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1. INTRODUCTION

Longitudinal cohort studies suggest that outcomes such as lung func-
tion and bronchial hyperresponsiveness (BHR) in schoolchildren
and adults with asthma probably are determined primarily in early
childhood (8-11) and possibly already in infancy (12). Moreover,
judgment of remission based solely on symptoms may overlook
sub-clinically active disease (13). Likewise in cystic fibrosis (CF),
significant reduction in lung function have been found at a very
early age (14-18), even in the absence of clinically recognized lung
disease (19). Confronted with these prerequisites the reasons for
early and longitudinal measurement of lung function and BHR are
as obvious as the goals: to enable early diagnosis and intervention,
and improve prognosis in asthma and CF.

There are some lung function tests available for infants, while
methods for measurements from infancy until age six are sparsely
reported. The techniques used in infancy are not applicable and
spirometry rarely produces reliable results in preschool children
(20) This led, from the early ninety’s, researchers to perform thor-
ough evaluations of several techniques by which lung function
measurements are carried out during normal tidal breathing in
awake young children not requiring reproducible forced maneuvers,
but only the passive co-operation of the child, independent of the
child’s ability to follow verbal instructions. These investigations
established and described applicability, repeatability, sensitivity,
normal reference values, advantages and limitations in details, but
did not focus on the clinical usefulness of primarily three individual
lung function methods: whole-body plethysmography measuring
specific resistance of the airways (sRaw), interrupter technique
measuring resistance of the respiratory system (Rint) and impulse
oscillation technique (IOS) measuring resistance (R) and reactance
(X) of the respiratory system at 5 Hz (Rrss and Xrss) (21-28). These
methods all differ in their technical approach, but basically they as-
sess respiratory mechanics by measuring the relationship between
respiratory airflow and the pressure generating this airflow.

Bronchial hyperresponsiveness (BHR), defined as an abnormal
increase in airflow limitation following a relevant stimulus to the
airways, is a major pathophysiological phenomenon of bronchial
asthma (29-31). However, the exact relationship between BHR and
asthma on one side (30) and the relevance of performing bronchial
provocation testing as part of the diagnostic work-up (32) or man-
agement (31) on the other, has not been completely outlined. In-
deed BHR may only disclose presence of underlying airway inflam-
mation, and not the exact nature of the disease since BHR 1is also
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associated with other lung conditions such as CF and bronchopul-
monary dysplasia in children born prematurely and with viral respi-
ratory infections and allergic rhinitis (33).

Nonetheless, there is a definite association between asthma and
BHR (29), which has been known for ages, studies on this phenom-
enon in young children has been complicated for the same reasons
given for the lack of reasonable methods of lung function testing.
However, methacholine challenges (MCh) were introduced in com-
bination with forced oscillation technique (FOT) back in 1986 with
some success (34), but over the years different techniques, either
alone or in combination, ranging from indirect lung function tests
such as transcutaneous oxygen tension (PtcO,) (22, 24, 35, 36), aus-
cultation (37, 38) to direct tests such as Rint (22, 24, 39-41) and
sRaw (22, 24, 42) have been evaluated. However, direct bronchial
challenge techniques such as MCh are probably not mimicking the
pathophysiology of asthma to the same extent as indirect tests (30),
which soon attracted our attention in looking to be able to perform
simpler and less time consuming indirect bronchial challenges in
young children enabled by IOS, Rint and sRaw as response meas-
ures. Interestingly, indirect tests are generally old and well investi-
gated in school children and adults, but have once again achieved re-
vival and have during the later years been offered intensified and
major attention from investigators within the field of asthma, pri-
marily due to the closer relationship with asthma pathophysiology
(29-31). In fact, in 1998 the European Respiratory Society (ERS) ap-
proved a Task Force on Indirect Airway Challenges. Recommenda-
tions from this work was recently published (30). Furthermore,
demonstration of BHR may not only serve as a specific diagnostic
feature of asthma, but also function as a special feature in phenotyp-
ing infants (12, 43) and preschool children (44) with asthmatic
symptoms, and in this respect serve to specifically achieve improve-
ment in control of asthma from phenotype-specific treatment (45,
46). Disclosure of BHR may even carry a potential for prediction of
persistency of asthma during preschool age (47) or from school age
into adulthood (9).

Thus, the overall purpose of the research presented in this thesis
was to evaluate the clinical application of sRaw, Rint and IOS in dif-
ferent settings and to further elaborate the possibility to develop a
simple, indirect bronchial challenge test to measure bronchial re-
sponsiveness (BR) and demonstrate BHR in preschool children.
This paper reviews the evidence on the clinical applications, reliabil-
ity and feasibility of whole-body plethysmography (sRaw), inter-
rupter technique (Rint) and impulse oscillometry (IOS) for meas-
urements of lung function, and of hyperventilation techniques in as-
sessment of BR in healthy children and in children with chronic
lung disease, from two years of age.

2. AIMS

It was the principal aim of this thesis to evaluate the clinical applica-
tion and discriminatory capacity of whole-body plethysmography,
interrupter technique and impulse oscillometry as lung function
tests in healthy children, asthmatics and children with cystic fibrosis
of preschool age.

The primary aim was to develop and implement a test for indirect
bronchial challenge and assess its validity as judgement of bronchial
responsiveness.

The secondary aim was to compare tests for measurement of
baseline lung function and bronchial responsiveness.

The tertiary aim was to validate such tests through the studies of
documented efficacious anti-asthma medications in asthmatic
young children.

3. SUBJECTS AND METHODS

3.1 SUBJECTS

Number, age and recruitment

376 patients and healthy subjects participated in the different
studies (1-7). Principally all children were 2 to 5 years (1-5, 7) i.e.
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young or preschool children, but in the CF study (6) the children
were 2 to 7 years at inclusion. All children with CF and the majority
of asthmatics were recruited from the outpatient clinic at the de-
partment of pediatrics, pulmonary service, Rigshospitalet, while
some asthmatics came from a private pediatric asthma clinic. The
parents of all patients and healthy controls gave written informed
consent to the study protocols, which were approved by the local
ethics committee of Copenhagen.

3.1.1 Patients

Asthma

Asthma was empirically diagnosed on the basis of recurrent asthma
symptoms, clinical improvement with regular inhaled corticosteroid
(ICS) therapy, and relapse during interruption of such treatment.

Cystic fibrosis
All patients had a positive sweat test and genotype diagnosis of CF.

3.1.2 Healthy controls

Normative lung function data have been previously collected (25)
while additional normative data on lung function, and responsive-
ness to hyperventilation of cold air (1) and bronchodilators (5) were
collected in a separate group of healthy controls. Children without
any previous lung illness, atopic symptoms, atopy in first-degree
relatives, or smoking at home qualified as healthy controls. The
healthy controls were collected by a health questionnaire which was
mailed to families of young children 2 to 5 years of age living in
Greater Copenhagen. The families were randomly selected from the
municipal population database.

3.2 METHODS I: LUNG FUNCTION

3.2.1 Basics of the techniques

3.2.1.1 Whole-body plethysmography

Whole-body plethysmography, introduced by DuBois in 1956 (438,
49), was used for measurement of specific airway resistance, sRaw
(1-7). Airway resistance (Raw) is expressed by a formula resembling
Ohm’s law — alveolar pressure divided by airflow. Alveolar pressure
is reflected by minute changes in plethysmographic volume (using
Boyle’s Law) during inspiration and expiration and airflow is meas-
ured with a pneumotachograph. In DuBois’ original method Raw is
calculated from dividing sRaw by the thoracic gas volume (TGV).
First, sRaw was measured from simultaneous recording of airflow
and plethysmographic volume changes during tidal breathing and
second, TGV was determined from recording of plethysmographic
volume changes and the corresponding mouth pressure changes
during tidal inspiratory and expiratory breathing against a closed
shutter. The latter is not tolerated by young children. Dab et al (50,
51) and later others (52) took advantage of a simple algebraic ma-
nipulation of the formulas which precluded the separate measure-
ments of Raw and TGV omitting this latter step and thereby pro-
vided measurements of sRaw, which greatly facilitates the procedure
even in young children.

sRaw reflects the overall dimensions of the airways, including the
effect of lung expansion on the caliber of the airways. Since sRaw is
the product of Raw and TGV, it cannot distinguish if improvements
or deteriorations are due to either of its two components. It follows,
that any increase of Raw or increase of TGV or both, results in a
high, abnormal sRaw value. Similarly sRaw will decrease if either
Raw or TGV or both are diminished and finally, a normal sRaw in-
dicates that both Raw and TGV must be in a normal range (51).
sRaw is more dynamic than Raw as shown by comparing sRaw and
Raw in asthmatics and healthy children (53).

Plethysmographic measurements of sRaw have been successfully
adapted and approved for use in children from 2 years of age in a still
increasing number of studies in asthma (1-5, 21-27, 47, 54-56) and
in CF (6, 57). The use of an adapted face-mask, and an adult accom-
panying the child in the box has increased acceptance of this method
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(23). We recently published a comprehensive review of plethysmo-
graphic measurements in children from 2 years of age (58).

3.2.1.2 Interrupter technique

Interrupter technique was used for measurement of respiratory re-
sistance, Rint (1, 3, 5, 6). Modern computers have allowed a reap-
praisal of this technique and a better understanding of the physi-
ology underlying the measurements (59, 60) resulting from this old
technique, first described by Neergard and Wirz in 1927 (61). The
interrupter technique entails rapid and complete occlusion of the
airways (by closing a valve or shutter) during a normal breathing
cycle while flow and airway opening pressure (mouth pressure =
Pm) are recorded (59, 60, 62). The method is based on the assump-
tion that alveolar pressure (PA) and Pm equilibrate instantaneously
at airway occlusion (behind the occlusion). Dividing this pressure
change by the flow, recalling Ohm’s law, allows the simple calcula-
tion of Rint, Rint = Pm/flow. The initial rapid pressure change is fol-
lowed by a second slower change in pressure which is related to the
visco-elastic properties of the respiratory tissues, together with any
gas redistribution that occurs between lung units following the oc-
clusion (62). Several studies have employed Rint measurements in
healthy children, wheezy and/or asthmatic young children and
young children with CF looking to test baseline lung function, re-
sponsiveness to bronchodilators and bronchial challenge tests (1, 3,
5, 6,21, 22, 24-26, 63-65).

3.2.1.3 Impulse oscillometry

Impulse oscillometry was applied to measure Xrss and Rrss (1, 3, 5,
6). 108, often referred to as a measurement of respiratory input im-
pedance (Zrs) is, like sRaw and Rint, a non-invasive method feasible
for measurement of airway function in young children (28, 66).
However, a characteristic feature of I0S, in contrast to both sRaw
and Rint, is that measurements are not based on respiratory flow
and pressure signals generated by the subject, but on signals from
the pressure-flow relationship (output) of artificial impulse-shaped
test signals (input) which are produced by an external generator
(loudspeaker) and superimposed on the patient’s respiratory system
and respiratory tidal breathing waveform (67). The transducers for
flow and mouth pressure which are connected to a pneumotacho-
graph register the respective signals of total pressure and total flow
consisting of the portion of spontaneous breathing and the super-
imposed impulse signal. In order to determine Zrs the impulse sig-
nals have to be separated from the breathing by means of signal fil-
tering. This is done via time and frequency analysis by Fast Fourier
Transformation. IOS is a variant of FOT introduced by Dubois et al
(68) to characterize Zrs, defined as the instantaneous ratio between
pressure (P) and airflow (V’), over a wide range of frequencies. Zrs
can be divided into respiratory resistance (Rrs) and reactance (Xrs)
depending on whether the peak of pressure and peak of flow is in or
out of phase, respectively. The values of Rrs and Xrs are dependent
of frequency of the applied oscillations. IOS yields values similar,
but not identical to those provided by FOT (69). The method is easy
to use in young children (1, 3, 5, 6, 21, 22, 24-27, 70) and attractive
to many researchers, especially in the USA (71-73) but publications
on measurements in young children are still limited.

3.2.1.4 Transcutaneous O, and CO, Tension

Transcutaneous CO; tension (PtcO;) and CO; tension (PtcCO;) was
applied during bronchial challenge testing (1, 3). Blood gases are re-
leased to the skin through the capillaries. The electrode heats up the
skin. O; and CO; diffuse through the skin and the membrane to the
cathode where a reduction occurs and a current is generated. The
signal is then sent to the microcomputer and converted into PtcO,
and PtcCO; readings.

3.2.1.5 Spirometry
Spirometry was used for measurement of FEV, and FVC. Modern
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spirometry employs pneumotachographs which in principle detects
flow from the pressure difference over a small, fixed resistance (R)
offered by a fine metal screen or mesh as e.g. the Lilly screen type
pneumotachograph. The pressure difference across the mesh (P,-P;)
relates linearly to flow (V’) at relatively low flows, when the flow
pattern is laminar. Higher flows give rise to a turbulent flow pattern
but the special designed head of the pneumotachograph has a trum-
pet-like configuration assuring laminar flow over a wide range of
flows. Flow (V’) is then derived from the formula: P;-P, = R-V.

3.2.2 Equipment, nose-clip, face-mask and mouthpiece

Equipment

Pulmonary function testing was performed with a Master Screen
unit, version 4.34 (E. Jaeger GmbH, Wiirzburg, Germany). This unit
integrated all the lung function techniques, sRaw, Rint, IOS and
spirometry, in one program. Flow and volume were measured with a
heated pressure screen-type pneumotachograph with a resistance of
0.036 kPa-s:-L™' (sRaw, Rint, IOS and spirometry). The equipment
was calibrated daily.

sRaw measurements employ a constant volume (830 L) whole-
body plethysmograph (body-box), which in principle is a sealed
cabin built for use in adults (Figure 3.2.2). The cabin is equipped
with a pressure transducer that records pressure changes.

Rint measurements require a shutter-device (E. Jaeger GmbH,
Wiirzburg, Germany) mounted on the pneumotachograph (Figure
3.2.2.). Commercially available equipment allows the measurement
of Rint at set flows or set volume during either inspiration or expira-
tion. The shutter is automatically and rapidly activated and able to
instantaneously and completely disrupt the flow through the air-
ways and the pneumotachograph for a preset period, often 80 to 100
ms before allowing normal respiration to resume. Pm was measured
by a transducer placed in the shutter.

IOS requires an Impulse Oscillometry System (E. Jaeger GmbH,
Wiirzburg, Germany) consisting of a pneumotachograph supplied
with two differential pressure transducers connected through a Y-
adapter to an impulse generator (loudspeaker) and a terminating re-
sistance, respectively (Figure 3.2.2).

PtcO; and PtcCO, were measured by a blood gas monitor, Radio-

= 5
—
—
]
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meter TCM 3 (Radiometer, Copenhagen, Denmark). Calibration
was performed with a calibrating gas containing 20.9% O, and 5%
CO;. The temperature of the electrode was 44°C during measure-
ments. All measurements were corrected to 37°C.

Further details on various equipments are given elsewhere (21, 22).

Mouth piece/face mask

Spirometry requires the subject to wear a nose-clip and keeping the
lips sealed around a mouth-piece. In young children such require-
ments detract from acceptance. With a standard face-mask the child
is likely to breathe through the nose. We therefore used a special
adapted face-mask with a large cushion and a built-in flexible tube,
which prevented nasal breathing by assuring that the mouth re-
mained open and assured a good seal and stabilization of the cheeks
and chin (21). The latter is of importance for IOS and Rint measure-
ments since presence of a compliant compartment between the re-
sistive airways and the mouth may interfere with results. The major
compliant pathway in children is the extra-thoracic airway and
cheeks, and measurements are routinely made with supporting the
subject’s cheeks in an attempt to minimize these problems. Specific-
ally Rint measurements may be buffered during the initial rapid
“resistive” pressure change, making calculation less accurate. These
effects are potentially more clinically important in patients with
markedly increased airway resistance (74) or during bronchial stim-
ulation where resistance is deliberately changed. Although repeat-
able Rint measurements can be obtained from young children using
either a mouthpiece or a face-mask, there are significant clinical and
statistical differences between the results obtained, preventing the
two methods from being used interchangeably (75) Our specially
adapted face-mask (21) fulfills elegantly the need for a standardized
support of cheeks in contrast to cheek support by hands (child’s or
investigator’s) used in other studies (76-78).

3.2.3 How to measure and practical aspects

Whole-body plethysmography

Flow (V’) in the airways and variations of the pressure in the
plethysmograph was simultaneously measured as the child was
breathing through the pneumotachograph while seated inside the

Figure 3.2.2.

Upper left: Whole-body plethysmo-
graphy. Upper right: Interrupter
technique. Lower left: Impulse
Oscillometry System. Lower right:
Cold air challenge system.
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plethysmograph (Figure 3.2.2). Volume and pressure in the plethys-
mograph was calibrated routinely before measurements whereby
changes in plethysmographic volume (AVpleth) were measured
through changes in box pressure. The simultaneous recordings of V’
and AVpleth were depicted as the specific resistance loop and the in-
serted straight parameter line from which sRaw was calculated, Fig-
ure 4.1.2.a.: sRaw = (AVpleth/AV’) - (Pamb — PH,0) where (AV-
pleth/AV’) corresponds to 1/tan 3, where B is the closed angle
between the x-axis and the line (parameter line) drawn through the
s-shaped resistance loop (se also 3.2.4), Pamb is ambient pressure,
PH,O is the pressure of water vapor at body temperature, and Pamb
—PH,O0 is the approximate thoracic gas pressure.

To ensure slight neck extension and thereby preventing airway
compression from the neck as well as to improve the co-operation, a
monitor showing video cartoons was placed in front and above the
subject during all measurements (21). Communication via micro-
phone and loudspeaker ensured instruction of the child and adult
during testing. Since sRaw measurements was performed with auto-
matic electronic BTPS compensation shown to exhibit positive fre-
quency dependency (23, 42, 79) all measurements were made at rec-
ommended breathing frequencies from 30 to 45 (23) as a standard
procedure to eliminate influence of breathing frequency in the
measurements before and after different stimuli (1-7). If the child
refused to enter the plethysmograph alone or otherwise was unco-
operative, measurements were attempted with an adult person ac-
companying the child inside the plethysmograph (23, 80). Such
measurements exhibit good correlation with values obtained from
the child alone (23, 80) The adult performed a constant slow expira-
tory maneuver for a period of 20 s allowing sufficient time for meas-
urement of sRaw of the child. Such maneuver gives rise to a slight
continuous drift of the signal measuring changes of plethysmo-
graphic volume, which is corrected for by the data processing soft-
ware together with the drift from temperature build-up and easily
separated from the more rapid pressure changes from the child’s
breathing.

Interrupter technique

Rint (1, 3, 5, 6) measurements were performed as previously de-
scribed (21). On every second inspiratory phase, inspiration of 50
mL activated and closed the shutter for 80 ms. Mouth pressure was
measured during the last 5 ms of the interruption. Flow was meas-
ured over 5 ms, starting 70 ms after reopening (28). During recent
years there has been extensive debate on whether inspiratory or ex-
piratory Rint should become the standard method. Theoretically
there are expected physiological variations between inspiration and
expiration, with airway resistance being lower during inspiration
due to the airway being “pulled open” by the forces of interdepend-
ence, supported from studies in school-age (74, 81) and young chil-
dren (82). However, in practice, neither flow nor volume depend-
ence of resistance have been found to be important effects during
the tidal volume range in young children (83, 84) or school children
(85). Most investigators seems to be adopting the practice of meas-
uring Rint during the expiratory phase of respiration at peak tidal
flow (86, 87). However, this choice seems to be more for practical
reasons than based on evidence. The child was seated upright, if
needed on the lap of the parent, who could also be instructed to per-
form the application of the equipment. Slight neck extension was
ensured in the same way as described for sRaw measurements. The
child should breathe calmly and regularly. Fast or irregular breath-
ing was not accepted, but in contrast to sRaw and I0S measure-
ments no frequency dependence has been described for this
method.

Impulse oscillometry

Measurements in our studies (1, 3, 5, 6) were performed throughout
the respiratory cycle and as previously described (21, 22) and later
adopted by other groups (72, 73, 88, 89) At least 30 s of undisturbed
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breathing resulting in technically satisfactory tracings of pressure
and flow measurements were used as outcome. The child was seated
as described for sRaw and Rint and asked to breathe calmly and
regularly aiming for a rate of 20 to 40 breaths per min. Rrs and Xrs
were calculated in the frequency range from 5 to 35 Hz of each pres-
sure pulse (0 to 100 Hz) at every 0.2 s.

PtcO, and PtcCO,

After calibration the electrode was placed on the flexor side of the
left forearm. Typically, steady-state readings on the printed hard-
copy curves were seen after approximately 20 min and measure-
ments then began after 5 min.

Spirometry

Measurements were performed with the patient in sitting position
wearing a nose-clip and using a mouthpiece, while holding head
straight and in slight extension. First the child was breathing spon-
taneously, while adapting to mouth-piece and nose-clip. On instruc-
tion the child performed a maximal deep and forced inspiration and
without pause the child then expired as rapidly and deeply as pos-
sible, while verbally encouraged by the assistant.

3.2.4 Quality control of measurements

Whole-body plethysmography

Measurements awaited temperature stabilization in the box (~1
min) and specific resistance loops were not collected before regular
tidal-volume curves were seen. On-line display of the loops allows
detection of artifacts such as abnormal patterns caused by swallow-
ing, vocalization, breath-hold, coughing or leakage around the face-
mask (23). The decision whether to accept or reject a measurement
was taken during measurements. sRaw is calculated as the median
value of 5 consecutive and technically satisfactory loops. Different
estimates of sRaw may be calculated from the loop depending on the
protocol for the application of the parameter line on the loops (58).
We used sRawtot where the parameter line connects the flow points
at maximum change in plethysmographic volume (pressure), Figure
4.1.2.a (1-7). sRawtot seems to be at least as sensitive as other
methods in estimating the total resistance, though this estimate may
have a higher variability (27).

Interrupter technique

The continuous tidal volume curve was shown on screen as meas-
urements proceeded and after each interruption the pressure versus
time and flow versus time curves were displayed. The procedure for
validating Rint measurements was the same in all studies (1, 3, 5, 6).
First, all Rint values from breathing cycles disturbed by a respiratory
pause, swallowing, speaking, moving, or coughing; or accompanied
with a flagrant Pm curve error (blunted initial rapid changing
phase, lack of oscillations, or aberrant second changing phase) were
discarded immediately. Second, the time traces of Pm and flow were
examined and only when 5 consecutive equal appearing traces were
seen, the measurement was accepted, and mean Rint automatically
calculated and saved as the result (21, 22). A recent paper has shown
that mean and median expiratory Rint values are not significantly
different (82). However, since the Rint values obtained during a
measurement session are not normally distributed, it has later been
suggested that median values should be used as they are theoretically
more correct (77).

Our Rint estimate is described in (3.2.3). Different estimates of
Rint can be calculated from the Pm- and flow-curves depending on
which parts of the curves that are chosen for calculation (40, 90). It
is now common to pre-program the interrupter device to interrupt
the airflow during tidal expiration at either peak flow or at a prede-
termined flow e.g. 0.2 Ls™! corresponding to maximal tidal expira-
tory flow in young children. The estimated Pm is then found by lin-
ear back-extrapolation of the post-occlusion signal (typically at 70
and 30 ms after closure) to e.g. 15 ms after closure (40, 41, 63, 74,

49



77, 81, 83, 91-93). Rint is calculated by dividing Pm by the pre-pro-
grammed flow at occlusion. The Rint value is significantly depend-
ent on the algorithm used (90).

Impulse oscillometry

Computer software for real-time analysis of flow and impedance
versus time were used during data acquisition in order to evaluate
signal quality. Data validation was the same in all studies (1, 3, 5, 6)
and was based on a visual examination of the pressure and flow trac-
ings, and if accepted, a following automatic calculation performed
by the computer gave a list of Rrs and Xrs values at different fre-
quencies. If the tidal breathing curve was disturbed by a respiratory
pause, swallowing, speaking, moving, or coughing the tracing was
continued until 30 s of undisturbed tracing was seen. The automat-
ically calculated values for Xrss and Rrss were used as the result.
However, re-analysis of the tracings is possible for other frequencies
if needed (21, 22).

PtcO; and PtcCO,

The mean value of four readings at 1-min intervals on the hard-
copy curves printed during measurements of PtcCO, were used as
the result (1). The data used for calculation of PtcO; (3) after each
step of the MCh were 5 point-readings on the curve at 1-minute in-
tervals over a 5-min period immediately after completing the inhal-
ation. The median value was used as the result.

Spirometry

In at least two trials the expiratory part of the flow-volume loop
should be identical. Measurements were as per American Thoracic
Society (ATS) standards; that is, the difference between the two
highest values of FVC and FEV, should ideally be less than 200 mL
and forced expiratory time at least 6 s (94).

3.2.5 Reliability

Whole-body plethysmography

Short term repeatability within-observer is slightly dependent on
the chosen estimate of sRaw. The total standard deviation (SDyo) for
sRaw is in the range from 0.20 to 0.21 kPa-s with its constituents the
within-subject SD (SDw) and between-subject SD (SDb) ranging
from 0.086 to 0.109 kPa-s and 0.19 to 0.20 kPa-s, respectively. The
within-subject coefficient of variation (CVw9%) is in the range of 8-
11% (23, 25, 50). Repeatability is independent of age (25) and meas-
urements of sRaw with and without an accompanying adult do not
alter repeatability (23).

Long term data on repeatability in healthy young children do not
exist. Data on long term repeatability of sRaw 1 and 2 months apart
in young asthmatics (3), are available but have not been analyzed.
However, repeatability between occasions 1 month apart in young
children with CF showed an ICC of 0.65 (6), which is considerably
lower than the short term variability between measurements in
healthy children (25), but comparable with long term findings on
repeatability of e.g. Rint in children with persistent cough or previ-
ous wheeze (86). This suggests that long term repeatability in symp-
tomatic children might be more influenced from the variability of
the disease than the variability of the technique.

SDw of measurements obtained by two trained observers is
greater than the within-observer variability. This between-observer
variability of sRaw appeared to be reduced when sRaw was calcu-
lated as sRawg, or sRawsgy, instead of the sRaw (27). Accuracy of
sRaw has been evaluated against measurements under BTPS condi-
tions, which showed that the available electronic BTPS compensa-
tion causes significant overestimation in children (23, 79).

Interrupter technique

Short term repeatability (minutes) in preschool children is accept-
able (74, 76, 83) with CV% of 9% for controls and 7% for asthmatics
(74) as compared to 8% in healthy (25) and 6.5% in a mixed popu-
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lation of asthmatic and healthy young children (86). Repeatability is
age dependent, with younger children having higher variability be-
tween measurements (76, 95). Beelen (87) reported a SDw of 0.10
kPa-s:L™! for short term variability under field conditions compar-
able to 0.08 kPas:L! found by Klug (25). Within subject
reproducibility of expiratory and inspiratory Rint expressed as intra-
class correlation coefficients (ICC) was satisfactory with ICC values
0f0.82 and 0.79 (77) and as high as 0.92 with our procedure (25).

Klug et al (25) did not report any long term repeatability. Long
term (2.5 month) repeatability was 0.208 kPa-s:-L™! for expiratory
Rint when reported as 2 SDs of the mean paired difference between
measurements (83). Beelen (87) reported a slightly higher SDw of
0.14 kPa-s-L™! under field conditions, but an identical SDw of 0.10
kPa-s-L™! under standard conditions as compared to short term data.
Long term repeatability in symptomatic children gave no reason for
optimism, since data from Chan (86) indicated that limits of agree-
ment were too wide for change in the individual to be judged with
confidence in contrast to the between occasion repeatability of
FEV,. This might however be due to the variability of the disease
rather than the variability of the technique as mentioned previously.

The random variability between observers appeared to be particu-
larly high with the Rint method (SDw between observers was 0.212
kPa-s-L!) in a comparison between sRaw, IOS and Rint (27), which
was a major reason for not changing observer during any of the
studies (1-7). However other investigators have published more im-
pressive data on inter-observer agreement such as ICC values of 0.98
(77) and inter-rater reliability of 0.15 kPa-s-L™! (76).

Early studies found Rint to overestimate resistance in comparison
to plethysmographic airway resistance (Raw) in healthy human
adults (62). Curvilinear back extrapolation of Pm to the time of
occlusion has been shown to improve Rint estimates derived from
the Pm curve and the correlation between Rint and Raw in healthy
adults (59, 96), while calculations with other algorithms gave signif-
icant overestimation. Comparisons of Rint with Raw in 20 school-
children with mild to severe chronic airway obstruction was satisfac-
tory in patients with FEV, >60% predicted (77). Data on accuracy
of Rint in young children are lacking.

Impulse oscillometry

Short term repeatability of Rrss and Xrss exhibited ICC of 0.85 and
0.79, respectively, and therefore acceptable (25). CVw% and SDw
for Rrss was 0.13 kPa-s-L~! and 10.2% and for Xrss the SDw was 0.10
kPa-s-L-!, while calculation of CVw% was irrelevant due to values
close to zero (25). Data on long term repeatability in healthy and
asthmatic children are lacking. The inter-observer variability of Xrss
was similar to the within-observer variability (27). In contrast the
variability of Rrss between observers was high. Since both values are
the result of one IOS tracing it is difficult to explain this discrepancy
in variability by observer bias alone. Data on accuracy are very lim-
ited for this method. A study compared IOS with Raw in 49 subjects
with a variety of lung disorders and found Rrss to only moderately
correlate with Raw and to markedly underestimate high resistance
values (69).

PtcO, and PtcCO,
Measurements of PtcO, & PtcCO; are highly repeatable with CV%
around 1.5% (39) to 2.3% (97) in asthmatic children.

Spirometry

CV% in school children is 5% and SD for values in percent of pre-
dicted is 10% (98).

3.2.6 Normative data

Whole-body plethysmography

sRaw is independent of height and gender (25, 99-101).

Mean sRawtot is 1.3 kPa-s (25).
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Interrupter technique

The revival of Rint for measurement of lung function in children
has unfortunately been uncoordinated as reflected by an unre-
stricted number of publications on normative data and repeatability
(25, 63, 74, 77, 78, 83, 84, 95, 102), showing that there is as yet no
simple answer to what the most correct or reliable protocol is.

We used the first published normative data in young children (25)
in our studies (1, 3, 5, 6), since securing identical Rint method and
algorithm for group and longitudinal data is the only reasonable op-
tion, as recently recommended (90). Rint shows linear significant
negative correlation with age, weight and height, but no gender dif-
ference (25, 63, 74, 77, 78, 83, 84, 95, 102) or difference between
ethnicities (102).

Mean Rint is 1.04 and 0.9 kPa:s:-L™! in children < and 25 years, re-
spectively (25).

Impulse oscillometry
Normative data for Xrss and Rrss was reported by Klug & Bisgaard
(25). This reference material exhibited significantly higher Rrs and
lower Xrs values as compared with two other pediatric reference
samples (88, 89) using the same equipment and nearly identical
measurement procedures except for the special face-mask, which
probably explains the differences (28). Rrss and Xrss has been re-
peatedly shown to exhibit significantly negative and positive, respec-
tively, correlation between age, height and weight (25, 88, 89, 103).
Mean values are, Xrss = — 0.44 kPa-s-L~! and Rrss = 1.29 kPa-s-L!
(25).

PtcO; and PtcCO,
Mean normal reference values for PtcO, and PtcCO; are 10.8 kPa
and 5.1 kPa, respectively (104).

Spirometry

We used reference values from Polgar and Promadhat (98), repre-
senting a robust dataset in good agreement with values from a re-
cent study in preschool children, specifically in the interesting tran-
sition-zone from preschool to school age (105).

3.2.7 Acceptance

More than 80% of healthy 2-7 year old children accepted all tech-
niques, however with increasing success rate by age (25). Many chil-
dren from 2 years of age can perform acceptable sRaw measure-
ments. Particularly children familiar with the use of face-masks are
successful from an early age. At the age of 2, 57% of untrained
healthy children (N=28) completed the measurement (25). At the
age of 3, 65% of untrained healthy children (N=31) completed
measurements (25). Likewise, in a large birth cohort study of 766
children 66% completed measurements at age 3 (54). The main rea-
son for failure to obtain measurements was that the child was unfa-
miliar with the face-mask (25). A short period of training can im-
prove the acceptance. The success rate of Rint also increased by in-
creasing age (25). Fifty-six per cent of 2 to 3 year-olds (n=79), 81%
of 3 to 4 year-olds (n=104) and 95% of 4 to 5 year-olds (n=88) com-
pleted baseline testing, and 53%, 71% and 91%, respectively, com-
pleted reversibility testing with Rint (76). Feasible Rint measure-
ments were obtained in 88% of 2-7 year old children (77). Success
rate was 75% in preschool children (95) The success rate of I0S in
both healthy (25, 89) and a mixed population of asthmatic and
healthy young children was >83% (88). In contrast to the sudden
occlusion of the Rint method, the sound of the loudspeaker in I0S
was continuous and monotone, almost like the sound of an old
train, and therefore more appealing to the young child. PtcO, &
PtcCO, measurements did lead to minor local skin irritation from
the electrode in 5 of 39 (13%) patients in one study (not reported)
(3).

Acceptance of spirometry was not investigated since only accept-
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able measurements were saved and only when the children were able
to perform acceptable flow-volume loops. However we appreciate
that some of the children might not have been able to meet the ATS
criteria on forced expiratory time of 26 s, a common problem in
childhood (106).

3.2.8 Safety
No safety issues were raised or any complications seen with any of
these measurements.

3.3 METHODS II: BRONCHIAL CHALLENGE

Introduction

Bronchial challenges employ either direct or indirect stimuli to as-
sess bronchial responsiveness (BR) and in particular bronchial hy-
perresponsiveness (BHR), a characteristic and major pathophysi-
ological phenomenon of asthma (32). Direct stimuli such as inhal-
ation of methacholine or histamine cause airflow limitation by
direct action on airway smooth muscles. Indirect challenges probably
induce airflow limitation by acting on inflammatory cells, epithelial
cells and nerves, which upon stimulation release mediators or neu-
rotransmitters that induce airway smooth muscle contraction (30).
The first indirect test to be developed in adults and school children
was exercise. Eucapnic voluntary hyperventilation was developed
later, as a substitution for exercise. Hypertonic aerosols of saline or
mannitol were introduced to mimic the dehydrating effects of evap-
orative water loss that occurs during hyperventilation (31).

3.3.1 Basics of the techniques

3.3.1.1 Cold Air Challenge (CACh)

The major factors that determine severity of bronchoconstriction
from eucapnic hyperventilation testing are the pulmonary venti-
lation reached and sustained during testing and the water content
and temperature of the inspired air. The stimulus by which hyper-
ventilation causes the airways to narrow is the loss of water in bring-
ing large volumes of air to body conditions in a short time. The
exact mechanism of airflow limitation is not fully understood, but
probably involves heat flux and mucosal cooling from the hyperven-
tilation (30) and/or transient hyperosmolarity with inflammatory
and neuronal cells acting indirectly or directly, respectively, on
bronchial smooth muscles (29-31). The relative importance of water
evaporation and airway cooling is debated (29-31, 107-112). Kotaru
and colleagues did cast some doubt on the premise for the osmolar-
ity hypothesis by collecting airway surface fluid of normal subjects
(113) and asthmatics (112) breathing dry, frigid air and then
showed that hyperpnea had no influence on the amount of fluid re-
covered or its osmolarity.

3.3.1.2 Dry Air Challenge (DACh)

Bronchial challenge with dry air hyperventilation does not differ
substantially from CACh in terms of basic mechanisms, although
the component of deliberate intensified cooling of the airways is
lacking, which may weaken the potency of the stimulus (108, 114).

3.3.1.3 Methacholine Challenge (MCh)

Delivering an aerosol to the airways with increasing accumulative
dose or concentrations of agonists, such as methacholine or hista-
mine cause airflow limitation via a direct effect on the effector cells
involved in the airflow limitation, such as airway smooth muscle
cells, bronchial vascular endothelial cells and mucus producing cells.
Response is measured with any suitable lung function test, whether
direct or indirect (see 4.1.2), and construction of the dose-response
curve finally allows for definition of responsiveness. Different dos-
ing protocols have been used. Each has advantages and disadvan-
tages and the ATS committee on recommendations for MCh testing
was unable to come to a single recommendation but narrowed the
choices to two: (1) the 2-min tidal breathing method and (2) the
five-breath dosimeter method (115).
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Figure 3.3.2.a. Schematic presentation of CACh system & b. DACh system. See text for explanation.

3.3.2 Equipment, face-mask and mouth-piece

Cold Air Challenge (CACh) (1)

Generation of cold air was accomplished by a Respiratory Heat
Exchange System (RHES) (E Jaeger GmbH, Wiirzburg, Germany),
Figure 3.3.2.a and Figure 3.2.2. It is a mobile unit weighing 131 kg
and dimensions: 55 X 75 x 175 cm. The RHES consists of a thermo-
statically controlled refrigerator operating in a temperature range
+25°C to —25°C, using 5 L of ordinary alcohol mixed with water as
coolant. The heat exchanger has low ventilatory resistance and the
gas coming through and leaving the heat exchanger is adjusted ac-
cording to the coolant temperature and is independent of the level
of hyperventilation in the range 10 to 100 L/min. The heat ex-
changer is connected to the refrigerator by insulated tubes. For dir-
ection of airflow the system has in- and exhalation valves. Air is fed
into a target balloon (15 or 30 L), then through a one-way valve into
the heat exchanger. Exhaled air goes through another one-way valve
back into the room. The target balloon is continuously filled with
dry atmospheric air supplied from the hospital system mixed with
5% CO; supplied from a cylinder with pressurized 100% CO; in order
to produce the eucapnic gas mixture for hyperventilation. Failure to
deliver a eucapnic gas would result in hypo- or hypercapnea with
potential risk of seizures or severe headache, respectively. The target
balloon and it’s inflation and deflation serves as an optional extra
visual control of the hyperventilation rate, while flow through the
system is measured by the use of two rotameters, one for atmos-
pheric air with a flow range from 10 to 100 L/min and another for
CO; in the range from 1 to 10 L/min. The system has a pneumatic
control system with time switch which allows preset automatic con-
trol of duration of air supply into the system.

Dry Air Challenge (DACh)

The system used for hyperventilation with dry air was built by
medico-technicians according to an old description (116) and was
much simpler than the RHES (7) Figure 3.3.2.b. A commercially
available tank with 5% CO; enriched, calibrated gas mixture (AGA
Gas, Stockholm, Sweden) delivered dry air via one flow meter and
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forward via a 15 L target balloon and a large bore tube with a length
of ~1.5 meter to the face-mask.

Hardware and software for motivation of hyperventilation

in CACh & DACh

Bronchial challenge, like lung function testing, has shortcomings in
young children. It was soon recognized that young children were
unlikely to comply with the conventional protocol for CACh in
school children simply relying on watching and keeping a constant
size of the target balloon during 4 min (117). Young children are not
motivated by this setup and also have very limited sense of time dur-
ation, which made it necessary to have a simple way to help them
track time during challenge. Biomedical engineers were therefore
engaged to develop a creative tool to overcome these obstacles (1).
Ventilation in L/min was measured at the exhalation valve (Hans
Rudolph, inc., Kansas City, USA) by a pneumotachograph (Hans
Rudolph, inc., Kansas City, USA). The analog signal from the pneu-
motachograph was converted by an analog-digital converter (Pico
Technology Limited, Cambridge, UK). A software program dis-
played the digital signal on a computer screen as the flying height of
an animated air balloon (photo on front page and Figure 3.3.2.a +
b.). An adjustable horizontal dashed line on the computer screen re-
flected the target ventilation rate. The total ventilatory volume was
shown on screen during and after ending the provocation. An ani-
mation of a sun, which crossed the screen in an adjustable number
of minutes was used to help the child track time (1). The second
generation software is as of 2005 available for free at www.copsac.dk.

Methacholine Challenge (MCh)

Isotonic methacholine chloride solution at 0.5, 1, 2, 4, 8, 16, 32, and
64 g/L delivered by the hospital pharmacy was supplied with two ex-
tra solutions of 0.162 and 0.250 g/L prepared on location. The solu-
tions were nebulized with a Wright nebulizer (Clement Clarke, Es-
sex, UK) inside a special designed aerosol-box developed by Klug
(24). Instead of a pneumotachograph for the measurement of vol-
ume, we used a gas meter.
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Mouth piece/face mask

For all challenge techniques we used the face-mask with a built-in
mouthpiece as previously described (3.2.2). The rationale was how-
ever somewhat different: the important aspects were to prevent nose
breathing by securing mouth breathing, stable access to the airways
and preventing inhalation of room air accomplished by the tight seal
from the cushions of the mask, i.e. the only source of air supply,
whether cold, dry or containing methacholine, to the child was
through the mouthpiece.

3.3.3 How to challenge and practical aspects

Cold Air Challenge (CACh)

Patient preparation at inclusion, day(s) before testing

When tests were scheduled, parents were given a list of items/medi-
cations to avoid before the test (Table 3.3.3). The table lists medica-
tions that can decrease airway responsiveness and the time period
for which each should be withheld before the test (115). Further-
more they were told to reschedule appointment if the child had had
any respiratory infection within the last 3 weeks and if any acute ex-
acerbations had occurred from exposure to an inhalant allergen
within the last week, since both are known to increase responsive-
ness. Challenge was postponed until all of listed criteria were met.
Parents were told that their child could experience some minor
symptoms, such as cough or chest tightness, but that most patients
have no symptoms until after the testing. They were also warned
that occasionally severe symptoms could occur.

Introductory maneuvers

The RHES was switched on at least 45 min before a test in order to
reach a coolant temperature of approximately —18 to —20°C neces-
sary for the RHES to be able to deliver the desired —15°C cold air as
measured 10 cm from the mouth (1). The child was evaluated for
possible contraindications and medication use was reviewed. The
dry air and 100% CO; was mixed from separate flow meters to se-
cure that total airflow was in accordance with the target rate of hy-
perventilation and contained (volume%) 95% dry air and 5% CO..
This was assured before starting the provocation, i.e. the flow meters
measuring the atmospheric air supply and the supply of 100% CO,,
respectively, were adjusted and set at the calculated flow rates. The
pneumatic control system with time switch and timer secured an in-
stantaneous delivery of the desired gas mixture at the calculated flow
and for the desired duration.

The dashed line on the balloon animation program was set to
show the target ventilation rate, i.e. to a certain level on the screen
corresponding to the hyperventilation rate, which was aimed at 1
liter/min/kg body weight. That is, if a child’s weight was 16 kg, the

Table 3.3.3. Medication, items or activity to avoid before bronchial chal-
lenge testing.

Minimum time
interval from last
“dose” to study

Short-acting B,-agonists: salbutamol, terbutaline 8h
Medium-acting bronchodilators: ipratropium 24 h
Long-acting B,-agonists: salmeterol, formoterol 48 h
Antihistamines 3d
Leukotriene receptor antagonists 5d

No restriction, if
dose was un-
changed the
last month

Inhaled corticosteroids

Oral steroids 1 month

Cola, chocolate Day of study

Exercise and passive smoking 2h
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dashed line was adjusted to the level of exactly 16 Liter/min. First of
all, this procedure was for simplification and not based on evidence.
However, the rationale for choosing this procedure was in fact rely-
ing on assumptions and approximations (1). In school children the
appropriate level of voluntary hyperventilation to induce bronchoc-
onstriction is usually calculated as 25 x FEV| per min using the pre-
challenge FEV, measurement (118), which is actually considered
near maximal voluntary ventilation (MVV) (118), whereas other
groups originally chose a level corresponding to 75% of MVV (117)
and in adults a level of 30 X baseline FEV; is chosen as standard
(119). It is well known that FEV is closely and significantly corre-
lated to age, height and weight in school children (98) and young
children (105), however with height being most important single
determinant (105). Since most young children can not perform reli-
able FEV| measurements we chose to calculate the required hyper-
ventilation rate from the body weight of the participants estimating
that 1 L/min/kg of body weight approximates 25 X FEV per minute.
In a study of hyperventilation testing in 9 asthmatic school children
the mean weight was 34 kg and the hyperventilation level causing
significant bronchoconstriction was 37 to 39 L/min during testing
(120) thus supporting our approximation. However, there are some
flaws to this assumption. Most important is the risk of overestimat-
ing MVV in an adipose child since FEV is closer related to height
than weight. A more precise method could be to calculate the pre-
dicted FEV according to height from the normal equation pre-
sented by Eigen (105) and then calculate the desired level of hyper-
ventilation as 25 X FEV . Measurement of FEV is obviously another
possibility, but only for decision on hyperventilation and not as re-
sponse measure, since we do not believe that this is a reliable meas-
urement for this purpose in young children, and no reports have
challenged this question as yet. Future research should look into
which algorithm to use in the decision of hyperventilation level in
an individual young child.

Verbal instructions

The child (and parent) was carefully instructed, typically in the fol-
lowing manner: “On the screen you see an air balloon. You are able
to take this balloon for a flight by breathing fast into the face-mask.
The balloon is to be lifted above the line and you must continue for
as long as it takes the sun to cross the screen from this [left] to this
[right] side. If the balloon is falling you must breathe faster and you
are not finished before the sun has crossed ... we [your mother or fa-
ther and the investigator] will all cheer for you and help you, if nec-
essary ... if you feel uncomfortable you can always stop ... ”

Hyperventilation, the test
The test was carried out as a single step 4-min isocapnic hyperventi-
lation test (1, 117). “Single step” to designate the all or none nature
of this test in contrast to a multiple step test such as MCh (3.3.1.c)
or a multiple step CACh test using increasing levels of hyperventil-
ation at each step — and stepping up until a predetermined change in
lung function is reached. The single step test seemed to be the most
simple and least time consuming test and was previously shown to
be of similar value to multiple steps tests in disclosing BHR in the
same individuals (121, 122) That a CACh of “4 min” duration was
sufficient was demonstrated in school children by Zach and Polgar
(123) suggesting a dose-response interrelationship with a reaction
plateau the last 3 min of a 10 min CACh, but with no statistically
significantly difference in BHR between a 4- and a 10 min CACh test
performed 10 days apart (123). However, studies in adults have
questioned this observation suggesting that increasing the duration
of hyperventilation delays the onset of bronchoconstriction but
causes greater bronchoconstriction once the hyperventilation is
stopped (124). However, for simplification we chose to be content
with the 4-min test.

The young child was carefully instructed according to the above-
mentioned. The target balloon was filled up before the child started
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to hyperventilate in the face-mask. The balloon (on screen) was very
sensitive and reached target level within a couple of seconds, but was
also loosing height promptly if the child was noncompliant. The in-
vestigator was constantly cheering and also secured head and face-
mask position to prevent air leakage by a slightly firm grip in the
back of the child’s head with one hand and the facemask with the
other. During the challenge the child was asked to constantly focus
on the balloon and to secure that it stayed above the line indicating
the hyperventilation level. Any sign of discomfort of the child led to
canceling of the challenge.

Timing of lung function measurements post-challenge

Lung function measurements at baseline were done in duplicates.
The bronchial response to hyperventilation tests is steep and short,
often completely cleared within 12 minutes after provocation (125)
in contrast to exercise induced bronchoconstriction (126). The re-
sponse measurements were performed in the time interval from 3 to
5 min after end of the CACh, since this period was found to be the
optimal response window in school children (118, 123), and con-
firmed in a pilot study in 14 asthmatic school children (unpub-
lished). Post-challenge sRaw was measured in duplicate beginning 3
min after end of challenge and the child entered the box 45 s before
measurement. Rint and 10S, in the mentioned order, was only done
in singlet due to the time consumption of each of these tests. All
lung function measurements were done by the investigator for rea-
sons emphasized previously (27).

Dry Air Challenge (DACh)
Patient preparation at inclusion, day(s) before testing
Not different from CACh.

Introductory maneuvers

The system was ready for use whenever needed and the child was
evaluated as described for CACh. This test did not change concerns.
The flow of prefabricated calibrated gas was adjusted on a single
flow meter in accordance with the target rate of hyperventilation.
This was assured before starting the provocation, but in this setup
we had no pneumatic control system with time switch and timer.
The balloon animation program was set as explained for CACh i.e.
the target ventilation rate was aimed at 1 liter/min/kg body weight.
The dry air system also employed a target balloon as extra guidance
of ventilation rate. The instructions to the child were identical to
CACh.

Hyperventilation, the test

The test was adopted and in accordance with recommendations
from Argyros and colleagues (119), but with a minor modification
of target flow. Thus, our protocol (7) was an uninterrupted single
step 6-min eucapnic hyperventilation challenge with dry, room tem-
perature gas with a target minute ventilation of 25 X FEVj, cor-
responding to 1 L/min/kg of body weight, similar to the ventilation
rate we employed in CACh (1), the modification being the approxi-
mation to a ventilation rate of 25 X FEV instead of 30 x FEV,. Thus,
compared to the CACh test, there were two changes, the duration of
hyperventilation and the temperature. The longer duration of hy-
perventilation was accepted to offer full credit to the test in a com-
parison with CACh. Indeed we expected DACh to be at least equal to
CACh and if more potent the test would seem even more attractive
for testing in young children. In adult asthmatics, DACh had dem-
onstrated higher sensitivity than CACh at 100% specificity in one
study (127) while other studies had found CACh to be slightly
superior to DACh (108, 128, 129).

Timing of lung function measurements post-challenge

We employed exactly the same time schedule for response measure-
ment as with CACh, however only sRaw was measured in this par-
ticular study comparing the two tests. We do appreciate that this
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time schedule may have wrongly put the DACh test in disadvantage
since the longer duration of challenge may have postponed the post-
challenge peak increase in resistance according to a study suggesting
that increasing the duration of hyperventilation delays onset al-
though causing greater bronchoconstriction (124). However, we did
not observe signs of this (7).

Methacholine Challenge (MCh)
Patient preparation at inclusion, day(s) before testing
Not different from CACh.

Introductory maneuvers

The system was ready for use when the PtcO, monitor had reach
steady state (~20 min). The child was evaluated as described for
CACH. This test did not change concerns.

Challenge procedure

The MCh test was done as a multi-step challenge with a dosimetric
method. Methacholine was inhaled by tidal breathing from the aero-
sol box through the special face-mask with built-in mouthpiece. At
each step of the challenge the subject inhaled 200 mL of the aerosol
per kg of body weight. Doubling concentrations of methacholine,
from 0.0625 to a maximum of 64 mg/mL, were used. Increasing
doses were inhaled until sRaw increased by 50%, the maximum
methacholine dose of 64 mg/ml was reached, clinical airway ob-
struction was apparent, the subject complained of discomfort, or
PtcO,, which was monitored continuously during provocation, ex-
hibited a decrease of 23 kPa (21, 22, 24).

Timing of lung function and PtcO, measurements

Duplicate measurements of Rint, IOS, and sRaw were made at base-
line. PtcO, was measured continuously until end of session. Dupli-
cate measurements of Rint were made 2 min after each step until
Rint increased 210% from baseline. At that point sRaw, Rrss, or Xrss
were measured in the mentioned sequence. The response to a chal-
lenge was measured from 3 to 5 min after the end of the challenge.
PtcO; was read as mentioned earlier (3.2.4).

3.3.4 Quality control of challenges
Before challenges parents were once again asked about the child’s
condition and actual medication according to (3.3.3). Any deviation
from the protocol or symptoms indicating that the child was not
well resulted in postponing the test until all criteria were met.

No CACh was started unless RHES temperature was at least —18°C.

CACh and DACh of shorter duration than 4 min and 6 min, re-
spectively, were not accepted. A challenge was always accepted if hy-
perventilation (level of balloon) was above the desired level during
all 4 and 6 minutes. If the level was fluctuating around, but predom-
inantly above the level, the challenge was also considered sufficient.
If the level fluctuated, but predominantly was below the desired level
although close and the child completed all 4 minutes, the test was
accepted at the discretion of the investigator. A test was however not
accepted if the level was predominantly below the desired level dur-
ing the first 1 to 2 min, which always caused canceling of the test.
The new version of the software (3.3.2) has optional facilities for im-
provement of quality control of the challenge test. A MCh step was
only considered successful if the desired volume of aerosol was in-
haled, i.e. a child weighing 15 kg should be able to inhale at least 3 L
at each step. Quality control is an issue not addressed in reviews of
or guidelines for bronchial challenge procedures (29, 30, 115).

3.3.5 Repeatability

CACh and DACh

Short term repeatability within minutes is not applicable to chal-
lenge procedures due to refractoriness as demonstrated in the com-
parison of CACh and DACh (7). However, despite possible refrac-
toriness after CACh (7), a cautious comparison between DACh and
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CACh performed with an interval of approximately 1 hour in 40
young children showed a significant, but weak correlation (r?=0.34,
p<0.0001) between responsiveness to the 2 challenges. A Bland-Alt-
man plot of difference between CACh and DACh in sRaw response
calculated as numbers of SDw-units versus the mean change in
SDw-units after CACh and DACAH, respectively, gave a mean differ-
ence of 1.8 SDw or 9% in favor of CACh and limits of agreement of
-8 SDw and 12 SDw.

Long term repeatability was investigated twice with an interval of
8 weeks in 13 asthmatic children with BHR to CACh (positive), de-
fined as a response of >3SDw as measured by sRaw. The second
CACh test was positive in 11/13 (85%), the correlation coefficient
(95% CI) was 96% (87-99%) (p<0.0001) (1). Rint and IOS exhib-
ited poor repeatability. Likewise ICC between screening visit and in-
clusion (2 months) was 0.66 and between inclusion and final visit (8
weeks ICS, DBPC trial) 0.83 in the placebo group (3). Again, CACh
as measured with Rint and I0S showed very poor repeatability. We
did not perform studies on repeatability between observers.

MCh

Dosimetry was used since this was recommended to reduce the vari-
ability of the dose of the drug to the lungs (24). Data on repeatabil-
ity of Mch employing multiple comparisons of sRaw, IOS, Rint and
PtcO; as assessments of BR showed dependency on the lung func-
tion technique (24). The day-to-day repeatability studied in 8 to 16
young children (different success in obtaining PD%) showed that
the reactivity on average could be repeated within one doubling
dose (dd) for Xrss (0.75 dd), PtcO, (0.49 to 0.59 dd), and sRaw (0.72
dd), the latter comparable to that reported in school children and
adults (24), whereas Rint (1.19 dd) and Rrss (1.64 dd) showed poor
repeatability. Evaluating the repeatability of PD% using SDw came
out with exactly the same ranking of estimates (24) The ICC was
higher than 0.6 for all of the estimates, except for PD30%Rrss.
Repeatability was not related to the magnitude of BR. Another
study using sRaw showed good correlation (r= 0.97) between BR
(PC100%HIS) measured on 2 consecutive days in 13 preschool chil-
dren (130). The reproducibility of sRaw, PD100, and BR, using car-
bachol challenges twice within 7 days in 20 healthy and 20 hyperre-
sponsive 3 to 6 year-old children showed a coefficient of repeatabil-
ity for PD100sRaw of 3.9 pg (42). A study using FOT as response
found satisfactory 24 hour interval within-subject reproducibility of
threshold dose and provocative dose to histamine in asthmatic chil-
dren 3.9 to 8.5 years) (34). A study of Mch repeatability in 10 five
year old asthmatic children compared 4 different Rint estimates, Rrs
by FOT and PtcO, (40). PtcO, had the lowest variability. MCh
measured with PtcO; in eight 2 to 5 year old children on separate
days during sleep showed good correlation (r = 0.94) (35). In a pop-
ulation based follow-up study of natural history of wheeze and BR
using MCh and PtcO, an ICC of 0.74 was found in a subgroup of 30
preschool children, measured twice 9 months (1-20 mo) apart
(131).

3.3.6 Normative data

We were first and hitherto the only group to report on responsive-
ness to CACh in 2 to 5 year old healthy and asthmatic children (1).
We studied CACh responsiveness by whole-body plethysmography,
interrupter technique and IOS. Results are given in Table 4.1.2.a. In
contrast to CACh, DACh has not been applied in healthy young chil-
dren for comparison with asthmatics, but our results (7) suggest
that DACh may discriminate between health and disease with an
equal sensitivity, however this has to be properly addressed in a fu-
ture study. A 60% increase in sRaw was suggested as the upper nor-
mal level of responsiveness to a DACh in non-asthmatics in a study
employing sRaw measurements as response (47). However, such a
large normal increase is probably an overestimation, since it corre-
sponds to an increase of approximately 6 to 7 SDw in our setup and
thus far beyond our cut-off at 3 SDw. The literature does not pro-
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vide any normative data on MCh responsiveness in healthy young
children.

3.3.7 Acceptance

The general experience from all challenge studies was that if a child
was able to perform the different lung function tests the child was
also likely to perform satisfactory challenge procedures (1-4, 6, 7) In
study I (1) CACh was attempted in 71 children and completed in 67
(94%), 29 healthy and 38 asthmatic young children. Four 2 year old
children in the group of healthy children were not able to hyperven-
tilate cold air at the desired level, although they did perform satis-
factory lung function tests. All asthmatic children completed the test
(1). In the study comparing DACh with CACh (7) we did not ob-
serve any difference in acceptability despite 50% longer duration of
provocation, appreciating that all participants were well acquainted
with the procedures. However, it is likely that acceptability of DACh
will drop considerably in very young children due to a longer dur-
ation of challenge, once again favoring CACh, unless a 4 min single
step DACh is proven equally sensitive. A recent publication from a
large cohort study (47) reported acceptance of DACh in 526/690
(76%) five year old children using the original protocol for CACh in
school children (117). This is a surprisingly low success rate consid-
ering that the children were all five years old and the challenge dur-
ation was only 4 minutes, emphasizing the need for the “balloon-
software” that we have developed.

MCh in particular was generally well accepted and tolerated,
whereas problems arose related to acceptability of the endurance
that was expected from the young child during the often more than
1 hour sessions when performing all the different tests (22) and par-
ticularly the local skin irritation from PtcO;-electrode gave minor
problems in 5 of 39 (13%) patients in one study as previously men-
tioned. Interestingly, MCh was successfully completed in only 35 of
50 (70%) three year-old children (36).

3.3.8 Safety

We did not encounter one single serious complication in more than
600 CACh and 80 DACh procedures in young children. In those
children disclosing a positive and clinical reaction, the duration was
brief and transient and only a couple of children needed rescue
medication. Studies in school children and reports from depart-
ments performing CACh as part of daily routine also reported no
serious complications among 2,000 children though approximately
80% of the tests were done in patients with an established diagnosis
of asthma. (121, 122) Furthermore CACh does not result in late
phase asthmatic reactions (132). MCh using PtcO is considered safe
in young children (41). Despite these reassuring data on safety we
always follow basic safety rules for bronchial challenge procedures:
1) Two experienced people in attendance, one is a pediatrician.
2) Ventilation is measured since this is the stimulus. 3) Bronchodila-
tor plus oxygen and a pulse oximeter at hand. 4) Medical help/resus-
citation available within 2 minutes 5) Cessation of test if the child
appears distressed or breathing is labored.

Preceding all the studies (1-4, 6, 7) in young children, we did a
pilot study in 8 children, mean age 4.5 years and mean weight 18.3 kg,
in which PtcCO; was monitored during a CACh (1). The mean
values of PtcCO; were calculated from four readings at one minute
intervals of the hard-copy curves printed during measurements, be-
fore and during CACh, respectively. Mean baseline PtcCO; was 4.8
kPa and mean PtcCO; during CACh test was 5.1 kPa, i.e. a mean
(range) increase in PtcCO; of no more than 0.3 (0-0.5) kPa. PtcCO;
did not decrease in any of the children. Our method of hyperventi-
lation of air mixed with 5% CO; in this age group was therefore
considered safe and no further monitoring of blood gases was found
necessary.

3.4 STATISTICS
Central tendency was expressed by the mean and 95% confidence
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interval (CI) of the mean and the boundaries of values in groups
were described by SD, range or confidence limits, when data were
normally distributed. Otherwise median and range or percentiles
were given.

The SDw was calculated as the SD of differences between paired
baseline measurements from all participants divided by V2. SDw
may be used as a descriptor of repeatability, but was primarily used
in calculations of the sensitivity index (see below) (1, 3, 5-7).

“Sensitivity” may be defined in two slightly different ways:

1. Sensitivity to detect changes in e.g. lung function: here sensitivity
refers to the power of a certain measurement method to exhibit a
change in this measure. The sensitivity of a test cannot be assessed
without the knowledge of its repeatability expressed e.g. as the SDw.
A change in a measurement value of more than 2 SDw is thus con-
sidered a true change to e.g. a stimulus because it is outside the
range of values likely to occur just by repeating the test at baseline.
The sensitivity of a test to detect e.g. a change due to CACh can then
be described by the sensitivity index calculated from the formula:

Sensitivity index = (post CACh value — baseline value)/SDw,

giving the change as number of SDw’s , sometimes referred to as
SDw-units. The sensitivity index allows for direct comparison be-
tween different methods because this value is independent of the
measurement scale and accounts for differences in reproducibility
or repeatability (1, 5, 7, 96).

In study I (1) the sensitivity of each of the lung function tests to
detect changes after CACh could be ranked by their mean changes
calculated as number of SDw-units: sRaw (9 SDw-units) > Rint (2.5
SDw-units) > Xrss (1.8 SDw-units) > Rrss (1.4 SDw-units), Table
4.1.2.a.

2. Sensitivity to detect disease: Here, the sensitivity is the probability
that a test result will be positive when the disease is present (also de-
scribed as the true positive rate). In order to be able to determine
this value of sensitivity it is necessary to know how the different
methods respond when testing is performed in healthy children. Us-
ing a simple 2 x 2 table for a given cut-off value, for all tests, makes it
possible to calculate comparable sensitivity, specificity and predic-
tive values. However, a further refinement employs the Receiver Op-
erating Characteristic (ROC) curve (a graph that plots the true pos-
itive rate in function of the false positive rate, 1 — specificity, at dif-
ferent cut-off points) analysis by which it is possible to identify the
optimal cut-off point that discriminates most efficiently between
the absence or presence of disease (5).

Z-score identifies the distance of an original (raw) score from the
mean. The distance is measured in SDb units, e.g., a z-score of 1.0
indicates that the raw score was one standard deviation greater than
the mean predicted value. Z-scores are corrected for influential de-
mographic factors and therefore specifically useful for longitudinal
studies (6).

Two-tailed paired or unpaired t-test was used to assess differences
in values within and between groups, when data were normally dis-
tributed (1, 2, 4, 5). Two-tailed paired and unpaired Wilcoxon-test
was used for non-parametric data (7).

Linear regression analysis was used to predict one variable from
another (5).

Fisher’s exact test measures the likelihood that the proportion in
two independent groups could have happened by chance if the two
groups were sampled from the same population (3).

Repeatability was evaluated according to Bland and Altman (133),
(1, 3, 6,7) by Pearson’s linear correlation (1, 3, 6) and by calculations
of the Intraclass Correlation Coefficients (ICC). ICC is the percentage
of the total variation that is accounted for by the between-patient
SD (SDb): ICC = 100-SDb? / (SDb? + SDw?), since total variation
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also includes the variation within patients (SDw). If ICC is >0.6 a
test may be considered clinically useful (3, 7).

An analysis of variance (ANOVA) model was applied for compari-
sons of treatments using baseline values as covariates. Also a multi-
variate analysis of variance (MANOVA) model was applied (3).

Linear Mixed Effects Models (LINMEM) are used in the evaluation
of longitudinal data exhibiting heteroscedasticity (unequal vari-
ances) and dependence, which call for structured covariance models
(6).

Wilk’s likelihood ratio test on 1 degree of freedom was used to test
the global treatment effect (3).

Spearman correlation, rho, was used to test for change in z-score
during the study (first and last measured value for each patient) for
each method (6). A perfect fit, rho equal to 1, indicates that the pa-
tients come in the same order at the first and last visits in the study.
However, this does not indicate whether patient’s values are un-
changed or not. To test for this, Wilcoxon test was performed (se
above) (6).

A p value less than 5% was considered statistically significant (1-7).

4. AREAS FOR CLINICAL APPLICATION

4.1 ASTHMA

4.1.1 Discrimination between health and disease

Whole-body plethysmography

Mean percent predicted sRaw was statistically significantly increased
in selected groups of 2-6 year old asthmatics compared to healthy
controls (1-5, 7). In Figure 4.1.1 the pooled data from study I (1) &
V (5) are shown.

Mean predicted sRaw had been previously found increased in a
random group of asthmatic young children (26) and 5 to 8 year old
children (53), in which it was suggested that sRaw may be as effi-
cient as Raw and TGV in distinguishing between asthmatics and
healthy. In fact sRaw measurements discriminated more accurately
between healthy and asthmatics than Raw measurements (53). In a
4-year prospective study in 129 children with 23 wheezing episodes
before age 2, persistent wheezers were found to have statistically sig-
nificantly higher sRaw after 4 years than those who became asymp-
tomatic (134). sRaw was satisfactory measured with a setup identi-
cal to ours in 503/803 (63%) 3 year old children in a large prospec-
tive cohort study (54). sRaw was significantly higher in those who
wheezed at least once during the first 3 years of life than in those
who had never wheezed. Within the latter group there were signifi-
cantly differences in sRaw between different risk groups. sRaw was
also significantly related to atopic status and within the non-atopic
group sRaw related significantly to risk group (54). 186 (40.9%) of
the parents reported their child wheezing in the first three years of
life, and this was confirmed in 130 (28.6%) exhibiting significantly
higher sRaw than those with unconfirmed wheeze or no history of
wheeze (55). In contrast sRaw using approximately identical setup
to ours did not discriminate between 44 children with clinical
asthma, 44 children with chronic cough, 38 children with wheezy
bronchitis in the first 2 years of life and 40 controls (42). All groups
showed mean values within the reference range, a reference material
from another laboratory. This may point to an extremely important
influence from selection bias among healthy and asthmatics and
from choice of reference material. In fact, it may be argued that our
studies were biased by selection of supernormal children (no previ-
ous pulmonary disease and no passive smoking) and hospital de-
pendent asthmatics. Furthermore Badier et al (42) used standard
face-mask in some children and mouth piece in others making in-
terpretation of their results even more difficult.

Interrupter technique

Rint was significantly increased compared to healthy controls in a
random group (48 of 109 patients had abnormal values) (26) and in
selected groups of 2 to 6 year old asthmatics (1, 3, 5). Data from
study I and V are shown in Figure 4.1.1. Both expiratory and inspir-
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Figure 4.1.1. Baseline sRaw, Rint, Xrss, and Rrss in relation to height. Absolute values in healthy and asthmatic children (data pooled from study | and
V). The middle line in each graph represents the predicted mean value, and the parallel upper and lower lines represent the upper and lower 95% pre-
dicted levels. Asthmatic subjects open squares; healthy subjects closed triangles.

atory Rint were found to be clinically useful to assess airway ob-
struction in children with asthma or CF as young as 3 years of age
and correlated positively with Raw, FEV, and FEF;s.75 (81). How-
ever, only 12 children were <6 year and no real age-matched normal
material was presented. Expiratory Rint was significantly higher in
3-18 year old asthmatics compared to an age-matched healthy con-
trol group, however, this observation was hampered by a signifi-
cantly higher mean age of the latter group (74). Median baseline
Rint in preschool children was significantly higher in wheezers than
in either coughers or control subjects and coughers did not differ
significantly from control subjects (63). Rint showed a significant
correlation with spirometry in 42 asthmatics and 125 healthy con-
trols of 0.8 to 16.8 years, but baseline values did not discriminate
healthy from asthmatic children (95). A multicenter study com-
pared expiratory Rint in 74 preschool asthmatic children and 84
healthy control subjects (65). Resistance was significantly higher in
asthmatics than controls and even more marked in children with
symptoms on exertion (65). Children with persistent wheeze had
significantly higher Rint than children who never wheezed accord-
ing to a cohort study (135). Preschool children exhibited signifi-
cantly increased Rint if the parents currently smoked 23 cigarettes a
day in the presence of their child (136). This study was lacking data
on parents smoking habits during and after pregnancy, which will
be provided in the COPSAC study (43). Furthermore these results
points to the importance of passive smoking when choosing refer-
ence material, indeed our control subjects were not allowed to have
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passive smoking at home, rendering our control subjects supernor-
mal for this marker (1, 25).

Impulse Oscillometry

In selected groups of 2 to 6 year old asthmatics the group mean values
were statistically significantly outside normal range, however only
very few individuals were outside normal reference interval as
shown in Figure 4.1.1, (1, 5) and in one study mean values were not
statistically different between asthmatics and healthy controls (3).
The mean values of Xrss and Rrss were outside normal range in a
random group of asthmatic children (26), however, as seen in our
studies, only a minority had abnormal values and it is uncertain if
the group as such was statistically significantly different from
healthy in these parameters.

FOT demonstrated values outside the normal range in 16 of 17
highly selected children with different obstructive airway diseases
and abnormal FEV,. Reactance was somewhat less discriminative
than Rrs at all frequencies (137). In 281 preschool children baseline
values of IOS were not significantly different between healthy and
stable asthmatics (88). IOS in 73 4-year-old children using our setup
showed no significant differences in resistance or reactance at 5 or
10 Hz or resonant frequency between the 28 children with or the 45
without asthma (72). IOS, both Rrss and Xrss, discriminated signifi-
cantly between 62 healthy preschool children and 50 children with
probable or treated asthma (138). 46 children with chronic cough
did not differ from healthy in lung function. NO seemed superior to
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baseline IOS and BDR as measured with IOS in discriminative ca-
pacity (138).
In conclusion, these studies report overwhelming evidence that

Flow (I/s)

3 Mouth pressue (kPa)

-2

-3 Volume shift (ml)

Figure 4.1.2.a. An example of test results from a CACh. Two specific re-
sistance loops at baseline as measured with whole-body plethysmography
are seen at the left (each loop is a representative of 5 loops) and likewise
two loops from measurements after CACh are seen at the right. Notice
parallel parameter lines in each set of measures as evidence of good re-
peatability. In this example the sRaw was increased by 300% as reflected
by narrowing of the closed angle B between the x-axis and the parameter
line (see formula in 3.2.3).

SDw-units, sRaw

IOS has very poor discriminative power at baseline as compared to
sRaw and Rint.

4.1.2 Bronchial challenge and responsiveness

Cold Air Challenge in Young Children

Because exposure to cold, dry air relates more closely to the patho-
physiology of asthma than does pharmacological provocation, we
established a method of CACh and assessed the feasibility in young
children. We were the first and hitherto the only group to report re-
sponsiveness to CACh in 2 to 5 year old children (1). We studied
CACH responsiveness in asthmatics and healthy young children (1)
and were therefore able to judge the discriminative capacity of
CACh. Since each of the lung function measures, whole-body
plethysmography, interrupter technique and impulse oscillometry
were applied, we were also able to judge the discriminative capacity
of each test.

The challenge was readily performed in 38 asthmatic and 29
healthy children aged 2 to 5 years. CACh was feasible and showed
good acceptability and did not raise any concerns about safety. A
representative example of a result of CACh in an individual young
child with asthma as measured with whole-body plethysmography
is shown in Figure 4.1.2.a.

Results presented as change in lung function calculated as SDw-
units are shown in Figure 4.1.2.b and given in Table 4.1.2.a.

We appreciate that responsiveness measured with sRaw was not
normally distributed and therefore also provide the data on medians
(not published). The differences in responsiveness between healthy
controls and asthmatics were highly statistically significant, however
with some overlap as expected from reports on CACh (117, 118,
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Figure 4.1.2.b. CACh induced changes in lung function measurements (sRaw, Rint, Xrss, and Rrss) given as number of SDw-units for asthmatics and
healthy young children. Means are indicated by horizontal lines. Dotted line indicates the 3 SDw change limit.

58

DANISH MEDICAL BULLETIN VOL. 53 NO. 1/FEBRUARY 2006



Table 4.1.2.a. Changes in lung func- Lung Healthy Asthmatics

tion after cold air challenge in healthy function

and asthmatic young children: number test Mean median range Mean median range

of SDw-units [mean (95%C), median SRaW ......... 06(-0.213) 0.1(-051.0) -2.1-80 9.0(59;12.1) 54(3.0;8.1)  -0.9-32.1

(95%Cl) and range]. RINt oo 05(-0.1;1.0)  0.2(-0.3;1.4) -2.2-40 25(1.535  2.0(0.9,27) -22-13.0
RISs oo 0.1(-0.50.6) 0.1(-07;08) -3534 14(06;22)  14(03;19) -2.4-87
NG 03(-0.2;0.8) 03(-0.2:06) -3.0-39 18(0.6;2.9)  0.6(0.0; 1.4) —1.5-14.0

Table 4.1.2.b. Sensitivity, specificity, and predictive values of each lung
function test using change >3 SDw-units after CACh as definition of
bronchial hyperresponsiveness.

Predictive Predictive
Lung value of value of
function Sensitivity Specificity positive test negative test
test (%) (%) (%) (%)
sRaw 68 93 93 69
Rint 32 97 92 52
Xrss 24 100 100 50
Rrss 19 97 88 47

125) and MCh (139) in school children. In fact one healthy child ex-
hibited BHR of 8 SDw which was the reason for the relatively wide
range of responses in healthy as measured with sRaw.

BHR, defined as an increase in resistance measure of more than 3
SDw was considered relevant and permitted for comparison of dif-
ferent lung function techniques. This occurred in 68% of the asth-
matic children and 7% of the controls when measured by sRaw. Hy-
perresponsiveness was detected in 32% of the asthmatic children by
Rint, in 24% by measurement of Xrss, and in 19% by measuring
Rrss attesting to the superiority of sRaw for detection of BHR in
asthmatics (1). Table 4.1.2.b gives relevant figures for the discrimi-
native capacity of each test. Although all tests demonstrated high
specificities, only sRaw exhibited reasonable capacity to function as
a diagnostic test in combination with CACh.

Three SDw-units corresponds to a cut-off at ~20% increase in
sRaw. However, a more correct method would be to employ calcula-
tion of ROC-curves as performed in the study of BDR (5).

Dry Air Challenge in young children

Having demonstrated the usefulness of CACh we were interested in
developing an even simpler hyperventilation technique. Not only is
the RHES equipment for CACh approximately 10 times more ex-
pensive than the equipment for DACh in initial costs and service ex-
penditures, it also takes a lot of space and more time for preparation
before testing can begin. Modern RHES equipment is however both
much smaller and faster (ready in 15 min). The dry-air is simply ob-
tained from a commercially available tank containing compressed

air ready for eucapnic hyperventilation. Such simplified set-up
could ease the dissemination of indirect challenge test for BHR in
young children. For these reasons we compared responsiveness in 40
2- to 5-year-old asthmatics between two standardized, single step
protocols: DACh performed as 6-min eucapnic hyperventilation
with dry room temperature air, and CACh as 4-min hyperventi-
lation (3.3.1.1 & 3.3.1.2) Response was measured as sRaw and ex-
pressed as change from baseline in SDw-units. Challenge sequence
was randomly assigned. A comparator challenge was performed =1
hour later if the first challenge gave a change of 23 SDw-units (7).

Responsiveness to CACh versus DACh showed significant, but
weak correlation (r’=0.34, p<0.0001), though responsiveness to
CACh exceeded DACh (7.6 vs. 5.4 SDw-units, p<0.02). CACh
seemed to induce reduction in response to the following DACh
(p<0.01), while no such reduction was seen after DACh. Despite
this statistically significantly difference in the mean responsiveness
and the suggested refractoriness after CACh, 85% of the patients
were positive with both tests as demonstrated by an increase in sRaw
of 23 SDw-units corresponding to ~20% or more (7).

Recently we were encouraged by the publication from Lowe and
colleagues reporting a large cohort study successfully using DACh
and sRaw in 526 five year old children (47).

Asthma and bronchial responsiveness

The chronically inflamed airways in asthma become obstructed and
airflow limited by bronchoconstriction, mucus plugging and in-
creased inflammation when the airways are exposed to various trig-
gers and results in wheezing, breathlessness and coughing. These
naturally occurring disease events of asthma may be imitated in the
laboratory by various methodologies. Basically these methods rest
on the stimulus-response concept of asthma, by which different
triggers (stimuli) are applied to the airways, and the response, par-
ticularly the bronchoconstriction, is measured.

Definitions

Bronchial responsiveness (BR) is merely expressing the measured
change to a stimulus in any given measurement related to the air-
ways in the asthmatic patient. In contrast bronchial hyperrespon-
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Figure 4.1.2.c. Left: Responsiveness given as SDw-units to CACh and DACh with ~1 hour interval in young children. Right: Same data but broken into
subsets according to order of challenge modality, CACh to DACh or DACh to CACh. Notice significant reduction in responsiveness from CACh to DACh.

*) p<0.05.
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siveness (BHR) is by definition an abnormal change in this measure-
ment exceeding what is seen in healthy subjects. In fact, BHR is a
characteristic and major pathophysiological phenomenon of asthma
(32), defined as an abnormal increase in airflow limitation following
exposure to a non-allergenic stimulus (29-31). The abnormal in-
crease is for clinical and practical purposes often defined by a cut-off
level beyond which a certain response is deemed abnormal. This
cut-off is conventionally equal to or higher than 2SDw of the
method but should preferably be determined from statistical calcu-
lations involving ROC curve analyzes (3.4).

The notion that a patient exhibits symptoms of BHR is often used
by the clinician to describe the history taken from the patient, but
does not necessarily reflect that the patient will exhibit any BHR as
defined above, when challenged in the laboratory. Unfortunately
these two interpretations of BHR are used interchangeably leading
to some confusion.

The different types of stimuli, direct and indirect have been previ-
ously defined and described (3.3). Methods for assessment of air-
flow limitation may also be divided into direct e.g. various lung
function tests and indirect tests exemplified by auscultation and
measurement of PtcO,.

Do young children exhibit clinical signs of BHR?

Just like anyone else with asthma, young asthmatic children often
exhibit symptoms which are thought to be typical signs of BHR.
BHR should be considered in all young children with suspected or
established asthma and all young children with a history of cough,
shortness of breath or wheezing associated with playing, exercising,
shouting or crying. Parents should be questioned about symptoms
following exertion. It is important to establish that children who
avoid vigorous activity are not so constrained by disagreeable ex-
periences deriving from asthmatic symptoms arising during playing
and exertion. Such symptoms however often render pediatricians to
feel comfortable with the diagnosis (140). The clinician is however
always left with an agonizing doubt to the question: is it really
asthma and was differential diagnoses ruled out? Objective meas-
ures of lung function and documentation of BHR may help to
achieve a more certain diagnosis and to design a more suitable treat-
ment for the individual child. The fact that young children with
asthma exhibit BHR as part of their disease has been documented in
a limited number of studies as referenced below and specifically
studies comparing with BR in healthy are lacking. Young children
with asthmatic symptoms seem to represent a very heterogeneous
group of patients and are therefore much more difficult to encom-
pass into the universal definition of asthma as a chronic inflamma-
tory airway disease exhibiting BHR as part of the picture. The
asthma diagnosis is foremost completely based on history-taking
and second hand clinical observations and most decisions on diag-
nosis and treatment are therefore heavily dependent on observa-
tions by the parents. Furthermore, according to GINA guidelines
(32), decisions on treatment strategy with ICS are entirely based on
symptoms and diagnostic clinical algorithms. Therefore we are ob-
viously in great need of a simple, clinically useful, objective method
to help demonstrate probable or improbable existence of airway in-
flammation in a young child with asthmatic symptoms. Such infor-
mation has been achieved from bronchial challenges in school chil-
dren and adults for many years rendering correct diagnosis much
safer, whereas testing for diagnostic purposes has been nonexistent
in young children.

A simple test to separate patients with BHR from normo-respon-
sive patients is therefore needed. Not only will demonstration of
BHR strengthen the asthma diagnosis, which is important for clin-
ical practice, but regular (e.g. yearly) assessment of BR will also pro-
vide means to adjust and optimize treatment, since it is known from
studies in adults that BHR is related to asthma severity and airway
inflammation (141). It has been reported that a treatment protocol
aimed at improving BHR to methacholine, as well as symptoms and
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lung function, led to better asthma control, fewer exacerbations and
reduced chronic airway inflammation in adults (142). The measure-
ment of BR will also provide the mean for more specific clinical tri-
als of asthma treatment in young children.

Why not solely rely on history and physical examination?

History and physical examination do not detect BHR with sufficient
accuracy as shown in school children and adolescents (143). A
screening history suggested exercise induced asthma (EIA) in 39.5%
of children, but only 12.9% actually had documented EIA. More-
over, EIA was diagnosed in 7.8% of the subjects with negative ques-
tionnaires and physical examinations, while a similar proportion
with no previous diagnosis of EIA, asthma, or allergic rhinitis had
EIA diagnosed by exercise challenge (143). There are for obvious
reasons no data to support such observations in young children at
present.

Why assess bronchial responsiveness?

Demonstration of BHR is useful in diagnosis and characterization
of children with respiratory disease and nearly all children with
asthma exhibit some degree of BHR, which like the asthma itself,
fluctuates over time and is more pronounced during symptomatic
episodes (32). Furthermore, the severity of BHR as determined from
direct tests seems to predict the response to ICS in adults (144),
though this is less convincing in school children (145). However,
such predictions may be more pronounced with indirect tests since
they seem to have a high sensitivity for identifying asthmatic pa-
tients who have the potential to respond to anti-inflammatory treat-
ment (31).

BHR as predictor of asthma or ongoing asthma
Because of evidence that abnormalities early in life are important in
causing childhood asthma, Palmer and colleagues (12) determined
whether BHR at one month predicts asthma at age 6. BHR to hista-
mine at one month was associated with decreases in FEV, and FVC
and with increases in physician-diagnosed asthma and lower re-
spiratory tract symptoms at age 6. They concluded that BHR at one
month predicts abnormal lung function and the emergence of
asthma by 6 years of age. In another study the role of BHR as a de-
terminant of persistence of wheezing from infancy to school age was
assessed (134). In a follow-up study, 129 infants with 23 episodes of
wheezing before age 2 were followed during 4 years with a clinical
evaluation and a MCh using PtcO, as response performed every 6
month until age 4 and once per year thereafter. The clinical score
improved in most children over time. Persistent wheezing was
present in 31% of children after 2 years and in 20% of children after
4 years of follow-up. Children with persistent wheezing had a lower
V’maxFRC at initial evaluation and a higher sRaw at the final fol-
low-up visit as compared with asymptomatic children. BHR, as re-
flected by PD15%PtcO,, was greater in children with persistent
wheezing as compared to asymptomatic children. The difference
was apparent as early as 30 months, but a threshold value that reli-
ably predicted subsequent progression could not be identified. The
authors concluded that wheezing infants who develop asthma over a
4-year period have increased BR, although it was not possible to
identify the threshold value that predicted future progression.
Studies using sRaw and CACh from age 2 years may provide the
same kind of prospective data for prediction of ongoing asthma.
Such important data are becoming available in a current study, the
COPSAC study (4.1.4) (43), which will both provide data on Mch in
infancy and CACh from age 4 and further on.

Direct or indirect tests: pros and cons

Direct airway challenges have been widely used and are well stand-
ardized. They are highly sensitive and can be used to exclude current
asthma in a clinic population but are not specific to asthma (30). In
fact MCh is more useful in excluding a diagnosis of asthma than in
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establishing one because its negative predictive power is greater than
its positive predictive power (115). MCh has been extensively
studied in children and also with success in children from age 2
years. However, direct methods are probably not mimicking the
pathophysiology of asthma to the same extent as indirect tests, and
they are notoriously time consuming (121), using multiple step pro-
tocols for construction of dose response curves, which is a signifi-
cant problem concerning testing among children in the age of 2 to 5.
Furthermore, these tests also imply risks of systemic side effects such
as flushing and headache and local effects such as dry mouth and
cough. In addition, they are not at all very appealing and parents are
probably more reluctant to allow their child to inhale a pharmaco-
logical agent than to let them undertake a non-pharmacological test.

Indirect challenge tests such as exercise, hyperventilation, hyper-
tonic aerosols, as well as adenosine, may reflect more directly the
ongoing airway inflammation and are therefore more specific to
identify active asthma (30). In children, an exercise challenge is bet-
ter than MCh at distinguishing asthma from chronic airway dis-
orders such as CF, bronchiolitis obliterans, primary ciliary dyski-
nesia and bronchiectasis (146-148). Furthermore, natural stimuli,
such as exercise and cold air inhalation, are more appealing and
consequently we anticipate an increasing interest in the use of in-
direct airway challenges particularly in children. In fact, in a very re-
cent publication from the ERS task force on indirect airway chal-
lenges the following working definition on an indirect challenge
was: “Indirect challenges act by causing the release of endogenous
mediators that cause the airway smooth muscle to contract, with or
without effect in inducing microvascular leakage. Because the re-
sponses to these challenges are modified or even completely inhib-
ited by ICS, the airway response to these challenges may be a closer
reflection of active airway inflammation” (30).

Studies on bronchial responsiveness in young children

In a search of the literature for studies published since 1978 (~27
years) we found 34 studies which used bronchial challenge tests for
various purposes in groups of asthmatic children, where all or some
of the children qualified for the preschool age group. We have sum-
marized the different studies beneath. The preferred method for as-
sessment of BR in young children has, like in school children and
adults (30), predominantly been direct airway challenges, since 23
studies preferably used methacholine, histamine or carbacholine
(21, 22, 24, 34-42, 92, 97, 130, 131, 149-155). Only 11 studies used
indirect challenge techniques (1-4, 7, 44, 47, 148, 156-158), of which
half were performed in our laboratory (1-4, 7).

The major conclusions which can be drawn from the studies on
direct methods are:

PtcO, has been the preferred method for assessment of response
to MCh, since this method was involved in 16 of 23 studies either as
primary outcome parameter (35, 36, 131, 149, 152, 153) or as refer-
ence method, when such methods as FOT (39, 40, 150), Rint (41,
92), sRaw (42, 130) or multiple combinations of different methods
were evaluated (21, 22, 24, 40, 154). In all studies, except one (154),
PtcO; was found reliable, very sensitive and useful for tracking
changes to MCh (21, 22, 24, 39, 40, 92, 97, 150) and for separation
between asthmatics and control subjects (35, 149) or between differ-
ent phenotypes of asthma (131, 152, 153). This method was often at
least as sensitive as comparators. However, PtcO; is a completely in-
direct method for assessment of BR, probably reflecting mismatch
of lung perfusion and ventilation as a result of diffuse bronchocon-
striction, without any reflection of airway mechanics and is there-
fore not suitable as measurement of baseline lung function, only BR.
The method is however time consuming considering preparation
time and the time needed to construct a response curve.

Studies employing various auscultation methods claimed to dem-
onstrate a safe and sensitive method (37, 38, 151, 154), although one
study found auscultation valueless and potentially dangerous (39).
Still, this method obviously attracts attention by using good clinical,
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medical skills, but inter-observer variation must be colossal and the
method, like PtcO,, is only indirect and useless at baseline.

IOS or FOT showed good repeatability (24, 34), in some studies
high sensitivity (21, 22, 40, 150, 155), but in one study FOT was
deemed unreliable (39) for tracking changes to MCh which was sup-
ported by our results in later studies showing relatively poorer sensi-
tivity of I0S as compared to sRaw (1, 5). In school children FOT
(Rrs4) was as sensitive as spirometry in detecting change after bron-
chial allergen challenge (159) and IOS was more sensitive than PEF
in detecting changes in FEV, (155).

Rint exhibited lowest sensitivity and poorest repeatability to MCh
in comparisons between various methods (21, 22, 24) and was less
sensitive to MCh compared to PtcO, (40, 92). Finally only 79% of
children reached significant change in Rint when PtcO; had de-
creased 20% (41).

sRaw demonstrated good sensitivity (21, 22) and repeatability
(24) in comparison to Rint, I0S and PtcO,. Challenge with carba-
choline as measured with sRaw discriminated almost completely be-
tween asthmatics and healthy children judged by BR and PD100
(42). PD100 was significantly lower than in children with chronic
cough but equal to PD100 in children with wheezy bronchitis (42).

The effect of ICS on BR as judged with histamine challenge and
sRaw was investigated in a DBPC study of disodium cromoglycate
vs. beclomethasone dipropionate (BDP) for 2 months but was not
reflected in any change of BR, whereas exacerbation rates improved
in favor of BDP (130) Likewise, our own study (3) on effect of ICS
did not show positive influence on BR as measured with MCh in
contrast to CACh, attesting to reviews reporting ICS to reduce BHR
to histamine or methacholine only to a small degree, an effect that
shows both dose-response and time-response dependency (30, 160).
See also 4.1.3.3

The use of MCh for diagnostic purposes in symptomatic young
children was investigated in 2 studies using PtcO, (35, 149), and in a
study using sRaw (42). However, none of these papers suggested any
cut-off levels.

As previously mentioned, despite the holding that indirect tests
are better at reflecting asthma pathophysiology (30), only a minority
of published studies in young children employed indirect challenge
methods. The major conclusions that can be drawn from studies ap-
plying indirect challenge testing are:

Exercise testing was used in the oldest study (158) and successfully
separated between 3 to 5 year old asthmatics and healthy controls
with high sensitivity of both Rrs6 and PEFR measurements and also
gave cut-off levels for each response. These young children ran along
an indoor corridor accompanied by the investigator for 6 min and
the pulse had to be at least 170 at the end of the test. Standardization
aiming at constant sub-maximal workload was therefore obviously
not possible, which will increase the risk of false negative tests, but
obviously did not occur in this study. We have not been able to find
any other publications using exercise testing, probably because
others, like ourselves, found the test very difficult to apply and
standardize in young children.

Metabisulphite, an inhaled indirect acting compound, was used
for bronchial challenge in 36 3 to 20 year old patients (156) and re-
sponse evaluated by PD2gwFEV1. Responsiveness increased by age,
but both response as measured by spirometry and the small number
of patients in the preschool age group puts some limits to the value
of conclusions in young children from this study. We did not find
other studies using this compound in young children.

Hypertonic saline for inhalation was evaluated against MCh and
responsiveness was measured with FOT (Rrse) and PtcO, in 40 5 to
6 year old children (157), but none of the tests were sensitive for
wheeze or clinical severity. This test appears to be very simple and
inexpensive, but probably suffer the same disadvantage as MCh: the
necessity to perform multiple steps and construction of dose re-
sponse curve. No other reports using hypertonic saline have been
found.
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Adenosine was used for bronchial challenge and compared with
MCh between 39 young children with asthma and 15 with various
chronic airway diseases (148). The authors used the auscultation
method and claimed to be able to separate between asthma and
other chronic airway diseases, because MCh was nonspecifically
positive in all patients, while adenosine primarily exhibited signifi-
cantly higher responsiveness in asthmatics. Adenosine bronchial
challenge, like MCh, is a multi-step procedure and needs construc-
tion of response curves. In this study endpoint was not reached in
8/15 children. Furthermore, the auscultation method is interesting,
but does not provide a measurement of airway mechanics, as previ-
ously discussed.

CACh was performed in a great number of 6 year old children
taking part in the Tucson Children’s Respiratory Study, a longitudi-
nal study of respiratory illness involving children enrolled at birth
between May 1980 and October 1984 (44). The purposes were to as-
sess BHR at age 6 years in a group of children who did not have a
diagnosis of asthma and who did not have a history of respiratory
symptoms compatible with such a diagnosis and to study the rela-
tion between BHR and the incidence of new cases of asthma or
asthma-like symptoms during the subsequent years. BHR at age 6
was associated with subsequent development of a diagnosis of
asthma but this effect was not independent of atopy and mild
wheezing at age 6. The study hardly meets the criteria for inclusion
in this review both because of age (6 plus, <7) and the method by
which responsiveness was measured, V’maxFRC, but it points to
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areas of research that ought to be repeated in young children of 2 to
5 years using e.g. CACh and sRaw (see 7.).

DACh and sRaw was used in a recent study in 5 year old children
demonstrating that persistent wheeze in contrast to other wheeze
phenotypes was associated with increased BR (47).

The usefulness of CACh and sRaw as indicators of efficacy of vari-
ous anti-asthmatic medications, including ICS is covered in 4.1.3.

In conclusion, BR is readily assessable in young children, whether
healthy or suffering from asthma or other chronic airway diseases.
The candidate challenge procedures and response measurements are
multiple and have been reviewed above. A clinical test of BR in
young children should be simple, easy to apply and of short dur-
ation, and have documented capability to function as a diagnostic
tool, evaluate disease severity and efficacy of anti-asthmatic treat-
ment, specifically ICS, and finally serve as a prognostic factor for
ongoing asthma. We believe to have shown and documented by clin-
ical trials, that the best candidate challenge test to meet most of
these criteria is the CACh using sRaw as response measurement. The
literature did not provide evidence for usefulness of MCh in young
children.

Limitations to our studies

Retrospectively, the study design in the “feasibility of CACh study”
(I) (1) probably did not allow for a balanced comparison of sRaw,
Rint and IOS, giving all methods even credits. In event of a future
comparison this should be done with each method on separate oc-
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Figure 4.1.3.1.a. Bronchodilator response in healthy and asthmatic subjects and response to placebo in healthy subjects expressed as percent of pre-
dicted values (%pred) for sRaw, Rint, Rrss, and Xrss. Means are indicated by connecting lines (healthy subjects) and horizontal bars (asthmatic subjects).
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casions one day apart and exactly at the same time point after chal-
lenge in order to give full credit to all methods. Alternatively 3 chal-
lenges, one for each method, at least 2 hours apart (refractoriness)
could be done. However, both of these solutions detract from ac-
ceptance of child and especially parents. Our approach was a com-
promise in this respect.

4.1.3 Efficacy of asthma medication

4.1.3.1 Bronchodilators

Discriminative capacity of bronchodilator responsiveness

In 55 children with asthma and 37 healthy children (aged 2 to 5
years), we assessed the ability of sRaw, Rint and IOS to discriminate
between the bronchodilator responsiveness (BDR) in the patients
and control subjects (5). Measurements were made before and 20
min after inhaling terbutaline from a metered-dose inhaler and
spacer. All measurements detected a greater bronchodilator re-
sponse in the patients as compared with the control subjects attest-
ing to the increased bronchomotor tone in asthmatics, Figure
4.1.3.1.a. However, healthy young children have an inherent bron-
chomotor tone as seen from a 16%, 13%, 11% and 8% change in
sRaw, Rint, Xrss and Rrss, respectively, after inhaled [3,-agonist, Fig-
ure 4.1.3.1.a. Using ROC curve analysis we found sRaw to have a
sensitivity of 66% and a specificity of 81%. Rint had a sensitivity of
58% and a specificity of 70%. Rrss had a sensitivity of 76% and a
specificity of 65% and Xrss had a sensitivity of 33% and a specificity
of 89%. We concluded that a 25% decrease in sRaw in response to a
bronchodilator provides the best discrimination between asthma
and health in young children.

Bronchoprotective effect of bronchodilators

In 12 children with asthma, aged 2 to 5 years, we studied and com-
pared the bronchodilatory and bronchoprotective efficacy of for-
moterol, a long-acting (3,-agonist, and salbutamol delivered from a
dry-powder inhaler and used with a spacer (4). Using a double-
blind crossover design, formoterol and salbutamol produced equi-
valent decreases in sRaw at 3 min. The bronchodilator effect of
formoterol was sustained for at least 8 hours and began as rapid as
salbutamol as shown by measurement at 3 min post-dose, whereas
the effect of salbutamol lasted less than 4 hours, Figure 4.1.3.1.b.
At a screening visit, hyperventilation of cold air produced a 50%
increase in sRaw. Pretreatment with formoterol provided ~80%
protection for at least 8 hours and was consistent from 15 minutes
post-dose until 8 hours later, whereas salbutamol provided less than
4 hours of bronchoprotection. The initial time course of protection

sRaw (kPa-s)

by formoterol and salbutamol was similar as suggested from the
equal protection at 15 minutes post-dose, Figure 4.1.3.1.b. We con-
cluded that administering formoterol as a dry powder inhaler with a
spacer to 2- to 5-year-old children with asthma provided rapid and
sustained bronchodilation and bronchoprotection for at least 8
hours.

We were first to provide data to suggest that the initial time course
of protection from formoterol and a SABA was similar. This similar-
ity was later confirmed in an adult study using EIB as outcome
(161).

Bronchodilators in treatment, diagnosis, prognosis and monitoring

of asthma

The pharmacologic effects of SABA and LABA are well known as
well as their clinical effects from multiple studies primarily in asth-
matic adults and school children. Their role in asthma management
is well established and described in asthma guidelines (32).

Treatment

Bronchodilators are primarily used as reliever medications during
exacerbations in asthma and for acute bronchospasm in various
conditions and secondly for protection against e.g. exercise induced
asthma (32). The successful introduction of LABA and ICS in fixed
combination prescribed for regular daily therapy emphasizes their
protective role against exacerbations (162, 163). Bronchodilators are
also widely used in other chronic lung diseases mainly for their
bronchodilatory effect and positive influence on pulmonary muco-
ciliary clearance (164).

Diagnostic, prognostic & monitoring purposes

Their role in the diagnosis of asthma is well-recognized (165-167).
Typically, a 212% to 15% increase in FEV 15 to 20 min after a rapid
acting [3,-agonist is indicative of asthma in both children and adults
(94, 165, 168), and a large BDR at baseline predict improvement in
FEV, during long-term ICS treatment (169). Reversibility testing is
commonly used for assessment of asthma, since a positive reversibil-
ity test in a patient on controller therapy is considered indicative of
poorly controlled asthma.

Studies on Bronchodilator Responsiveness in Young Children

BDR is easy to recognize clinically (at a distance and by stethoscope)
in a moderate to severe asthmatic young child, but completely im-
possible in less severe asthmatics or in asymptomatic or healthy
young children. We found 20 papers reporting on BDR in young or
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Figure 4.1.3.1.b. Left: Mean sRaw curves in absolute values pre-dose (baseline) and through 8 h after administration of placebo, salbutamol, and for-
moterol single dose from a mechanically actuated DPI using a spacer. Right: Maximal percent increase in sRaw (expressed as percentage of baseline) after
CACh at 15 min, 4 h, and 8 h after single dose of placebo, salbutamol and formoterol. Mean and 95% Cl are shown.
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preschool children measured by different lung function methods
from the last 27 years, including 4 studies from our laboratory (4-6,
22). The majority of studies used the short-acting [,-agonist
(SABA) salbutamol in a dose range between 200 to 800 Hg or equi-
potent doses of another SABA, terbutaline, or formoterol or salme-
terol, both long acting B;-agonists (LABA). By using such doses,
which are at the top of the dose response curve, it is anticipated that
all individuals, healthy or not, exhibit more or less BDR. However,
very little is known about the best method to use for detection and
measurement of the magnitude of such BDR in young children with
asthma or other chronic lung diseases or in healthy children. Most
of the studies were designed to evaluate different lung function tech-
niques in the assessment of BDR in various situations. Interestingly,
no reports were found on the previously mentioned auscultative
method, attesting to the limitation of this method, likely because of
it’s high dependence on sound phenomena that may not be present
despite significant flow limitation.

BDR in healthy young children

BDR was assessed exclusively in healthy children in two studies (84,
89). Mean inspiratory and expiratory Rint decreased significantly
(=15% and —12% of predicted values, respectively) in 91 2 to 7 year
old children (84), confirming our observation of -13% decrease (of
predicted value) in inspiratory Rint in 2 to 5 year old healthy chil-
dren (5). Another study using IOS in 108 2 to 7 year old children
showed significant mean change in Rrss of —0.187 kPa-s-L™! or
-19.2% from baseline, and estimated a lower reference limit of
-36.9% (89). Both of the presented values of BDR are approximately
double of the corresponding values in our study and the cut-off level
is very close to the lower 95% limit in our asthmatic patients (5), but
close to the estimated cut-off level in another study (88). This differ-
ence is not readily explained by difference in use of facemask as ar-
gued for the observed difference in mean values in healthy (3.2.6).
Difference in passive smoking (not allowed in our reference materi-
als (5, 25) could explain a lower BDR in our study, but not the ob-
servation of a significant lower baseline in the Finnish study. Such
differences may disqualify this method and obviously calls for
further standardization and studies on inter-center repeatability of
this method.

BDR used in order to discriminate between asthmatics and

healthy young children

In a study using IOS, neither baseline Xrss or Rrss, or BDR were sig-
nificantly different between healthy and asthmatics (88), which is in
contrast to our study (5) and a Finnish study (138), but may be ex-
plained by selection bias. A change in Rrss of >40% was proposed as
“positive” BDR (88), which is much higher than our finding as dis-
cussed above. NO provided better discriminative capacity than BDR
as measured by change in Rrss as percent of predicted (138). The
discriminative capacity of BDR as measured with IOS was slightly
better than our findings. Marotta and colleagues (72) found that
BDR measured with IOS (Rrss & Rrsyg) separated asthmatics and
non-asthmatics and moreover that Rrss, Rrsjp & Xrs;o separated
atopic asthmatics and non-atopic asthmatics. Beydon and col-
leagues using expiratory Rint (65) reported significant greater BDR
in asthmatics than in controls, —23% versus —13% of predicted, re-
spectively, and proposed that a 35% decrease had a likelihood ratio
of 3 to separate asthmatics from healthy controls. These findings are
in concordance with our results (5). Wheezers exhibited larger BDR
as opposed to recurrent or persistent coughers and healthy as meas-
ured by Rint (63) and a larger proportion of wheezy children exhib-
ited significant BDR as compared to coughers and healthy (86). We
did not find other studies on BDR using sRaw to discriminate be-
tween healthy and asthmatic young children.

Assessment of BDR in a group of asthmatic young children
Some studies did not have control subjects as reference. In one of
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these studies BDR was measured with Rint in children with a history
of wheezing (76). BDR of >2SDw was shown in 82% without active
wheeze and in 88% of actively wheezing children, disclosing ability
of Rint to reflect the changes, but also emphasizes the need for con-
trol subjects and blinding of the observer to reduce bias in such
studies as discussed under Future Directions. Similar to our findings
of BDR in asthmatics, another study demonstrated a mean change
of =24% in Rint corresponding to 11% increase in FEV, (170), and
Arets and colleagues (95) reported feasibility of Rint in a large sam-
ple of children from 0.8 to 16 years, but only reported on BDR in 35,
primarily school children, exhibiting a mean change of -22.5%,
close to our and other’s results with Rint.

In addition to our study (4) we found one other report on BDR
using LABA in young children. In a single-blind placebo controlled
study with the LABA salmeterol and the SABA albuterol BDR was
measured with I0S (Xrss, Jaeger) (171). This study claimed to show
significant BDR compared to placebo from 30 min to 540 min, but
only when salmeterol was administered with metered dose inhaler
(MDI), while this effect was present only at 540 min post-dosing
when administered with Diskus. However careful review of the re-
sults suggests that the authors did not interpret their data correctly,
since both salmeterol MDI and Diskus offers significant and persist-
ent change in Xrss judged from their figure of result (171). BDR to
albuterol exceeded salmeterol (MDI and Diskus) within the first
hour, which is difficult to explain and seems to raise doubt to meth-
odology and power of this study.

Assessment of BDR after MCh or in acute asthma
Bronchoconstriction after MCh provides an imitation of acute
asthma and is an ideal model for testing of BDR. This was used in
young children after EIB and showed that Rrss and PEFR normal-
ized in all 23 participants (158). Klug and colleagues (22) compared
different methods in the assessment of BDR after MCh and found
that the order of sensitivity by methods was sRaw>Xrss>Rint>
PtcO,>Rrss for detecting BDR, somewhat different from the order
of sensitivity to detect the foregoing change after MCh and from the
order of sensitivity when testing BDR in children with acute asthma:
Xrss>sRaw>Rint>Rrss>PtcO; (22). Rint also changed significantly
in 11 of 12 asthmatic children relative to both post MCh values and
baseline (92). Dubus et al (172) assessed the influence of spacers
with different electrostatic charge on BDR in 64 3 to 6 year old
children and found a decrease of 152% in sRaw corresponding to
20% increase in FEV, after maximal MCh, however without show-
ing any difference between various spacers.

BDR in cystic fibrosis
This is covered in 4.2.3

Bronchodilators in the protection against asthma

Except for our own study on salbutamol and formoterol referenced
above (4), we did not find other studies in young children having
tested this important pharmacological property of bronchodilators.
Young asthmatic children are particularly in need of bronchodila-
tion and bronchoprotection of long duration because intermittent
treatment with SABA is often insufficient as the treatment decision
and drug delivery are dependent on a trained caretaker, in most
cases the mother, who often has to hand over the observation and
care of the child to others for large parts of the day. LABA “as
needed” would be of significant clinical benefit for young asthmatic
children. During symptomatic periods, the parents could give the
child one treatment in the morning to ensure effective symptomatic
relief throughout the day.

Conclusions from studies on bronchodilators are:

Healthy young children exhibit significant BDR as measured with
sRaw (4, 5), Rint (5, 84) and IOS (5, 89). The power of BDR as
measured with IOS to discriminate between health and asthma
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Figure 4.1.3.2. Percent change from baseline in specific airway resistance
(%sRaw) in young asthmatic children after cold, dry air hyperventilation.
The bronchoprotective effect of the leukotriene receptor antagonist mon-
telukast (MONT) was significantly different from that of placebo (PLAC).
Mean and 95%Cl is shown.

seems controversial. We found Xrss useless, but Rrss of some value
(5), while others found IOS without any power (88), in contrast to 2
studies showing good discrimination (72, 138). Rint exhibited rea-
sonable discriminative capacity in one study (65) but we showed
that this capacity was inferior to both Rrss and sRaw (5). Very few
studies have documented and quantified BDR in young children
with acute asthma (22) and the important aspect of bronchoprotec-
tion from both SABA and LABA was reported in one study only (4).

4.1.3.2 Leukotriene Receptor Antagonists (LTRA)

To determine whether a leukotriene receptor antagonist (LTRA)
provides bronchoprotection in preschool asthmatic children, we did
a DBPC crossover study in 13 asthmatic children aged 3 to 5 years
(2). Hyperventilation of cold, dry air produced a 46% increase in
sRaw when the children took placebo, and a 17% increase after 2
days of the LTRA montelukast (5 mg per day), Figure 4.1.3.2. The
benefit was seen irrespective of whether the children received ICS.
We concluded that LTRAs may be of value in treating preschool
asthmatic children.

Leukotrienes and airway disease

Leukotrienes (LTs) are predominantly leukocyte-generated and leu-
kocyte-released lipid mediators that act as direct bronchoconstric-
tors and promote airway inflammation in asthma and virus-induced
wheezing by mediation of vascular leakage, inflammatory cell re-
cruitment, and possibly airway remodeling (173).

CACh is hypothesized to stimulate the release of inflammatory
mediators (3.3.1.1). Suggestive evidence indicates that LTs may be
involved in the responsiveness to CACh and exercise, since inhibi-
tion of a precursor enzyme 5-lipoxygenase, was associated with an
increased tolerance to cold, dry air (174) and blunted the obstruc-
tive response to exercise during inhalation with frigid air (175) in
adult asthmatic individuals.

Corticosteroids generally reduce the in vitro production and re-
lease of LTs, while for unknown reasons such effect does not seem to
convincingly appear in vivo (173). This observation is probably to a
certain extent the explanation for the ongoing complaints of symp-
toms and objectively detected signs of e.g. exercise induced asthma
in asthmatic patients despite treatment with conventional doses of
ICS (173). Likewise our studies showed significant BHR to CACh
and/or DACh in a number of ICS treated young children (1-4, 7) at-
testing to the limitations of ICS as complete controllers.

The role of leukotriene receptor antagonists

Recognition of the importance of LTs in the pathogenesis of asthma
has led to the development of LTs modifiers, the first new class of
drugs for the treatment of asthma to become available in nearly 3
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decades. They exert anti-inflammatory effects that attenuate cellular
infiltration and BHR and complement the anti-inflammatory prop-
erties of ICS. Clinical trials with the LTRA montelukast demon-
strated efficacy in improving pulmonary function and the control of
asthma exacerbations in adults (176) and school children (177) with
persistent asthma. Moreover, exacerbations were significantly re-
duced in preschool children (178). In addition, montelukast signifi-
cantly reduced symptoms and exacerbations from respiratory syn-
cytial virus post-bronchiolitis in non-asthmatic infants (179). Fur-
thermore, a recent study demonstrated efficacy of montelukast in
the reduction of viral-induced asthma exacerbations in children
aged 2 to 5 years with a history of intermittent asthma symptoms
(180). Compared to placebo, exacerbation rates were reduced with
31.9%, the rate of ICS courses was reduced, and the median time to
first exacerbation was delayed by approximately 2 months. LTRAs
also ameliorate BR to exercise in school children (181) and adults
(182) by limiting the decrease in and accelerating the recovery of
FEV, without the tolerance issues (183, 184) and concerns about in-
creased exacerbation rates seen with daily LABA use (185, 186).
However, LTRA do not apparently reduce the response to MCh
(182), probably reflecting that LTs do not act in the response to this
direct challenge. In this respect our study in young children (2) at-
tests to the efficacy of LTRA in the treatment of young children with
CACh induced bronchoconstriction, whether treated with ICS, and
point to a role of LTs in this type of BHR. We tested the effect 12
hours after the last of 2 doses given 24 hours apart in the evening
(2), but in contrast to prevalent practice, a single dose of montelu-
kast may be all that is required to produce a beneficial effect after 12
hour (175, 187) and there is no need to establish a stable blood level,
hence long-term use is not a prerequisite.

4.1.3.3 Inhaled corticosteroids

The efficacy of ICS in young children has already been documented
by improvement in symptom score and decrease in use of rescue
treatment with SABA. However, we provided the first report of the
efficacy of ICS in asthmatic children aged 2 to 5 yr to be based on
objective measurements of lung function and BR (3). The study was
explorative, evaluating objective measures together with conven-
tional measures of symptoms as primary outcomes of asthma dis-
ease activity. In 38 asthmatic children aged 2 to 5 years, we assessed
whether objective measures of lung function including BR to CACh
could serve as supplemental tools in assessing response to therapy.
In a randomized, DBPC trial, ICS (budesonide 400 pg twice daily)
produced a decrease in nighttime and daytime symptoms, increased
number of symptom free days, reduced exacerbation rates and de-
creased daytime, but not nighttime, use of rescue medications.
Budesonide also improved measurements of resistance and BR to
CACh, Figure 4.1.3.3, (but not methacholine responsiveness). We
concluded that ICS decrease symptom scores and improve objective
measures of lung function including BHR in preschool children.

Efficacy of ICS in young children

The efficacy of ICS in preschool children has been primarily docu-
mented in studies monitoring health outcomes such as symptom
score, use of rescue treatment, and quality of life score. Methods
such as lung function measurements and monitoring of inflamma-
tory markers have been used in a limited number of studies.

Symptoms, rescue and quality of life
The very first published study to show efficacy of ICS in young chil-
dren was a DBPC trial by Bisgaard and colleagues (188). Since then
at least 10 other DBPC studies (3, 189-197) and two double blind
controlled trials (130, 198) have been published on this issue and all
showed significant and clinically relevant improvements in young
asthmatic children treated with ICS.

The dose of budesonide in our study was 400 pg twice daily (3),
which is on the flat part of the dose-response curve and above the
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Figure 4.1.3.3. Change (%) from baseline in measures of lung function (sRaw, Rint, Xrss, and Rrss) in response to cold air challenge at randomization (0
W) and after 8 weeks (8 W) of treatment with budesonide or placebo. Mean (95% Cl).

recommended dose for young children with moderate to severe per-
sistent asthma. Due to the explorative nature of this study we delib-
erately chose the high dose to increase the likelihood of detecting
any possible effect on lung function and BHR, since treatment effect
was highly expected. Importantly, despite the high dosage of budes-
onide, it was not possible to eliminate asthma symptoms in all of the
children in the study. Generally, the study groups of young asth-
matic children do not become symptom-free. ICS typically reduce
the number of asthma exacerbations by half as seen in our study
where we found a total of 12 exacerbations in the active treated
group and 29 in the placebo group, giving exacerbation rates of
3.7/yr versus 9.3/yr for budesonide and placebo, respectively, sup-
ported by similar observations in other studies (192, 197). However,
ICS do not prevent exacerbations completely leaving room for addi-
tional therapy, e.g. LTRAs, improved therapy or alternative dosing
schedules.

The design of the present study was biased by regression toward
the mean, since randomization took place immediately after a pe-
riod of significant symptom scoring. This was reflected by the pro-
nounced placebo effect, which is seen in most trials on asthma in
young children, and the study results should therefore be inter-
preted in the light of these unfavorable odds, strengthening the con-
clusions of the study.

Lung function

A very limited number of studies have reported on lung function as
primary endpoint in trials of ICS in asthmatic children under age 6.
Lung function and BHR were secondary endpoints in our study. We
found that Rint and I0S measurements of baseline resistance and
reactance mirrored the previously mentioned clinical effect, whereas
sRaw seemed less sensitive in detecting long-term changes in base-
line lung function (3).

66

Two studies were conducted predominantly in infants. Maayan
and colleagues (199) reported improvement from ICS of the airway
conductance measured in whole-body plethysmography in 9 se-
dated asthmatic infants. Another study showed improvement from
beclomethasone dipropionate (BDP) in combination with salbuta-
mol of TGV and airway conductance in a 6 weeks study of 29 infants
aged 2-25 months with recurrent wheezing (200). In a DBPC trial in
19 young asthmatic children the effect of a daily dose of 400 pg
budesonide, pMDI via a spacer for six weeks was suggested to re-
duce hyperinflation reflected in the functional residual capacity
measured by a helium dilution method (201).

Rint was used as outcome parameter in 61 2 to 5 year old children
with intermittent wheeze completing a 6-week randomized controlled
crossover trial of fluticasone propionate (100 pg, twice daily), fol-
lowed by a 10-week parallel extension in 44 children (202). Rint
showed significant improvement in sensitized children in contrast
to non-sensitized and deteriorated after stopping treatment, sug-
gesting relevance of treatment with ICS in sensitized children with
intermittent wheeze.

BHR
As mentioned above we reported the efficacy of ICS (budesonide
800 pg) for 8 weeks on improvement of BHR as measured by CACh
method, but not by MCh. The beneficial effect of ICS on BHR to
CACh was reflected in sRaw as well as Rint and IOS measurements
(3). It has been demonstrated repeatedly that, despite significantly
improving symptoms and decreasing airway inflammation, ICS
produce, at best, a modest decrease in BHR as measured by hista-
mine or MCh. This observation has been made in adults (203) as
well as children with asthma (204).

ICS did not improve BHR in a previously referenced double-blind
cross-over trial (130). Treatment for 2 months with nebulized BDP
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300 pg daily and disodium cromoglycate was compared in 15 chil-
dren 3-5 years of age with a history of recurrent wheezing. BR to his-
tamine was measured by sRaw and although an improvement in
symptoms was reported, no significant change was seen in BR.

The rapid thoracoabdominal compression technique was used to
measure flow at functional residual capacity, and for assessment of
BHR to histamine in 38 infants aged 5-18 months with a history of 3
episodes of wheezing or persistent wheezing for more than 4 weeks.
Only BHR improved significantly from 400 pg of BDP pMDI via a
spacer with face-mask in contrast to no change in symptoms or lung
function in this parallel DBPC study (205).

Inflammatory markers in exhaled air

A significant rise in exhaled NO subsequent to dose reduction of
ICS in young asthmatic children of 2 to 5 years attested to the in-
flammatory nature of the disease and the anti-inflammatory control
by ICS in young asthmatics (206). No other studies on ICS in young
children have reported on inflammatory markers.

4.1.4 Lung function as outcome in early intervention studies
Whole-body plethysmography

Baseline lung function, bronchodilator and CACh responsiveness
measured with sRaw has been chosen in combination with many
other outcome parameters in The Copenhagen Prospective Study on
Asthma in Childhood (COPSAC) investigating the relationships
among genetic, environmental, and lifestyle factors in the develop-
ment of atopic diseases in 411 high-risk children with the aim of de-
veloping evidence-based prevention strategies (43). sRaw is meas-
ured yearly from the age of 2 years (21), BDR is measured at 3 and 5

years of age and CACh responsiveness is measured at the age of 4
and 6 years. Data from this study are emerging.

In another early intervention and cohort study investigating
whether environmental control during pregnancy and early life af-
fects sensitization and lung function at the age of 3 years, 251 high-
risk children were prenatally randomized to stringent environmen-
tal control (active) or no intervention (control) (207). sRaw was
measured at the age of 3 years and was significantly better in the ac-
tive group despite increased risk of mite sensitization. As part of the
same study, based on parentally-reported history of wheeze and
sRaw at age 3 and 5 years, the children were classified as never
wheezers, transient early wheezers, late-onset wheezers or persistent
wheezers (47). sRaw was higher in the latter compared to the other
groups. In children who had wheezed by age 3 years, the risk of per-
sistent wheeze increased with increased sRaw (odds ratio, 95% CI:
5.2,1.3-22.0). Increasing sRaw and sensitization were significant, in-
dependent predictors of persistent wheezing.

Interrupter technique

In a Dutch study, Rint was compared between different wheezing
phenotypes in 4-year-old children. All children participated in the
Prevention and Incidence of Asthma and Mite Allergy cohort, a pro-
spective birth cohort of more than 4,000 children (135). At 4 years
of age, data on Rint plus wheezing phenotype were available for 838
children. Persistent wheezers had significantly higher Rint values
than children with early wheeze and those who never wheezed inde-
pendent of the atopic status of the mother.

Impulse oscillometry
To our knowledge there are no published studies on IOS data in co-
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Figure 4.2.1. Individual measurements in children with cystic fibrosis expressed as z-scores for each method (sRaw, Rint, Rrss, Xrss) and at each of the

time points in the study are shown. *) p < 0.05; **) p < 0.001.
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hort or early intervention studies as yet. However, The Childhood
Asthma Research and Education Network (CARE) in USA designed
a randomized clinical trial to determine if persistent asthma could
be prevented in children at a high risk to develop the disease (73).
They chose the I0S method presented by Klug & Bisgaard (22) as
one among many other secondary outcome parameters.

4.2 CYSTIC FIBROSIS

In 30 children with CF, aged 2 to 8 years, we measured sRaw, Rint
and IOS on 5 occasions during a 4-year prospective study, including
measurement of BDR on two different occasions and to cold air on
one occasion. Spirometry was assessed from school age (6). To allow
for longitudinal tracking of lung function, both within each method
and from e.g. sRaw to FEV and for comparison of methods, all data
were transformed and presented as z-scores.

4.2.1 Discrimination between health & disease

Mean sRaw was consistently and statistically significantly abnormal,
exhibiting a mean z-score (SD) of 2.52 (2.02) at the start and was
2.74 (2.02) 36 months later as shown in Figure 4.2.1.

The proportion of patients exhibiting abnormal (high) z-score of
sRaw at one or more visits ranged from 37% to 57%. Approximately
66% of the patients did not change their “track” during the observa-
tion period, which was also confirmed by Spearman test showing
that the order rank at end of study for all tests did not differ much
from the order rank at inclusion. However, neither Rint nor 10S
demonstrated consistent abnormal levels, leaving sRaw as the most
promising parameter for clinical use in young children with CF. In
support of our findings a recent publication on a cross sectional
study reported significantly higher sRaw in young children with CF
than in control children (57).

Rint was significantly increased in young children with CF as
compared with healthy control subjects, but despite this fact only 5
of 40 patients had Rint values outside normal range (64), which
lends support to our findings with Rint as a rather insensitive meas-
ure in CF, probably explained by an unachievable instantaneous
pressure equilibration in a multi-compartment CF lung during the
limited equilibration time of only 80 to 100 ms usually employed.
In fact, it has been found that this insensitivity of Rint increases
with severity of the obstruction (208). Equilibration time should
probably be longer, but this needs to be investigated.

The finding of a consistent abnormal sRaw was further confirmed
by spirometric values showing abnormal FEV, with mean z score
(SD) of —-1.2 (1.2) from the first satisfactory measurement, at a
mean age (range) of 6.1 (4.9-7.5) years until the last measurement, 4
years from inclusion, showing further reduction to —1.85 (1.2). At
this last visit the mean age (range) was 9.9 (6.8-12) years.

4.2.2 Bronchial challenge and responsiveness

We also studied responsiveness to CACh and although patients with
CF as a group demonstrated statistically significant change (11.8%)
from baseline in response to CACh as measured with sRaw, the re-
sponsiveness did not differ significantly from the responsiveness in
healthy subjects (6). However, we found 7 individuals with a positive
test as defined by an increase in sRaw >20% from baseline (4.1.2).

Studies using MCh have demonstrated that between 21% and
56% of subjects with CF exhibit BHR (209, 210). However, BHR as
demonstrated with indirect testing is probably less frequent since
this test is more specific in distinguishing “asthma-inflammation”
from other types of inflammation as also shown by using adenosine
5’-monophosphate (AMP), another indirect challenge test, in chil-
dren (147, 148).

The demonstration of BHR in CF patients has no importance for
diagnosis, but has a place in helping the clinician to understand the
rationale of using anti-asthma medication in CF individuals. The
rationale for general use of ICS in CF is still not resolved, although
we have previously contributed in this area of research (211).
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4.2.3 Response to Bronchodilators

Our study demonstrated that patients with CF as a group did not
differ from healthy subjects in BDR, although statistically significant
BDR within group was demonstrated in all parameters (sRaw, Rint
and 10S) at 2 different visits 1 month apart (6). Furthermore, mean
sRaw remained abnormal at both visits, with a postbronchodilator z
score of 0.98 (95% confidence interval, 0.38 to 1.57) and 0.90 (95%
confidence interval, 0.29 to 1.50), respectively. A positive test de-
fined as decrease in sRaw >25% (4.1.3.1) was found in 30% and
21% at the 2 visits respectively, as measured with sRaw. No other
studies have reported on BDR in CF measured with sRaw.

None or a very limited number of positive tests were seen with
Rint (6), which is in accordance with previous findings on expira-
tory Rint showing no significant difference in effect of salbutamol
between children with CF and control subjects (64). No other stud-
ies have been investigating BDR with Rint in CE.

Because forced expiration may cause paradoxical effect on unstable
CF airways during FEV; measurement, FOT was suggested as an
additional measure to spirometry in the evaluation of BDR in
school children with CF (212). In 13 of 20 schoolchildren, the de-
crease of Rrss was >12%, but no control subjects were measured for
comparison. However, in a parallel report on IOS in young children
the same group argued for a change of 41% in Rrss as cut-off (88),
leaving the change of 12% far inside the normal range of BDR.
Moreover they found Rrs6 useless for baseline measurements with
poor correlation to FEV,. The liberal use of ,-agonists in CF pa-
tients (212) has no foundation in real data on lung function meas-
urements (6). The evidence to support this liberal use in young chil-
dren with CF is needed.

Conclusion: sRaw may be a useful tool in CF during early child-
hood. Reduced lung function was documented from consistently
abnormal levels of sRaw and FEV, during the study. Bronchodilator
responsiveness and response to cold air challenge were normal.

5. CONCLUDING REMARKS

Whole-body plethysmography (sRaw) was superior to interrupter
technique (Rint) and impulse oscillometry (IOS) in discriminating
between health and diseases such as asthma and cystic fibrosis using
cross sectional or longitudinal baseline measurements in young chil-
dren.

We were first to develop, implement and validate a simple, con-
venient and safe indirect bronchial challenge test applying hyper-
ventilation with cold air in young children. This test fully substitutes
the time consuming and less relevant direct methacholine challenge
test. An even simpler and much less expensive method depending
simply on dry air hyperventilation was established, although lack of
the cooling stimulus seemed to diminish potency. We also provided
a soft-share-ware for motivation of hyperventilation on the internet.
Under these conditions, a widely disseminated use of indirect chal-
lenge testing is possible in young children.

Responsiveness to cold air challenge and bronchodilators as
measured with whole-body plethysmography may serve as diagnos-
tic tests for asthma in young children. Bronchial hyperresponsive-
ness and significant bronchodilator responsiveness do not necessar-
ily coincide.

Whole-body plethysmography proved valid by demonstrating
clinically relevant behavior in the assessments of efficacy of classic
anti-asthma drugs such as ICS, SABA and LABA, and LTRA during
DBPC studies. Applying these tests, we provided for the first time
concomitantly objective evidence for the expected efficacy of these
drugs in young children, although efficacy was already well proven
by studies using parental symptom scoring. We documented reduc-
tion in BR from ICS as measured with CACh and sRaw, probably re-
flecting reduced bronchial inflammation. Moreover, this observa-
tion was reflected in reduced symptoms and exacerbations. SABA
and LABA were shown to provide a relevant time course of signifi-
cant bronchodilatation and bronchoprotection against CACh. In-
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deed, we were first to provide data to suggest that the initial time
course of protection from the LABA formoterol and a SABA was
similar. Furthermore, we demonstrated a relevant time course of
significant bronchoprotection against CACh with the LTRA monte-
lukast.

We thereby provided means for better judgment of efficacy of
anti-asthma medication such as ICS and hopefully provided tools
for a more rational asthma management based on phenotyping by
the aide of lung function measurement (sRaw) and the assessment
of BHR (CACh) in young asthmatic children and children with CE.

6. CLINICAL IMPLICATIONS

From the results of our studies and other studies supporting our ob-
servations we believe that measurement of sRaw by whole-body
plethysmography is ready for every day clinical use in young chil-
dren with chronic respiratory diseases. Indeed it is a tool compar-
able to measurements of FEV by spirometry in school children.

Whole-body plethysmography is available at most secondary and
all tertiary referral hospitals caring for pediatric patients. Although
plethysmographs are built for adults, we have shown that this does
not hinder it’s use in young children, since measurements are feas-
ible, but as previously emphasized, improvements on hard- and
software are needed. Measurements of sRaw are highly repeatable,
which is a prerequisite for it’s usefulness for clinical use and research
purposes. When used as a routine measurement in a young child
suspected of having asthma, a sRaw value of e.g. 2.1 kPa-s (corre-
sponding to a z-score of 4.2), in an otherwise healthy looking child,
is highly indicative of asthma, although flow limitation from other
reasons should be remembered. When such a measure of sRaw is
readily normalized i.e. decreases by more than 25% 20 min after in-
halation of a bronchodilator, the diagnosis is almost certainly
asthma. The measurement is safe and causes no harm to the young
child, since measurements are only performed when children are
happy and cooperative.

We have demonstrated a simple test for indirect bronchial chal-
lenge, the cold air or the dry air challenge. Though CACh seems
preferable, the price may detract from the possibility of it being
widely disseminated, and DACh is easily established in any pediatric
department or in the collaborating department of clinical physi-
ology. Demonstration of BHR in a child with normal baseline sRaw
is certainly indicative of asthma and may therefore be of major help
in the diagnostic process in a young child, where diagnosis is other-
wise completely dependent on parental history and their reports on
treatment effect at each visit. Moreover, repeated measurement of
responsiveness to CACh may serve as an objective parameter of
asthma control and may guide the clinician to future treatment
strategy and adjustment of doses.

Furthermore measurements of sRaw and assessment of BR may
serve as useful objective parameters in trials of future therapeutic
approaches or new medications for both asthma and cystic fibrosis.

Finally, assessment of lung function (sRaw) and BHR (CACh)
may provide a prognostic tool for better estimation of risk of ongo-
ing asthma. However, future studies are needed to provide the evi-
dence.

7. FUTURE DIRECTIONS

Whole-body plethysmography

Improvements of equipment and software are needed for more reli-
able measurement of sRaw in young children.

Improvements of the equipment should pay special attention to
the seating and footrest. A face-mask with a large cushion and a
built-in non-compressible yet soft tube should be made available.

Software improvements should specifically focus on the algo-
rithms for thermal correction of the inspired volumes. It is not pos-
sible at the moment to make decisions on acceptability of resistance
loops other than by visual judgement and on discretion of the inves-
tigator. The software should include an algorithm for automatic se-
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lection of acceptable and rejection of unacceptable loops. Our sug-
gestion to the level of acceptable variability would be close to 10%
since this is the CVw% of the test at baseline.

Interactive software with visual prompts should serve as an in-
structional aide for the child to target the relaxed tidal breathing
pattern and the desired breathing rate, and provide biofeedback.

Reference materials should be included in the software of the
plethysmograph with allowance for the use of selected yet validated
materials. Reporting of measurements should add the z-score.

The protocol on measurements of sRaw proposed in this paper
should be further explored. Optimal breathing frequency, number
of loops collected and criteria defining the line through the flow-
pressure loop need to be further validated, and the best method to
reduce the confounding effect of an accompanying adult should be
studied; is holding breath equal to slow exhalation?

Further studies in chronic lung diseases such as CF, bronchopul-
monary dysplasia, and congenital malformations in the airways are
important and feasible with the whole-body plethysmography
method since knowledge of lung function in such diseases during
preschool age is very limited.

Overall considerations on lung function measurements
Treatment with placebo provided significant bronchodilation in our
double-blind study in healthy children (5). This suggests an ob-
server bias in the conduct of all measurements despite a carefully de-
scribed protocol. Such bias is probably inherent to all lung function
measurements including spirometry. Therefore it is recommended
that whenever possible the operator should be kept unaware of the
history of the patient tested. Furthermore, it is recommended, as
was practiced in all studies in this thesis, to have preferable one ob-
server to test the child before and after bronchial stimulation ac-
cording to the study reporting on inter-observer bias (27), although
this wish partly contradicts the wish to blind the observer.
Repeatability is a crucial issue for the use of a lung function test.
Long-term repeatability should be determined, and more compre-
hensive multi-center cross sectional and longitudinal reference values
from healthy children of different ethnicity should be collected and
would also warrant assessments of repeatability of a lung function
test between centers, which is essential for wider dissemination of
the test.

Bronchial challenge: perspectives specifically to methods and problems
raised in this thesis

Future research should focus on the algorithm used in the decision
of hyperventilation level in an individual young child. Specifically
we need to study if height would be a better parameter than weight
for calculations, e.g. by using the reference material on FEV, accord-
ing to height of young children (105). For a given height of an indi-
vidual the level of hyperventilation is then calculated as 25 x FEV,
predicted from height. This would probably prevent overestimation
of hyperventilation level in e.g. an obese child and could improve
the overall acceptance specifically in those under age three.

DACh may discriminate between healthy children and asthmatics
with a sensitivity equal to CACh, however this has to be properly ad-
dressed in a future study including healthy children. In such a study
a 4-minute DACh has to be tested versus a 6-minute test.

Although increasing the duration of hyperventilation from 4 to 6
min might have delayed the onset of bronchoconstriction and
caused greater bronchoconstriction once the hyperventilation was
stopped as previously suggested (124), this was not noticed, but this
aspect should be considered in future studies.

Measurement of water and heat loss during hyperventilation tests
may allow for further standardization of the methods. Moreover, in
order to learn about the exact nature of refractoriness in young chil-
dren it is necessary to perform repeated CACh with different time
intervals.

Repeatability of CACh and DACh in young children needs further
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investigation in order to be able to judge treatment effect on BHR in
an individual. However, at present it is possible to give a rough judg-
ment by a positive or negative test result of the CACh.

The new version of the software employed to motivate the young
child to hyperventilate (3.3.2) has optional facilities for improve-
ment of quality control of the challenge test.

General perspectives
We need to investigate how BR to CACh relates to measures of air-
way inflammation such as NO in exhaled air and condensate of ex-
haled air in young children.
The relationship between BR to CACh and asthma severity and
risk for an exacerbation in young asthmatics should be addressed.
We should assess the value of CACh in the short-term and long-
term monitoring of asthma control and treatment in young chil-
dren. We also need to look at CACh responsiveness as prognostic
factor for ongoing asthma beyond preschool age.

8. SUMMARY

This thesis is a review of 7 publications based on studies performed
in the period from 1995 to 2002 during my appointment as first
clinical research fellow and later as consultant and pediatric pulmo-
nologist at the Department of Pediatrics, Clinic I, Pulmonary Service,
Rigshospitalet, Copenhagen University Hospital. The work is part
of The Copenhagen Prospective Study on Asthma in Childhood
(COPSAQ).

Longitudinal cohort studies suggest that outcomes such as lung
function and bronchial hyperresponsiveness (BHR) in school chil-
dren and adults with asthma probably are determined already in in-
fancy. Likewise in cystic fibrosis (CF), significant reduction in lung
function has been found at a very early age even in the absence of
clinically recognized lung disease. The reason for early and longitu-
dinal assessment of lung function and BHR is as obvious as the
goals: to enable early diagnosis and intervention, and improve prog-
nosis in asthma and CF. Currently, diagnostics and management of
young children with chronic lung diseases rely completely on clini-
cal judgment, implicating risk of inappropriate and useless treat-
ment or no treatment, although needed.

Lung function methods for infants and schoolchildren are not ap-
plicable in children between these age groups, i.e. young children 2
to 5 years of age. Three lung function methods have previously qual-
ified as applicable in young children: measurement of specific Re-
sistance of the airways (sRaw) by whole-body plethysmography, Re-
sistance of the respiratory system (Rint) by the interrupter tech-
nique and Resistance (R) and reactance (X) of the respiratory
system by Impulse Oscillometry technique (IOS). They all assess re-
spiratory mechanics by measuring the relationship between respira-
tory airflow and the pressure generating this airflow. Focus has pri-
marily been on methodology rather than clinical application. BHR
defined as an abnormal increase in airflow limitation following a
relevant stimulus to the airways, is a major pathophysiological phe-
nomenon of asthma. Indirect challenges probably induce airflow
limitation by acting on inflammatory cells, epithelial cells and
nerves, which upon stimulation release mediators or neurotrans-
mitters that induce airway smooth muscle contraction and may bet-
ter reflect the ongoing airway inflammation in contrast to direct act-
ing pharmacologic tests.

The principal aim of this thesis was to evaluate the clinical appli-
cation and discriminatory capacity of the mentioned methods as
lung function tests in healthy, asthmatics and children with CFE. The
primary aim was to develop and implement a test for indirect bron-
chial challenge and assess its validity as judgement of BHR. More-
over the purpose was to compare tests for measurement of baseline
lung function and BHR and finally to validate such tests through the
studies of documented efficacious anti-asthma medications in asth-
matic young children.

376 children participated in the different studies. Principally all
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children were 2 to 5 years, but in the CF study the children were 2 to
7 years at inclusion.

Whole-body plethysmography (sRaw) was superior to Rint and
I0S in discriminating between health and diseases such as asthma
and CF using cross sectional or longitudinal baseline measurements.

We were first to develop, implement and validate a simple, con-
venient and safe indirect bronchial challenge test applying eucapnic
hyperventilation with —15°C cold air in young children. This test
fully substitutes the time consuming and less relevant direct metha-
choline challenge test. A simpler and less expensive test employing
eucapnic hyperventilation with dry room temperature air was also
established, however, this test seemed to exhibit diminished respon-
siveness, probably due to lack of the cooling stimulus.

Responsiveness to cold air challenge (CACh) and bronchodilators
as measured by sRaw proved applicable as diagnostic tests for
asthma in young children.

sRaw also demonstrated clinically relevant measurements in the
assessments of efficacy of classic anti-asthma drugs such as inhaled
corticosteroids (ICS), short- and long-acting [3;-agoists (SABA and
LABA), and a leukotriene receptor antagonist (LTRA) during
double blind placebo-controlled studies. Applying these tests, we
provided for the first time concomitantly objective evidence for the
expected efficacy of these drugs in young children, although efficacy
is already well proven by studies based on parental symptom scor-
ing. BHR was reduced by ICS as measured with CACh and sRaw,
probably reflecting reduced bronchial inflammation. Concomitantly
we found a reduction in symptoms and exacerbations. SABA and
LABA provided a relevant time course of significant bronchodila-
tion and bronchoprotection against CACh. Indeed, we were first to
provide data to suggest that the initial time course of protection
from the LABA formoterol and a SABA was similar. Furthermore,
we demonstrated a relevant time course of significant bronchopro-
tection against CACh with the LTRA montelukast. Future research
should address the relationship between BR to CACh and asthma
severity and risk for an exacerbation in young asthmatics. We
should also assess the value of CACh in the short- and long-term
monitoring of asthma control and treatment in young children, and
we need to investigate if CACh responsiveness can serve as prognos-
tic factor for ongoing asthma beyond preschool age.

In conclusion, the research in this thesis provided evidence that
sRaw measurement and assessment of BHR by the newly developed
CACh method may serve as useful clinical and research tools for
earlier diagnosis of asthma and detection of deteriorating lung func-
tion in chronic lung diseases, better judgment of efficacy of anti-
asthma medication such as ICS and a more rational management
based on phenotyping in young asthmatic children and children
with CE.

LIST OF ABBREVATIONS

sRaw specific Resistance of airways by whole-body
plethysmography

Raw Resistance of airways by whole-body plethysmog-
raphy

Rint Resistance of airways by the interrupter technique

I0S Impulse Oscillometry System

FOT Forced Oscillation Technique

Xrss Reactance (X) of the respiratory system at 5 Hz

Rrss Resistance of the respiratory system at 5 Hz

PtcO; & PtcCO; transcutaneous Oxygen (O) & CO; tension (P)

Sa0, Oxygen (O) Saturation

MVV Maximal Voluntary Ventilation

FEV, Forced Expiratory Volume in the first (1) second
FVC Forced Vital Capacity

PEFR Peak Expiratory Flow Rate

TGV Thoracic Gas Volume

MCh Methacholine Challenge
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CACh Cold Air Challenge

RHES Respiratory Heat Exchange System

DACh Dry Air Challenge

CF Cystic Fibrosis

SD, SDw & SDb  Standard Deviation, SD within subject & SD be-
tween subjects

BR & BHR Bronchial Responsiveness & Bronchial Hyper

Responsiveness

BDR BronchoDilator Responsiveness

ICC Intraclass Correlation Coefficient

LINMEM LINear Mixed Effect Modeling

L Liter

ICS Inhaled CorticoSteroids

DBPC Double Blind Placebo-Controlled

PCor PD Provocative =~ Concentration or Dose, e.g.
PD100%sRaw is the provocative dose of e.g. hista-
mine causing 100% change in sRaw. Sometimes
PD100%HIS is used as alternative, when response
measure is implicit

V'maxFRC Maximal flow (V') at Functional Residual Capacity
(squeeze-jacket)

EIB Exercise Induced Bronchoconstriction

SABA & LABA  Short- & Long Acting Beta-2-Agonists

LTRA LeukoTriene Receptor Antagonist

REFERENCES

1. Nielsen, K. G. and H. Bisgaard. 2000. Lung function response to cold air

10.

11.

12.

13.

14.

15.

challenge in asthmatic and healthy children of 2-5 years of age. Am.J.
Respir.Crit Care Med. 161: 1805-1809.

. Bisgaard, H. and K. G. Nielsen. 2000. Bronchoprotection with a leuko-

triene receptor antagonist in asthmatic preschool children. Am.J.Respir.
Crit Care Med. 162: 187-190.

. Nielsen, K. G. and H. Bisgaard. 2000. The effect of inhaled budesonide

on symptoms, lung function, and cold air and methacholine respon-
siveness in 2- to 5-year-old asthmatic children. Am.J.Respir.Crit Care
Med. 162: 1500-1506.

. Nielsen, K. G. and H. Bisgaard. 2001. Bronchodilation and bronchopro-

tection in asthmatic preschool children from formoterol administered
by mechanically actuated dry-powder inhaler and spacer.
Am.J.Respir.Crit Care Med. 164: 256-259.

. Nielsen, K. G. and H. Bisgaard. 2001. Discriminative capacity of bron-

chodilator response measured with three different lung function tech-
niques in asthmatic and healthy children aged 2 to 5 years. Am.J.Respir.
Crit Care Med. 164: 554-559.

. Nielsen, K. G., T. Pressler, B. Klug, C. Koch, and H. Bisgaard. 2004. Ser-

ial lung function and responsiveness in cystic fibrosis during early
childhood. Am.J.Respir.Crit Care Med. 169: 1209-1216.

. Nielsen, K. G. and H. Bisgaard. 2005. Hyperventilation with cold versus

dry air in 2 — to 5 -year-old children with asthma. Am.J.Respir.Crit Care
Med. 171: 238-241.

. Martinez, E. D., A. L. Wright, L. M. Taussig, C. J. Holberg, M. Halonen,

and W. J. Morgan. 1995. Asthma and wheezing in the first six years of
life. The Group Health Medical Associates. N.Engl.J.Med. 332: 133-138.

. Sears, M. R., J. M. Greene, A. R. Willan, E. M. Wiecek, D. R. Taylor, E.

M. Flannery, J. O. Cowan, G. P. Herbison, P. A. Silva, and R. Poulton.
2003. A longitudinal, population-based, cohort study of childhood
asthma followed to adulthood. N.Engl.].Med. 349: 1414-1422.

Horak, E., A. Lanigan, M. Roberts, L. Welsh, J. Wilson, J. B. Carlin, A.
Olinsky, and C. F. Robertson. 2003. Longitudinal study of childhood
wheezy bronchitis and asthma: outcome at age 42. BMJ 326: 422-423.
Toelle, B. G., W. Xuan, J. K. Peat, and G. B. Marks. 2004. Childhood fac-
tors that predict asthma in young adulthood. Eur.Respir.]. 23: 66-70.
Palmer, L. J., P. . Rye, N. A. Gibson, P. R. Burton, L. I. Landau, and P. N.
LeSouef. 2001. Airway responsiveness in early infancy predicts asthma,
lung function, and respiratory symptoms by school age. Am.J.Respir.
Crit Care Med. 163: 37-42.

Vonk, J. M., D. S. Postma, H. M. Boezen, M. H. Grol, J. P. Schouten, G.
H. Koeter, and J. Gerritsen. 2004. Childhood factors associated with
asthma remission after 30 year follow up. Thorax 59: 925-929.

Tepper, R. S., P. Hiatt, H. Eigen, P. Scott, J. Grosfeld, and M. Cohen.
1988. Infants with cystic fibrosis: pulmonary function at diagnosis.
Pediatr.Pulmonol. 5: 15-18.

Hiatt, P., H. Eigen, P. Yu, and R. S. Tepper. 1988. Bronchodilator respon-
siveness in infants and young children with cystic fibrosis. Am.Rev.
Respir.Dis. 137: 119-122.

DANISH MEDICAL BULLETIN VOL. 53 NO. 1/FEBRUARY 2006

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

. Turner, D. J., C. J. Lanteri, P. N. LeSouef, and P. D. Sly. 1994. Improved

detection of abnormal respiratory function using forced expiration
from raised lung volume in infants with cystic fibrosis. Eur.Respir.]. 7:
1995-1999.

. Gappa, M,, S. C. Ranganathan, and J. Stocks. 2001. Lung function test-

ing in infants with cystic fibrosis: lessons from the past and future direc-
tions. Pediatr.Pulmonol. 32: 228-245.

Dakin, C. J., A. H. Numa, H. Wang, J. R. Morton, C. C. Vertzyas, and R.
L. Henry. 2002. Inflammation, infection, and pulmonary function in
infants and young children with cystic fibrosis. Am.J.Respir.Crit Care
Med. 165: 904-910.

Ranganathan, S. C., C. Dezateux, A. Bush, S. B. Carr, R. A. Castle, S.
Madge, J. Price, J. Stroobant, A. Wade, C. Wallis, and J. Stocks. 2001.
Airway function in infants newly diagnosed with cystic fibrosis. Lancet
358:1964-1965.

Sly, P. D. and C. E Robertson. 1990. A review of pulmonary function
testing in children. J.Asthma 27: 137-147.

Bisgaard, H. and B. Klug. 1995. Lung function measurement in awake
young children. Eur.Respir.]. 8: 2067-2075.

Klug, B. and H. Bisgaard. 1996. Measurement of lung function in awake
2-4-year-old asthmatic children during methacholine challenge and
acute asthma: a comparison of the impulse oscillation technique, the in-
terrupter technique, and transcutaneous measurement of oxygen versus
whole-body plethysmography. Pediatr.Pulmonol. 21: 290-300.

Klug, B. and H. Bisgaard. 1997. Measurement of the specific airway re-
sistance by plethysmography in young children accompanied by an
adult. Eur.Respir.J. 10: 1599-1605.

Klug, B. and H. Bisgaard. 1997. Repeatability of methacholine chal-
lenges in 2- to 4-year-old children with asthma, using a new technique
for quantitative delivery of aerosol. Pediatr.Pulmonol. 23: 278-286.
Klug, B. and H. Bisgaard. 1998. Specific airway resistance, interrupter
resistance, and respiratory impedance in healthy children aged 2-7
years. Pediatr.Pulmonol. 25: 322-331.

Klug, B. and H. Bisgaard. 1999. Lung function and short-term outcome
in young asthmatic children. Eur.Respir.J. 14: 1185-1189.

Klug, B., K. G. Nielsen, and H. Bisgaard. 2000. Observer variability of
lung function measurements in 2-6-yr-old children. Eur.Respir.]. 16:
472-475.

Klug, B. H. 2002. Evaluation of some techniques for measurements of
lung function in young children. Dan.Med.Bull. 49: 227-241.

Van Schoor, J., G. F. Joos, and R. A. Pauwels. 2000. Indirect bronchial
hyperresponsiveness in asthma: mechanisms, pharmacology and impli-
cations for clinical research. Eur.Respir.J. 16: 514-533.

Joos, G. E, B. O’Connor, S. D. Anderson, F. Chung, D. W. Cockcroft, B.
Dahlen, G. DiMaria, A. Foresi, F. E. Hargreave, S. T. Holgate, M. Inman,
J. Lotvall, H. Magnussen, R. Polosa, D. S. Postma, and J. Riedler. 2003.
Indirect airway challenges. Eur.Respir.J. 21: 1050-1068.

. Anderson, S. D. and J. D. Brannan. 2003. Methods for “indirect” chal-

lenge tests including exercise, eucapnic voluntary hyperpnea, and
hypertonic aerosols. Clin.Rev.Allergy Immunol. 24: 27-54.

GINA. Global Initiative for Asthma, Global Strategy for asthma man-
agement and prevention. NIH publication no. 02-3659. 2002. National
Institutes of Health. Ref Type: Report.

. Pattemore, P. K. and S. T. Holgate. 1993. Bronchial hyperresponsiveness

and its relationship to asthma in childhood. Clin.Exp.Allergy 23: 886-
900.

Duiverman, E. J., H. J. Neijens, R. van Strik, Van der Snee-van Smaalen,
and K. F. Kerrebijn. 1986. Bronchial responsiveness in asthmatic chil-
dren aged 3 to 8 years measured by forced pseudo-random noise oscil-
lometry. Bull. Eur.Physiopathol.Respir. 22: 27-33.

Mochizuki, H., M. Mitsuhashi, K. Tokuyama, K. Tajima, A. Morikawa,
and T. Kuroume. 1988. Bronchial hyperresponsiveness in younger chil-
dren with asthma. Ann.Allergy 60: 103-106.

Wilson, N. M., S. B. Phagoo, and M. Silverman. 1992. Atopy, bronchial
responsiveness, and symptoms in wheezy 3 year olds. Arch.Dis.Child
67:491-495.

Tinkelman, D. G., C. Lutz, and B. Conner. 1991. Methacholine chal-
lenges in the management of young children. Ann.Allergy 66: 225-230.
Springer, C., S. Godfrey, E. Picard, K. Uwyyed, M. Rotschild, S.
Hananya, N. Noviski, and A. Avital. 2000. Efficacy and safety of metha-
choline bronchial challenge performed by auscultation in young asth-
matic children. Am.J.Respir.Crit Care Med. 162: 857-860.

Wilson, N. M., P. Bridge, S. B. Phagoo, and M. Silverman. 1995. The
measurement of methacholine responsiveness in 5 year old children:
three methods compared. Eur.Respir.]. 8: 364-370.

Phagoo, S. B., N. M. Wilson, and M. Silverman. 1995. Evaluation of the
interrupter technique for measuring change in airway resistance in 5-
year-old asthmatic children. Pediatr.Pulmonol. 20: 387-395.

Beydon, N., H. Trang-Pham, A. Bernard, and C. Gaultier. 2001. Meas-
urements of resistance by the interrupter technique and of transcutane-
ous partial pressure of oxygen in young children during methacholine
challenge. Pediatr.Pulmonol. 31: 238-246.

71



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68

72

Badier, M., C. Guillot, and J. C. Dubus. 1999. Bronchial challenge with
carbachol in 3-6-year-old children: body plethysmography assessments.
Pediatr.Pulmonol. 27: 117-123.

Bisgaard, H. 2004. The Copenhagen Prospective Study on Asthma in
Childhood (COPSAC): design, rationale, and baseline data from a lon-
gitudinal birth cohort study. Ann.Allergy Asthma Immunol. 93: 381-
389.

Lombardi, E., W. J. Morgan, A. L. Wright, R. T. Stein, C. J. Holberg, and
F. D. Martinez. 1997. Cold air challenge at age 6 and subsequent inci-
dence of asthma. A longitudinal study. Am.].Respir.Crit Care Med. 156:
1863-1869.

Bush, A. 2004. Classification of phenotypes. Pediatr.Pulmonol.Suppl
26:30-33.

Bush, A. 2004. Phenotype specific treatment of asthma in childhood.
Paediatr.Respir.Rev. 5 Suppl A: $93-101.

Lowe, L. A., A. Simpson, A. Woodcock, J. Morris, C. S. Murray, and A.
Custovic. 2005. Wheeze Phenotypes Lung Function in Pre-School Chil-
dren. Am.J.Respir.Crit Care Med. 171: 231-237.

Dubois, A. B., S. Y. BOTELHO, and J. H. COMROE, Jr. 1956. A new
method for measuring airway resistance in man using a body plethys-
mograph: values in normal subjects and in patients with respiratory
disease. J.Clin.Invest 35: 327-335.

Dubois, A. B. 2000. Airway resistance. Am.J.Respir.Crit Care Med. 162:
345-346.

Dab, I. and F. Alexander. 1976. A simplified approach to the measure-
ment of specific airway resistance. Pediatr.Res. 10: 998-999.

Dab, I. and F. Alexander. 1978. On the advantages of specific airway re-
sistance. Pediatr.Res. 12: 878-881.

Haluszka, J., G. Willim, R. Cutrera, R. Ronchetti, and S. Filtcher. 1989.
A correction formula for computing specific airway resistance from a
single-step measurement. Pediatr.Pulmonol. 6: 118-121.

Buhr, W,, R. Jorres, M. Knapp, and D. Berdel. 1990. Diagnostic value of
body plethysmographic parameters in healthy and asthmatic young
children is not influenced by breathing frequency. Pediatr.Pulmonol. 8:
23-28.

Lowe, L., C. S. Murray, A. Custovic, B. M. Simpson, P. M. Kissen, and A.
Woodcock. 2002. Specific airway resistance in 3-year-old children: a
prospective cohort study. Lancet 359: 1904-1908.

Lowe, L., C. S. Murray, L. Martin, J. Deas, E. Cashin, G. Poletti, A.
Simpson, A. Woodcock, and A. Custovic. 2004. Reported versus con-
firmed wheeze and lung function in early life. Arch.Dis.Child 89: 540-
543.

Lowe, L. A., A. Woodcock, C. S. Murray, J. Morris, A. Simpson, and A.
Custovic. 2004. Lung function at age 3 years: effect of pet ownership
and exposure to indoor allergens. Arch.Pediatr.Adolesc.Med. 158: 996-
1001.

Aurora, P, A. Bush, P. Gustafsson, C. Oliver, C. Wallis, J. Price, J. Stroo-
bant, S. Carr, and J. Stocks. 2005. Multiple-breath Washout as a Marker
of Lung Disease in Preschool Children with Cystic Fibrosis. Am.J.Respir.
Crit Care Med. 171: 249-256.

Bisgaard, H. and K. G. Nielsen. 2005. Plethysmographic measurements
of specific airway resistance in young children . Chest 128: 355-362.
Jackson, A. C., H. T. Milhorn, Jr., and J. R. Norman. 1974. A reevalu-
ation of the interrupter technique for airway resistance measurement.
J.Appl.Physiol 36: 264-268.

Liistro, G., D. Stanescu, D. Rodenstein, and C. Veriter. 1989. Reassess-
ment of the interruption technique for measuring flow resistance in hu-
mans. J.Appl.Physiol 67: 933-937.

Neergaard, K. V. and K. Wirz. 1927. Die messung der stromungswider-
stande in den atemwegen des menschen, insbesondere bei asthma und
emphysema. Z Klin Med 105: 51-82.

Mead, J. and J. L. Whittenberger. 1954. Evaluation of airway interrup-
tion technique as a method for measuring pulmonary airflow resist-
ance. J.Appl.Physiol 6: 408-416.

McKenzie, S. A., P. D. Bridge, and M. J. Healy. 2000. Airway resistance
and atopy in preschool children with wheeze and cough. Eur.Respir.].
15: 833-838.

Beydon, N., F. Amsallem, M. Bellet, M. Boule, M. Chaussain, A. Den-
jean, R. Matran, I. Pin, C. Alberti, and C. Gaultier. 2002. Pulmonary
function tests in preschool children with cystic fibrosis. Am.J.Respir.
Crit Care Med. 166: 1099-1104.

Beydon, N., I. Pin, R. Matran, M. Chaussain, M. Boule, B. Alain, M.
Bellet, F. Amsallem, C. Alberti, A. Denjean, and C. Gaultier. 2003. Pul-
monary function tests in preschool children with asthma. Am.J.Respir.
Crit Care Med. 168: 640-644.

Arets, H. G. and C. K. van der Ent. 2004. Measurements of airway
mechanics in spontaneously breathing young children. Paediatr.Respir.
Rev. 5:77-84.

Vogel, J. and U. Smidt. 1994. Impulse oscillometry pmi Verlagsgruppe,
Frankfurt am Main. 1-106.

. Dubois, A. B., A. W. BRODY, D. H. LEWIS, and B. F. BURGESS, Jr.

69.

70.

71.

72.

73

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

1956. Oscillation mechanics of lungs and chest in man. J.Appl.Physiol 8:
587-594.

Hellinckx, J., M. Cauberghs, K. De Boeck, and M. Demedts. 2001. Eval-
uation of impulse oscillation system: comparison with forced oscilla-
tion technique and body plethysmography. Eur.Respir.]. 18: 564-570.
Klug, B. 1997. The impulse oscillation technique applied for measure-
ments of respiratory function in young children. Pediatr.Pulmo-
nol.Suppl 16: 240-241.

Goldman, M. D., R. Carter, R. Klein, G. Fritz, B. Carter, and P. Pachucki.
2002. Within- and between-day variability of respiratory impedance,
using impulse oscillometry in adolescent asthmatics. Pediatr.Pulmonol.
34:312-319.

Marotta, A., M. D. Klinnert, M. R. Price, G. L. Larsen, and A. H. Liu.
2003. Impulse oscillometry provides an effective measure of lung dys-
function in 4-year-old children at risk for persistent asthma. J.Allergy
Clin.Immunol. 112: 317-322.

. Guilbert, T. W., W. J. Morgan, M. Krawiec, R. F. Lemanske, Jr., C. Sork-

ness, S. J. Szefler, G. Larsen, J. D. Spahn, R. S. Zeiger, G. Heldt, R. C.
Strunk, L. B. Bacharier, G. R. Bloomberg, V. M. Chinchilli, S. J. Boeh-
mer, E. A. Mauger, D. T. Mauger, L. M. Taussig, and F. D. Martinez.
2004. The Prevention of Early Asthma in Kids study: design, rationale
and methods for the Childhood Asthma Research and Education net-
work. Control Clin.Trials 25: 286-310.

Oswald-Mammosser, M., C. Llerena, J. P. Speich, L. Donata, and
Lonsdorfer. 1997. Measurements of respiratory system resistance by the
interrupter technique in healthy and asthmatic children. Pediatr.Pul-
monol. 24: 78-85.

Child, E, S. Clayton, S. Davies, A. A. Fryer, P. W. Jones, and W. Lenney.
2001. How should airways resistance be measured in young children:
mask or mouthpiece? Eur.Respir.]. 17: 1244-1249.

Bridge, P. D., S. Ranganathan, and S. A. McKenzie. 1999. Measurement
of airway resistance using the interrupter technique in preschool chil-
dren in the ambulatory setting. Eur.Respir.J. 13: 792-796.

Merkus, P. J., J. Y. Mijnsbergen, W. C. Hop, and J. C. de Jongste. 2001.
Interrupter resistance in preschool children: measurement characteris-
tics and reference values. Am.J.Respir.Crit Care Med. 163: 1350-1355.
Merkus, P. J., H. G. Arets, T. Joosten, A. Siero, M. Brouha, J. Y. Mijns-
bergen, J. C. de Jongste, and C. K. van der Ent. 2002. Measurements of
interrupter resistance: reference values for children 3-13 yrs of age.
Eur.Respir.J. 20: 907-911.

Peslin, R., C. Duvivier, P. Malvestio, A. R. Benis, and J. M. Polu. 1996.
Frequency dependence of specific airway resistance in a commercialized
plethysmograph. Eur.Respir.]. 9: 1747-1750.

Lindemann, H. 1979. Body plethysmographic measurements in chil-
dren with an accompanying adult. Respiration 37: 278-281.

Carter, E. R., A. A. Stecenko, B. H. Pollock, and M. J. Jaeger. 1994. Eval-
uation of the interrupter technique for the use of assessing airway ob-
struction in children. Pediatr.Pulmonol. 17: 211-217.

Bridge, P. D. and S. A. McKenzie. 2001. Airway resistance measured by
the interrupter technique: expiration or inspiration, mean or median?
Eur.Respir.]. 17: 495-498.

Lombardi, E., P. D. Sly, G. Concutelli, E. Novembre, G. Veneruso, G.
Frongia, R. Bernardini, and A. Vierucci. 2001. Reference values of inter-
rupter respiratory resistance in healthy preschool white children. Tho-
rax 56: 691-695.

Beydon, N., F. Amsallem, M. Bellet, M. Boule, M. Chaussain, A. Den-
jean, R. Matran, B. Wuyam, C. Alberti, and C. Gaultier. 2002. Pre/post-
bronchodilator interrupter resistance values in healthy young children.
Am.J.Respir.Crit Care Med. 165: 1388-1394.

Hadjikoumi, I., A. Hassan, and A. D. Milner. 2003. Effects of respiratory
timing and cheek support on resistance measurements, before and after
bronchodilation in asthmatic children using the interrupter technique.
Pediatr.Pulmonol. 36: 495-501.

Chan, E. Y., P. D. Bridge, I. Dundas, C. S. Pao, M. J. Healy, and S. A. Mc-
Kenzie. 2003. Repeatability of airway resistance measurements made us-
ing the interrupter technique. Thorax 58: 344-347.

Beelen, R. M., H. A. Smit, R. T. van Strien, L. P. Koopman, J. E. Brussee,
B. Brunekreef, J. Gerritsen, and P. J. Merkus. 2003. Short and long term
variability of the interrupter technique under field and standardised
conditions in 3-6 year old children. Thorax 58: 761-764.

Hellinckx, J., K. De Boeck, J. Bande-Knops, P. M. van der, and M.
Demedts. 1998. Bronchodilator response in 3-6.5 years old healthy and
stable asthmatic children. Eur.Respir.]. 12: 438-443.

Malmberg, L. P, A. Pelkonen, T. Poussa, A. Pohianpalo, T. Haahtela,
and M. Turpeinen. 2002. Determinants of respiratory system input im-
pedance and bronchodilator response in healthy Finnish preschool chil-
dren. Clin.Physiol Funct.Imaging 22: 64-71.

Pao, C. S., M. J. Healy, and S. A. McKenzie. 2004. Airway resistance by
the interrupter technique: which algorithm for measuring pressure?
Pediatr.Pulmonol. 37: 31-36.

Chowienczyk, P. J., C. P. Lawson, S. Lane, R. Johnson, N. Wilson, M. Sil-

DANISH MEDICAL BULLETIN VOL. 53 NO. 1/FEBRUARY 2006



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

verman, and G. M. Cochrane. 1991. A flow interruption device for
measurement of airway resistance. Eur.Respir.J. 4: 623-628.

Phagoo, S. B., N. M. Wilson, and M. Silverman. 1996. Evaluation of a
new interrupter device for measuring bronchial responsiveness and the
response to bronchodilator in 3 year old children. Eur.Respir.]. 9: 1374-
1380.

Phagoo, S. B., R. A. Watson, M. Silverman, and N. B. Pride. 1995. Com-
parison of four methods of assessing airflow resistance before and after
induced airway narrowing in normal subjects. J.Appl.Physiol 79: 518-
525.

1995. Standardization of Spirometry, 1994 Update. American Thoracic
Society. Am.J.Respir.Crit Care Med. 152: 1107-1136.

Arets, H. G., H. J. Brackel, and C. K. van der Ent. 2003. Applicability of
interrupter resistance measurements using the MicroRint in daily prac-
tice. Respir.Med. 97: 366-374.

Phagoo, S. B., R. A. Watson, N. B. Pride, and M. Silverman. 1993.
Accuracy and sensitivity of the interrupter technique for measuring the
response to bronchial challenge in normal subjects. Eur.Respir.]. 6: 996-
1003.

Wilts, M., W. C. Hop, G. H. van der Heyden, K. F. Kerrebijn, and J. C. de
Jongste. 1992. Measurement of bronchial responsiveness in young chil-
dren: comparison of transcutaneous oxygen tension and functional re-
sidual capacity during induced bronchoconstriction and -dilatation.
Pediatr.Pulmonol. 12: 181-185.

Polgar G and Promadhat V 1971. Standard values. Pulmonary function
testing in children: techniques and standards W.B.Saunders, Philadel-
phia.

Dab, I. and F. Alexander. 1979. Lung function measured with a whole
body plethysmograph: standard values for children and young adults.
Acta Paediatr.Belg. 32: 259-267.

Doershuk, C. E, B. J. Fisher, and L. W. Matthews. 1974. Specific airway
resistance from the perinatal period into adulthood. Alterations in
childhood pulmonary disease. Am.Rev.Respir.Dis. 109: 452-457.

Leben, M. and H. H. von der. 1983. Airway resistance, airway conduct-
ance, specific airway resistance, and specific airway conductance in chil-
dren. Pediatr.Res. 17: 508-513.

McKenzie, S. A., E. Chan, I. Dundas, P. D. Bridge, C. S. Pao, M. Mylo-
nopoulou, and M. J. Healy. 2002. Airway resistance measured by the in-
terrupter technique: normative data for 2-10 year olds of three
ethnicities. Arch.Dis.Child 87: 248-251.

Solymar, L., P. H. Aronsson, B. Bake, and J. Bjure. 1985. Respiratory re-
sistance and impedance magnitude in healthy children aged 2-18 years.
Pediatr.Pulmonol. 1: 134-140.

Lagerkvist, A. L., G. Sten, S. Redfors, and D. Holmgren. 2003. Repeated
blood gas monitoring in healthy children and adolescents by the trans-
cutaneous route. Pediatr.Pulmonol. 35: 274-279.

Eigen, H., H. Bieler, D. Grant, K. Christoph, D. Terrill, D. K. Heilman,
W. T. Ambrosius, and R. S. Tepper. 2001. Spirometric pulmonary func-
tion in healthy preschool children. Am.J.Respir.Crit Care Med. 163:
619-623.

Arets, H. G., H. J. Brackel, and C. K. van der Ent. 2001. Forced expira-
tory manoeuvres in children: do they meet ATS and ERS criteria for
spirometry? Eur.Respir.]. 18: 655-660.

McFadden, E. R., Jr. and I. A. Gilbert. 1994. Exercise-induced asthma.
N.Engl.J.Med. 330: 1362-1367.

McFadden, E. R., Jr., J. A. Nelson, M. E. Skowronski, and K. A. Lenner.
1999. Thermally induced asthma and airway drying. Am.J.Respir.Crit
Care Med. 160: 221-226.

Anderson, S. D. and E. Daviskas. 2000. The mechanism of exercise-in-
duced asthma is .. J.Allergy Clin.Immunol. 106: 453-459.

Argyros, G. J., Y. Y. Phillips, D. B. Rayburn, R. R. Rosenthal, and J. J.
Jaeger. 1993. Water loss without heat flux in exercise-induced broncho-
spasm. Am.Rev.Respir.Dis. 147: 1419-1424.

Freed, A. N,, S. D. Anderson, and E. Daviskas. 2000. Thermally induced
asthma and airway drying. Am.J.Respir.Crit Care Med. 161: 2112-2113.
Kotaru, C., R. B. Hejal, J. H. Finigan, A. J. Coreno, M. E. Skowronski, L.
Brianas, and E. R. McFadden, Jr. 2003. Desiccation and hypertonicity of
the airway surface fluid and thermally induced asthma. J.Appl.Physiol
94:227-233.

Kotaru, C., R. B. Hejal, J. H. Finigan, A. J. Coreno, M. E. Skowronski, L.
J. Brianas, and E. R. McFadden, Jr. 2002. Influence of hyperpnea on air-
way surface fluid volume and osmolarity in normal humans.
J.Appl.Physiol 93: 154-160.

Gilbert, I. A. and E. R. McFadden, Jr. 1992. Airway cooling and rewarm-
ing. The second reaction sequence in exercise-induced asthma.
J.Clin.Invest 90: 699-704.

Crapo, R. O,, R. Casaburi, A. L. Coates, P. L. Enright, J. L. Hankinson,
C. G. Irvin, N. R. MacIntyre, R. T. McKay, J. S. Wanger, S. D. Anderson,
D. W. Cockcroft, J. E. Fish, and P. J. Sterk. 2000. Guidelines for metha-
choline and exercise challenge testing-1999. This official statement of
the American Thoracic Society was adopted by the ATS Board of Direc-
tors, July 1999. Am.J.Respir.Crit Care Med. 161: 309-329.

DANISH MEDICAL BULLETIN VOL. 53 NO. 1/FEBRUARY 2006

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Rosenthal, R. R. 1984. Simplified eucapnic voluntary hyperventilation
challenge. J.Allergy Clin.Immunol. 73: 676-679.

Zach, M., G. Polgar, H. Kump, and P. Kroisel. 1984. Cold air challenge
of airway hyperreactivity in children: practical application and theoret-
ical aspects. Pediatr.Res. 18: 469-478.

Reisman, J., L. Mappa, F. de Benedictis, J. McLaughlin, and H. Levison.
1987. Cold air challenge in children with asthma. Pediatr.Pulmonol. 3:
251-254.

Argyros, G. J.,, J. M. Roach, K. M. Hurwitz, A. H. Eliasson, and Y. Y.
Phillips. 1996. Eucapnic voluntary hyperventilation as a bronchoprovo-
cation technique: development of a standarized dosing schedule in asth-
matics. Chest 109: 1520-1524.

Bar-Yishay, E., I. Ben Dov, and S. Godfrey. 1983. Refractory period after
hyperventilation-induced asthma. Am.Rev.Respir.Dis. 127: 572-574.
Modl, M., E. Eber, B. Steinbrugger, E. Weinhandl, and M. S. Zach. 1995.
Comparing methods for assessing bronchial responsiveness in children:
single step cold air challenge, multiple step cold air challenge, and hista-
mine provocation. Eur.Respir.]. 8: 1742-1747.

Zach, M. 1995. Cold dry air challenge for measuring bronchial respon-
siveness — where do we stand? Pediatr.Pulmonol. 19: 323-325.

Zach, M. S. and G. Polgar. 1987. Cold air challenge of airway hyperreac-
tivity in children: dose-response interrelation with a reaction plateau.
J.Allergy Clin.Immunol. 80: 9-17.

Blackie, S. P,, C. Hilliam, R. Village, and P. D. Pare. 1990. The time
course of bronchoconstriction in asthmatics during and after isocapnic
hyperventilation. Am.Rev.Respir.Dis. 142: 1133-1136.

McLaughlin, F. J. and A. J. Dozor. 1983. Cold air inhalation challenge in
the diagnosis of asthma in children. Pediatrics 72: 503-509.

Tal, A., H. Pasterkamp, C. Serrette, F. Leahy, and V. Chernick. 1984. Re-
sponse to cold air hyperventilation in normal and in asthmatic children.
J.Pediatr. 104: 516-521.

Eliasson, A. H., Y. Y. Phillips, K. R. Rajagopal, and R. S. Howard. 1992.
Sensitivity and specificity of bronchial provocation testing. An evalu-
ation of four techniques in exercise-induced bronchospasm. Chest 102:
347-355.

Deal, E. C., Jr,, E. R. McFadden, Jr., R. H. Ingram, Jr., and J. J. Jaeger.
1979. Hyperpnea and heat flux: initial reaction sequence in exercise-in-
duced asthma. J.Appl.Physiol 46: 476-483.

Deal, E. C,, Jr., E. R. McFadden, Jr., R. H. Ingram, Jr., R. H. Strauss, and
J. J. Jaeger. 1979. Role of respiratory heat exchange in production of ex-
ercise-induced asthma. J.Appl.Physiol 46: 467-475.

De Baets, F,, S. Van Daele, H. Franckx, and F. Vinaimont. 1998. Inhaled
steroids compared with disodium cromoglycate in preschool children
with episodic viral wheeze. Pediatr.Pulmonol. 25: 361-366.

Brooke, A. M., P. C. Lambert, P. R. Burton, C. Clarke, D. K. Luyt, and H.
Simpson. 1995. The natural history of respiratory symptoms in pre-
school children. Am.J.Respir.Crit Care Med. 152: 1872-1878.

Varga, E. M., E. Eber, and M. S. Zach. 1990. Cold air challenge for meas-
uring airway reactivity in children: lack of a late asthmatic reaction.
Lung 168: 267-272.

Bland, J. M. and D. G. Altman. 1986. Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet 1:
307-310.

Delacourt, C., M. R. Benoist, S. Waernessyckle, P. Rufin, J. J. Brouard, J.
de Blic, and P. Scheinmann. 2001. Relationship between bronchial re-
sponsiveness and clinical evolution in infants who wheeze: a four-year
prospective study. Am.J.Respir.Crit Care Med 164: 1382-1386.

Brussee, J. E., H. A. Smit, L. P. Koopman, A. H. Wijga, M. Kerkhof, K.
Corver, A. P. Vos, J. Gerritsen, D. E. Grobbee, B. Brunekreef, P. J.
Merkus, and J. C. de Jongste. 2004. Interrupter resistance and wheezing
phenotypes at 4 years of age. Am.J.Respir.Crit Care Med. 169: 209-213.
Kooi, E. M., E. J. Vrijlandt, H. M. Boezen, and E. J. Duiverman. 2004.
Children with smoking parents have a higher airway resistance meas-
ured by the interruption technique. Pediatr.Pulmonol. 38: 419-424.
Solymar, L., P. H. Aronsson, and R. Sixt. 1985. The forced oscillation
technique in children with respiratory disease. Pediatr.Pulmonol. 1:
256-261.

Malmberg, L. P,, A. S. Pelkonen, T. Haahtela, and M. Turpeinen. 2003.
Exhaled nitric oxide rather than lung function distinguishes preschool
children with probable asthma. Thorax 58: 494-499.

Salome, C. M., J. K. Peat, W. J. Britton, and A. J. Woolcock. 1987. Bron-
chial hyperresponsiveness in two populations of Australian schoolchil-
dren. I. Relation to respiratory symptoms and diagnosed asthma.
Clin.Allergy 17: 271-281.

Werk, L. N, S. Steinbach, W. G. Adams, and H. Bauchner. 2000. Beliefs
about diagnosing asthma in young children. Pediatrics 105: 585-590.
Gibson, P. G. 2000. Monitoring the patient with asthma: an evidence-
based approach. J.Allergy Clin.Immunol. 106: 17-26.

Sont, J. K., L. N. Willems, E. H. Bel, J. H. van Krieken, J. P. Vanden-
broucke, and P. J. Sterk. 1999. Clinical control and histopathologic out-
come of asthma when using airway hyperresponsiveness as an

73



143.

144.

145.

146.

147.

148.

149.

150.

15

—

152.

153.

154.

155.

156.

157.

158.

159.

160.

16

—

162.

163.

164.

165.

166.

74

additional guide to long-term treatment. The AMPUL Study Group.
Am.J.Respir.Crit Care Med 159: 1043-1051.

Hallstrand, T. S., J. R. Curtis, T. D. Koepsell, D. P. Martin, R. B. Schoene,
S. D. Sullivan, G. N. Yorioka, and M. L. Aitken. 2002. Effectiveness of
screening examinations to detect unrecognized exercise-induced bron-
choconstriction. J.Pediatr. 141: 343-348.

Juniper, E. E, P. A. Frith, and F. E. Hargreave. 1981. Airway responsive-
ness to histamine and methacholine: relationship to minimum treat-
ment to control symptoms of asthma. Thorax 36: 575-579.
Amaro-Galvez, R., F. J. McLaughlin, H. Levison, N. Rashed, M. Galdes-
Sebaldt, and B. Zimmerman. 1987. Grading severity and treatment re-
quirements to control symptoms in asthmatic children and their rela-
tionship with airway hyperreactivity to methacholine. Ann.Allergy 59:
298-302.

Godlfrey, S., C. Springer, N. Noviski, C. Maayan, and A. Avital. 1991. Ex-
ercise but not methacholine differentiates asthma from chronic lung
disease in children. Thorax 46: 488-492.

Avital, A., C. Springer, E. Bar-Yishay, and S. Godfrey. 1995. Adenosine,
methacholine, and exercise challenges in children with asthma or paedi-
atric chronic obstructive pulmonary disease. Thorax 50: 511-516.
Avital, A., E. Picard, K. Uwyyed, and C. Springer. 1995. Comparison of
adenosine 5’-monophosphate and methacholine for the differentiation
of asthma from chronic airway diseases with the use of the auscultative
method in very young children. J.Pediatr. 127: 438-440.

Murakami, G., T. Igarashi, Y. Adachi, M. Matsuno, Y. Adachi, M. Sawai,
A. Yoshizumi, and T. Okada. 1990. Measurement of bronchial hyperre-
activity in infants and preschool children using a new method. Ann.Al-
lergy 64: 383-387.

Wilson, N. M., S. B. Phagoo, and M. Silverman. 1991. Use of transcu-
taneous oxygen tension, arterial oxygen saturation, and respiratory re-
sistance to assess the response to inhaled methacholine in asthmatic
children and normal adults. Thorax 46: 433-437.

. Noviski, N., L. Cohen, C. Springer, E. Bar-Yishay, A. Avital, and S. God-

frey. 1991. Bronchial provocation determined by breath sounds com-
pared with lung function. Arch.Dis.Child 66: 952-955.

Adachi, Y., G. Murakami, M. Matsuno, Y. S. Adachi, M. Kayahara, T.
Okada, T. Igarashi, and A. Yoshizumi. 1992. Longitudinal study of
bronchial hyperreactivity in preschool children with bronchial asthma.
Ann.Allergy 68: 261-266.

Holmgren, D., S. Redfors, G. Wennergren, and G. Sten. 1999. Histamine
provocation in young, awake children with bronchial asthma, using a
fall in oxygenation as the only indicator of a bronchial reaction. Acta
Paediatr. 88: 545-549.

Yong, S. C., C. M. Smith, R. Wach, M. Kurian, and R. A. Primhak. 1999.
Methacholine challenge in preschool children: methacholine-induced
wheeze versus transcutaneous oximetry. Eur.Respir.]. 14: 1175-1178.
Vink, G. R., H. G. Arets, L. J. van der, and C. K. van der Ent. 2003. Im-
pulse oscillometry: a measure for airway obstruction. Pediatr.Pulmo-
nol. 35: 214-219.

Vandenbossche, L. E., W. C. Hop, and J. C. de Jongste. 1993. Bronchial
responsiveness to inhaled metabisulfite in asthmatic children increases
with age. Pediatr.Pulmonol. 16: 236-242.

Wilson, N. M., P. Bridge, and M. Silverman. 1995. Bronchial respon-
siveness and symptoms in 5-6 year old children: a comparison of a dir-
ect and indirect challenge. Thorax 50: 339-345.

Lenney, W. and A. D. Milner. 1978. Recurrent wheezing in the preschool
child. Arch.Dis.Child 53: 468-473.

Solymar, L., P. H. Aronsson, 1. Engstrom, B. Bake, and J. Bjure. 1984.
Forced oscillation technique and maximum expiratory flows in bron-
chial provocation tests in children. Eur.].Respir.Dis. 65: 486-495.
Barnes, P. J., S. Pedersen, and W. W. Busse. 1998. Efficacy and safety of
inhaled corticosteroids. New developments. Am.J.Respir.Crit Care Med
157: S1-53.

. Richter, K., S. Janicki, R. A. Jorres, and H. Magnussen. 2002. Acute pro-

tection against exercise-induced bronchoconstriction by formoterol,
salmeterol and terbutaline. Eur.Respir.J. 19: 865-871.

O’byrne, P. M., H. Bisgaard, P. P. Godard, M. Pistolesi, M. Palmgqvist, Y.
Zhu, T. Ekstrom, and E. D. Bateman. 2004. Budesonide/Formoterol
Combination Therapy as Both Maintenance and Reliever Medication in
Asthma. Am.J.Respir.Crit Care Med 171: 129-136.

Bateman, E. D., H. A. Boushey, J. Bousquet, W. W. Busse, T. J. Clark, R.
A. Pauwels, and S. E. Pedersen. 2004. Can guideline-defined asthma
control be achieved? The Gaining Optimal Asthma ControL study.
Am.J.Respir.Crit Care Med 170: 836-844.

Mortensen, J., S. Groth, P. Lange, and F. Hermansen. 1991. Effect of
terbutaline on mucociliary clearance in asthmatic and healthy subjects
after inhalation from a pressurised inhaler and a dry powder inhaler.
Thorax 46: 817-823.

Dales, R. E., W. O. Spitzer, P. Tousignant, M. Schechter, and S. Suissa.
1988. Clinical interpretation of airway response to a bronchodilator.
Epidemiologic considerations. Am.Rev.Respir.Dis. 138: 317-320.

Bibi, H., M. Montgomery, H. Pasterkamp, and V. Chernick. 1991. Rela-

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

tionship between response to inhaled salbutamol and methacholine
bronchial provocation in children with suspected asthma. Pediatr.Pul-
monol. 10: 244-248.

Warner, J. O. and C. K. Naspitz. 1998. Third International Pediatric
Consensus statement on the management of childhood asthma. Inter-
national Pediatric Asthma Consensus Group. Pediatr.Pulmonol. 25: 1-
17.

Casan, P, J. Roca, and J. Sanchis. 1983. Spirometric response to a bron-
chodilator. Reference values for healthy children and adolescents.
Bull.Eur.Physiopathol.Respir. 19: 567-569.

Kerstjens, H. A., S. E. Overbeek, J. P. Schouten, P. L. Brand, and D. S.
Postma. 1993. Airways hyperresponsiveness, bronchodilator response,
allergy and smoking predict improvement in FEV1 during long-term
inhaled corticosteroid treatment. Dutch CNSLD Study Group. Eur.
Respir.]. 6: 868-876.

Black, J., A. D. Baxter-Jones, J. Gordon, A. L. Findlay, and P. J. Helms.
2004. Assessment of airway function in young children with asthma:
comparison of spirometry, interrupter technique, and tidal flow by in-
ductance plethsmography. Pediatr.Pulmonol. 37: 548-553.

Ortiz, G. and R. Menendez. 2002. The effects of inhaled albuterol and
salmeterol in 2- to 5-year-old asthmatic children as measured by im-
pulse oscillometry. J.Asthma 39: 531-536.

Dubus, J. C., C. Guillot, and M. Badier. 2003. Electrostatic charge on
spacer devices and salbutamol response in young children. Int.J.Pharm.
261: 159-164.

Bisgaard, H. 2001. Leukotriene modifiers in pediatric asthma manage-
ment. Pediatrics 107: 381-390.

Fischer, A. R., M. A. Rosenberg, M. Roth, M. Loper, S. Jungerwirth, and
E. Israel. 1997. Effect of a novel 5-lipoxygenase activating protein in-
hibitor, BAYx 1005, on asthma induced by cold dry air. Thorax 52:
1074-1077.

Coreno, A., M. Skowronski, C. Kotaru, and E. R. McFadden, Jr. 2000.
Comparative effects of long-acting beta2-agonists, leukotriene receptor
antagonists, and a 5-lipoxygenase inhibitor on exercise-induced asthma.
J.Allergy Clin.Immunol. 106: 500-506.

Reiss, T. ., P. Chervinsky, R. J. Dockhorn, S. Shingo, B. Seidenberg, and
T. B. Edwards. 1998. Montelukast, a once-daily leukotriene receptor
antagonist, in the treatment of chronic asthma: a multicenter, ran-
domized, double-blind trial. Montelukast Clinical Research Study
Group. Arch.Intern.Med 158: 1213-1220.

Knorr, B., J. Matz, J. A. Bernstein, H. Nguyen, B. C. Seidenberg, T. F. Re-
iss, and A. Becker. 1998. Montelukast for chronic asthma in 6- to 14-
year-old children: a randomized, double-blind trial. Pediatric Montelu-
kast Study Group. JAMA 279: 1181-1186.

Knorr, B., L. M. Franchi, H. Bisgaard, J. H. Vermeulen, P. LeSouef, N.
Santanello, T. M. Michele, T. E. Reiss, H. H. Nguyen, and D. L. Bratton.
2001. Montelukast, a leukotriene receptor antagonist, for the treatment
of persistent asthma in children aged 2 to 5 years. Pediatrics 108: E48.
Bisgaard, H. 2003. A randomized trial of montelukast in respiratory
syncytial virus postbronchiolitis. Am.J.Respir.Crit Care Med 167: 379-
383.

Bisgaard, H., S. Zielen, L. Garcia-Garcia, S. L. Johnston, L. Gilles, J.
Menten, C. A. Tozzi, and P. Polos. 2004. Montelukast Reduces Asthma
Exacerbations in 2 to 5 year old Children with Intermittent Asthma.
Am.J.Respir.Crit Care Med.

Kemp, J. P, R. J. Dockhorn, G. G. Shapiro, H. H. Nguyen, T. E. Reiss, B.
C. Seidenberg, and B. Knorr. 1998. Montelukast once daily inhibits ex-
ercise-induced bronchoconstriction in 6- to 14-year-old children with
asthma. J.Pediatr. 133: 424-428.

Leff, J. A., W. W. Busse, D. Pearlman, E. A. Bronsky, J. Kemp, L. Hende-
les, R. Dockhorn, S. Kundu, J. Zhang, B. C. Seidenberg, and T. F. Reiss.
1998. Montelukast, a leukotriene-receptor antagonist, for the treatment
of mild asthma and exercise-induced bronchoconstriction. N.Engl.J.
Med 339: 147-152.

Simons, E. E., T. V. Gerstner, and M. S. Cheang. 1997. Tolerance to the
bronchoprotective effect of salmeterol in adolescents with exercise-in-
duced asthma using concurrent inhaled glucocorticoid treatment. Pedi-
atrics 99: 655-659.

Edelman, J. M., J. A. Turpin, E. A. Bronsky, J. Grossman, J. P. Kemp, A.
F. Ghannam, P. T. DeLucca, G. J. Gormley, and D. S. Pearlman. 2000.
Oral montelukast compared with inhaled salmeterol to prevent exer-
cise-induced bronchoconstriction. A randomized, double-blind trial.
Exercise Study Group. Ann.Intern.Med 132: 97-104.

Bisgaard, H. 2000. Long-acting beta(2)-agonists in management of
childhood asthma: A critical review of the literature. Pediatr.Pulmonol.
29:221-234.

Bisgaard, H. 2003. Effect of long-acting beta2 agonists on exacerbation
rates of asthma in children. Pediatr.Pulmonol. 36: 391-398.

Peroni, D. G., G. L. Piacentini, M. Ress, A. Bodini, A. Loiacono, R. Ar-
alla, and A. L. Boner. 2002. Time efficacy of a single dose of montelukast
on exercise-induced asthma in children. Pediatr.Allergy Immunol. 13:
434-437.

DANISH MEDICAL BULLETIN VOL. 53 NO. 1/FEBRUARY 2006



188.

189.

190.

19

—_

192.

193.

194.

195.

196.

197.

198.

199.

200.

20

—_

202.

203.

204.

205.

206.

207.

208.

209.

210.

Bisgaard, H., S. L. Munck, J. P. Nielsen, W. Petersen, and S. V. Ohlsson.
1990. Inhaled budesonide for treatment of recurrent wheezing in early
childhood. Lancet 336: 649-651.

Noble, V., N. R. Ruggins, M. L. Everard, and A. D. Milner. 1992. Inhaled
budesonide for chronic wheezing under 18 months of age. Arch.Dis.
Child 67: 285-288.

Ilangovan, P, S. Pedersen, S. Godfrey, K. Nikander, N. Noviski, and J. O.
Warner. 1993. Treatment of severe steroid dependent preschool asthma
with nebulised budesonide suspension. Arch.Dis.Child 68: 356-359.

. Connett, G. J., C. Warde, E. Wooler, and W. Lenney. 1993. Use of budes-

onide in severe asthmatics aged 1-3 years. Arch.Dis.Child 69: 351-355.
de Blic, J., C. Delacourt, M. Le Bourgeois, B. Mahut, J. Ostinelli, C. Cas-
well, and P. Scheinmann. 1996. Efficacy of nebulized budesonide in
treatment of severe infantile asthma: a double-blind study. J.Allergy
Clin.Immunol. 98: 14-20.

de Benedictis, F. M., L. C. Martinati, L. F. Solinas, G. Tuteri, and A. L.
Boner. 1996. Nebulized flunisolide in infants and young children with
asthma: a pilot study. Pediatr.Pulmonol. 21: 310-315.

Kemp, J. P, D. P. Skoner, S. J. Szefler, K. Walton-Bowen, M. Cruz-Riv-
era, and J. A. Smith. 1999. Once-daily budesonide inhalation suspen-
sion for the treatment of persistent asthma in infants and young
children. Ann.Allergy Asthma Immunol. 83: 231-239.

Shapiro, G., L. Mendelson, M. J. Kraemer, M. Cruz-Rivera, K. Walton-
Bowen, and J. A. Smith. 1998. Efficacy and safety of budesonide inhal-
ation suspension (Pulmicort Respules) in young children with inhaled
steroid-dependent, persistent asthma. J.Allergy Clin.Immunol. 102:
789-796.

Baker, J. W., M. Mellon, J. Wald, M. Welch, M. Cruz-Rivera, and K. Wal-
ton-Bowen. 1999. A multiple-dosing, placebo-controlled study of
budesonide inhalation suspension given once or twice daily for treat-
ment of persistent asthma in young children and infants. Pediatrics 103:
414-421.

Bisgaard, H., J. Gillies, M. Groenewald, and C. Maden. 1999. The effect
of inhaled fluticasone propionate in the treatment of young asthmatic
children: a dose comparison study. Am.J.Respir.Crit Care Med 160: 126-
131.

Leflein, J. G., S. J. Szefler, K. R. Murphy, S. Fitzpatrick, M. Cruz-Rivera,
C.J. Miller, and J. A. Smith. 2002. Nebulized budesonide inhalation sus-
pension compared with cromolyn sodium nebulizer solution for
asthma in young children: results of a randomized outcomes trial. Pedi-
atrics 109: 866-872.

Maayan, C., T. Itzhaki, E. Bar-Yishay, S. Gross, A. Tal, and S. Godfrey.
1986. The functional response of infants with persistent wheezing to
nebulized beclomethasone dipropionate. Pediatr.Pulmonol. 2: 9-14.
Kraemer, R., B. U. Graf, A. C. Casaulta, M. Weder, and P. Birrer. 1997.
Clinical and physiological improvement after inhalation of low-dose
beclomethasone dipropionate and salbutamol in wheezy infants. Re-
spiration 64: 342-349.

. Greenough, A, J. Pool, J. G. Gleeson, and J. E. Price. 1988. Effect of

budesonide on pulmonary hyperinflation in young asthmatic children.
Thorax 43: 937-938.

Pao, C. S. and S. A. McKenzie. 2002. Randomized controlled trial of flu-
ticasone in  preschool children with intermittent wheeze.
Am.J.Respir.Crit Care Med. 166: 945-949.

Juniper, E. E, P. A. Kline, M. A. Vanzieleghem, E. H. Ramsdale, P. M.
O’byrne, and E. E. Hargreave. 1990. Effect of long-term treatment with
an inhaled corticosteroid (budesonide) on airway hyperresponsiveness
and clinical asthma in nonsteroid-dependent asthmatics. Am.Rev.
Respir.Dis. 142: 832-836.

Kerrebijn, K. F, E. E. Essen-Zandvliet, and H. J. Neijens. 1987. Effect of
long-term treatment with inhaled corticosteroids and beta-agonists on
the bronchial responsiveness in children with asthma. J.Allergy Clin.Im-
munol. 79: 653-659.

Stick, S. M., P. R. Burton, J. B. Clough, M. Cox, P. N. LeSouef, and P. D.
Sly. 1995. The effects of inhaled beclomethasone dipropionate on lung
function and histamine responsiveness in recurrently wheezy infants.
Arch.Dis.Child 73: 327-332.

Buchvald, F. and H. Bisgaard. 2001. FeNO measured at fixed exhalation
flow rate during controlled tidal breathing in children from the age of 2
yr. Am.J.Respir.Crit Care Med. 163: 699-704.

Woodcock, A., L. A. Lowe, C. S. Murray, B. M. Simpson, S. D. Pipis, P.
Kissen, A. Simpson, and A. Custovic. 2004. Early life environmental
control: effect on symptoms, sensitization, and lung function at age 3
years. Am.J.Respir.Crit Care Med. 170: 433-439.

Oswald-Mammosser, M., A. Charloux, L. Donato, C. Albrech, J. P.
Speich, E. Lampert, and J. Lonsdorfer. 2000. Interrupter technique ver-
sus plethysmography for measurement of respiratory resistance in chil-
dren with asthma or cystic fibrosis. Pediatr.Pulmonol. 29: 213-220.
Mellis, C. M. and H. Levison. 1978. Bronchial reactivity in cystic fibro-
sis. Pediatrics 61: 446-450.

Van Asperen, P., C. M. Mellis, R. T. South, and S. J. Simpson. 1981.

DANISH MEDICAL BULLETIN VOL. 53 NO. 1/FEBRUARY 2006

211.

212.

Bronchial reactivity in cystic fibrosis with normal pulmonary function.
Am.J.Dis.Child 135: 815-819.

Bisgaard, H., S. S. Pedersen, K. G. Nielsen, M. Skov, E. M. Laursen, G.
Kronborg, C. M. Reimert, N. Hoiby, and C. Koch. 1997. Controlled trial
of inhaled budesonide in patients with cystic fibrosis and chronic bron-
chopulmonary Psuedomonas aeruginosa infection. Am.J.Respir.Crit
Care Med. 156: 1190-1196.

Hellinckx, J., K. De Boeck, and M. Demedts. 1998. No paradoxical
bronchodilator response with forced oscillation technique in children
with cystic fibrosis. Chest 113: 55-59.

75



