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ABSTRACT: 

Introduction:Plethysmographic Specific Airway Resistance (sRaw) is a useful research 

method for discriminating lung disease in young children.  Its use in clinical management 

has, however, been limited by lack of consensus regarding equipment, methodology and 

reference data.   

Aims:To collate reference data from healthy children (3-10y), document methodological 

differences, explore the impact of these differences and construct reference equations 

from the collated dataset.  

Methods:Centres were approached to contribute sRaw data as part of the AsthmaUK 

initiative. A random selection of pressure-flow plots were assessed for quality and site 

visits elucidated data collection and analysis protocols. 

Results:Five centres contributed 2,872 measurements.  Marked variation in methodology 

and analysis excluded two centres. sRaw over-read sheets were developed for quality 

control.  Reference equations and recommendations for recording and reporting both 

specific effective and total airway resistance (sReff and sRtot respectively) were developed 

for White European children from 1908 measurements made under similar conditions.  

Conclusions:Reference sRaw data collected from a single centre may be misleading, as 

methodological differences exist between centres.  These preliminary reference equations 

can only be applied under similar measurement conditions. Given the potential clinical 

usefulness of sRaw, particularly with respect to sReff, methodological guidelines need to 

be established and used in prospective data collection. 

KEYWORDS: Airway Resistance; Children; Lung function; Plethysmography; 

Preschool children; Reference values. 
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INTRODUCTION:  

Lung function techniques that can be applied during tidal breathing are particularly 

pertinent in young children where active cooperation and understanding may be 

limited[1].  Plethysmographic Specific Airways Resistance (sRaw) can be measured 

during tidal breathing from the relationship between simultaneous measurements of 

airflow and change of plethysmographic pressure without need for any special breathing 

manoeuvres against an airway occlusion[2] and is therefore ideally suited for young 

children[3-6].  sRaw is the product of Functional Residual Capacity (FRC) and Airways 

Resistance (Raw).  Since Raw has a strong inverse relationship to lung volume[2], 

theoretically sRaw should provide a relatively stable index with which to distinguish 

effects of disease from those of growth and development.  There is, however, some 

evidence to suggest age and/or gender differences in young children[7, 8]. This technique 

has proved to be a feasible and useful outcome measure in clinical research studies of 

preschool children with cystic fibrosis and wheezing disorders[9-15].   

 

Despite these advantages, the use of sRaw as a valid outcome measure in clinical 

management has been limited by the lack of consensus with regards to equipment, 

measurement conditions, data collection, analytical strategies and reference data.  Many 

users have therefore developed their own in-house techniques for data collection, analysis 

and quality control.  Consequently, reported values of sRaw have been collected under a 

variety of differing measurement conditions involving, including modified masks[15] or 

mouthpieces[16]; use bacterial filters or not and different breathing patterns and 

frequencies.  
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Results are further influenced by:  

a) the extent to which operator quality control is used, either to exclude pressure-

flow loops due to poor phasing/irregular breathing patterns, or manually adjust the 

automatically generated tangents for such loops;  

b) the number of breaths per epoch or �trial� and the number of trials used to 

summarise data, and  

c) whether results are expressed as the median of all data[11] or the weighted 

mean of data selected after extensive quality control[12]. 

d) which outcomes are used: i.e. �effective resistance� (sReff); �total resistance� 

(sRtot); �peak resistance� (sRpeak) or that calculated over a fixed range of flow (e.g. 

between 0-0.5L/s i.e. sR0.5).   

 

In children, the most common reported outcomes are sReff and sRtot; sR0.5 has been 

discouraged in children due to potential age-related effects[17].  sRtot is a simple outcome 

measured between points of maximum plethysmographic (box) pressure, whereas sReff is 

calculated from multiple points throughout the breathing cycle (the integration method, 

see OLS for details) and may thus be a better reflection of airway mechanics[7, 18].  

 

Interpretation of sRaw is further complicated because commercially available 

plethysmographs now apply a digital (electronic) �thermal correction� factor during 

calculation of sRaw[19], whereas default reference equations are commonly based on data 

collected using the re-breathing or panting technique to achieve body temperature, 
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pressure and water vapour saturated (BTPS) conditions[20].  Since the latter are known to 

be systematically lower than those collected under electronic conditions[5], even healthy 

subjects will appear to have abnormally elevated sRaw if results are interpreted using 

BTPS-derived reference data.  

 

The Asthma UK Collaborative Initiative was established to collate available reference 

data from healthy young children to produce reference centiles for Spirometry[21], 

Respiratory Resistance from the interrupter technique and plethysmographic sRaw 

(www.growinglungs.org.uk). This study aimed to:  

1) collate available reference data for sRaw and document any differences between 

the collaborating centres,  

2) explore the impact of these differences and  

3) construct reference equations from the collated dataset.  
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MATERIALS AND METHODS: 

STUDY SUBJECTS:  The collaborative group was initially comprised of members of 

the ATS/ERS paediatric pulmonary function test task force.  Subsequently, collaborators 

were identified by: systematically searching PubMed, advertising at international 

conferences, through membership bulletins, word of mouth and by hand searching 

relevant respiratory periodicals.   

 

STUDY DESIGN:  sRaw data were collected in healthy children aged 2-11 years, 

together with details regarding population characteristics, equipment, measurement 

protocols and quality control.  All data were collected using the same plethysmographic 

body box (Jaeger GmbH, Wurzburg, Germany) though different software versions were 

used.  Where possible, visits were made to collaborating centres to conduct inter-lab 

comparisons and obtain random samples of original pressure-flow (P/F) curves.  All data 

were anonymised prior to contribution and came from research studies where full local 

ethics approval and informed parental consent had been obtained.  We determined 

differences in sRaw of 0.2kPa·s between centres or 0.1kPa·s within-subject as being 

clinically or physiologically significant, such differences approximating one standard 

deviation (SD) for between and within-subject variability respectively[3].   

 

METHODS:  Where differences in methodology between-centres were observed, sub-

analyses were conducted to establish the impact of these differences (details of these sub-

analyses and results can be found on the OLS).   
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Quality Control: A random sample of 10-20 P/F curves from children studied at each 

centre was requested to enable a central quality control (QC) over-read; P/F curves were 

graded out of 6, with one point given for each of the following criteria achieved:  

1) Respiratory rate 30-45bpm;  

2) Breaths super-imposable (i.e. parallel tangents);  

3) Breaths similar size and shape;  

4) Breaths reasonably closed at zero flow;  

5) No obvious distortions (e.g. glottic closure, cough, talking)  

6) Availability of at least two acceptable trials  

The over-read sheet and instructions can be found on the OLS and at 

www.growinglungs.org.uk  

sRaw outcomes: The potential impact of reporting different outcome measures for sRaw 

was investigated by reanalysing a subset of data and making within-subject comparisons 

between sRtot and sReff.  

Reporting results: Data with 3 sets of 10 breaths (or 5 sets of 5 breaths, depending on 

software version) were examined and results from each reported as:  

a) the weighted mean, i.e. the sum of all �acceptable� sRtot  values, after rigorous 

QC, divided by the total number of acceptable values[12]. Exclusion of 

�technically unacceptable data� was based on the QC criteria 1-5 as detailed 

above.  

b) the mean of the median sRtot from three trials, prior to any exclusions;  or  

c) the �median�, as represented by the median value of sRtot from the most 

representative (i.e. �median�) trial.   
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ANALYSIS:  Statistical analyses were performed using SPSS V16, and Graph-Pad 

Prism 5.  One-way ANOVA and independent t-tests were applied to assess between-

centre differences.  Paired t-tests and Bland and Altman plots were used to assess within-

subject agreement between different outcomes (sReff and sRtot, and within the same 

subject over time).  Where appropriate, linear regression analyses were used to assess the 

relationship between different sRaw outcome measures to determine correction factors. 

Reference equations were developed using the LMS method[22] details of which can be 

found in the OLS. 
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RESULTS:  

Five centres contributed 2,872 sets of sRaw data from 2,347 children measured between 

1995 and 2008.  All centres had used a Jaeger Plethysmograph, but five different 

software versions were used ranging from 4.01 to 5.01 (Table 1).  Individual sRaw values 

ranged from 0.21 - 2.82kPa·s, with the mean (SD) sRaw from these centres ranging from 

0.55(0.18) to 1.29(0.30)kPa·s. Significant differences were observed between centres 

(One-way ANOVA: p<0.0001) (Figure 1).   

 

White subjects of European descent contributed 2531 (88%) of the data points; 93 data 

points (3%) were recorded as �non-white�, whereas ethnicity was not recorded in 248 

(9%) subjects.  The limited data in non-white subjects precluded analysis according to 

ethnic origin, hence these subjects were excluded from the reference equations. Further 

details regarding population characteristics, equipment and methodology are summarised 

in Table 1.  
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Equipment:  Three centres used a mouthpiece and nose clip for data collection while the 

remaining two used a modified facemask.  

Quality Control: All centres supplied details regarding methodology and analysis, and a 

random sample of original P/F curves for over-reading; however, the print-outs from one 

centre were too small to over-read and another centre only provided a single screen-shot 

of recent data.  Examination of the protocols revealed two centres (1 and 3) had 

performed �manual adjustment of the tangent� whereas the others accepted the computer 

generated slopes. sRaw was significantly lower when manual adjustment was used (Figure 

1) and results from these centres (n=866) were excluded from further analysis. The three 

remaining centres scored 5/6, 3/6 and 5/6 on over-read.  (See OLS for details). All 

subsequent results are based on the three remaining centres.  

sRaw Outcomes:  In the two centres which reported both sReff and sRtot the outcomes 

were highly correlated (Figure 2a) but sReff was systematically lower (Figure 2b).  We 

used the data from centre 4 to generate a correction factor which was validated with data 

from centre one (data not shown), we then applied this correction factor to calculate sReff 

and sRtot in all centres to allow direct comparisons (Table 2).  Values of sReff and sRtot 

were similar between the centres, as was the between-subject variability.  

Table 2: The mean (SD) sRaw values for all included centres: 

Centre sReff sRtot 

2 1.13 (0.3)# 1.29 (0.3) 

4 1.09 (0.2) 1.20 (0.3) 

5 1.15 (0.2) 1.32 (0.2)## 

# sReff: calculated by applying a correction factor to sRtot data: (sReff = -0.03 + 0.9 *sRtot) 
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##sRtot: calculated by applying a correction factor to sReff data: (sRtot = 0.09 +1.07*sReff) 

Mean vs. Median: Within-subject comparisons revealed no statistical differences 

between weighted-mean vs. mean-of-median sRtot (mean difference: 0.003 (95%CI -

0.001; 0.006) kPa·s, n=297) or between mean-of-median and median-median sRtot data 

sets (mean difference: -0.02 (95%CI: -1.90; 0.15) kPa·s, n=101). 

Repeated measurements: 525 repeated measurements at 3 and 5 years of age were 

available from one centre. A very small, albeit statistically significant within-subject 

reduction in sReff occurred over this period: mean difference (95%CI) in sReff: -0.06 (-

0.08; -0.04)kPa·s (p<0.0001), suggesting minimal age-related changes (Figure 3). 

Age effects:  After adjustment for centre, sex and age were independently associated with 

sRaw; sReff decreased with age (β: -0.044, p<0.0001), and was slightly lower in females 

(β: -0.030, p<0.0001). Centre explained the most variability (partial r2 = 11%), compared 

to 6% for sex and 4% for age.  After adjustment for centre, sex and age, sReff was 

independent of height (β: 0.002, p=0.94) 

Within-centre differences: In Centre 4, healthy subjects were measured as part of five 

different projects, one of which was carried out across three different sites. Despite use of 

identical protocols and equipment during all projects there were statistically significant 

differences in mean sRaw between projects; these differences being of potential 

clinical/physiological relevance in two projects (1b and 4), (Table 3).   
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Table 3: Demographics and sRtot results from projects co-ordinated from centre 4. 

Project Data 

collection 

Software 

version 

n Age, 

years 

Height, cm Over-read 

score 

Peak-peak Flow 

(L/s) [range] 

sRtot 

kPa·s 

1a  2000-2003 4.65 32 7.4 (0.7) 127.1 (7.4) 6/6 2.1 [1.2-3.6] 1.3 (0.3) 

1b 2000-2003 4.65 31 7.6 (0.6) 127.5 (6.4) 5/6 1.1 [0.6-2.2] 0.9 (0.3) 

1c  2000-2003 4.65 58 7.7 (0.6) 127.8 (6.6) 6/6 1.6 [1.0-2.4] 1.1 (0.3) 

2  2000-2003 4.65 160 4.6 (1.1) 107.5 (8.5) 4/6 1.6 [1.0-2.3] 1.3 (0.3) 

3 2006-2008 4.65 & 5.01 72 7.6 (1.2) 126.2 (9.3) 6/6 1.8 [1.3-2.8] 1.3 (0.3) 

4  2006-2008 5.01 70 5.5 (0.8) 112.6 (6.7) 5/6 1.7 [1.5-2.0] 1.0 (0.2) 

5  2007-2008 5.01 49 10.4 (0.5) 145.9 (6.6) 6/6 2.1 [1.5-3.2] 1.2 (0.2) 

Results summarised as mean (SD) except for flows which are median [range] 

 

Reference Equations: LMS reference equations were developed from the 1908 included 

measurements (Figure 4).  The reference equations were limited to children aged 3-10 

years to avoid edge effects. Z-scores can be obtained by substituting the values for M, S 

and L from Table 4 into the following equation:  z-score = [(Measurement/M)L - 1] / [L x 

S] 

Table 4: Reference equations for sRtot and sReff for children aged 3-10years. Age is in 

decimal years; for sex enter 1 for males and 2 for females; exp (exponentiate).  

 M S L 

sRtot 1.3083378-0.0001648*age3-0.0367030*sex  exp(-1.72663-0.00428*age2) 0.04787 

sReff 1.1426155-0.0001369*age3 -0.0337459*sex exp(-1.650597 - 0.003786*age2) 0.08805 
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It is important to note that these equations can currently only be applied to White  

children of European descent aged 3 to 10 years, and only when measurements are made 

under the following conditions: Equipment should include a Jaeger Plethysmograph 

(Version 4.01 or above) with a specialised mask or mouthpiece with noseclip, and a filter 

in situ.  No adjustments to the computer generated slope should be made and a breathing 

frequency of 30-45bpm should be adhered to.  More details of recommendations for 

future data collection, including the use of sReff as the primary outcome measure since 

this computes pressure and flow signals throughout the breathing cycle, can be found in 

Box 1 of the OLS.  
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DISCUSSION:  

This study comprises the largest collation of paediatric sRaw data from healthy controls to 

date, enabling a comprehensive review of the different methodologies.  Significant 

differences in methodology between collaborating centres necessitated exclusions of 

some sRaw data; but enabled the development of a quality-control over-read sheet and 

preliminary sex-specific reference equations which also adjust for the minimal age-

related changes in sReff and sRtot. In addition, we present recommendations to facilitate 

more standardised data collection and analysis in the future.   

 

Clinical Implications:   

The observed methodological differences have important implications in both clinical 

management and research studies, and suggest that reference ranges obtained in one 

laboratory could lead to significant under or over-estimation of lung disease if transferred 

to another,  unless measurements are performed under identical conditions. Thus the 

reference equations presented are an interim solution to the problem, which can only be 

applied to populations that have been measured using the same methodology.  

Nevertheless, these preliminary equations are far more appropriate than those currently 

available in Jaeger equipment. The �Jaeger-kids� for children aged 4-18years, and 

�Jaeger� for those >18years are based on data collected under BTPS conditions over 30 

years ago[20] and have identical predicted values for sReff and sRtot, whereas we found 

sReff to be significantly lower than sRtot (Figure 2). Furthermore the �Jaeger-kids� 

predicted values of both sReff and sRtot of 0.51kPa·s for girls and 0.53kPa·s for boys 

<18years significantly under-estimate the actual values observed in healthy children in 
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this study, which were collected using electronic compensation. This would result in 

serious over-estimation of the degree of airway obstruction in children with lung disease.  

In addition, whereas we observed a very gradual decline in the predicted values with age 

(Figure 3), the Jaeger equations suggest that there is a sudden (and physiologically 

implausible) increase in predicted values to 0.96kPa·s for females and 1.18kPa·s for 

males from 18 years of age onwards.  Finally, in contrast to the current Jaeger reference 

equations, and more recent �single-centre� reference data[3], limits of normality for both 

males and females in sReff and sRtot  with which to identify abnormality more reliably in 

individual children, are now provided.  

 

Strengths and Limitations:   

The Asthma UK dataset is the largest collection of sRaw data in children; however all 

collaborating centres used the Jaeger equipment and we cannot generalise our findings to 

other equipment. Furthermore the impact of software version could not be examined as 

several centres had updated software since time of data collection. Quality control is an 

essential aspect of any lung function test, and our in-depth examination of each centre-

specific protocol enabled us to develop a QC over-read sheet. 

 

We demonstrated that sRaw can be affected by use of a filter in adults if not calibrated and 

adjusted for in the internal settings (see OLS). While the measured effect was within the 

expected 0.1 kPa·L-1.s increase in resistance as reported by manufacturers (Air Safety 

LTD, Lancashire, UK) this could introduce an important bias to sRaw if an operator 

neglects to calibrate with a filter in situ, and/or neglects to select the �filter check box� in 
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the internal settings.  These differences may be greater in children because of the relative 

increase in dead space.  Ethically we were unable to evaluate the influence of filter use in 

children, but since filters should be used to comply with most infection control policies, 

reference data should be based on measurement conditions which reflect clinical practice.  

However, when a filter is used it is essential that the plethysmograph is calibrated with a 

filter in situ, and the internal settings are corrected for the additional resistance imposed 

by the filter.  

 

It has previously been shown that breathing frequency can have a marked impact on 

measured values of sRaw[5]. In this study collaborating centres adhered to the 

recommendations of 30-45bpm, and we were unable to systematically evaluate the 

influence of breathing frequency. The true impact of breathing pattern may relate more to 

flows attained, which can vary markedly while maintaining identical breathing frequency, 

than to respiratory rate per se.   This warrants further investigation into flows attained and 

breathing frequency in future studies. In the meantime, we would recommend the child is 

encouraged to breathe as quietly and naturally as possibly while maintaining breathing 

frequencies between 30-45bpm.  

  

We present reference equations for both sReff and sRtot; however, sReff is likely to be the 

better outcome as it takes into account resistive changes throughout the breathing cycle 

rather than simply the tangent between points of maximum pressure[18], (the equation 

for calculating sReff is included in the OLS). While the difference between sReff and sRtot 

was relatively small in health (and assumed to be similar across all centres), differences 
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in outcomes may be more marked in the presence of airway disease and it is therefore 

essential to use a consistent approach and not to attempt to predict one outcome from 

another in children with lung disease.  Whilst, the preliminary reference equations 

presented within are an improvement on current equations, they must be used with 

caution since they were created with a correction factor on the assumption the 

relationship between sReff and sReff in health across the centres were consistent. They will, 

however, enable future research and clinical studies to examine which of these outcomes 

is more appropriate for detecting changes in lung function in young children with 

respiratory symptoms and disease.   

 

Repeated measurements within the same children are rare but crucial for understanding 

growth and development of airway function within individuals. The longitudinal data 

included as part of this study suggested minimal age-related changes in young children. 

Nevertheless, the 95% limits of agreement indicated that even in healthy children sRaw 

may vary by up to 0.5kPa·s over a 2 year period, which must be taken into account when 

interpreting serial results from those with lung disease.  It should also be noted that while 

most studies have concluded that sRaw is relatively consistent in preschool children, and 

we only noted minor age related changes between 3 and 10 years in this study.  There are 

developmental reasons why this may not be the case during infancy.[8, 23] 

 

Finally, we observed differences within-centres with no apparent explanation.  It has 

recently been suggested that even when using apparently identical equipment and 

protocols, inter-centre differences in sRaw can result from �hidden� differences in internal 
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settings within the equipment[24] which are only accessible to equipment engineers. This 

could have potentially contributed to the within-centre differences observed in the current 

study.  Such differences require thorough investigation by the manufacturers with 

standardisation of internal settings prior to distribution. 

 

Recommendations: 

Based on the data collated from five European centres we have agreed upon 

recommendations which will facilitate further improvements to the sRaw technique, such 

that data collection in the future can be combined to develop more robust reference 

equations. Detailed recommendations are available in Box 1 of the OLS.   

 

1. Reporting the median breath from the median trial appears to be the most robust 

approach as it is not influenced by outliers, and avoids the subjective and time-consuming 

nature of excluding �inadequate� loops.   

2. While we were unable to directly compare results obtained with a modified mask and 

mouthpiece, previous studies have found no difference between these methods[4]. In 

order to standardise methodology we recommended an appropriately sized mouthpiece 

and noseclip be used since these are now used routinely for many preschool lung function  

tests[1] as well as in older children and may be more readily available. 

 

3. As software and equipment change, we recommend that laboratories always validate 

any major software releases by within-subject comparisons in biological controls.  

Results of such biological validation should be collated by manufacturers and placed in 
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the public domain.  Validation studies should be performed under identical conditions as 

that in clinical practice i.e. breathing quietly at 30-45bpm with a filter in place. 

 

4. We recommend for future studies sReff to be the primary outcome measure since this 

calculates sRaw from multiple points throughout the breathing cycle. sReff  can be 

calculated as follows:  

sReff = (Pamb * Integral ∆VdV)) / Integral V�dV 
 
where: Pamb is the ambient pressure; Integral ∆VdV is equivalent to the area enclosed by 

the specific work of breathing loop, and integral V�dV is equivalent to the area of the 

flow / volume-loop. 
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CONCLUSIONS: 

Significant methodological differences between centres that perform sRaw measurements 

have important implications for clinical interpretation of results. Given the potential 

clinical usefulness of sRaw, there is an urgent need to apply standardised methodology, 

and to prospectively collect data in healthy children of all ages and ethnicities in order to 

develop more robust reference equations for children. 

 



Kirkby et al, January 2010 22

ACKNOWLEDGEMENT:  

The authors would like to thank Asthma UK, the UK Medical Research Council and the 

Wellcome Trust for funding this study; the children and families who participated in the 

original studies, and the investigators involved in the original data collection:  

Claire Saunders (London, UK), Aidan Laverty (London, UK), Cara Oliver (London, 

UK), Kirsten Lindsay (London, UK), Charlotte Guinard (London, UK), Tessa Clarke 

(Leicester, UK), Helen Clarkson (Leicester, UK), Andrew Leary (Leicester, UK), Lesley 

Lowe (Manchester, UK), Caroline King (Glasgow, UK) 



Kirkby et al, January 2010 23

REFERENCES: 

1. Beydon N, Davis SD, Lombardi E, Allen JL, Arets HG, Aurora P, Bisgaard H, 

Davis GM, Ducharme FM, Eigen H, Gappa M, Gaultier C, Gustafsson PM, Hall GL, 

Hantos Z, Healy MJ, Jones MH, Klug B, Lodrup Carlsen KC, McKenzie SA, Marchal F, 

Mayer OH, Merkus PJ, Morris MG, Oostveen E, Pillow JJ, Seddon PC, Silverman M, Sly 

PD, Stocks J, Tepper RS, Vilozni D, Wilson NM. An official american thoracic 

society/european respiratory society statement: pulmonary function testing in preschool 

children. Am J Respir Crit Care Med 2007: 175(12): 1304-1345. 

2. Dab I, Alexander F. A simplified approach to the measurement of specific airway 

resistance. Pediatr Res 1976: 10(12): 998-999. 

3. Bisgaard H, Nielsen KG. Plethysmographic measurements of specific airway 

resistance in young children. Chest 2005: 128(1): 355-362. 

4. Bisgaard H, Klug B. Lung function measurement in awake young children. Eur 

Respir J 1995: 8(12): 2067-2075. 

5. Klug B, Bisgaard H. Measurement of the specific airway resistance by 

plethysmography in young children accompanied by an adult. Eur Respir J 1997: 10(7): 

1599-1605. 

6. Nielsen KG. Plethysmographic specific airway resistance. Paediatr Respir Rev 

2006: 7 Suppl 1: S17-19. 

7. Manzke H, Stadlober E, Schellauf HP. Combined body plethysmographic, 

spirometric and flow volume reference values for male and female children aged 6 to 16 

years obtained from "hospital normals". Eur J Pediatr 2001: 160(5): 300-306. 



Kirkby et al, January 2010 24

8. Hogg JC, Williams J, Richardson JB, Macklem PT, Thurlbeck WM. Age as a 

factor in the distribution of lower-airway conductance and in the pathologic anatomy of 

obstructive lung disease. N Engl J Med 1970: 282(23): 1283-1287. 

9. Lowe LA, Simpson A, Woodcock A, Morris J, Murray CS, Custovic A. Wheeze 

phenotypes and lung function in preschool children. Am J Respir Crit Care Med 2005: 

171(3): 231-237. 

10. Nielsen KG, Bisgaard H. The effect of inhaled budesonide on symptoms, lung 

function, and cold air and methacholine responsiveness in 2- to 5-year-old asthmatic 

children. Am J Respir Crit Care Med 2000: 162(4 Pt 1): 1500-1506. 

11. Lowe L, Murray CS, Custovic A, Simpson BM, Kissen PM, Woodcock A. 

Specific airway resistance in 3-year-old children: a prospective cohort study. Lancet 

2002: 359(9321): 1904-1908. 

12. Aurora P, Bush A, Gustafsson P, Oliver C, Wallis C, Price J, Stroobant J, Carr S, 

Stocks J. Multiple-breath washout as a marker of lung disease in preschool children with 

cystic fibrosis. Am J Respir Crit Care Med 2005: 171(3): 249-256. 

13. Nielsen KG, Bisgaard H. Cold air challenge and specific airway resistance in 

preschool children. Paediatr Respir Rev 2005: 6(4): 255-266. 

14. Nielsen KG, Pressler T, Klug B, Koch C, Bisgaard H. Serial lung function and 

responsiveness in cystic fibrosis during early childhood. Am J Respir Crit Care Med 

2004: 169(11): 1209-1216. 

15. Klug B, Bisgaard H. Measurement of lung function in awake 2-4-year-old 

asthmatic children during methacholine challenge and acute asthma: a comparison of the 



Kirkby et al, January 2010 25

impulse oscillation technique, the interrupter technique, and transcutaneous measurement 

of oxygen versus whole-body plethysmography. Pediatr Pulmonol 1996: 21(5): 290-300. 

16. Aurora P, Stocks J, Oliver C, Saunders C, Castle R, Chaziparasidis G, Bush A. 

Quality control for spirometry in preschool children with and without lung disease. Am J 

Respir Crit Care Med 2004: 169(10): 1152-1159. 

17. Dab I, Alexander F. On the advantages of specific airway resistance. Pediatr Res 

1978: 12(8): 878-881. 

18. Jaeger MJ, Otis AB. Measurement of Airway Resistance with a Volume 

Displacement Body Plethysmograph. J Appl Physiol 1964: 19: 813-820. 

19. Peslin R, Duvivier C, Malvestio P, Benis AR. Correction of thermal artifacts in 

plethysmographic airway resistance measurements. J Appl Physiol 1996: 80(6): 2198-

2203. 

20. Zapletal A, Motoyama EK, Van de Woestijne KP, Hunt VR, Bouhuys A. 

Maximum expiratory flow-volume curves and airway conductance in children and 

adolescents. J Appl Physiol 1969: 26(3): 308-316. 

21. Stanojevic S, Wade A, Cole TJ, Lum S, Custovic A, Silverman M, Hall GL, 

Welsh L, Kirkby J, Nystad W, Badier M, Davis S, Turner S, Piccioni P, Vilozni D, Eigen 

H, Vlachos-Mayer H, Zheng J, Tomalak W, Jones M, Hankinson JL, Stocks J. 

Spirometry centile charts for young Caucasian children: the Asthma UK Collaborative 

Initiative. Am J Respir Crit Care Med 2009: 180(6): 547-552. 

22. Cole TJ, Green PJ. Smoothing reference centile curves: the LMS method and 

penalized likelihood. Stat Med 1992: 11(10): 1305-1319. 



Kirkby et al, January 2010 26

23. Stocks J. The functional growth and development of the lung during the first year 

of life. Early Hum Dev 1977: 1(3): 285-309. 

24. Poorisrisak P, Vrang C, Henriksen JM, Klug B, Hanel B, Bisgaard H. Accuracy 

of whole-body plethysmography requires biological calibration. Chest 2009: 135(6): 

1476-1480. 

 

 

Legends for Figures: 

Figure 1: sRaw results by centre: The difference between the highest reported sRaw 

(centre 2) and the lowest sRaw (centre 1) was 0.74kPa·s 
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Figure 2: Based on 228 paired measurements sRtot and sReff were found to be highly 

correlated (r2= 0.98; Figure 2a); however, sRtot was significantly and systematically 

higher than sReff (mean difference (95%CI): 0.16 (0.15; 0.17) kPa·s; Figure 2b).  

 

Figure 3: Paired measurements of sReff at 3 and 5 years of age.  Mean difference 

(95%CI): -0.06 (-0.08 ; 0.04) kPa·s.  95% limits of agreement: -0.54 ; 0.41.  
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Figure 4: Predicted values of sRaw (kPa·s) with upper and lower limits of normal, (a) 

sReff  and (b) sRtot for children aged 3-10 years. Solid lines represent equations for boys, 

whereas dotted lines represent equations for girls. 
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