

not differ significantly (p = 0.76). In conclusion, the surface EMG of the diaphragm and 

intercostal muscles, as a minimally intrusive and easy-to-perform indirect measure for airway 

obstruction in children, could serve as a useful diagnostic tool to measure histamine-induced 

airway obstruction in children with recurrent periods of cough and wheezing who are not able 

to perform forced expiratory tests reliably. However, before respiratory EMG measurements 

can be introduced in regular patient care, future studies, preferably with larger sample sizes 
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and in the open population, should replicate our findings. In these studies, research attention 

should be paid also to the predictive ability of the EMGAR scores. 

 

 

Relevance of the study to advance knowledge of asthma in clinical practice 

 

We developed a non-invasive EMG device that is easy-to-handle and could be used as an 

alternative method to recognise and estimate changes in the degree of airway obstruction in 

asthmatic school children and pre-school children.  

The EMG activity of the diaphragm and intercostal muscles corresponded with the FEV1 in 

school children and the outcome of the Clinical Asthma Score in infants admitted to the 

hospital for acute airway obstruction. Measuring the respiratory EMG activity is an objective 

measure for changes in airway obstruction and could be a method used in younger children 

who are not able to perform spirometry reliably. Moreover, it appeared to be a tool that can be 

used to estimate the degree of bronchial hyperresponsiveness in schoolchildren, and possibly, 

in infants with recurrent coughing and wheezing. 

 

 

Pro's and con's of the studies and future research 

 

For analysis of the EMG signals we calculated the EMG-Activity-Ratio (EMGAR), which can 

be represented as the ratio of the mean peak-to-bottom averaged EMG value during airway 

obstruction and the mean peak-to-bottom averaged EMG value at baseline (reference value). 

One of the advantages of calculating a ratio-measure is that we are able to calculate the 

individual increase or decrease in EMG activity of the diaphragmatic and intercostal muscles, 

for example during histamine induced airway obstruction. Especially in measuring the EMG 

activity in dyspnoeic children who are admitted to the hospital, a possible disadvantage of the 

EMGAR may be that a reference value is needed to calculate the ratio.  

 

Yet another drawback of measuring electrical activity of the diaphragm and intercostal 

muscles in relation to airway obstruction is the possible influence of an increasing functional 

residual capacity (FRC) during airway obstruction. The use of EMG recordings to evaluate 

diaphragmatic activation during tidal breathing and histamine-induced airway obstruction has 

been criticised because an artifact might occur, created by changes in lung volume. It is well 
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established that the FRC often increases, accompanied by an increase in tonic activity of the 

diaphragm and intercostal muscles during spontaneous breathing or during a histamine-

induced airway obstruction. In our studies we noticed that the tonic activity, defined as 

electrical activity in the EMG present at end expiration, increased during histamine induced 

airway narrowing. Moreover, we observed that histamine-induced changes in tonic activity of 

the respiratory muscles did not modify the association between the FEV1 and the EMG of the 

diaphragm and intercostal muscles. We did, however, observe small leaps in tonic activity 

during the histamine induced airway narrowing. These small leaps in tonic activity could be 

caused by a change in body posture of the child rather than being induced by histamine. In 

addition, we observed a slightly increased tonic activity in diaphragm and intercostal muscles 

during histamine challenge. The change in tonic activity had a minor effect on the mean peak-

to-bottom EMG activity and as a result it did not influence the EMG-Activity-Ratio as a 

measure for electrical muscle activity during airway obstruction. However, the contribution of 

an increased FRC during dyspnoea should be investigated prospectively. 

 

In this thesis we investigated the diagnostic value of the electrical activity of the diaphragm 

and intercostals muscles as an indirect indicator for bronchial hyperresponsiveness in school 

children who were presented to our outpatient clinic with recurrent periods of cough and 

wheezing and who were suspected to have asthma. These children were not recruited from the 

general population. This indicates that the sensitivity and specificity of the EMG 

measurements may be different when used in children with recurrent cough and wheezing 

from the general population. In order to extend the validity of our new instrument, a larger 

group, recruited from the general population should be the focus of further research.  

 

In the final phase of the present study we aimed to investigate the possibilities of the EMG 

device in young children with respiratory symptoms. We encountered the fact that clinical 

assessment of lung function in young children is rarely performed for reasons that include the 

inability of infants to perform forced respiratory manoeuvres. The only available method in 

daily clinical practice to estimate the severity of airway obstruction in young children under 

the age of 3 is scoring clinical signs of asthma. Scoring clinical signs of asthma requires 

subjective judgement. However, with this method we found a significant correlation between 

respiratory EMG activity and clinical signs in the followup of young children with dyspnoea 

during their admission to the hospital.   
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Further extension of the validation of EMG measurements should be aimed at young children 

with recurrent cough and wheezing, who are, as a consequence of their age, not able to 

perform reliable spirometric manoeuvres. A necessary condition for validation in this age 

group and for ROC analysis is that the calculation of sensitivity and specificity rates requires 

an independent and valid criterion (‘gold standard’) by which the diagnosis is established. For 

the initial study in school children we used the FEV1 as independent criterion. A careful 

choice of this ‘gold standard’ in this young age group is important. Possible options are the 

MicroRint in children from the age of four years and older, and the VmaxFRC measured by 

the squeeze technique in the very young.  
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Samenvatting 

 

Recidiverend hoesten en piepen is een frequent voorkomend verschijnsel bij jonge kinderen. 

De behandelend (kinder-) arts kan alleen afgaan op het klachtenpatroon en de ernst van de 

klachten zoals dat door de ouders beschreven wordt, zonder het voordeel van een objectieve 

maat voor longfunctie. In de categorie kinderen van 0 tot 5 jaar zijn met name technische en 

ethische problemen de beperkende factor om routinematig de longfunctie te meten. Een niet 

invasieve, eenvoudig te hanteren methode om een maat voor de longfunctie te verkrijgen zou 

de diagnostische mogelijkheden van een behandelend arts nadrukkelijk uitbreiden. De 

longfunctie methode zou voorzien in een objectieve maat om het klinisch beloop en het effect 

van toegediende medicatie van zuigelingen met recidiverende klachten van hoesten en piepen 

te meten. Daarom hebben we een methode ontwikkeld waarmee bij kleine kinderen door 

middel van het meten van de elektrische activiteit van het diafragma en de intercostaalspieren 

een indirecte objectieve maat voor luchtwegobstructie verkregen kan worden.  

 

In Hoofdstuk 1, worden in een algemene introductie de grootte van het probleem van 

recidiverende klachten van hoesten en piepen op de zuigelingen leeftijd, alternatieve 

technieken voor longfunctie methoden op deze leeftijd, en electromyografie (EMG) van het 

diafragma en de intercostaalspieren als een indirecte maat voor luchtwegobstructie 

beschreven. Hoesten en piepen komt regelmatig voor op de zuigelingen- en jonge 

kinderleeftijd. Het kind met recidiverende klachten van hoesten en piepen gedurende de eerste 

4 levensjaren plaatst de artsen voor een diagnostisch dilemma, dat voor zowel arts als ouders 

een bron van frustratie kan veroorzaken. Er worden verschillende oorzaken voor hoesten en 

piepen op de jonge kinderleeftijd beschreven, waaronder astma-achtige manifestaties en virale 

infecties, congenitale longziekten, en aspiratie van een corpus alienum. De prevalentie van 

astma/ piepen is lastig in te schatten, omdat er geen heldere scheidslijn bestaat tussen ziek en 

gezond. De internationaal beschreven prevalentie van astma tussen landen verschilt, en 

varieert van 11 – 20% bij kinderen. Bij 80% van de kinderen beginnen de symptomen van 

hoesten en piepen voor het vijfde levensjaar. Hoewel er in de laatste jaren nieuwe longfunctie 

technieken op de markt kwamen, worden deze toch met name voor wetenschappelijk 

onderzoek gebruikt en zijn deze nieuwe technieken minder geschikt voor routine onderzoek in 

de kliniek. Een minimaal invasieve en eenvoudig te hanteren methode, als objectieve maat 

voor luchtwegobstructie bij jonge kinderen, zou de diagnostische mogelijkheden van de arts 

kunnen uitbreiden op het gebied van evaluatie van therapie en het vervolgen van de progressie 



Samenvatting 
 

 141

van de aandoening. Aan de Universiteit van Groningen werd op de afdeling 

Ontwikkelingsneurologie een methode ontwikkeld om bij neonaten en zuigelingen afwijkende 

ademhalingspatronen te diagnosticeren. Het idee kwam op om de EMG-techniek toe te passen 

op de ademhalingsspieren en metingen uit te voeren bij verschillende gradaties van door 

histamine geïnduceerde luchtwegobstructies om zo een objectieve, indirecte maat te krijgen 

voor de mate van luchtwegobstructie bij kinderen. Al in 1960 werd de mogelijkheid 

beschreven van diafragma EMG-metingen door middel van oppervlakte- cq huidelektroden. 

In dezelfde periode werd in studies bij dieren en volwassenen electromyografie van het 

diafragma beschreven door middel van bipolaire slokdarmelektroden. In de laatste decennia 

werden transcutane EMG-metingen van de ademhalingsspieren beschreven bij volwassenen 

en zuigelingen. Tot voor kort werden EMG-metingen tijdens histamine- of metacholine 

geïnduceerde luchtwegobstructie alleen beschreven in dierstudies. Hier viel op dat de EMG-

activiteit van de ademhalingsspieren toenam bij de door histamine geïnduceerde 

luchtwegobstructie. De doelstellingen van de studies in dit proefschrift worden aan het einde 

van dit hoofdstuk geformuleerd. 

 

Het doel van de eerste studie van dit proefschrift (Hoofdstuk 2) was om een nieuw, klein en 

ambulant apparaat te ontwikkelen waarmee de mate van luchtwegobstructie kon worden 

onderzocht bij kinderen met klachten van hoesten en piepen. Hiervoor werd gebruik gemaakt 

van EMG-metingen van het diafragma en de intercostaalspieren. Om de reproduceerbaarheid 

van de EMG-metingen van de ademhalingsspieren te evalueren werden 11 volwassenen, 39 

lagere school kinderen (20 gezond and 19 astmatisch), en 16 kleuters gemeten tijdens rustige 

ademhaling op meerdere momenten. De volwassenen werden twee keer gemeten met een 

tijdsinterval van drie weken. De kinderen werden drie keer gemeten met een tijdsinterval van 

respectievelijk 1 en 24 uur. Een nieuw ontwikkeld digitale fysiologische amplifier zonder 

analoge filtering werd gebruikt om de EMG-signalen te meten. We vonden een significante 

correlatie tussen de gemiddelde piek-dal activiteit van het gemiddelde diafragma en 

intercostale EMG op de verschillende meetmomenten bij de diverse leeftijdsgroepen (p < 

0.05). Een uitzondering hierop was de afleiding van de achterzijde van het diafragma bij de 

gezonde kinderen op het tweede meet moment. De EMG-metingen die op verschillende dagen 

werden herhaald waren reproduceerbaar tijdens rustademhaling in alle leeftijdsgroepen, met 

en zonder astma. De EMG-methode bleek eenvoudig te hanteren, was niet invasief en kon 

worden toegepast zonder actieve medewerking van het kind.  
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In Hoofdstuk 3 (letter to the editor), bediscussieerden we met Corne et al. (J Appl Physiol 

2000; 89: 481-492) de verschillen tussen twee vergelijkbare ‘averages’ voor het verwijderen 

van de elektrische hartactiviteit (QRS van het elektrocardiogram (ECG)) aanwezig in de 

gemeten elektrische activiteit van het diafragma en de intercostaalspieren. In het artikel van 

Corne et al. werd een andere methode beschreven voor het verwijderen van het ECG artifact, 

aanwezig in de via de slokdarm gemeten elektrische activiteit van het diafragma. In 1981 

patenteerde LvE reeds een grotendeels vergelijkbare methode voor het transcutaan meten van 

de diafragma activiteit. We waren verrast door de verschillen tussen de beide methodes. Naast 

het verschil in opvullen van het ‘uitgeknipte’ QRS signaal, bleek er een significant verschil in 

de zogenoemde process delay time. 

 

In Hoofdstuk 4, werd de correlatie tussen de EMG-metingen van het diafragma en de 

intercostaalspieren en het geforceerde expiratoire volume (FEV1) berekend bij verschillende 

niveaus van de door histamine geïnduceerde luchtwegobstructie en de daarop volgende 

respons op salbutamol. Bovendien werd de reproduceerbaarheid bestudeerd op twee 

meetmomenten in de tijd, tijdens verschillende gradaties van luchtwegvernauwing. Veertien 

kinderen met astma ondergingen twee histamineprovocatie tests met een tijdsinterval van 24 

uur, en één kind onderging één test. Het logaritme van de EMG-Activity-Ratio (EMGAR; 

ratio van de gemiddelde piek-dal EMG-activiteit op een bepaald moment van de meting en de 

gemiddelde piek-dal EMG-activiteit van de uitgangswaarde) werd gebruikt als EMG-

parameter. Deze studie liet zien dat de log EMGAR, als parameter voor een verandering in 

elektrische activiteit van het diafragma en de intercostaalspieren goed correleerde met de door 

histamine geïnduceerde daling in FEV1 in stappen van 5% van de uitgangswaarde. Na 

inhalatie van salbutamol keerde de elektrische activiteit van zowel het diafragma als van de 

intercostaalspieren terug naar de uitgangswaarden (p < 0.001). We concludeerden dat de 

veranderingen in FEV1 bij kinderen met astma eenvoudig konden worden herkend in de 

veranderingen in de EMG-activiteit van het diafragma en de intercostaalspieren. Bovendien 

bleken de EMG-metingen reproduceerbaar op verschillende niveaus van luchtwegobstructie. 

 

In Hoofdstuk 5, wordt een studie beschreven waarin we de transcutane EMG-activiteit van 

het diafragma en de intercostaalspieren bestudeerden bij 20 zuigelingen en jonge kinderen, in 

relatie tot één of meer door histamine geïnduceerde klinische symptomen, zoals piepen, 

hoesten, verlengde expiratietijd en een toegenomen ademhalingsfrequentie. De literatuur op 

het gebied van deze klinische symptomen is niet eenduidig. In het proefschrift van 
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Sprikkelman wordt een goede overeenstemming beschreven tussen de totale cumulatieve 

histaminedosis die een daling van ≥ 20% in FEV1 veroorzaakt en het ontstaan cq de 

verandering van klinische symptomen, zoals piepen, hoesten, een verlengde expiratietijd en 

een toegenomen ademhalingsfrequentie. Andere onderzoekers beschreven dat een daling in 

FEV1 alleen correleerde met het ontstaan van piepen en niet met de andere genoemde 

klinische symptomen. De maximale histamine provocatie dosis werd gedefinieerd als de 

histaminedosis bij het ontstaan van een of meerdere klinische symptomen (PDks). De 

klinische symptomen werden geregistreerd door middel van een microfoon ter plaatse van de 

trachea. De logaritme van de EMG-Activity-Ratio (log EMGAR) werd gebruikt als EMG-

parameter. Bij de elektrische activiteit van zowel diafragma- als intercostaalspieren, vonden 

we een lineaire toename tijdens histamineprovocatie. Tijdens PDks was zowel de elektrische 

activiteit van het diafragma als dat van de intercostaalspieren significant verhoogd. Na 

toediening van salbutamol keerden de EMG-waarden in alle gevallen terug naar de 

uitgangswaarden. Er werd geen significant verschil gevonden in EMG-activiteit bij het 

ontstaan van één of meer van de vier door histamine geïnduceerde klinische symptomen bij de 

kinderen. Deze bevindingen onderstrepen het idee dat EMG-metingen van de 

ademhalingsspieren een mogelijkheid kunnen bieden om een inschatting te kunnen maken van 

veranderingen in luchtwegobstructie bij jonge kinderen en zuigelingen op een indirecte 

manier. 

 

In Hoofdstuk 6, werd de EMG-activiteit van het diafragma en de intercostaalspieren 

gerelateerd aan de veranderingen in de Klinische Astma Score (KAS) bij 16 zuigelingen (9 

jongens; 7 meisjes) die werden opgenomen in het ziekenhuis, vergeleken met zeven dagen na 

ontslag uit het ziekenhuis. De KAS werd gebruikt om de ernst van de benauwdheid vast te 

stellen; deze bestond uit: ademhalingsfrequentie, piepen, intrekkingen, geobserveerde 

kortademigheid en de ratio van inspiratie en expiratie tijd. Ieder item werd gescoord met 1 of 

2, met een maximale score van 10. De elektrische activiteit van de ademhalingsspieren werd 

verkregen via huidelektrodes. De logaritme van de EMG-Activity-Ratio (log EMGAR) werd 

gebruikt als EMG parameter. Voor het berekenen van de relatie tussen de herhaalde CAS en 

EMG-metingen werd de kwantiteit r2 gebruikt (analysis of covariance). Op de dag van 

opname was de gemiddelde CAS 5.9 ± 1.2. Op de dag van ontslag daalde de CAS significant 

naar (normale) uitgangswaarden (2.1 ± 1.6). In overeenstemming met deze observatie daalde 

de log EMGAR van diafragma en intercostaalspieren significant. Voor de gehele groep was 
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de correlatie coëfficiënt (r) voor de log EMGAR van diafragma versus CAS 0.71, log 

EMGAR intercostaalspieren versus CAS 0.67 en de gemiddelde log EMGAR versus CAS 

0.75 (p < 0.01). De correlatie-coëfficiënt voor de kinderen ≤ 1 jaar waren significant lager dan 

die van de kinderen > 1 jaar (p < 0.01). De meisjes hadden een hogere correlatie coëfficiënt 

dan de jongens. Uit deze studie bleek dat er een significante relatie bestaat tussen de 

geobserveerde veranderingen van de CAS en de veranderingen in het EMG van de 

ademhalingsspieren bij benauwde zuigelingen en jonge kinderen tijdens opname in het 

ziekenhuis. Bovendien bleek de gemiddelde EMG-activiteit van diafragma en 

intercostaalspieren (gemiddelde log EMGAR) hoger dan die van de afleidingen apart. Het 

meten van de EMG-activiteit van het diafragma en de intercostaalspieren is een objectieve 

maat voor luchtwegobstructie en zou gebruikt kunnen worden bij jongere kinderen die niet in 

staat zijn om geforceerde manoeuvres uit te voeren. De EMG-methode zou van toegevoegde 

waarde kunnen zijn in het geval van monitoren van effectiviteit van therapie en zou gebruikt 

kunnen worden als een objectieve maat in de followup van de ziekte van zuigelingen met 

recidiverende klachten van hoesten en piepen. 

 

In Hoofdstuk 7, werd de diagnostische waarde van de EMG-metingen van het diafragma en 

de intercostaalspieren onderzocht, als een indicator voor luchtwegobstructie tijdens 

histamineprovocatie bij lagere schoolkinderen. Een histamine provocatie test werd uitgevoerd 

bij 28 kinderen (20 jongens; gemiddelde leeftijd 10.4 ± 2.8 jaar). De FEV1 werd gemeten als 

uitgangswaarde, tijdens de opeenvolgende histamine-concentratiestappen, tot de PC20 werd 

bereikt, en 10 minuten na toediening van salbutamol. De EMG-metingen werden verricht 

tijdens rustige ademhaling en de elektroden werden geplaatst ter hoogte van het diafragma aan 

de voorzijde en ter plaatse van de 2e intercostaalruimten links en rechts. De logaritme van de 

EMG-Activity-Ratio (log EMGAR) werd gebruikt als EMG parameter. Om de diagnostische 

waarde van de EMG-signalen te kunnen berekenen in termen van sensitiviteit en specificiteit 

werd de Receiver Operating Characteristic (ROC) curve gebruikt. Bovendien werden de 

Areas Under the ROC-curves (AUCs) berekend. De optimale log EMGAR cut-off waarde bij 

PC20 was 0.22. Deze waarde staat gelijk aan een toename in elektrische diafragma activiteit 

van 67%. De sensitiviteit van de log EMGAR was 95 – 100%; de specificiteit was 67 – 71% 

en de AUCs waren 89% tot 96%, respectievelijk. De AUCs van de beide afleidingen 

verschilden niet significant (p = 0.76). We concludeerden dat de toename van EMG-activiteit 

van 67% een betrouwbare en voorspellende waarde geeft voor een door histamine 

geïnduceerde 20% daling in FEV1 bij kinderen met recidiverend klachten van hoesten en 
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piepen. Voordat de EMG-methode gebruikt zou kunnen worden in de kliniek, zouden studies 

met grotere aantallen kinderen in de open populatie verricht moeten worden. In deze studies 

zou ook aandacht moeten worden besteed aan de voorspellende waarde van de EMG-

metingen van de ademhalingsspieren. 

 

 

Relevantie van de studie voor onderzoek naar astma in de kliniek 

 

We ontwikkelden een niet-invasief en eenvoudig te hanteren EMG apparaat dat kan worden 

gebruikt als een alternatieve methode om veranderingen in luchtwegobstructie te kunnen 

meten bij kinderen en zuigelingen met astma. De EMG-activiteit van diafragma en 

intercostaalspieren correspondeerden met de FEV1 bij jonge kinderen, en de Klinische Astma 

Score bij zuigelingen die opgenomen lagen in het ziekenhuis met klachten van dyspnoe. 

Electromyografie van de ademhalingsspieren is een objectieve maat voor veranderingen in 

luchtwegobstructie en zou gebruikt kunnen worden bij jonge kinderen die niet in staat zijn om 

de spirometrie betrouwbaar uit te voeren. Bovendien bleek het een methode die gebruikt zou 

kunnen worden om een schatting te maken van de bronchiale hyperreactiviteit bij kinderen, en 

mogelijk bij zuigelingen met klachten van recidiverend hoesten en piepen. 

 

 

Voor en nadelen van de studies en aanbevelingen voor toekomstige studies 

 

Voor de analyse van EMG-signalen berekenden we de EMG-Activity-Ratio (EMGAR), die 

kan worden voorgesteld als de ratio van de gemiddelde piek-dal activiteit van de EMG-

waarde tijdens luchtwegobstructie en de gemiddelde piek-dal EMG-activiteit van de 

uitgangswaarde (referentiewaarde). Een van de voordelen van het berekenen van de ratio is, 

dat we hiermee de mogelijkheid hadden de individuele toename of afname van EMG-

activiteit van diafragma en intercostaalspieren te bepalen, bijvoorbeeld tijdens histamine 

provocatie. Met name bij jonge dyspnoeische kinderen die hiervoor opgenomen zijn in het 

ziekenhuis, kan het een nadeel zijn om geen uitgangswaarde te hebben voor het berekenen 

van de ratio. 

 

Een ander nadeel van het meten van de EMG-activiteit van de ademhalingsspieren in relatie 

tot de mate van luchtwegobstructie is de invloed van een mogelijk toenemende functionele 
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residuale capaciteit (FRC) tijdens een toename van luchtwegobstructie. Het gebruik van 

EMG-metingen ter evaluatie van elektrische activiteit van het diafragma tijdens rustige 

ademhaling wordt bekritiseerd, omdat er een artefact in de meetwaarde zou kunnen ontstaan, 

veroorzaakt door veranderingen in longvolume. Het is bekend dat de FRC toeneemt, terwijl 

de EMG-activiteit van het diafragma en de intercostaalspieren eveneens toeneemt tijdens 

rustige ademhaling bij de door histamine geïnduceerde toename in luchtwegobstructie. In 

onze studies vonden we dat de tonische activiteit, gedefinieerd als elektrische activiteit in het 

EMG-signaal aan het einde van een uitademing, toenam tijdens histamine geïnduceerde 

luchtwegobstructie. Deze kleine verandering in tonische activiteit zou misschien eerder 

veroorzaakt kunnen worden door verandering van lichaamshouding dan door de door 

histamine veroorzaakte luchtwegobstructie. De verandering in tonische activiteit tijdens de 

histamine-provocatietests hadden een minimale invloed op de EMG-Activity-Ratio als maat 

voor elektrische spieractiviteit tijdens luchtwegobstructie. Bovendien zagen we, dat histamine 

geïnduceerde veranderingen in tonische activiteit van de ademhalingsspieren niet van invloed 

was op de relatie tussen FEV1 en de EMG-activiteit van het diafragma en de 

intercostaalspieren. De mate van een toename van de FRC en het belang hiervan voor de 

betrouwbaarheid van de EMG-metingen tijdens dyspnoe zou in toekomstige studies 

uitgezocht moeten worden. 

 

In dit proefschrift onderzochten we de diagnostische waarde van de elektrische activiteit van 

het diafragma en de intercostaalspieren als een indirecte indicator voor bronchiale 

hyperreactiviteit bij kinderen die zich op onze polikliniek presenteerden met recidiverende 

periodes van hoesten en piepen en dus verdacht waren voor het hebben van astma. Deze 

kinderen werden niet gerecruteerd uit de open populatie (schoolkinderen) wat aangeeft dat de 

sensitiviteit en specificiteit van de EMG-metingen zouden kunnen verschillen van die van de 

kinderen met klachten van recidiverend hoesten en piepen. Om de nieuwe EMG-methode 

beter te kunnen valideren, zou de focus moeten liggen op een grotere groep kinderen, bij 

voorkeur uit de algemene populatie. 

 

In de laatste fase van dit proefschrift wilden we de mogelijkheden onderzoeken van de EMG-

methode bij jonge kinderen en zuigelingen met klachten van hoesten en piepen. Klinische 

metingen van de longfunctie bij jonge kinderen en zuigelingen worden zelden verricht 

vanwege de onmogelijkheid van zuigelingen om geforceerde ademhalingsmanoeuvres uit te 

voeren. De enige methode, beschikbaar in de klinische praktijk om een inschatting te maken 
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van luchtwegobstructie bij kinderen jonger dan 3 jaar, is het scoren van klinische symptomen 

van astma. Het scoren van klinische symptomen van astma vereist een subjectieve 

beoordeling. Met de door ons ontwikkelde methode vonden we een significante correlatie 

tussen EMG van de ademhalingsspieren en klinische symptomen in de followup tijdens 

opname van zuigelingen met dyspnoe, opgenomen in het ziekenhuis. 

 

Uitgebreider onderzoek naar de validatie van EMG-metingen zou moeten worden verricht bij 

jonge kinderen met recidiverend hoesten en piepen, die mede door hun leeftijd, niet in staat 

zijn om een spirometrie test te verrichten. Een noodzakelijke conditie voor validatie in deze 

leeftijdscategorie voor ROC-analyse is dat de berekening van de sensitiviteit en specificiteit 

een onafhankelijke en valide criterium vereist (gouden standaard), waarmee de diagnose kan 

worden vastgesteld. Voor de eerste studie bij lagere-schoolkinderen gebruikten we de FEV1 

als onafhankelijke maat. Een met zorg uitgezochte gouden standaard in deze leeftijdsgroep is 

van groot belang. Mogelijke opties voor kinderen van 3 jaar en ouder zou de MicroRint 

kunnen zijn, terwijl voor zuigelingen de VmaxFRC door middel van de squeeze-techniek zou 

kunnen worden gebruikt.  
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Dankwoord 

 

Het schrijven van een proefschrift doe je niet alleen. Dat doe je in samenwerking met 

meerdere mensen en organisaties. Ik kan onmogelijk iedereen persoonlijk bedanken die op 

enige manier bij de totstandkoming van dit proefschrift betrokken is geweest. Maar de 

hieronder genoemde mensen wil ik graag persoonlijk bedanken voor hun directe of indirecte 

bijdrage aan de totstandkloming van dit proefschrift: 

  

Nederlands Astma Fonds. Allereerst wil ik het Nederlands Astma Fonds bedanken, want 

zonder vertrouwen in het belang van dit onderzoek en de hieraan gekoppelde financiële 

ondersteuning had dit proefschrift niet tot stand kunnen komen.  

 

Kinderen en ouders. De kinderen die mee wilden doen, ondanks het feit dat ze soms reuze 

benauwd werden gemaakt met histamine, en hun ouders/ begeleiders die het nut van dit 

onderzoek inzagen en hun toestemming gaven, wil ik graag hartelijk bedanken.  

 

Prof.dr. Wim van Aalderen. Beste Wim, daar is ie dan, eindelijk, het proefschrift. De eerste 

drie jaren waren geweldig, daarna was het niet altijd eenvoudig om de moed erin te houden. 

In de periode van dit onderzoek, dat medio 1998 starte, heb ik een aantal grote stappen gezet: 

opleiding Kindergeneeskunde, de overstap naar Chirurgie en tenslotte als arts bij de Marine. 

Je hebt je ongetwijfeld regelmatig afgevraagd of het proefschrift ooit af zou komen. Dankzij 

jou onvoorwaardelijke steun mogen we nu concluderen dat het gelukt is! 

 

Leo van Eykern. Beste Leo, het eerste jaar in Groningen hebben we intensief samengewerkt 

aan de ontwikkeling van het EMG apparaat. Daarna, vanuit Amsterdam, kon ik steeds 

zelfstandiger met de ingewikkelde apparatuur omgaan en de kinderen meten. Mede door jou 

bevlogenheid en de discussies die we hadden over de uitvoering van de metingen en de 

interpretaties hiervan, heb ik een hele goede herinnering aan dit promotie onderzoek. Ik heb 

met veel plezier met jou en de overige medewerkers van de afdeling Ontwikkelings 

Neurologie van de Rijksuniversiteit Groningen samengewerkt. 

 

De promotiecommissie. Prof. Dr. H.S.A. Heymans, Prof. Dr. E.J. Duiverman, Prof. Dr. H.M. 

Jansen, Prof. Dr. P.N.R. Dekhuijzen, Dr. C.K. van der Ent, Dr. A.P. Bos, wil ik graag hartelijk 

danken voor de bereidheid om zitting te nemen in de promotiecommissie. 
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Dr. Aline Sprikkelman. Beste Aline, voortbordurend op jou pilot-studie zijn we toch weer een 

eind verder gekomen met de ontwikkeling van de EMG methode. Het uiteindelijk doel is een 

eenvoudig te bedienen en te hanteren apparaat waarmee bij jonge kinderen met klachten van 

piepen en benauwdheid een indirecte maat wordt gevonden voor de ernst van de 

luchtwegobstructie. Dit alles om de behandeling effectiever te maken en de schade aan de 

luchtwegen op de langere termijn dus zo gering mogelijk te laten zijn. Dank voor je 

enthousiaste bijdrage aan de totstandkoming van dit proefschrift. 

 

Dr. Maarten Hoekstra en drs. Roepino Griffioen en prof.dr. Rob de Haan. Ik wil jullie graag 

bedanken voor jullie actieve betrokkenheid en fijne samenwerking tijdens het onderzoek.  

 

Afdeling longfunctie Groningen en Amsterdam. Drs. Karel Roos, Niesche Verhey, Saeeda 

Latif-Lone en overige medewerkers van de longfunctie afdeling. Heel hartelijk dank voor 

jullie ondersteunende bezigheden en het dag en nacht beschikbaar stellen van de longfunctie 

ruimten.  

 

Assistenten Kindergeneeskunde, Emma Kinderziekenhuis, AMC. Met jullie heb ik van 1998 

tot 2001 een hele goede tijd gehad. Ondanks het feit dat ik aanvankelijk nog arts-onderzoeker 

was, had ik toch mooi de assistenten kamer geconvesceerd. Hier zijn een aantal aardige 

projecten tot stand gekomen: oprichting van de Young Einsteins (vereniging van jonge 

onderzoekers en arts assistenten) en het EKZ Wetenschapssymposium. 

 

Marieke Duiverman. Inmiddels heb jij de draad van het EMG onderzoek opgepakt, hoewel op 

de afdeling volwassen Longziekten. En dit gaat niet onverdienstelijk, gezien je eerste 

publicatie in de Journal of Applied Physiology! Ik wens je een fijne onderzoekstijd en veel 

succes. 

 

Dr. Kees Poelstra, Prof.dr. Theo de Vries, Prof.dr.Gerjan Navis. Als ik aan mijn studie tijd 

terugdenk kan ik me onmogelijk aan de gedachte aan jullie onttrekken. Met heel veel plezier 

kijk ik terug op de oprichting en uitwerking van het Studenten Congres Geneeskunde (SCG) 

dat we samen klaarspeelden. Het SCG werd opgenomen in het onderwijs curriculum 

Geneeskunde in Groningen en inmiddels is het studenten congres uitgegroeid tot een 

internationaal evenement. 
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Diederik van Hoogstraten. Paranimf, goede vriend, jij bent misschien niet de enige uit mijn 

directe omgeving die het proefschrift in zijn geheel gelezen heeft, maar vast de enige die 

zóveel commentaar had. Ben blij dat je commentaar in de loop van de tijd snel minder werd. 

Ik wil je heel hartelijk danken dat je, ondanks je drukke baan als journalist in New York, over 

al de door mij geschreven artikelen je ‘editorial advice’ hebt gegeven en natuurlijk dat je mijn 

paranimf wilt zijn. 

 

Joanna Dijkstra. In de afgelopen jaren dat we samen zijn is er veel gebeurt. Er waren wel 

eens momenten dat ik moeite had met de grote hoeveelheid tijd en energie die in het 

proefschrift gingen zitten. Ik wil je graag bedanken voor je steun en aanwezigheid tijdens de 

totstandkoming van dit proefschrift en het feit dat je mijn paranimf wilt zijn. Ik hou van jou. 
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