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A collaborative study of infant respiratory function testing

I. Dundas*, C. Beardsmore**, T. Wellman**, J. Stocks*

Infant respiratory function tests are time-consuming
and relatively complex, but there is increasing interest in
their use as outcome measures of interventions, or indica-
tors of disease severity. However, accrual of adequate
numbers of infants to studies based in one test centre or
geographical area may take many years, and reporting of
smaller numbers will result in insufficient power to evalu-
ate the statistical significance of outcome measures. In
contrast, large multicentre clinical trials may accrue more
infants than can be reasonably measured at one centre.
Collaboration between centres that perform these special-
ized tests would be the most realistic alternative, but a
common methodological approach and compatible equip-
ment and software are a prerequisite to pooling data. In
1994, the opportunity arose to undertake a respiratory fol-
low up of all survivors of a national randomized trial of
extracorporeal membrane oxygenation (ECMO), hereafter
referred to as the main ECMO trial [1].

Mature neonates with reversible respiratory disease were
eligible for the main ECMO trial, and the aim of the respi-
ratory follow up was to compare the respiratory health and
function at 1 yr in infants who were assigned to receive
ECMO with that of similar infants who were assigned to
conventional management (CM). In view of the wide geo-
graphical area involved, the number of infants to be meas-
ured, and the potential benefits of a collaborative study, it
was decided that the respiratory measurements should be

performed at two specialized centres in the UK, based at
the Institute of Child Health, London (hereafter referred to
as ICH) and at the Department of Child Health, Leicester
Royal Infirmary (hereafter referred to as LEIC). Although
the measurements of infant respiratory function were well
established at both centres, the complexity of measure-
ment procedure and methods of analysis led to considera-
ble potential for differences in approach. Participation in
this two-centre trial, which lasted from August 1994 to
December 1996, offered the opportunity to address meth-
odological issues, and to develop a standardized approach
that could be applied within future multicentre trials.

The aims of this study were: 1) to develop a strategy for
performing and analysing infant respiratory function tests
to facilitate future multi-centre trials; and 2) to compare the
inter-observer variability within and between two special-
ized infant lung function testing centres with respect to
plethysmographic measurements of functional residual cap-
acity (FRCpleth) and airway resistance (Raw), and assess-
ments of maximal flow at FRC (V 'max,FRC), using the tidal
rapid thoraco-abdominal compression technique (RTC),
these being the main outcome variables of the respiratory
follow-up [2].

Methods and subjects

All infants who were recruited into the main ECMO
trial and survived to 1 yr were eligible for the respiratory
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ABSTRACT: The aims of this study were to compare inter-observer variability within
and between two specialized infant lung function testing centres and to develop a
strategy for performing and analysing infant respiratory function tests to facilitate
future collaborative trials. 

A protocol for data collection and analysis was developed using similar equipment
and identical software. All raw data were exchanged on disk and analysed, blind to
infant status. All data were cross-analysed by both centres to assess inter-observer
variability. Outcome measures were functional residual capacity (FRCpleth), airway
resistance (Raw) and maximal expiratory flow at FRC (V 'max,FRC). Subjects were
recruited from the multicentre UK extracorporeal membrane oxygenation (ECMO)
Trial and measured at around 1 yr of age. Forty-two infants attended the Institute of
Child Health, London and 36 attended the Leicester Royal Infirmary. The proportion
of infants treated with ECMO or conventional management at each centre was simi-
lar. 

There were no significant differences between any of the outcome measures for
infants tested at either centre. During a cross-analysis, the agreement between the two
centres, within infant, was closer for V 'max,FRC and FRCpleth (within 10%) than for
the more variable measurements of Raw (within 20%). 

A collaborative approach to trials with infant respiratory function as an outcome
measure appears feasible, providing that close attention is paid to study design, and
participants in such trials maintain a standard approach to data collection and analysis.
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follow-up. Entry criteria for the main ECMO trial are pub-
lished elsewhere [1]. One hundred and eighty-five infants
were entered into the main ECMO trial, and 101 survived
to become eligible for the respiratory follow-up at 1 yr.

Arrangements were made for clinical assessment and
respiratory function testing at ICH or LEIC. Parents who
elected to take part in the respiratory follow-up were given
their choice of venue. Laboratory staff were blinded to the
infants' management status (ECMO or CM), and parents
were requested to withhold any information regarding neo-
natal history during their visit. On arrival in each labora-
tory, infants were dressed in a specially designed smock of
high neck design to obscure any neck scars received during
ECMO treatment. A detailed history was taken with refer-
ence to respiratory disease, and the infant was examined
clinically by a staff member not directly involved in meas-
urement and analysis. The respiratory questionnaire was
designed to provide information concerning possible con-
founding variables such as smoking in the home or a family
history of asthma. Baseline oxygen saturation was recorded
using pulse oximetry, and the infant was weighed, wearing
only the smock, before being sedated with triclofos sodium
(100–150 mg·kg-1) at ICH or a similar dose of chloral
hydrate (80–140 mg·kg-1) at LEIC. The infant's length was
recorded to the nearest 0.1 cm as described previously [3].

The methodology for performing respiratory measure-
ments at each test centre was already well established when
the respiratory follow-up commenced [4, 5]. However,
there were differences in equipment, software set-up and
methodology between centres that could potentially infl-
unce the approach to collection and analysis of data.
These differences were examined prior to starting the res-
piratory follow-up and at regular intervals subsequently
by arranging interlaboratory visits when equipment, in-
fant measurements and analytical techniques were obs-
erved and compared, including cross-analysis of the same
data. Following an interim analysis of results, 7 months
after commencement of the study, minor amendments to
the protocol, with respect to data collection, analysis and
reporting results, were implemented as described below.

This study was approved by the local ethics committee
at each centre. Written informed consent was obtained
from one or both parents prior to measurements. Parents
were usually present during the measurements.

Details of equipment and in vitro assessment

Details of the equipment are summarized in table 1.
Both plethysmographs were assessed using an identical

test lung, made of copper tubing filled with copper wire,
attached to a piston driven pump with a stroke volume of
7 mL. The volume of the test lung was approximately 200
mL (depending on the connectors used), and both centres
obtained results to within 2% of the volume measured by
water displacement. Following measurements using a face
shaped out of putty or a nasal cast to simulate the space
potentially occupied by an infant's nose and cheeks, the
effective mask deadspace was considered to be 15 mL at
ICH (i.e. 50% of the water displacement volume) and 7
mL at LEIC. The remaining difference in apparatus dead-
space of 14 mL arose mainly from the design of the pneumo-
tachograph (PNT: capillary at ICH and screen at LEIC),
and partly from the slight differences in shutter configura-
tion.

For measurements of V 'max,FRC the deadspace and
apparatus resistance presented to the infant was reduced,
consisting of mask and PNT only (table 1). The inflatable
jacket (Medical Engineering, Royal Postgraduate Medical
School, Hammersmith Hospital, London) used for RTC
measurements at LEIC was wrapped around infants with
their arms within, and the entire anterior section was in-
flated. ICH infants wore a cummerbund-style adjustable
jacket (Hannover Medical School, Germany) with their
arms remaining outside.

Data collection. All data were displayed and recorded on
an IBM-compatible computer, using interactive, operator
controlled software (Respiratory Analysis Program
(RASP), Physio Logic Ltd, Newbury, UK). Measurements
were made only during quiet sleep when posture was sta-
ble, respiration regular and no eye movements observed
[6]. Once asleep, the infant was wrapped in an adjustable
in-flatable jacket, and a face mask and PNT were applied
over the nose and mouth and made leakproof with thera-
peutic putty. Measurements of V 'max,FRC were then per-
formed as described previously [4, 7]. Jacket inflation
pressures were applied in increments of 1 kPa until flow
limitation was reached (no increase in flows with increas-
ing applied pressure, for technically acceptable curves) up
to a maximum of 10 kPa. Curves were acceptable if the
time to peak jacket pressure was ð0.1 s, the interval
between end inspiration and onset of jacket inflation was
ð0.1 s and there was a rapid rise to peak expiratory flow
with no evidence of glottic closure.

Reasons for rejection of data included: inspiration be-
fore FRC was reached, a change in end-expiratory volume
following the manoeuvre, suggestive of a face mask leak,

Table 1.  –  Details of equipment at each centre

ICH LEIC

Infant plethysmograph
Pneumotachograph model
Effective deadspace: mask+PNT+shutter  mL
Linear range of PNT
Resistance: PNT and shutter at 100 mL·s-1  kPa·L-1·s
Time constant*  s
RTC measurements
   Deadspace face mask-PNT  mL
   Resistance: PNT at 100 mL·s-1   kPa·L-1·s
   Jacket model

100 L custom built
Fleisch "1" capillary type

41
±500
0.5

10–14

27 (using Rendell-Baker size 2 mask)
0.20

Hannover arms out adjustable size

85 L Jaeger
Jaeger infant screen type

19
±1000
0.23

10–14

16 (using Rendell-Baker size 2 mask)
0.18

Hammersmith size 2–4 arms in

ICH: Institute of Child Health, London; LEIC: Department of Child Health, Leicester Royal Infirmary; PNT: pneumotachograph;
RTC: rapid thoraco-abdmominal compression technique. *: combined mechanical and thermal time constant of the plethysmograph.
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or evidence of expiratory braking during the forced expir-
atory manoeuvre. Whenever possible, the percentage of
jacket pressure transmitted to the intrathoracic structures
was assessed by performing an end inspiratory occlusion
immediately prior to the jacket inflation and measuring
the change in pressure at the airway opening during the
subsequent jacket inflation relative to the applied jacket
pressure [8].

The inflatable jacket was loosened before plethysmogra-
phic measurements were made. When measuring FRCpleth
at least five end inspiratory occlusions were performed,
after a stable end expiratory level had been established,
each being held for two to three respiratory efforts. Chan-
ges in plethysmographic and airway opening pressure
were inspected and considered acceptable if no leaks were
evident, and changes were in phase during airway occlu-
sions. The infant was then allowed to rebreathe from a
highly compliant 2 L bag containing warmed, humidified
air (temperature at the mask ~37°C). The phase relation-
ship between flow and plethysmographic signals was in-
spected and the temperature within the rebreathing bag
adjusted if necessary, until a satisfactory pressure-flow
loop was obtained [7, 9]. Three epochs of data, each of 18–
36 s duration were collected, the rebreathing bag being
emptied and refilled between each epoch.

The raw data from each infant, including calibration
checks, were exchanged between centres by computer disk,
soon after measurements were complete. Results were an-
alysed, by both the test centre and the analysis centre,
using the protocol agreed following an interim analysis.
Minor adjustments to usual practice were made by both
centres following this analysis, including standardization
of sampling frequencies and the method by which end
expiratory baselines were assessed, together with the re-
cording of (rather than simply just performing) calibration
checks and test occlusions with several pre- and post-
manoeuvre breaths, the latter being to provide evidence in
the data on disk regarding absence of any leaks [7, 10].
The aim of these adjustments was to minimize any inter-
observer variability, and facilitate analysis by an operator
who had not been present during the measurements, and
therefore required evidence of quality control during data
collection.

Data analysis

Interactive software (RASP), which recorded data in
real time throughout the measurement period and allowed
subsequent off-line analysis, was used by both centres. It
was possible to customize both data collection and analy-
sis to individual preference with respect, for example, to
sampling frequency, number of breaths analysed, thresh-
olds for event recognition, and methods of assessing end
expiratory baselines. All data were stored on computer
disk, including the original raw data channels (time, flow,
volume and pressure signals), details of each analysed
event, alongside the selected user options at time of analy-
sis, and prevailing measurement conditions such as ambi-
ent pressure, apparatus dead space and calibrations at the
time of data recording. Exchange of the raw data alone on
disk allowed inspection of original signals and enabled
reanalysis of results, blind to that of previous investiga-
tors. However, in the event of intercentre discrepancies in

the calculated results, additional exchange of the analysis
files facilitated rapid identification of the source of any
bias.

Based on the inherent intra-subject variability of each
of the respiratory parameters, the aim of the inter-obser-
ver analysis of each infant respiratory function measure-
ment was to report values analysed by each centre to within
10% of each other for FRCpleth, V 'max,FRC, tidal volume
(VT), and respiratory rate (RR), and 20% for the more vari-
able measures of Raw [5, 11], using the test centre result as
the numerator and the analysis centre result as the denom-
inator. Where agreement was not within these agreed lim-
its, the analysis files were examined and amended where
appropriate. Following an interim analysis, it also became
apparent that, when a considerable amount of data had
been collected, selection of the optimal data for analys-
ing Raw with respect to achievement of body temperature
barometric pressure and saturated with water conditions
(BTPS) and minimal drift was difficult without some ref-
erence to quality control at the time of data collection. It
was agreed, therefore, that the test centre should indicate
the best epochs of data from which to select data for anal-
ysis prior to sending the data to the test centre for reanaly-
sis.

RR and VT were reported as the mean of 25 breaths,
collected in five separate epochs, each consisting of five
breaths immediately preceding the first five partial forced
expiratory manoeuvres. FRCpleth was reported as the mean
of all technically acceptable occlusions, where the infant
was occluded at end inspiration or within 10% of the start
of expiration. The calculated value from each occlusion
represented the mean of one to three complete respiratory
efforts, using both inspiratory and expiratory excursions.
Data samples within 5% of peak airway opening pressure
(Pao) (i.e. the end expiratory plateau) were excluded, thus
limiting analysis of the relationship between plethysmo-
graphic volume and Pao to periods of rapid change. The
subsequent correction to FRC was performed by subtract-
ing the volume occluded above end expiratory volume and
the apparatus dead space from the total occluded gas vol-
ume. If a degree of glottic closure was present, it was per-
missible to cautiously "truncate" the measured effort,
measuring over a shorter period, e.g. between 95 to 20%
peak to trough thereby excluding portions where changes
in Pao did not reflect changes in mean alveolar pressure. A
minimum of three occlusions were initially required to re-
port results, but this requirement was relaxed following
the interim analysis to allow reporting of otherwise good
quality data, providing that at least two technically satis-
factory measurements within 10% each other were ob-
tained.

Data for analysis of Raw were considered to be technic-
ally acceptable when flow and plethysmographic pressure
(Ppleth) were in phase on a time-series axis, and closed at
points of zero flow when viewed on an X–Y plot. Default
strategies for reporting values of Raw using the RASP soft-
ware allowed selection of data on a breath-by-breath
basis. Raw was reported as a mean of 5–7 breaths at 50%
maximum tidal flows during the beginning of inspiration
and end of expiration for each selected breath. Although
measurements of Raw were made only after thermal equi-
librium was reached, signals could be adversely affected
by changing atmospheric conditions, which at times led to
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drift even when adequate time had been allowed for stable
conditions to be met.

V 'max,FRC values were reported both as the highest, and
as the mean of the four highest, values of technically
acceptable data. The maximal and mean jacket pressures
(PJ) were noted, together with the pressure during the best
manoeuvre (optimal PJ), % PJ transmission [8], and the
total number of manoeuvres performed.

Where technically satisfactory measurements were not
obtained or data were not collected, the reasons for failure
were noted.

Analysis of within-infant, intercentre differences. Infant
details and results were double-entered on an Excel spread-
sheet (version 5.0, Microsoft Corporation, Redmond, WA,
USA) and checked for data transcription errors, by both
the test centre and the analysis centre independently,
before comparing results between centres. The aim was to
minimize differences in measured parameters that were not
due to biological variability alone, for example data tran-
scription and entry errors, data selection bias or differing
analysis strategies.

Reporting of results

A short clinical report, based on the results obtained
from the test centre, was sent to the referring paediatrician
and infant's family doctor as soon as possible after testing.

The definitive results with respect to comparisons of
respiratory function between the ECMO and CM groups,
which are described elsewhere [2, 12], were reported from
the analysis centre, i.e. the centre that did not test the in-
fant, and therefore had no contact with the family. This
ensured complete blinding to management status. The man-
agement status at trial entry of the whole group of infants
was not revealed until both data collection and analysis was
complete, when background details of surviving infants,
including a description of their status at trial entry and
management (ECMO or CM), were obtained from the
ECMO trial data coordinator.

Statistical methods

Comparison of infants studied in the two different centres.
For comparisons between the two groups of infants stud-
ied at ICH and LEIC, unpaired t-tests were used to exam-
ine background details and respiratory function results
where data were normally distributed. The Mann-Whitney
U-test was used to assess differences between groups of
non-normally distributed data. A p-value <0.05, and 95%
confidence intervals (CI) of the differences between groups
or paired data not encompassing zero, were considered
significant.

Comparison of within-subject, intercentre differences. Inter-
centre, within-subject differences, which would reflect var-
iation in analytical techniques, were evaluated according
to the method of BLAND and ALTMAN [13], by calculating the
mean and standard deviation (SD) of the difference be-
tween pairs of measurements (ICH - LEIC). Results were

displayed graphically by plotting the differences between
pairs against their mean, together with the group mean
difference and limits of agreement (±2SD of the within pair
differences).

Results 

Demographic results

Of the 101 infants who survived to 1 yr, two were with-
drawn from the main trial by their parents, eight infants
were excluded from respiratory follow-up for primarily
medical reasons: five due to congenital heart disease, one
due to gross developmental impairment and two who were
still in hospital at approximately 1 yr of age. Eight infants
did not attend due to parental refusal, two because of the
parents' inability to attend before the child was 18 months
old, two due to repeated (more than three occasions) can-
cellations following onset of respiratory tract infections
<3 weeks before their appointment and one due to adverse
social circumstances. Thus, respiratory follow-up was pos-
sible in 78 (77%) of all survivors.

Between August 1994 and December 1996, of the 78
infants who took part in the respiratory follow-up with
their parents, 42 attended ICH and 36 attended LEIC.
Those who participated in the respiratory follow-up were
similar to the whole group of survivors with respect to
gestational age, birth weight, sex distribution, primary
diagnosis, age and severity of disease at trial entry [1, 2,
12] (data not shown). Details of the infants attending each
centre are summarized in table 2. The age, weight and
length of infants attending each test centre were similar, as
were birth weight and gestational age. The reported preva-
lence of maternal tobacco-smoking during pregnancy and

Table 2.  –  Infant characteristics according to test centre

ICH
n=42

LEIC
n=36

95% CI of the 
group mean
difference 

(ICH - LEIC)

Age   months
Weight  kg
Length  cm
Birthweight  g
Gestation  weeks
Male  n (%)
Caucasian  n (%)
Smoking during 
   pregnancy  n (%)
Current maternal 
   smoking  n (%)
Any smoke 
   exposure  n (%)
Current respiratory 
   medicine  n (%)
Symptomatic at
   testing  n (%)
Recent URTI  n (%)
Normal medical 
   exam  n (%)

13.6 (1.8)
9.9 (1.5)

78.1 (3.5)
3378 (645)

39.3 (2.4)
24 (57)
32 (76)

7 (17)

13 (31)

29 (69)

10 (24)

3 (7)
7 (17)

29 (69)

13.9 (2.0)
10.5 (1.6)
78.4 (3.6)

3521 (468)
39.6 (2.0)
24 (67)
28 (78)

4 (11)

12 (33)

17 (47)

7 (19)

9 (25)
19 (53)

29 (81)

For definition of groups, see table 1. Values are given as mean
and SD. CI: confidence interval; URTI: upper respratory tract
infection. *: pð0.05; ***: pð0.001

-1.1, 0.6
-1.2, 0.2
-2.0, 1.2

-400, 116
-1.4, 0.7
-31, 12
-20, 17

-10, 21

-23, 18

-0.1, 44

-14, 23

-34, -2*
-57, -15***

-31, 8
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postnatally was similar at each centre, although a greater
proportion of infants attending ICH were reported to be
exposed to tobacco smoke from any source (parental and/
or other regular exposures) at the time of follow-up. More
infants who attended LEIC were symptomatic at testing
(respiratory symptoms included rhinorrhea, coryzal illness,
cough and wheeze) and had suffered recent upper respira-
tory tract infections. The majority of infants were, however,
coded as normal following examination by a paediatrician
blind to management status.

Causes of failure

The percentage of successful measurements for each
outcome parameter, grouped by test centre is summarized
in table 3. Tidal parameters were reported for all LEIC
infants, and all but one ICH infant (who woke before
measurements of V 'max,FRC were attempted). Most infants
(93%) had their resting lung volume (FRCpleth) success-
fully measured, in similar proportions at each test centre.
However, a significantly smaller proportion of infants
measured in Leicester had successful Raw results reported
(p=0.014). For infants attending ICH, the failure to report
FRCpleth or Raw was usually due to waking before meas-
urements were complete (n=5). In a further three infants,
Raw could not be reported for technical reasons, signals
being adversely affected by weather or building work in
the area. In contrast, only one infant in LEIC woke during
plethysmographic measurements of Raw, but FRCpleth
was unsuccessful in three infants (one technical failure,
two attempts invalidated by glottic closure during expira-
tory efforts), and Raw failed in 14 infants. The latter was

due to 10 technical failures, subsequent to the introduction
of a new amplifier partway through the respiratory follow-
up (seven occasions) or insufficient humidification in the
rebreathing bag (three occasions), and one failure for phy-
siological reasons (glottis closure). The remaining three
measurements failed because FRCpleth was unsuccessful,
as noted previously, so that the occlusion data could not be
used to calibrate Raw data. Successful measurements of V
'max,FRC were achieved in 37 (88%) infants attending ICH
and 34 (94%) from LEIC. At ICH, one infant woke, in
three others there was persistent early inspiration during
each manoeuvre, and in the remaining infant, suboptimal
jacket pressures were applied, such that flow limitation
was not demonstrated. In the two LEIC infants in whom
measurements were unsuccessful, the jackets were of a
poor fit, resulting in late application of thoraco-abdominal
pressures in all manoeuvres, thereby failing to meet qual-
ity control criteria with respect to jacket inflation time.

Comparison of respiratory function in infants studied in
the two centres

There were no significant differences for any of the out-
come measures, i.e. FRCpleth, Raw or V 'max,FRC between
the infants studied at the two centres (table 4) The group
mean (range) FRCpleth was 284 (160–450) mL for infants
attending ICH, and 281 (145–492) mL for those attending
LEIC. The number of FRCpleth manoeuvres reported by
each centre following the cross-centre analysis, expressed
as median (range) was 4 (2–9) for ICH analysis of LEIC
data and 7 (2–12) for LEIC analysis of ICH data. How-
ever, only one infant from each centre had their lung vol-
ume reported on only two manoeuvres. When corrected
for weight, the group mean (range) FRCpleth of infants
attending ICH was 29 (17–46) mL·kg-1 and that at LEIC
27 (15–49) mL·kg-1. Although airway resistance tended to
be higher amongst those infants attending ICH, these dif-
ferences did not reach significance (95% CI (ICH - LEIC)
for initial inspiratory Raw (Raw,II) and late expiratory Raw
(Raw,EE) 0.14, 0.77 and -0.15, 1.12 kPa·L-1·s respectively).

V 'max,FRC, whether expressed as the highest value
obtained or as the mean of the four highest technically
acceptable manoeuvres, was similar for infants attending
both test centres. The mean (range) V 'max,FRC was 171
(48–415) mL·s-1 at ICH and 145 (27–320) mL·s-1 at LEIC,
with similar values for the highest technically acceptable
V 'max,FRC when expressed as mean (table 4). However,

Table 3.  –  Number and percentage of successful meas-
urements at each centre 

Test centre

ICH
n=42

LEIC
n=36

95% CI 
 (ICH - LEIC)

FRCpleth
Raw
V 'max,FRC
Tidal breathing
   parameters

39 (93)
35 (83)
37 (88)

41 (98)

33 (92)
21 (58)
34 (94)

36 (100)

For definition of groups, see table 1. Values are shown as n (%).
FRCpleth: functional residual capacity by plethysmography; Raw:
airway resistance; V 'max,FRC: maximum expiratory flow at func-
tional residual capacity; CI: confidence interval. *: p<0.05.

-10, 13
5, 45*

-13, 9

-7, 3

Table 4.  –  Comparison of within-subject respiratory function results analysed by each centre

Test centre ICH
n=42

LEIC
n=36

Mean (95% CI) 
 (Analysis centre - test centre)

n=78Analysis centre ICH LEIC ICH LEIC

FRCpleth
Raw,II  kPa·L-1·s
Raw,EE  kPa·L-1·s
Mean V 'max,FRC  mL·s-1

Best V 'max,FRC  mL·s-1

VT  mL   
RR  min-1

286 (58)
2.19 (0.79)
2.91 (1.22)

168 (73)
178 (77)

94 (17)
33 (7)

284 (59)
2.30 (0.89)
2.93 (1.18)

171 (73)
176 (80)
94 (17)
33 (8)

For definition of groups, see table 1. Values are given as mean (SD). For definition of abbreviations, see table 3; Raw,II: airway resistance
during initial inspiration; Raw,EE: airway resistance during late expiration; VT: tidal volume; RR: respiratory rate.

281 (73)
1.98 (0.76)
2.45 (1.12)

145 (75)
158 (82)

83 (16)
33 (10)

277 (67)
1.86 (0.84)
2.32 (1.16)

146 (75)
156 (80)

83 (16)
33 (10)

1.11 (-0.53, 2.75)
0.04 (-0.02, 0.10)

-0.02 (-0.12, 0.08)
0.91 (-0.94, 2.77)
1.43 (-1.42, 4.28)
0.04 (-0.57, 0.64)

-0.13 (-0.39, 0.14)
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despite the similarity of results between the two centres,
the applied jacket pressures were significantly higher at
ICH than at LEIC; mean (SD) 4.8 (1.7) kPa and 2.6 (0.9)
kPa, respectively (p<0.001), reflecting the lower percent-
age of jacket pressure transmitted to the infant at ICH
(29% versus 58% at LEIC). The median number of man-
oeuvres was 18 (range 8–40) at each centre.

Tidal breathing parameters were not selected outcome
measures, but were recorded and analysed to provide add-
itional evidence for quality control and baseline informa-
tion regarding respiratory function. The respiratory rate
was not significantly different between centres, the mean
(range) was 33 (19–53) min-1 at ICH and 33 (24–74) min-1

at LEIC. However, the group mean VT was larger for in-
fants attending ICH than LEIC; mean (range) 94 (64–134)
and 83 (52–121) mL respectively, 95% CI; 3–18 mL (p<
0.05). These differences persisted when corrected for
weight.

Comparison of within-subject respiratory function results
analysed by each centre

In addition to comparing results from infants studied
at the two measurement centres, the within-infant inter-
observer variability between centres was also assessed. As
stated previously, the aim was to obtain values within 10%
of each other for tidal breathing parameters, V 'max,FRC
and FRCpleth, and within 20% for Raw. The results of the
cross-analysis of each centre's data are shown in table 4.

FRCpleth. FRCpleth analyses were generally within 10%
agreement. On initial comparison of the results from the
two centres, discrepancies >10% occurred in 12 infants. In
four of these infants, this was due to data collection in
which it had not been possible to report values based on at
least three occlusions, either due to the infant waking
early (one infant), or insufficient collection of end inspira-
tory occlusion data (three infants). Following the revision
of guidelines and reanalysis by each centre, the definitive
results reported were all within the agreed limits, although
it was necessary to report FRCpleth as the mean of only
two manoeuvres in two infants. In the remaining eight
infants, discrepancies were due to data transcription errors
(two infants), different epochs of data being selected for
analysis (one infant) and differing analysis strategies, which
were mainly related to "truncating" glottic expiratory eff-
orts by varying amounts (five infants). All were readily
resolved after critical inspection of data by each centre, so
that the final agreement for FRCpleth was within 10% all
infants. The between-centre agreement for FRCpleth is
shown in figure l.

Airway resistance. For Raw analyses, there were initially
discrepancies of >20% in 10 infants. These were due to
operator errors in selecting analysis options within the
software that did not adhere to the agreed protocol (three
infants) or selection of different epochs of data for analy-
sis and reporting (seven infants), i.e. biological variability.
Of the infants in whom Raw measurements were not re-
ported, one of three technical failures at ICH (not meeting
quality control criteria) was failed by LEIC alone, where-
as the remaining two were failed by both centres. Simi-
larly, four of 14 technical failures at LEIC were failed by

ICH alone and the remainder by both centres. After
inspection and amendment of the analysed data by each
centre, agreement was improved to within 20% in all but
three of the 56 infants. The between-centre agreement for
Raw calculated during initial inspiration is displayed in
figure 2.

V'max,FRC. Following the interim analysis, when a com-
mon volume baseline filtering strategy was adopted by
both centres, and it was agreed to establish the FRC level
by regression through the end expiratory points preceding
the RTC manoeuvre, the agreement was generally good
for V 'max,FRC analyses. Initially, analyses of V 'max,FRC
were outside the agreed limits of 10% for six infants. One
was due to a data transcription error, two to the selection
of different epochs of data from which the best four
manoeuvres were reported, one was attributed to volume
baseline filtering strategies, whereas data from two infants
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required recalibration to adjust a zero offset of the flow
signal before a good agreement could be achieved. Fol-
lowing inspection and amendment of the analysed data
by each centre, three infants remained outside the agreed
limits. Two of these had very low, flow-limited values of
V 'max,FRC, so that although the discrepancy between labor-
atories exceeded 10%, absolute values from the two centres
were within 6 mL·s-1 of each other. The poor between-cen-
tre agreement in the remaining infant (20%) arose from
the inclusion of data by one centre, but not the other, of
one manoeuvre where instability of breathing patterns
made establishment of the FRC level very difficult to
determine. The between-centre agreement for within-sub-
ject values of V 'max,FRC is displayed in figure 3.

For tidal breathing parameters, between-centre differ-
ences >10% were seen in three infants, all of which were
due to selection of different epochs of data (biological var-
iability). A closer agreement was obtained by selecting
alternative epochs of quiet breathing for analysis.

Discussion

One of the major advantages of the respiratory follow-
up study design was that the analysis of respiratory func-
tion in survivors recruited from the ECMO trial could be
made by operators who were fully blinded to their man-
agement status. However, before combining data from
each centre, it was necessary to ensure that there was no
bias either within or between laboratories that might con-
found interpretation of the results. It was necessary, there-
fore, to assess the agreement between centres with respect
to both the background and respiratory function data.

Population

Infants and their families attended the respiratory follow-
up from all over the UK. The majority of infants attending
each test centre were of Caucasian ethnicity. Amongst the

remaining ethnic groups, there were five infants of Afro-
Caribbean origin, all of whom attended ICH, whereas more
Asian infants attended LEIC than ICH. However, when
examined according to management group (ECMO versus
CM) there were similar proportions of infants from each
ethnic background within each group [12].

The prevalence of maternal smoking during pregnancy
was similar at each centre, but lower than that reported
elsewhere [14, 15]. In particular, of those attending ICH,
the proportion of infants reported to be exposed to intra-
uterine tobacco was 17% (seven of 42) compared with
43% of infants in a recent East London-based prospective
study [16] who attended ICH for similar measurements
during an overlapping time period. This suggests that
there may have been under-reporting of maternal smoking
during pregnancy by mothers of the respiratory follow-up
population at each test centre. The suggestion is rein-
forced by the increase in maternal smoking at the time of
the laboratory visit at around 1 yr, when 31 and 33% (ICH
and LEIC, respectively) of infants were reported to be
exposed: thereby approaching other reported prevalences
[14, 15].

Although efforts were made to avoid testing infants
within 3 weeks of onset of upper respiratory tract infec-
tion (URTI) symptoms at ICH and within 4 weeks at
LEIC, this was not always possible, particularly amongst
infants who suffered recurrent respiratory infections, or
when long-distance travel arrangements had been made.
The proportion of infants who had had recent symptoms
of URTI was greater at LEIC, which may have reflected
the long symptom-free time period stipulated at that cen-
tre. However, a greater proportion of infants were also
symptomatic at testing in LEIC (25% versus 7%). Local
laboratory practice with respect to booking and, if neces-
sary, postponing appointments would also have influenced
these findings. There was no evident correlation between
recent URTI symptoms and reported values of Raw, with
the 18 infants who had symptoms of recent URTI and suc-
cessful measurements of Raw having values that ranged
1.10–3.68 kPa·L-1·s-1 during initial inspiration, the phase of
respiration most likely to be adversely affected by such
infections. In future, greater standardization with respect
to the duration of a symptom-free period should be ad-
hered to. However, in clinical follow-up studies such as
this, it may be preferable to emphasize the absence of cur-
rent symptoms, rather than a prolonged symptom-free
period, since the latter is difficult to achieve in a popula-
tion prone to recurrent infections.

Evaluation of methodology

To our knowledge, this is the first report of a multicen-
tre study using established methods of infant lung func-
tion testing where results have been included as outcome
measures. Within the field of infant respiratory function
assessment, considerable variability exists with respect to
equipment and techniques. However, efforts have recently
been directed towards standardizing the nomenclature [17,
18], measurement conditions [19] and assessments of res-
piratory function in infants [7, 20].

One of the unique features of the respiratory follow-up
was the opportunity to critically evaluate variability within
infants for technically complex and operator controlled
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residual capacity, analysed at each centre, and their mean. AC: analysis
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the mean difference. Infants tested at Institute of Child Health (   ); and
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analysis, which was only partly automated, such that sel-
ection of data and analysis strategy could influence results
markedly. Ideally, an assessment of analysis variability
would have preceded this study, but limited time and
funding precluded this approach. Operator selection of the
most suitable data for analysis, the relatively low signal-
to-noise ratio of respiratory signals in infants, and the
inherent biological variability of certain parameters all
increase within and between-subject variability in this age
group. Consequently, a careful selection of a limited num-
ber of relevant outcome measures, together with recruitment
of adequate numbers of infants, is essential to achieve an
adequate power of study [7].

The aim of the study design was to reduce both system-
atic and random errors and prevent measurement and
analysis bias affecting reported results. Statistical assess-
ment of differences between the two groups of infants
studied at ICH and LEIC aimed to detect any sampling
differences, for example in background characteristics,
management status, disease severity, and any measure-
ment bias arising from differences in apparatus or tech-
nique. The statistical assessment of the whole group of
infants, analysed by each centre, in contrast, aimed to
highlight the biological variability together with the inter-
observer variability in the analytical approach and data
selection.

Careful assessment and evaluation of both equipment
and measurement and analysis techniques, with subsequent
amendments, led to improved between-centre agreement.
With both laboratories also concurrently involved in other
studies, limitations were, however, placed on the extent to
which adaptations could be made to existing equipment
and protocols.

In vitro assessment of both plethysmographs, using the
same copper test lung, showed that lung volume was
measured accurately at both centres. The effective dead
space that the infant breathed through was greater at ICH,
mainly due to the different design of PNT and shutter con-
figuration, but also due to the different volume subtracted
for effective dead space of the face mask. The latter may
have been due to the application of larger quantities of
therapeutic putty at LEIC. Differences in tidal volume be-
tween centres may have been attributable to either dead
space or design of PNT. In a small group of infants, tidal
volume and end tidal CO2 were measured using PNTs of
both designs on the same measurement occasion (data not
shown). CO2 values were similar, but VT was larger using
a Fleisch "1" compared with a Hans Rudolph 100 PNT.
This presumably reflects the fact that any small increase
in effective dead space will be compensated for by an
increased VT to bring end tidal CO2 back to normal values.
Despite the effect on tidal volume, the PNT design did not
appear to influence between centre interpretation of the
selected outcome measures of respiratory function and
lung volume. However, for future collaborative studies,
we would try to use equipment that was of as low a dead
space and as similar as possible.

The linearity and resistance of measurement equipment
used at each centre was assessed and found to be adequate
over the range of flows and pressures used in these meas-
urements. Had the study involved healthy infants with cor-
respondingly higher expiratory flows during forced
expiration measurements, a PNT with greater range may
well have been required. Future studies will be able to use

a new generation of screen PNTs, which have a considera-
bly lower dead space but a greater linear range.

Prior to each study, known signals, including the func-
tional time constant (i.e. combined mechanical and ther-
mal) of each plethysmograph were recorded and checked
at each centre, and these data were exchanged between
centres. The weight and length of each infant were record-
ed, using regularly calibrated equipment, thereby avoid-
ing any systematic errors in anthropometry at or between
centres. The influence of jacket style during measures of
forced expiration at each centre on the range of pressures
used to obtain V 'max,FRC was addressed. The Hammersmith
jacket used at LEIC was almost twice as efficient at trans-
mitting pressure to the pleura when compared with the
Hannover jacket used at ICH. Consequently, higher jacket
inflation pressures were used at ICH. Despite these meth-
odological differences, the mean and wide range of forced
expiratory flows obtained at each centre suggested that the
driving pressures (the product of jacket inflation pressure
and jacket efficiency plus elastic recoil of thoracic struc-
tures) used at each centre were similar [8].

The success rate of measurements at each test centre
was similar, with the exception of Raw, where the increased
failure rate at LEIC was mainly attributable to untimely
problems with a replacement amplifier which adversely
affected the quality of the plethysmographic pressure sig-
nals in a number of infants. The lack of adequate commer-
cially available equipment for infant respiratory function
tests, with many centres relying on custom built systems,
contributes to the problems of access to essential spare
parts. An additional component of study design that is a
prerequisite for future similar trials is thus the need for
equipment to be standardized during the trial period, and to
have ready access to replacement parts, so that no disrup-
tion to data collection occurs during critical time frames.

Success rates of infant respiratory function parameters
are rarely reported, but compared with a younger group of
infants measured at ICH [5, 21], in whom 85% of meas-
urements of Raw were successful, a similar rate of 83%
was reported in the ICH respiratory follow-up population.
A significant number of plethysmographic measurements
at ICH were lost when the infants woke before completion
of the protocol, despite increasing the usual dose of seda-
tion from 100 to 150 mg·kg-1 triclofos sodium (equivalent
to 100 mg·kg-1 chloral hydrate) when necessary. This was
still somewhat lower than maximum doses used at LEIC,
which may explain the fewer failures due to early awaken-
ing at the latter. A number of infants recruited from the
ECMO trial were >1 yr of age, taking longer to settle into
quiet sleep and waking earlier. The time available for
measurements during sedated sleep is short, and this limi-
tation should be borne in mind when designing future pro-
tocols that include infant respiratory function. However,
with similar numbers of infants attending each centre, and
similar overall failure rates at both, predominance of one
centre when reporting and interpreting results was avoided.

During the course of this study, the difficulties in im-
posing appropriate criteria to maintain stringent quality
control within clinical trials became apparent, particularly
when attempts were being made to follow up an entire
cohort, as in this study. In such circumstances, the individ-
ual data from each infant are unique and cannot be simply
replaced by recruiting additional subjects. These difficul-
ties led to our decision to relax standard criteria, which
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normally specify a minimum of three technically accepta-
ble measures before reporting FRCpleth, to allow the mean
of two such measures to be reported, providing that they
were within 10%. Controversy remains over the number
of measurements that should be used to report the mean
for the various respiratory parameters commonly meas-
ured in infants [7]. Further objective evaluation is needed,
so that the time required for data collection can be mini-
mized in infants without compromising accuracy.

The process of exchanging raw data on computer disks
between centres was a valuable opportunity to evaluate
approaches to analysis critically using software that al-
though identical at each centre, could be readily custom-
ized to user preference with respect to collection, display,
calibration, filtering and reporting of results. Exchanging
data on disk between centres highlighted the need for
meticulous attention to quality control during both cali-
bration and data collection. The effect, for example, of
different strategies of drift correction and determination of
volume baselines prior to analysis of V 'max,FRC (regres-
sion over five breaths versus selection of the most repre-
sentative end expiratory level from a single breath over
this period) on within-infant between-centre analysis, was
of initial concern although readily standardized.

Approximately 10% of analyses needed to be re-exam-
ined when the cross-analysis between centres showed a poor
agreement. Although, in several cases, differences were due
to the selection of data, there were also four apparent ran-
dom errors during analysis and reporting of the results.
We speculate that most of these errors would not have been
detected had exchange of data and comparison of analyses
not taken place, thus emphasizing the need to develop
software where such transmission errors are minimized.

The design of the respiratory follow-up served to in-
crease confidence in the respiratory follow-up findings
and was readily incorporated within the existing data col-
lection and analysis protocol at each test centre. During
the current study, prior commitment to other ongoing
studies at each centre compromised full standardization,
but in future similar trials, even greater consistency could
be achieved. This will require the development of im-
proved software and measurement equipment and adher-
ence to mutually agreed international standards, which are
currently evolving (European Respiratory Society/Ameri-
can Thoracic Society Task Force on Infant Respiratory
Function). Some of the essential features required for suc-
cessful design of future multicentre trials in this field are
summarized in table 5.

The selective use of specialized, automated and vali-
dated software potentially could speed data analysis and

reduce within-subject and inter-observer variability [22].
Unfortunately, reproducibility does not equate to accu-
racy, and arbitrary exclusions to achieve a low within-sub-
ject variability may not provide a faithful representation of
respiratory function, especially when a marked biological
variability is present, as may occur in certain disease
states. Some compromise is, therefore, needed, whereby
obvious artefacts are excluded while still retaining physio-
logically meaningful data. While a fully automated sys-
tem could ensure virtually identical results on reanalysis
in a multicentre setting that would be operator-independ-
ent, infant signals, with their high variability and low sig-
nal-to-noise ratio, often require an interactive operator
input for correct interpretation. Consequently, it is un-
likely that assessments of respiratory function in infants
will ever become as routine as those in older subjects, and
that operators with extensive training and experience will
always be required if successful measurements are to be
achieved.

Conclusions

In conclusion, a multicentre approach to trials with
parameters of infant respiratory function as outcome
measures appears feasible, provided that close attention is
paid to study design, and participants in such trials main-
tain a standard approach to data collection and analysis.
Collaboration of this nature, despite requiring considera-
ble time and effort, is of great benefit with respect to quality
control within, as well as between, specialized infant lung
function testing centres. Furthermore, there is increasing
recognition of the need for multicentre studies of infant
respiratory function if we are to achieve sufficient statisti-
cal power to address clinically relevant questions regard-
ing respiratory disease during early childhood over a
realistic time period.
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