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Introduction

Symptoms of chronic respiratory disease as asthma or cystic fibrosis appear in early
childhood. Clinical evaluation of chronic respiratory disease by auscultation and history
of respiratory symptoms is of limited sensitivity and specificity, which makes
diagnosing and monitoring the respiratory disease difficult. Therefore, lung function
measurement is ‘“the gold-standard” for diagnosing and monitoring chronic lung

diseases in young children.

Lung function techniques in children

Lung function measurements in children can be measured with different methods
according to their age and feasibility. In this thesis we used the raised volume rapid
thoracic compression technique in infants, wholebody plethysmography in preschool
children and spirometry in schoolchildren to measure lung function. In the following

section the different lung function techniques are described briefly.

Lung function measurement in infancy

Raised volume rapid thoracic compression technique (RVRTC)

Infant lung function testing is increasingly applied in research. It is often necessary to
sedate the infant during measurement since the infant while awake cannot cooperate to
special breathing maneuvers. The RVRTC method requires relatively complex
equipment for lung inflation. An external pressure is applied to the chest and abdomen
to force expiration (Figure 1). The method allows measurements of volume-time

parameters as for example forced expiratory volumes at 0.5 seconds.
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Figure 1: Equipment required for RVRTC (1)



Guidelines for raised volume forced expirations in infants has been published by the
European Respiratory Society/American Thoracic Society (ERS/ATS) Task Force (2).
The method can detect abnormal respiratory function in infants with chronic lung
disease (3, 4). Studies also found impaired lung function in infancy in young children
with recurrent wheeze compared to healthy controls (5, 6).

Other lung function tests in infants have been studied such as the gas washout technique
measuring functional residual capacity (7), plethysmographic measurements of lung
volume and airway resistance (8) and the occlusion technique measuring passive

respiratory mechanics in infants (9).

Lung function measurements in young children (<6 years of age)

Wholebody Plethysmography

Specific airway resistance (sRaw) measurements require no active cooperation and are
therefore feasible in children from 2 years of age. sRaw measured by wholebody
plethysmography in young children is increasingly used in research and clinical
practice. The method has been documented in the recent decade (10-16). Previous
studies found sRaw values being significantly higher in 2-7 year old stable asthmatic
children compared to healthy controls (17-19) and the sRaw method more sensitive
compared to other techniques (16). By using the sRaw method a British study group
found impaired lung function in children with personal and parental atopy even in the
absence of respiratory symptoms. The same study group found that a poor lung function
at age 3 was predictive for subsequent persistence of symptoms in children who had
wheezed within the first 3 years (20, 21).

Other techniques can be useful when measuring lung function in preschool children
(22) such as the forced/impulse oscillation (23) or the occlusion/interrupter technique
(24) which measures respiratory resistance; or multiple-breath washout gas-mixing test
measuring ventilation distribution in the lungs and the functional residual capacity (25-

27). These techniques are mostly applied in research practice.

Lung function measurements in schoolchildren

Spirometry is the traditional method measuring forced expiratory volume in the first

second (FEV3); this is routinely applied in school children (28). It is the most frequent



pulmonary function test obtained by clinicians caring for children with respiratory
diseases and invaluable as a screening test of general respiratory health. Younger
children can rarely perform a maximal inspiration followed by a forced expiration
sufficiently (29). Most schoolchildren are able to perform acceptable and repeatable

spirometry that conforms to standard criteria (30, 31).

Bronchial hyperresponsiveness

Bronchial hyperreactivity (BHR) is a characteristic phenomenon in asthma, defined as
an abnormal fall (FEV1) in lung function (or rise in airway resistance) after direct or
indirect airway challenge test with stimuli which induce increased airflow limitation.
Test of BHR contributes to the asthma diagnose (32).

Direct airway challenge tests (e.g. methacholine, histamine) cause airway narrowing by
acting directly on their respective receptors on the bronchial smooth muscles.
Methacholine challenge test are well established (33, 34) and guidelines have been
published by the American Thoracic Society (35). The subject inhale increasing dose of
methacholine until the FEV; falls by 20% or more and the provocative dose causing a
20% fall (PDyo) is calculated. A low PDyg suggests severe bronchial responsiveness.
Indirect airway challenge tests (e.g. exercise, hypertonic saline, cold air, mannitol, and
adenosine) use non-allergic irritants that have no direct effect on the smooth airway
muscles. Hyperventilation leads to dehydration of the cells in the airways, which
induces release of bronchoconstricting mediators. Dry/cold air hyperventilation testing
has a similar mechanism of osmotic dehydration. School children and adults
traditionally use exercise test. This is applicable from the age of 7-8 years where
adequate cooperation may be expected. For younger children Danish paediatricians
developed a simple test, cold air provocation. The method is documented and has shown
good predictive value and repeatability for asthma or ongoing asthma in preschool
children. The test is positive if sSRaw increases >3SD corresponding 20% or more (18,
36-38).

Nitric oxide as an inflammatory marker

Direct monitoring airway inflammation in respiratory diseases with bronchoscope

taking biopsies or making broncho alveolar lavage (BAL) is limited in children because



of the invasive nature. In the last decade fractional exhaled nitric oxide (FENO) has been
studied as a non-invasive marker of eosinophilic airway inflammation (39, 40). FeNO
has been correlated with BAL fluid and bronchial biopsies (41, 42). Studies have found
higher concentration in subjects with asthma compared to healthy (43-46). Especially
atopy seems to be a significant factor associated with a raised exhaled NO. In general
FeNO has not correlated with lung function but positively associated with bronchial
hyperresponsiveness (47, 48) and sensitive to changes in anti-inflammatory treatment
(49). FeNO is now applied in the clinical setting as a supplement to the traditional lung

function testing.



I. Accuracy of Wholebody Plethysmography in preschool children
Background

Quality control of wholebody plethysmography

The method is precise within center, and reference data are available (10, 12). The
precision (within-observer and between-observer variability) and repeatability of sRaw
measurements have previously been documented at one center (12, 13, 50) but the
accuracy of the method has not been reported and needs quality assurance (11).
Particularly using reference values generated by other centers is vulnerable to the
accuracy of the methods used. Currently, there is no method available for calibration to
compare sRaw between centers, which raise concern.

There have been attempts to develop a mechanical infant lung model analogue for
quality control of a whole-body infant-plethysmograph (51, 52), but this turned out to
be difficult because of the small pressure and flow changes and is not readily available.
Flow and box leak are checked routinely, but the composite resistance measure is
generated by algorithms hidden in the software with settings often inaccessible to the
end-user. Thereby errors in software or mechanics could go unnoticed with potential
impact on clinical evaluation. Therefore, it is of concern that the accuracy of sRaw
measurements cannot be verified.

The sRaw method was established as part of this thesis at 6 Danish paediatric
departments with implementation of a standard operation procedure for lung function
measurement with a whole body plethysmograph in preschool children. Determination
of inter-center reproducibility and variability of the technique has important relevance
for its application to multicenter clinical trials. Harmonizing the standards for lung
function test will develop an indicator for the quality in treatment of preschool children
with asthma in Denmark.

The focus of study | was to standardize a protocol for sRaw lung function
measurements between 6 Danish paediatric departments in order to conduct a

multicenter trial.
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Aims (study I)

Study |
A To determine the center agreement by comparing sRaw measurements in
healthy preschool children between 6 centers in Denmark currently using
identical hardware equipment, but different software versions.
B. Provide sRaw values for non-asthmatic preschool children at 5 of the centers
to expand normative data.
Material
Study |

We used 7 healthy preschool children as biological controls in the center agreement
study. The children were between 4.9 to 6.6 years old. None of the children had a
history of asthma or allergy. Three children previously had atopic dermatitis; three had

parental atopy and none had smoking parents.

In the normative data we recruited healthy preschool children by random selection
through the Central Person Registry from the local catchment area of 5 centers.
Approximately 20% of the families responded positively to the posted invitations.

105 non-asthmatic preschool children (52 male) were measured locally at one of the 5
centers; mean age was 5.1 years (interquartile range 4.3-6.0). One child was of Latin-

America descent and two of Arabic descent.

Children included were born at term, with no history of asthma related symptoms, other
chronic lung symptoms or use of asthma treatment. If the child had a lower respiratory
tract infection within the week before the appointment, the measurement was

rescheduled.
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Methods

Designs

Study I:

Six centers in Denmark currently use identical hardware equipment, but software
versions differed between centers (JLAB 4.51, 4.53 with different sub versions, 4.65
and 4.67).

Center agreement

The seven children were brought to each center for sRaw measurements. The children
were not trained in performing lung function measurement before entering the study.
The order of center visits was randomized. At each center the children were measured
by a center specific observer as well as one external observer visiting each center (PP).
The two observers were blinded for each other’s measurements. Measurements in the

individual children were finished within a period of 3 months.

Normative data

The children attended their local center where duplicate measurements were done by a
local observer. The center numbers in the center agreement study represent the same
center numbers in the normative study. Center no. 1-5 provided data for the healthy
cohort. Center no. 6 did not participate in the second part of the study because a local

investigator was unavailable.

Wholebody Plethysmography
Protocol of sRaw measurement

Principle of measurement

Whole body plethysmography was introduced by DuBois in 1956 for specific airway

resistance measurement (53).

Our measurements were conducted in a constant volume whole body plethysmograph
(Master Screen Body; E. Jaeger GmbH, Wurzburg, Germany). A transducer measured
pressure changes in the sealed box generated by the thoracic and abdominal movements

during tidal breathing. By calibration of the plethysmograph the changes in pressure

12



were expressed as changes of plethysmographic volume. A pneumotachograph

simultaneously measured the flow swing at the mouth.

Specific airway resistance (sRaw) was calculated as the ratio between the change in

volume (V) and the resulting change in air flow (1"): sRaw = (A V/ AV).

Flow and volume measurements were corrected to body temperature and pressure,
saturated with water vapor (BTPS) conditions. sRaw = (AV/ ATV") X (Pamp — Pr20), Where
Pamp 1S ambient pressure and Pyo is the pressure of water vapour at body temperature
(54). The equipment was calibrated daily for ambient conditions (room temperature,
atmospheric pressure and humidity), box calibration (leak test result should be between
4 and 7 seconds and test for internal pressure which should result in a correction factor
of <3%) and volume calibration (piston was pulled regularly 10 times with a 3 L piston

and automatically accepted or rejected by the software).

Measurement procedure

The same standard operating procedure was followed by all observers. The child was
seated in a comfortable position alone in the box with the door closed. Sitting position
was relaxed without slouching and a footstool supported the feet. The box door was
closed before starting the software program. The observer waited approximately one
minute for stabilizing the temperature in the box before measurement (the heated air
generated by the body temperature expands and create a little increase in pressure in the
box). The child was not allowed to touch the sides of the plethysmograph as it could
affect the pressure (volume) signal.

Preschool children often do not accept wearing a nose-clip and have difficulty in
keeping the lips around a mouth-piece. Therefore the children in this study used a
facemask with a large cushion, which ensured a good seal and stabilized the cheeks and
chin. A built-in flexible tube with a 1 cm long internal metal ring ensured that the mouth
remained open to avoid nasal breathing. The child's head was slightly tipped back and
normal breathing aimed for a frequency of 30-45 breaths per minute (15, 55)
encouraged by the observer. A microphone and loudspeaker ensured communication

and instruction of the child during measurement.

13



"Loops™ on the screen showed the relation between pressure (or volume) (x-axis) and

flow (y-axis) i.e. the pressure driving the air flow in and out of the lungs. sRaw was

estimated from the inclination of these loops using the line between points of maximum

pressure (sRawror).

Technically acceptable loops were chosen as those that were "closed” in the middle.

"Open" loops normally indicated insufficient BTPS correction. The loops assumed a

straight line with a tendency to an S-shape, and symmetric around the inclination

(Figure 2) (56).

V57 Fow L)

054

(EXXI°CXXXIX]

0454

SR tot

A bt

15

PP
1474
[kPa"s/L}

Vokane shit il

Figure 2: sRaw loops in a 3 year old healthy child
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Low sRaw reflected as steep loops. The inclinations of the loops were "lying" down

with rising resistance (Figure 3).

Figure 3: sRaw loops before and after provocation in a young child with asthma

BTPS correction was done automatically by the software when the result was analyzed.
sRaw measurement was assessed during regular breathing free of artefacts caused by
e.g. swallowing, vocalization, coughing or leakage around the facemask, which could be
detected as abnormal (open or asymmetric) loops on the on-line display. The decision to
whether accept or reject a measurement was immediately done after the measurement
by the observer. sRaw from one run was calculated as the median value of at least five

technically satisfactory loops with similar configuration and inclination (10-12).
In the center agreement study each of the seven children performed in total six runs. The
local operator made the two first runs, and then switched the operator to PP which made

two runs and finally did two runs with the local operator again.

In the normative study duplicate measurements (two runs) were done by a local

observer.

Statistical analyses

SAS version 9.1 was used for statistical analyses.

Study I: We used ANOVA with unbalanced block design to analyze differences due to

center, child, center specific observer, accompanying observer (PP) and age of the child.

15



We included age in the analysis of center agreement because of the small number of
children, and preschool children could theoretically have a higher variation of sRaw
values throughout the many visits. Our data were powered to detect a difference of
0.078 in expected log(sRaw) between two pre-specified centers. If centers were not pre-
specified our data were powered to detect a difference of 0.117 using Bonferroni
correction. For the normative data (incl. SD) we used mixed model with repeated
measurements using log-transformed sRaw values adjusted for center number. A
comparison between data from center no. 3 with previous reported normative values
was done using a two sample t-test for means with logtransformed sRaw values. The

figures were made by using Analyse-it for Excel.
Ethics

Study | was approved by the Local Ethics Committee as a quality assurance project and

approved by the Danish Data Protection Agency (J.nr. 2005-2-11).

Results

Center agreement (study I)
All 7 children (3 boys) completed measurements at each of the 6 centers. Lung function

measurements differed significantly between centers (Figure 4).
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Figure 4: Center agreement study. Least squares mean for sRaw on 6 centers with 95% CI
(software versions are indicated in parenthesis).

sRaw at center no. 1 and 2 were significantly lower compared to the other 4 centers and

center no. 6 had significantly higher sRaw values than all the other centers. Mean sRaw
(SD) for all 6 centers was 0.88 kPa*s (0.23). The within-subject SD was 0.01 and

between-center SD for each child was 0.02. Observer and age of the child did not

significantly affect the measurements (p>0.5).

There were no significant difference between the sRaw results obtained by PP and the

local operator (table 1).

Table 1: Normative study: sRaw results obtained by PP and the local operator

Child
no

Center
no

1
2
3
4
5)
6

1

PP

0.75
0.69
0.51
0.99
1.54
0.82

Local
operator

0.75
0.68
0.44
0.74
1.41
0.87

2

PP

1.05
0.67
0.61
0.79
1.09
0.89

Local
operator

0.97
0.67
0.61
0.76
0.97
0.88

3

PP

0.98
0.86
0.51
1.13
1.02
0.86

Local
operator

1.07
0.95
0.65
1.11
1.02
1.01

4

PP

131
0.87
0.46
0.93
0.99
1.11

Local
operator

1.05
0.83
0.61
0.90
1.13
1.09

5

PP

0.92
0.86
0.74
0.88
0.95
0.74

Local
operator

0.93
0.79
0.67
0.96
0.87
0.91

6

PP

0.73
1.09
1.05
1.29
1.20
1.14

Local
operator

0.79
1.01
1.02
1.33
1.08
1.29

7
PP

0.75
0.65
0.43
0.81
0.82
0.76

17

Local
operator

0.77
0.59
0.65
0.77
0.71
0.77



Normative data (study I)

Mean sRaw (SD) was 1.21 kPa * s (0.33) independent of height, weight, age and gender

(Table 2); within-subject SD (variability) was 0.07 calculated by using mixed model

with repeated measurements. There was no significant effect of center. Furthermore,

there was no effect of the child’s history of atopy, parental atopy or smoking (p-values

> 0.05 for all estimates).

Table 2: Normative study: Clinical characteristics of the children from the 5 centers

Estimate

Center no. 1 2 3 4 5 Total P
[CI] value
Numberof =1, 28 29 16 11 105
children
Mean sRaw 1.30 1.09 1.26 1.28 1.10 1.21
(SD) (032)  (0.24)  (0.31)  (0.46)  (0.23)  (0.33)
Mean age 5.39 5.24 5.07 453 5.39 5.13 0.98 047
(SD) (1.16)  (1.04)  (118) (1190  (1.03)  (1.15)  [0.93-1.03]
Gender/boys | 11 15 16 6 4 52 1.05 0.16
(%) (52) (54) (55) (38) (36) (49.5) [0.98-1.13] '
Weight/kg 22.0 20.0 20.4 18.9 19.4 20.3 1.01 0.26
(SD) (4.29) (4.84) (4.32) (4.24) (2.88) (4.39) [0.99-1.03] :
Height/cm 115.2 110.2 112.3 106.2 111.2 111.3 0.99 0.52
(SD) (895)  (9.90)  (9.79)  (8.27)  (828)  (9.61)  [0.99-1.01]
Rhinitis %) |4(19) 0(0)  4(14) 1(63) 1(90) 10(95) ?0'3;_1_04] 0.16
Dermatitis 2 10 5 4 1 22 1.05 0.29
(%) (9.5) (36) 17 (25) 9.0 (20.9) [0.96-1.15]
Parental 12 13 21 11 5 62 0.99 0.85
atopy (%) (57) (46) (75) (69) (45) (59.6) [0.92-1.07]
Smoking (%) | 4(19)  8(29) 4(14) 3(19) 4(36)  23(22) [10'21 w064

We pooled the previous report on normative data by Klug and Bisgaard (121 children)
(12) and the current normative data (105 children); mean sRaw (SD) 1.27 (0.25); 95%
Cl [0.78-1.76] (Figure 5).
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Figure 5: Normative data from the multicenter study (5 centers) and the previous study (Klug &

Bisgaard, 1997)

The sRaw values fitted a normal distribution (Figure 6).
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Figure 6: Normal distribution of sRaw values with 2.5 and 97.5 percentiles.
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Additional results

sRaw measurement was established at center no. 2 during the year 2005. We registered
the feasibility of the sRaw technique on untrained children. Figure 7 was based on 97
children trying sRaw measurement for the first time, consecutively examined; all sitting
alone in the whole-body plethysmograph. The patient cases were mixed asthmatic
children familiar with the facemask for asthma medication use and children with
suspected asthma visiting the out-patients’ clinic for the first time. The main problem in

the youngest age group was being seated alone in the box and secondly accepting the
facemask. We did not subdivide in gender.

Whole-body Plethysmography completionrate

100 -
80 —

60 —

40 -
20 —

Procent %

Figure 7: Age dependence on completion of sRaw measurement
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Discussion

Between-center variation

sRaw offers a method for clinical monitoring and research during the critical period of
growth and development early in life. The method is feasible from the age of two years
and the precision is high (10-12). Our aim was to examine center agreement between six
centers in Denmark currently using identical hardware equipment with different
software versions (JLAB 4.51, 4.53 with different sub versions, 4.65 and 4.67). The
study was conducted in a “real” setting of a multi-center study; therefore we did not
update the centers software into the same version. We assumed the manufacturer had
checked the equipments and made adjustments for possible variations in sRaw
measurements (also electronic BTPS correction) after releasing new software. The
starting point of the study was that there would be no difference in sRaw measurements
between the centers despite different software versions.

However, the present study showed that the accuracy of sRaw measurements in young
children was flawed from errors. A technician from the company (Cardinal Health) was
sent to identify the problems in the deviating centers (center no. 1, 2 and 6). This
revealed incorrect setting of the “ASC Compensation” at center no. 1. “Time delay for
compensation” was set to 20 milliseconds and should have been 50, which resulted in
19-32% lower values. This was a factory setting not accessible for the operator. The
technician found no reason for the deviating measurements at the other centers (center
no. 2 and 6). Center no. 6 subsequently updated the whole-body plethysmograph
software after this study. It was not possible to re-analyse the data because the software
saved the sRaw values after the primary calculation of sRaw and the original loops was
lost, which was a great limitation of the software. To optimize the study design we
could have made prints of the original breath curves and have a third person evaluate
the quality of the loops to avoid bias of the operator. In future software updates or
development, it would be optimal if the software could determine the best breath curves
from algorithms as flow and respiratory rates or encourage the child (with animated bio-
feedback) to breath with optimal respiratory rates and flow. Currently, it relies on the
operator who estimates by visual judgement when the breath curves are representatively

and decides when the computer should analyze the loops.
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After correcting the factory settings at the deviating center there were no longer
differences between the centers and normative values were generated in this multi-
center setting. The problem was not discovered by the standard calibration of flow, box
leak and internal box pressure. Current calibration only assesses flow measured by the
pneumotachograph, leak from the box and pressure transducer. Previous studies have
shown that the electronic BTPS compensation may influence the accuracy of sRaw
measurements (15, 55). Klug et al. found when using electronic BTPS compensation the
sRaw measurements were systematically overestimated by 43% with increasing
respiratory rate compared with true BTPS conditions (15). The electronic compensation
(BTPS) was done identically by the different software versions. The available
calibration does not assess the final resistance measure, which is generated by
algorithms buried in the software with settings often inaccessible to the end-user.
Thereby errors in software or mechanics may go unnoticed with potential impact on
clinical evaluation and flawed accuracy as illustrated in our study. It is the key-message
of our study that center-effects were seen and could only be explained by difference in
the software hidden from the end-user.

We chose not to repeat the study with the same procedure after the correction; first of all
because the travelling was time consuming and second the observers and children
would be biased by the prior knowledge.

We could have used adults as biological controls, but they could be biased even if we
blinded the results from each center and we would have to change the observers.

The local observers had different experience level in sRaw measurements. Two local
observers had only measured approximately 5-10 children before performing the study
and some had 5-10 years of experience.

The children had good repeatability and were cooperative. The mean sRaw for the
biological controls was within but a little lower than the normative data (Figure 4+5) if
we do not consider center no. 1. We consider the children physiologically representative
for preschool children and the lower mean sRaw could be due to the low number of
children.

A mechanical infant lung model analogue has previously been developed for quality
control of infant whole-body plethysmographs (52) but a model testing for preschool

children is not available to the end-user. This study suggests the need for development
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of methods for control of the actual resistance measure for young children and not only
the flow and box leakage. Without such proof of accuracy normative values generated at
other centers may not be applicable. Until a mechanical standard becomes available
biological standard (healthy subjects) is the only possible substitute.

We used a standardized protocol including standard calibration of flow, box leakage and
internal box pressure in 6 Danish centers at secondary and tertiary referral hospital
departments. The 6 centers included in the study of center-agreement were spread over
the country, which prevented measurements the same day. Therefore the day-to-day
variability reduced the sensitivity by which we could identify outliers among the
centers. The visit order was randomized to ensure a possible difference between the 1%
and 2™ visit did not bias the center variation.

In the current study the within-subject SD on the same day and center was 0.01 and the
within-subject SD between centers was 0.02. The small difference between centers
within-subject could be due to different flow and respiratory rates. A higher expiratory
or inspiratory flow (turbulence) may cause higher resistance. Every center followed the
same standard operating procedure where the aim of breathing frequency was 30-45
breaths per minute and the observers were trained to choose technically acceptable
loops with minimal turbulence. We did not report the flow and respiratory rates because
it was not possible with the current software to save the data.

In our previous study, the precision (repeatability) of sRaw measurements 9 days
(mean) apart in young children with asthma (asymptomatic during the study period) was
found to have an intra class coefficient of 0.87 (within-subject SD 0.03) for baseline
measurements between occasions (50). The higher within-subject SD in the previous
study could be explained by the asthma status of children.

The current study was designed to find a possible center effect. We were able to account
for any possible observer bias by having a center specific observer as well as a common
observer visiting every center. The order of measuring the biological control for the
local and travelling observer was not randomized, but we found no effect of the
investigator who travelled between the centers on the measurements (p-value >0.5)
(table 1). A previous study found significant systematic difference in between-observer

variability (7%) in sRaw measurements (13).
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Normative data

In the second part of the study a center effect could not be found, probably because
center no. 1 was corrected and center no. 6 did not participate. Atopy and smoking did
not significantly differ between centers (Table 2).

A British cohort study found that children of atopic parents and those with personal
atopy had impaired lung function at the age of 3 years, even in the absence of
respiratory symptoms (20). The high incidence of parental atopy in our study could be a
selection bias but we did not find a statically difference between atopic disposed and
non-disposed children.

Most papers have reported association between parental smoking and impaired lung
function in wheezing or asthmatic young children (57-59); some have investigated the
effect of parental smoking in healthy children (60-62) and found reduced lung function
in healthy infants. The ratio of smoking parents in the normative data corresponds the
smoking habit in the Danish population (63). The complex interaction of genetic and
environmental factors influence the development of airway disease and diminished lung
function (20, 64). We did not find an effect of the child’s history of atopy, parental
atopy or smoking on lung function in our study, this could be biased by either the
relatively small population, or the children with atopy, parental atopy or smoking could
be a selected healthy population.

We previously reported normative values from a population of 121 children 2-5 years of
age (12); mean sRaw (SD) was 1.31 (0.20). Z-score was -0.5 between the two data sets.
No other reference value for sRawror has been reported, other studies have reported
values of SRaw1”max (54, 65, 66).

The variance was higher in the new collected data (SD 0.33) compared to previous
reported (SD 0.2). This could be explained by a small non-significant center variance.
The previous population differs from the current in several following aspects: 1)
Measurements were done at one center; 2) exclusion of children exposed to tobacco
smoke and anyone with a history of eczema or doctor-diagnosed atopy in first-degree
relatives; 3) The study included more 2- and 3-year-old children; many of these
measurements had an accompanying adult in the whole-body plethysmograph. The
current data only included children who performed a lung function measurement alone.

The exact same equipment (unchanged hardware and software) at center no. 3 was used
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in the previous report on normative data by Klug and Bisgaard (12). A comparison was
made to ensure that time (10 years between the two studies) did not have an effect on
sRaw measurements before we pooled the data. Result from center 3 was mean sRaw
(SD) 1.26 (0.31). We compared the two data sets with a two sample t-test for means
using logtransformed sRaw values. There was no significant difference between the
previous data and the current normative data; p-value was 0.20 using the very same
equipment. With no time and center effect we therefore pooled the previous data (121
children) and the current normative data (105 children) showing the normal sRaw in
young children to be 1.27 kPa*s (0.25) independent of age, height and gender (Figure
5).

Parameters of specific airway resistance

Different estimates of sRaw can be calculated from the resistance loop: sRawror
(inclination of the line between points of maximum pressure (volume) during
inspiration and expiration), sRawy max (flow point at the maximum flow during in- and
expiration), sRawsgy, (flow point at 50% of the maximum during inspiration and
expiration), sRawg s or SRawp» (flow points at which flow is 0.5 L/s or 0.2 L/s) and SRes¢
(the slope resulting from calculation of area ratio by regression technique). sRawror is
sensitive to partial obstruction of peripheral airways, sRawgs reflects primarily the
behavior of larger, more proximal airways and less sensitivity to peripheral airway
abnormalities and sRs reflects larger central airways (67). Bronchial asthma may not
only involve the large and the medium-sized airways, but the entire airway tree (68).
sRawrot seems to be more sensitive or as sensitive as other methods (interrupter and
impulse oscillation technique) of estimating the total resistance (10, 38) in asthmatic
children, although this estimate may have a higher variability compared with sRawsge,
and sRawp 2 (13). This must be a consequence of using only two points at the extremes
of inspiratory and expiratory shift volume.

The previous study on normative data by Klug and Bisgaard (12) could only estimate
SRawps in a third of the children due to flows lower than 0.5 L/s in the youngest
children. We chose to report the normative data as sRawror in this study for comparison

and pooling with the previous data.
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I -1l
Lung function measurements before and after RSV Bronchiolitis

Background

Respiratory syncytial virus infection in infancy

Respiratory syncytial virus (RSV) is a single-stranded RNA virus, a member of the
family Paramyxoviridae, subfamily Pneumovirinae. RSV can be divided into two major
antigenic groups, known as A and B, and each has several subtypes (69, 70). The virus
was isolated first time in 1957, Baltimore, USA, from children with lower respiratory
illness (71).

Epidemiology

Respiratory syncytial virus is a common cause of lower respiratory tract disease and
hospitalization in otherwise healthy infants (72-75), and therefore a major cause of
healthcare utilization (76). Recent data from the United States suggest that
hospitalization rates caused by RSV infections are increasing (77). Two-three percent of
infants react to RSV infection with bronchiolitis (inflammation of the small airways in
the lung) before age 1 (77-80). A study in East Denmark estimated that 34/1000 infants
below 6 months were hospitalized with RSV infection during one winter season (81).
During the RSV-season from November to May approximately 1500 Danish children
are hospitalized with RSV infection. High-risk groups for developing severe RSV
infection include premature infants, children less than 2 years of age with congenital
heart or chronic lung diseases or reduced immune-function. Most hospitalized infants
are born at term and otherwise healthy; among this group the risk factors associated to
RSV hospitalization are age under 6 months, male gender, month of birth, low socio-
economic status, crowded living conditions, siblings, parental smoking, day care
attendance and family history of asthma and atopy (69).

Passive prophylaxis (Palivizumab) against RSV has been available since 1998 and has
reduced RSV hospitalization 55% among high-risk infants (82-84). Palivizumab is

expensive and only given prophylactic to high-risk infants.
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Clinical manifestations

RSV infection can be spread from an infected person up to three weeks after symptom
debut by sending virus-containing droplets into the air when coughing or sneezing. The
droplets remain contagious on environmental surfaces more than 6 hours and can infect
a person when it comes in contact with mouth, nose or eye. Common symptoms of RSV
infection are upper respiratory infection and coryza. Most recover from RSV infection
within 1 to 2 weeks. However, in 25-40 % of the primarily infected infants a RSV
infection manifests as a lower respiratory tract infection, bronchiolitis or pneumonia.
Infants with bronchiolitis have tachypnea, wheezes, chest retractions and in the
youngest infants risk of apnea (69, 85). Almost all children are infected with the virus

by their second birthday, but only a small percentage develops severe disease.

Asthma in childhood

Asthma in young children is associated with high morbidity and the prevalence is
increasing (86). Approximately 7% of Danish schoolchildren have asthma and 15-20 %
of preschool children have episodes of asthmatic symptoms. This is the most common

cause of hospitalization of young children in Denmark (87).

Definition

Asthma is a chronic inflammatory disorder of the airways. The mechanism involves
several inflammatory cells (mast cells, eosinophils, Th2 etc.) which release mediators
that contribute to airway narrowing: the airway smooth muscle contracts; increased
microvascular leakage lead to airway oedema; mucus hypersecretion; and airway
thickening (“remodelling”).

Asthma has significant genetic and environmental components, but since its

pathogenesis is not clear, much of its definition is descriptive (86).

Clinical manifestations and diagnosis
The chronic inflammation is associated with airway hyperresponsiveness that leads to
recurrent episodes of wheezing, breathlessness, chest tightness, and coughing,

particularly at night or in the early morning. Following symptoms are highly suggestive
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of a diagnosis of asthma: Frequent episodes of wheeze (more than once a month),
activity-induced cough or wheeze, nocturnal cough in periods without viral infections,
absence of seasonal variation in wheeze, and symptoms that persist after age 3.

Diagnosis of asthma in children 5 years and younger presents a particularly difficult
problem, since the episodic wheezing and cough also are common in children with a
viral respiratory illness. Global Initiative for Asthma (GINA) describes three categories:

1) Transient early wheezing, which is often outgrown in the first 3 years and often
associated with prematurity and parental smoking.

2) Persistent early-onset wheezing (before age 3), typically children who have
recurrent episodes of wheezing associated with acute viral respiratory infection,
with no personal or parental atopy. Symptoms persist through school age. The
cause of wheezing episodes is usually respiratory syncytial virus in children < 2
years of age.

3) Late-onset wheezing/asthma. These children have asthma that often persists into
adult life. They typically have an atopic background.

In children younger than 5 years old, the diagnosis of asthma is mostly based on clinical
judgment and assessment of symptoms. A useful method for confirming the diagnosis in
this age group is a trial of treatment with short-acting bronchodilators and inhaled
glucocorticosteroids. For older children (school age) lung function and airway

responsiveness are recommended as diagnostic measures (86).

Risk factors

Genetic factors (sex or atopic predisposition) may influence the development of asthma,
whereas environmental factors (allergens, tobacco smoke or infections) can trigger
asthma symptoms or both. However, the mechanisms whereby they influence the
development and expression of asthma are complex and interactive. The maturation of
the immune response and the timing of the infectious exposures during the first years of
life may be an important factor modifying the risk of asthma in the genetically
susceptible person.

The “hygiene hypothesis” has been debated in the recent years and used as an
explanation for the increasing incidence of asthma and allergy in the developed

countries. The cornerstone in the hypothesis is that improvements in public health and
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hygiene change the level of stimulation from the microbial environment. Newborn
babies have immature immune responses characterized by a preponderance of cytokines
of T helper 2 (Th-2) cells. It is hypothesized that the maturation of T-helper 1 (Th-1)
cells after birth are trigged by microbes. The exclusion of such stimuli via microbe-free
environment results in a skewed (high) Th-2 type response and lead to an exaggerated
response to common allergens (88). Atopics have increased IgE production,
eosinophilia, and exuberant Th-2 cell activity. By contrast, non-atopic people show
mainly Th-1 immunity characterized by production of interferon gamma, which inhibits
the growth of Th-2 cells. Studies suggest that a RSV infection stimulates a Th2 response
(89-93); this may explain the reason why atopic predisposition is associated with severe
RSV infection.

Causal direction between Respiratory syncytial virus bronchiolitis and asthma

Within the first year after RSV hospitalization, up to 20% of the children are re-
hospitalized due to wheezing (75). Severe RSV bronchiolitis has been associated with
later development of abnormal pulmonary function, wheezing, asthma and allergic
sensitization (94-99).

However, the cause of severe RSV bronchiolitis has also been suggested to associate
with pre-existing abnormal pulmonary function. Infants with impaired pulmonary
function seem more prone to recurrent wheezing episodes (58, 100-108). Therefore it
has been speculated that pre-existing abnormal airway resistance and/or bronchial
hyperresponsiveness could account for the development of bronchiolitis in response to a
RSV infection (109-111).

A genetic predisposition could play a role in the association between RSV
hospitalization and hypersensitive airways; this is supported by the finding that atopic
disposition is associated with increased risk of RSV hospitalization (112-116).

The risk of RSV bronchiolitis has also been associated with seasonality of birth (79,
117). A recent paper, based on 95,000 American children studied over five winters,
found that being born 4 months before the winter virus peak had a 29% increase in odds
of developing asthma. The authors suggest that bronchiolitis or some factor closely

associated with bronchiolitis causes asthma (118) (Figure 8).
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Figure 8: Familial predisposition to asthma relates to winter viral infection and asthma,
winter viral infection is in the causal pathway of development of asthma (118).

Thus, many studies indicate an association between RSV hospitalization in infancy and

wheezing and atopic disease, but it is unclear whether severe RSV bronchiolitis causes

wheezing, or genetic predisposition or environmental risk factors increase the

propensity to such exaggerated response to RSV.

Aims (study I1-111)

Study 11

Study 11

To compare the long-term outcome of asthma, allergy and pulmonary
function in monozygotic (MZ) twin pairs discordant for hospitalization with
verified RSV bronchiolitis in infancy as a surrogate marker of the RSV
disease severity. Any differential long-term effect from RSV disease severity

in these genetically identical twins would suggest a causal role of RSV.

To compare the preexisting baseline lung function and bronchial
responsiveness in infants who later develop RSV bronchiolitis with those

who do not develop RSV bronchiolitis.
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Material

Study 11

Our study group of MZ twins discordant for severe RSV infection was subgroup of a
larger twin cohort study previously presented by Thomsen et al. (2008) (115).

Four registries were used for recruitment of the study population: The Danish Civil
Registration System (119); The Danish Twin Registry (120, 121); The Danish National
Patient Registry (DNPR) and a research database recording RSV test from all
hospitalizations in Denmark (122). The target population was identified by linking the
personal identification number to 1) the twin status, 2) living address and 3)
hospitalizations due to RSV infection during the period 1/1-1994 to 31/12-2003. The
registry assured that the control twin had never been hospitalized with RSV infection.
During the period 12,349 twin pairs were born in Denmark. Fifty-seven MZ twin pairs
(26 males) were discordant for RSV hospitalization (Figure 9). Nine pairs were
unavailable due to death or address protection. Five pairs were excluded based on their
hospital records because the RSV infection was found incidentally during
hospitalization for other reasons (i.e. elective surgery) and not associated with lower
respiratory symptoms. Forty-three pairs were invited of which 37 pairs accepted to
participate (14 males; mean age 7.6 years; interquartile range: 5.9-9.2).

The twin status (monozygosity) was confirmed by DNA analysis with 10 highly

polymorphic markers in our study population.
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Total twins 12.349 twin pairs
Born 1/1-1994 — 31/12-2003

RSV number of cases (n) 1.417
729 found in both DNPR and the RSV database
443 registered in DNPR
245 registered in the RSV database

v

Monozygotic cases (n) 165

Dizygotic cases (n) 916 ]

4{ Unknown zygosity cases (n) 336 j

#[ Concordant cases (n) 108 j

Discordant cases (n) 57

#(9 cases (death or no adress
& information)

Names and ID-no.
48 monozygotic discordant cases

{ 5 cases were excluded j

v

43 cases and their twin siblings
were invited

5 cases refused j

1 case did not respond j

-

v
7

37 monozygotic discordant cases and their
twin siblings were included

Figure 9: Study population (n = number of cases)
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Study 111

“Copenhagen Prospective Study on Asthma in Childhood” (COPSAC) is a prospective
clinical study of a birth-cohort, which included measurements of baseline lung function
and bronchial responsiveness to methacholine at 1 month by infant spirometry (123).
The close clinical follow-up allowed prospective identification of infants who
developed RSV bronchiolitis.

411 infants born at term (203 boys) of mothers with physician-diagnosed asthma were
enrolled at the age of 1 month in the birth cohort study COPSAC (124-126).

Twenty-two infants developed RSV bronchiolitis before age 2 years; mean age 8
months (interquartile range 3-12 months). The control group consisted of 366 children,
excluding the 22 with RSV bronchiolitis and 23 with acute severe wheezy exacerbations

from the main cohort of 411 (Figure 10).

COPSAC cohort
n=411
Acute wheezy exacerbations
> n=45

\ 4
Control group n=366 v
No acute severe wheezy RSV bronchiolitis
exacerbations or bronchiolitis n=22

diagnosed during 2 years of follow-

Figure 10: Flow chart
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Methods

Designs

Study I1:

Hospital records were retrieved to verify respiratory symptoms compatible with RSV
bronchiolitis (severe cough, positive X-ray of thorax, use of p2-agonist, crackles or
wheeze by auscultation of lungs) (85, 127) and verified with an enzyme-linked

immunosorbent assay (ELISA) or immunofluorescence assay test for RSV.

The twin pairs and their parents were summoned to the Danish Pediatric Asthma Center
two centers in East- and West- Denmark for clinical examination including interviews
on the child’s asthma according to the GINA guidelines (128); information about
medical history and objective assessments. The interviews and clinical examinations
were done by one physician (PP). Twenty-two pairs were examined in Copenhagen and

15 twin pairs in Aarhus.

Skin prick test was done with standard inhalation allergens: birch, mugwort, grass,
horse, dog, cat, dust mite and mould (Soluprick, SQ ALK-Abello A/S) (129).

Study I1I:
The COPSAC cohort was assessed at one center (the Danish Pediatric Asthma Center,

Copenhagen).

Bronchiolitis

Bronchiolitis was defined as an acute respiratory illness before the age of 2 years based
on symptoms of coryza progressing over a few days to cough, tachypnea, chest
retraction and wide spread crackles, wheezes or both (127) diagnosed by the COPSAC

clinical research unit doctor or admitted acutely to the local hospital for such symptoms.
RSV bronchiolitis

RSV bronchiolitis was defined as bronchiolitis with a positive ELISA test for RSV

infection within 10 days of the acute episode.
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Acute severe wheezy exacerbations

Acute severe wheezy exacerbations was defined as an acute obstructive respiratory
illness diagnosed by the COPSAC clinical research unit doctor and judged to be a
severity requiring treatment with oral or high-dose inhaled corticosteroids (>800 micg
budesonide/day) or hospitalizations at their local hospital caused by airway symptoms

where an anti-asthmatic drug was prescribed (pseudocroup episodes were excluded).

Control group
Children who developed neither bronchiolitis nor acute wheezy exacerbations before

age 2 were considered as controls.

Lung function measurements

Study I1:
Whole bodyplethysmography
Children less than 7 years were tested using the whole body plethysmography to

measure specific airway resistance (sRaw) as previously detailed (10, 11).

Spirometry

Children of 7 years and above used a spirometer to measure Forced Expiratory Volume
in the first second (FEV;) (Vitalograph Spirotrac) according to the criteria of the
American Thoracic Society (130).

Bronchial responsiveness

Children of 7 years and above were tested for responsiveness to methacholine chloride
with FEV; measurements before and 3 minutes after each dose. Methacholine was
delivered in successively increasing doses according to a protocol previously validated
for school children (33) by an automatic, inhalation synchronized, dosimetric jet-
nebulizer (Spira Elektro 2; Respiratory Care Center, Hameenlinna, Finland). PD20
value (umol) was calculated by linear interpolation between the dose points bracketing
the 20% fall in FEV; (131).
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Children less than 7 years were tested with dry air hyperventilation as previously
described and validated in this age-group (18, 36, 132).

Fractional exhaled nitric oxide

Fractional exhaled nitric oxide (FENO) was measured by the online single breath
method according to European Respiratory Society/American Thoracic Society task
force (40) using the NIOX equipment (Nitric Oxide Monitoring System; Aerocrine,

Sweden).

Study 111:

Lung function measurement in neonates

Lung function was assessed during sedation by infant spirometry at 1 month applying
the raised volume rapid thoracic compression technique (RVRTC). The method,
equipment, data collection and analysis was performed in agreement with ATS/ERS
standards (2). Equipment was calibrated and tested prior to every lung function test. An
inflatable “squeeze”-jacket was wrapped around the infant's chest and abdomen. A
subsequent inflation of the jacket provided the passive expiration and flow was
measured using a pneumotachograph with an aircushion facemask (123, 133, 134). The
infant was administered three inflations reaching a transrespiratory pressure of 2 kPa
with passive deflations between each. A compression force transmitting an additional
pressure of 2 kPa was then applied via the squeeze-jacket to the thorax and abdomen,
leading to an airway opening of pressure of 4 kPa for forced expirations. Baseline flow
was measured as the Forced Expiratory Volume at the first 0.5 second (FEVs) (123,
133). Other parameters not reported in this thesis comprised FVC, forced expiratory
flow at 25% of FVC (FEFs), forced expiratory flow at 50% of FVC (FEFso) and forced
expiratory flow at 75% of FVC (FEFs). All parameters were measured five times at
baseline and three times at each challenge step, using the median value for FEV,s to
decide on the continued provocation. Tidal flow was also measured but not reported in
this thesis; indexes comprised tidal volume (Vr), respiratory frequency, peak tidal
expiratory flow (PTEF), expiratory time as ratio of respiratory cycle time, time to reach
PTEF (Tprer), and Tprer/expiratory time ratio (Terer/Tg) (123, 133).

The software defined FVC as the first plateau on the volume-time curve, and only

measurements with FVVC appearing after 0.5 seconds, and with FEV,s being smaller
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than or equal to FVC were accepted. In addition, FVC was only accepted if correctly
defined as the plateau appearing after a full expiration. The aim was collecting 3-5
curves at each dose step. The curve containing the median value for the FEV, s was used

for the analyses of both volume and flow parameters.

Bronchial responsiveness to methacholine was assessed by FEV, s as well as continuous
measurements of trans-cutaneuos oxygen (PTcO;) (TCM3; Radiometer; Copenhagen,
Denmark). The methacholine was administered in quadrupling dose-steps by a
dosimeter attached to a nebulizer (SPIRA 08 TSM 133; Respiratory Care Center;
Hameenlinna, Finland) as previously detailed (133). The result was assessed by PTcO2
in accordance with previous sensitivity analyses (10, 133) and the provocative dose
causing a 15% drop in PTcO2 was estimated from the dose response curves fitted with a

logistic function.

Statistical analyses

SAS version 9.1 was used for statistical analyses.

Study II: The continuous data were log-transformed and presented as geometric means
in the table. Odds ratios were calculated for the dichotomous data with 95% confidence
intervals. Data were analyzed with a paired t-test for continuous outcome measures,
Fisher's exact test for dichotomous outcomes and Wilcoxon's (paired) test for dry-air
hyperventilation outcome. All hypotheses tests were 2-sided and used a significance
level of 0.05.

Study I1I: Lung function measurement data (FEVos and PD15) were calibrated with
lifespan and birth length in accordance with previous lung function analyses of the
newborn (135) calculated by a generalized linear model. Lifespan at examination date
was calculated as the sum of estimated gestational age in weeks and weeks since birth.
The lung function measurements were log transformed and we used a multivariable
logistic regression model to calculate adjusted odds ratios and 95% confidence
intervals. Outcome variable was RSV bronchiolitis compared to control group.
Confounder adjustment included mothers smoking during 3™ trimester (dichotomized)

and gender.
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Ethics

The two studies were approved by the local ethics committee (KA-20060022 and
(KF)01-227/97) respectively) and by the Danish Data Protection Agency (J.nr. 2005-41-
5163, J.nr. 2005-2311-0121and 2008-41-1754, respectively).

The children were enrolled after written consent was obtained from the parents or

guardians.

Results

Twin study: Lung function after RSV infection (study I1)

Mean gestational age of the twin pairs was 35.5 weeks (median 36 weeks; interquartile
range 34-38 weeks). There was no significant difference between RSV hospitalized and
non-hospitalized twins with respect to birth weight (mean 2369g; interquartile range
2034-2750g9), neonatal treatment for lung complications (Continuous Positive Airway

Pressure, surfactant or pneumothorax) and birth order (22/37 probands were first born).

Forty-nine % of the twin pairs had parental atopic predispositions. The average age
when hospitalized for severe RSV bronchiolitis was 10.6 months (interquartile range:

5.1-13.3); median age 8.4 months. Mean duration of hospitalization was 4.3 days.

According to the interviews (GINA guidelines) the prevalence of asthma was 18% in
our twin sample. The twins did not differ with respect to current asthma; use of inhaled
corticosteroid or betay-agonist ever; atopic dermatitis ever; FeNO; baseline lung

function; bronchial responsiveness or sensitization (Table 3).
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Table 3: Comparison of clinical endpoints at follow-up between monozygotic twin pairs discordant

for hospitalization for severe respiratory syncytial virus bronchiolitis

Asthma

History of atopic dermatitis

Use of inhalation steroid ever

Use of beta2-agonist ever

logFeNO (n =30)

logBaseline FEV; (n = 25)

logMethacholine PD20 (n =24)

logsRaw baseline (n = 12)

sRaw after dry air

hyperventilation (n =5)

Positive skin prick test

OR (95% CI)
OR (95% CI)
OR (95% CI)
OR (95% CI)

Pbb mean (SD)

L mean (SD)

pmol mean (SD)

kPa*s mean (SD)

% increase
(median)

OR (95% CI)

n = number of twin pairs which completed the test

Fisher’s exact test

b Paired t-test

“Wilcoxon's test (paired)

Hospitalized vs. not-hospitalized

1.21 (0.36-4.00)
1.14 (0.41-3.14)
1.26 (0.49-3.22)
1.38 (0.55-3.46)

2.05 (0.66)

0.42 (0.26)

0.74 (1.83)

0.18 (0.26)

27%

0.36 (0.07-2.08)

Neonatal lung function prior RSV infection (study 111)

2.17 (0.69)

0.46 (0.23)

0.41 (1.71)

0.19 (0.30)

18%

P-value
1.00°
1.00°
0.81°
0.64°

0.16°

0.12°

0.27°

0.79°

0.40°

0.43

Twenty-two infants developed RSV bronchiolitis before age 2 (16 boys); 17 of the 22

children were under 1 year old when diagnosed with RSV bronchiolitis (mean age 5.7

months). Nineteen of the 22 children were hospitalized with RSV bronchiolitis (mean

duration of 4.7 days). Lung function had been completed more than 1 week prior to the

bronchiolitis. Baseline characteristics of the lung function measurements are shown in

table 4.
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Table 4: Baseline characteristics

Total Control RSV bronchiolitis
COPSAC group
Baseline 404 Number 360 21
lung function
(FEVo 5/ml) Mean (SD) 66.3 (12.9) 65.5 (13.0)
Median 65.8 63.6
PD;5 363 Number 322 20
(PTcOz/mmol) Mean (SD) 1.81 (12.2) 0.59 (0.88)
Median 0.33 0.16

Baseline FEV, 5 did not differ between infants with RSV bronchiolitis compared with
the control group: OR 1.08 [0.09-13.6], p=0.95 (figure 11); z-score -0.06.

Bronchial responsiveness did not differ between infants with RSV bronchiolitis
compared with the control group: OR 0.94 [0.74-1.20], p-value 0.64.
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Figure 11: Neonatal baseline lung function versus body length
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Discussion

Twin study

We found no difference within co-habiting MZ twin pairs discordant for hospitalization
for RSV bronchiolitis in infancy on the asthma prevalence, baseline lung function,
bronchial responsiveness; biomarker of airway inflammation (FeENO) and sensitization 7

years after such severe RSV bronchiolitis.

Limitations and Strengths of the study design

Monozygotic twins were useful for investigating the role of genetic and environmental
factors on asthma because of their identical genetic background and similar childhood
environmental exposures. However, comparison of MZ twin pairs discordant to

hospitalization for RSV bronchiolitis was prone to a number of biases.

We had no evidence to prove that the twin serving as control was actually infected with
RSV, but rely on very high virulence of RSV among cohabitating twins previously
estimated to 93-96% (115) though this could not be verified. In an optimal study there
would have been comparable nasopharyngeal aspirates from the twin pair to quantify
RSV virus load (136-138) or a blood sample measuring RSV serum antibodies to detect
any difference in association to disease severity (139). Thomsen et al. (2008) reported
that in the whole twin cohort the proband-wise concordance rate of hospitalization for
RSV-bronchiolitis was significantly higher in MZ (0.66) than in DZ twin pairs (0.53),
p=0.02 (115).

The decision to hospitalize may have been influenced by local policies such as number
of available rooms and the assessment of disease severity varied by different physicians,
but this would not influence the fact that only one twin was hospitalized and the other

was not.

We do not have positive evidence that the control twin had milder symptoms, but rely
on the fact that one was hospitalized while the other was not. Danish children are
generally only admitted with RSV infection if they need support with feeding tube,
suction of upper airways, mask inhalations or nasal continuous positive airway pressure.
Yet, this could be biased from registration practice. Indeed, fifty-four% of the parents

answered retrospectively that the hospitalized RSV proband twin suffered more severe
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lung symptoms, 19% said it was the control twin and 27% said both twins had
comparable symptoms. However, there is a significant risk for recall bias and the MZ
pairs could be mixed up since the hospitalization was on average 7 years ago and
parents were generally most unsure of the details. Furthermore, it would be impossible
to make a subgroup analysis restricted to the twin pairs where the parents’ memories

and data agreed. The study group would be very small.

It is known that male sex could be a risk factor for RSV hospitalization (140-142). In
the whole twin cohort the boys had a higher prevalence of severe RSV infection
compared to the girls; odds ratio 1.20; CI [1.07-1.33] as previously presented by
Thomsen et al. (2008) (115), but there was a random overrepresentation of females in

our study (subgroup).

The discordant MZ twins in our study were born slightly earlier (mean gestational age
35.5 weeks and mean birth weight 2369 grams) than the MZ twins in the overall twin
cohort (mean gestational age 36.1 weeks (SD 2.5) and birth weight 2498 grams (SD

549) (115). The differences were small and not significant; therefore it seems that the

discordant twins were representative of MZ twins in general.

On the other hand it may bias the result because premature infants as a population have

its own risk factors for impaired lung function.

The distinction between possible "wheezers" and “bronchiolitis” may be inaccurate in
this as in other studies. The distinction between wheezers and bronchiolitis is normally
related to severity of wheeze and concurrent clinical signs of lower airway infection.
Our samples included the latter, i.e. first hospitalization for severe wheeze with

concomitant signs of lower airway infection.

The highest incidence of hospitalization for RSV-bronchiolitis is often reported in the 0-
1-yr-olds (113, 114, 143, 144). However, the reported mean age may be biased from
excluding older children from such analyses. For example Sigurs et al. reported mean
age of RSV hospitalization to be 3.5 months excluding infants older than 12 months
(98, 98). Fjaerli et al. reported admission age median to be 6 months in children under

two years old in their study (140). One study included children up to 2 years and
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showed the median age of hospitalization was 10 months of age similar to our findings
(145).

Most importantly, the power of our study is limited by the low number of 37 paired
cases, and the 95% confidential interval is correspondingly wide particularly for the
clinical end-point though less so for the objective surrogate markers of asthma such as
lung function and FENO. However, our study was based on the complete national

database and not power calculations.

Mean age at the clinical examination was 7.6 years. A difference in asthma prevalence
later in life cannot be excluded but seems low inasmuch as those studies showing higher
asthma prevalence after severe RSV found this mainly in early childhood (96) and most

cases of asthma debut before school age.

Interpretation of the study

We studied the direction of the causal relation between severe RSV bronchiolitis and
asthma. RSV bronchiolitis has been associated with wheezing, asthma and abnormal
pulmonary function in childhood (94-99). One particular cohort study reported an
asthma rate of 43% versus 8% and sensitization to common allergens of 45% versus
26% by age 13 years in children with infant hospitalization for RSV bronchiolitis
compared with a matched control group (98). A review of pooled data from 10
controlled studies concluded that wheezing (but not recurrent wheezing) is more
common after severe RSV bronchiolitis up till 5 years of follow-up (146). Two Finnish
studies reported only marginally increase in the prevalence of asthma after RSV
bronchiolitis in infancy (145, 147). On the other hand, predisposition to asthma and
atopy was associated with increased risk of lower respiratory tract infection and
hospitalization for RSV infection (112, 113, 116) and early wheezy symptoms were
found to be a strong risk factor for subsequent hospitalisation for RSV (114). Therefore
the direction of causality is unknown: Does RSV increase risk of asthma or is asthma
constitution increasing the risk of severe response to RSV infection, or are both sharing

a common undisclosed environmental exposure.

The model we used adjusted for genetic variation by analyzing long-term outcome in

monozygotic twin pairs, in which one infant had been hospitalized for severe lung
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symptoms in response to verified RSV bronchiolitis, whereas the twin sibling had not
been hospitalized at any time for RSV bronchiolitis. This allowed a comparison of
severe versus milder response to RSV infection, genetic factors and environmental
exposures during follow-up years being equal between the co-habiting MZ twin

proband and control pairs.

A genetic contribution to the high prevalence of asthma in our twin sample compared
with the current asthma prevalence in our region (148-150) is suggested from the high
prevalence of parental atopy in the present study, which also suggests that the atopic
predisposition contribute to susceptibility for severe RSV infection. Likewise, such
genetic component was reflected by previous finding of a higher concordance for
hospitalization for RSV-bronchiolitis in MZ than DZ twin pairs (115).

Several publications suggest that RSV infection in early infancy stimulates a Th2
response (89-93, 151) and so it is unclear if this association is causal for later
development of asthma and atopy. Previous publications have found that severe RSV
bronchiolitis was associated with genetic polymorphism (haplotype 1L13-1L4) (152-
155), which may play an important role in the Th2 response (skew). The same locus
have been associated with atopy and asthma in other genetic studies (156-158). These
studies together suggest that primary RSV bronchiolitis and atopy share a genetic
contribution at the IL13-IL4 locus. Animal studies have demonstrated a potential
mechanism by which viral infection severity associate with an increase in Th2 response
(159, 160), but outcome have shown to be dependent upon timing of the events. The
presence of an established Thl response have shown to limit the development of airway
hyperresponsiveness in an animal study (161). This may explained that repeated or early
exposure to respiratory viruses (e.g. large families or daycare attendance) can
protect/modulate development away from an allergic type 2 response, which
corresponds well to the “hygiene” hypotheses. Delay in immune maturation in infancy
has been implicated in the development of atopy with formation of Th2 memory in
response to antigen exposure, this may happen in a period of susceptibility where Thl

responses to infections like RSV may be suboptimal (152).

A study with preterm infants (high-risk group) who had received the anti-RSV

monoclonal antibody Palivizumab reported a 50% decrease in the incidence of recurrent
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wheeze compared with controls (162). This supports the belief that RSV is the cause of

respiratory illness in infancy.

A more recent publication based on 8,280 twin pairs showed that a model in which
asthma “causes” RSV hospitalization fitted significantly better than a model in which
RSV hospitalization “causes” asthma (163). On the other hand Wu and colleagues
concluded in another recent paper that they have shown strong evidence for causal
relationship of winter viruses and early childhood asthma (figure 8) (118). In the light of
these two particular papers Kuehni et al. discussed the causal link between RSV
infection and asthma in an editorial (164). The editorial concluded the new data were
more in favor of the hypothesis that the association between RSV and asthma is due to
shared predisposition rather than to a causal effect of RSV. However, the authors
pointed out that the asthma phenotype was poorly defined in both studies. The GINA
guidelines have defined three categories: transient early wheezing, persistent early-onset

wheezing and late-onset wheezing/asthma (86).

Cohort studies have suggested that the association between RSV infections and later
wheeze wanes with time (age) (96, 99). Huge epidemiological studies have power but
difficulty getting certain asthma outcomes (e.g. lung function measurements), therefore

it is also important to supplement with smaller clinical studies such as this twin study.

We found no differential effect from severity of RSV infection on asthma and allergy 7
years after the infection. This may suggest that some undisclosed environmental factor
instead could be responsible for the different severities of RSV infection. A study of the
whole twin cohort showed that the severity of RSV infection was determined partly by
genetic factors (16%); family environment accounted for 73% and nonshared
environment for 11% of the individual susceptibility to develop severe respiratory
syncytial virus infection (115). The nature of such exposure is unknown and surprising
in monozygotic twins, maybe this study material (subgroup) was unique at some level.
Scientists have discussed the theory of epigenetic, which refers to heritable changes in
phenotype (appearance) or gene expression caused by mechanisms other than changes
in the underlying DNA sequence. Monozygotic twin siblings frequently present many
phenotypic differences, such as their susceptibility to disease. Recent studies suggest

that phenotypic discordance between monozygotic twins is to some extent due to
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epigenetic factors. Acute environmental factors are directly associated with epigenetic-
dependent disease phenotypes (165-167). Speculations may consider differing co-
infections with an agent of less virulence including bacterial colonization (126, 168) or
other viral infections. There is increasing evidence that rhinoviruses (RV) are able to
cause lower airway infections and to induce wheezing in young children, and it may be
as common as RSV as a cause of bronchiolitis (142, 169-171). Human
metapneumovirus (hMPV) has also recently been recognised as one of several other
viral pathogens that can cause acute bronchiolitis in infants (172, 173), the remaining
being mainly parainfluenzavirus and adenovirus. However, the long-term effect of this
and other viral agents on lung function and symptoms later in childhood is not yet fully

investigated.

Neonatal lung function

Principal findings
We found no association between baseline lung function and bronchial responsiveness
in neonates and later development of bronchiolitis with RSV infection compared to the

control group.

Limitations and Strengths

We used strict definition of bronchiolitis in accordance with a recent review (127). Our
definition of bronchiolitis is consistent with the Anglo-Saxon definition including
widespread fine crepitations and sometimes expiratory rhonchi on auscultation in the
definition (127, 174-176). In the American literature, the definition sometimes includes
all first-time wheezing infants with associated respiratory-tract infection (144, 177,
178). We recognize the lack of evidence for the effect of steroids for bronchiolitis (179-
184) but took the pragmatic approach to include their use in our definition of the more
acute cases realizing this is a well established clinical practice and indicating a certain
clinical severity. Also, we recognize that the diagnosis of acute bronchiolitis is likely to
comprise infants with first acute attack of asthma, but this would have biased the risk
estimates against the null hypothesis assuming such infants with underlying asthma

would have had reduced lung function and bronchial hyperresponsiveness.
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The confidence interval of the comparison of baseline lung function includes a wide
interval from 0.09 to 13.6 (risk of type 2 error), suggesting the need for an unlikely
study size to ever decide prospectively if baseline lung function is lower in infant
developing RSV-bronchiolitis. On the other hand comparing bronchial responsiveness
showed a narrow confidence interval (-26% to +20%); i.e. suggesting it seems unlikely
that bronchial hyperresponsiveness was the distinguishing factor in infants later
developing RSV-bronchiolitis.

The strengths of this study were the unique prospective nature of the birth cohort study
with lung function assessments before the development of bronchiolitis together with
the close clinical follow-up to the research clinic and daily symptom recordings
assuring ascertainment of all severe episodes.

Lung function measurements were completed in a large group of asymptomatic infants
(404) within a narrow age-range around 1 month after birth. This is the largest study of
lung function in neonates under standardized conditions. Baseline lung function was
conducted by infant spirometry adapted as the state-of-the-art Raised Volume Rapid
Thoracic Compression technique which provides flow-volume measures overall in
agreement with ATS/ERS standards (2).

The method of the study differs from the ATS/ERS guidelines in few points, for
example it is recommended to deliver an inflation pressure of 30 H,O cm ~ 2.9 kPa. A
previous publication by Loland and Bisgaard commented the safety in the study (123)
and recognized that FEV,5 measured in this study may reflect forced flows at lower
lung volumes than FEV, s measured from a 3-kPa inflation pressure. On the other hand
the lower compression pressures and obtaining flows at lower lung volumes could give
advantages in the success rate for the detection of physiologic change and safety in
terms of lower risk for aspiration.

The commonly reported parameters calculated from RVRTC are as follows: FVC,
FEVos, FEFso, FEF7s, FEFgs and FEF,s.75 and in infants younger than 3 months also
FEVo.4. However, it is not recommended to report maximal flow at FRC (V'maxggrc)
from RVRTC because it is likely to be highly variable; tidal flow parameters are hardly
mentioned in the ATS/ERS recommendations (2). Most of the recommended parameters
were measured (FVC, FEF,s, FEFso, FEF75 and tidal flow parameters) but not reported

in this thesis. The previous analyses found PtcO, was the most sensitive parameter for
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detection changes in lung function (dose-response curve metacholine challenge),
followed by FEV, s, both superior to other indexes of forced spirometry as well as all
tidal breathing indexes (10, 133); therefore we only report these two parameters in this
study. A shorter time limit as 0.4 s may have improved the sensitivity (185). Values of
FEF% have been reported to be more discriminative than FEV(t) in some studies (186).
The discrepant finding could be due to the different definition of sensitivity. In our
previous study the sensitivity was defined as the ability to detect induced changes in
lung function within an individual while in other studies it was defined as the ability to
discriminate between disease and healthy infants. An Australian study showed that
FEV(t) were more reproducible than flow measurements in the tidal volume range and
also found that FEV/(t) were significantly lower in wheezy infants with less overlap than
flow measurements (187).

The coefficient of variation for PtcO, and FEV, s were 4% and 7% respectively based
on measurements before and after saline solution inhalation. RVRTC-measurements
were automatically registered, and results from PtcO, were read from the print-outs by
an independent person, different from the operators. Volume-time curves were only
accepted if the forced expiration proceeded smoothly, with no signs of glottic closure or
early inspiration. The software defined FVC as the first plateau on the volume-time
curve, and only measurements with FVC appearing after 0.5 seconds, and with FEV 5
being smaller than or equal to FVC were accepted. In addition, FVC was only accepted
if correctly defined as the plateau appearing after a full expiration. The curve containing
the median value for the FEV,5s was used for the analyses of both volume and flow
parameters (133). The choice of “best” trial differs in this study from the ATS/ERS
guidelines which recommend choosing the “best” (technically) trial defined as the one
with either the highest sum of FVC and FEV( 405 or FEF,5.75, provided they are within
10% of the next best loop (2).

We analyzed bronchial responsiveness as a quantitative trait in the RSV and control
group rather than dichotomizing the infants into +/- hyperresponsiveness.

All cases of non-RSV bronchiolitis and acute severe wheeze episodes were excluded
from the control group, which would tend to favor a difference between our cases and
controls. We made a spot check in the control group and found no acute wheeze

episodes in their hospital records. 44 children in the control group dropped out before
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age 2 years (mean age 11.4 months) in the COPSAC cohort. They could have had RSV
bronchiolitis after drop-out of the cohort study without our knowledge. We decided to
include them in the control group because in general drop-outs are most likely children
who stay healthy, and the families had an option to become active in the cohort again at
anytime.

Nineteen of the 22 infants (86%) with RSV bronchiolitis were hospitalized. Danish
children are generally only admitted if they need support with feeding tube, suction of
upper airways, mask inhalations or nasal continuous positive airway pressure, which
ensures a certain severity in their RSV infection in this study.

Confounder adjustment included mothers smoking during 3™ trimester and gender both
well known risk factors for bronchiolitis (57, 141, 142, 188-192). Lung function
measurement data were calibrated for birth length and lifespan at examination date
because these parameters have shown to affect early lung function in the COPSAC
cohort (135). We did not confounder adjust for other risk factors such as month of birth,
socio-economic status, or siblings.

We found an overweight of boys (73%) in the RSV group in agreement with previous
reports (140, 141, 188, 189, 193).

Meaning of the study

Acute RSV bronchiolitis may occur in otherwise healthy infants. It is not known
whether viral bronchiolitis is causatively related to asthma or simply identifies infants at
risk for subsequent wheezing from an atopic predisposition or pre-existing abnormal
lung function (194, 195). Infants with impaired pulmonary function at one month of age
was reported to be prone to recurrent wheezy episodes and asthma (58, 100-103, 105,
108, 196). Therefore it has been assumed that acute bronchiolitis or wheeze develop due
to pre-morbid abnormal pulmonary lung function consistent with smaller airway size
(103, 104, 106, 110, 111). But these are indirect evidence as clinical wheezing illness
was used as end-point.

Our study showed no association between early lung function (FEV,s and bronchial
hyperresponsiveness) and subsequent RSV bronchiolitis. There were no difference in
pre-morbid lung function and bronchial hyperresponsiveness in infants who later

develop RSV bronchiolitis and those without such severe infection. This could mean
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that small airways were not the distinguishing feature of later development of RSV
bronchiolitis. We recognize that the confidence interval of the comparison of baseline
lung function was wide with the risk of type 2 error.

Broughton et al. (2006) studied prospectively premature infants and found those who
had symptomatic RSV lower respiratory tract infection had worse lung function (higher
resistance using occlusion technique) prior to neonatal unit discharge compared to
controls but no difference in the lung volumes (functional residual capacity using
helium gas dilution system) (109). It is difficult to compare this study with our result
since we used a different lung function technique (forced expiratory maneuvers). Future
studies may consider investigating the sensitivity of other lung function tests such as for
example whole-body plethysmography measuring airway resistance.

Forced expiratory maneuvers was performed on 155 healthy infants by Jones and
colleagues with age range from 3 to 149 weeks (mean 48 weeks) (197). From the results
the study group calculated regression equations of the pulmonary functions versus body
length. In comparison, our data of FEV, s was lower (66.3 ml (12.9)), mean length 56
cm); FEVo s in Jones et al. data with corresponding length was approximately 120-160
ml/s. However, the study was done on cross-sectional data and it does not state clearly
how many infants there were in the lower age (length) group. The same applies for two
other studies where FEV, s were obtained in 23 healthy infants (age range 7 weeks to 2
years) (198) and 26 healthy infants (age range 3 to 23 months) (187); the FEV, s (length
60 cm) were respectively 95.0 ml and 121.2 ml. The two studies had few infants in the
lower age group. Studies using forced expiratory maneuvers have shown to discriminate
normal infants and wheezy infants or infants with cystic fibrosis (4, 187, 199).
Unfortunately, the lung functions of infants with airway disease were not comparable
with our data since the infants in these studies were older (age > 3 months).

A cross-sectional study of 37 normal infants found that a family history of asthma had a
negative effect on FEV(5 (198). Another study on 63 normal healthy infants found that
airway responsiveness in infancy was increased in families with history of asthma or
parental smoking (196).

Since our cohort only includes infants with asthmatic mothers the absolute levels of
lung function and bronchial responsiveness may not be representative of the general

population. However, this does not affect the purpose of comparing lung function of
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infants who later develop RSV bronchiolitis and infants who do not develop RSV
bronchiolitis. The risk factors for neonatal lung function was studied in the COPSAC
cohort in a recent publication (135). The study showed that high body mass index in
newborns and mothers smoking were associated with reduced lung function; and
parental atopic disease (mother’s or father’s eczema, urticaria or allergic rhinitis or
father’s asthma) did not affect the neonatal lung function and bronchial responsiveness.
More interestingly, there was a parabola (increasing) development of bronchial
responsiveness peaking at 3 months of age (though with few subjects at the later time
points), which could coincides with hospitalization for acute viral bronchiolitis.

In our study group of infants less than 2 years of age the mean age of the infants
diagnosed with RSV bronchiolitis was 8 months (174). Other studies have limited the
group of interest to children less than 12 months of age and accordingly reported even
lower age of RSV infection (113, 114, 143, 144, 200).

The incidence of bronchiolits (5%) was higher than reported in most studies (1-3%) (77-
79, 81, 140, 201). This suggests a genetic component in RSV bronchiolitis as all
mothers had asthma. Predisposition to asthma and atopy has been associated with
increased risk of lower respiratory tract infection and hospitalization for RSV infection
(112, 113, 116). Young et al. found 7% of a cohort (253 infants) with the diagnosis of
bronchiolitis before 2 years of age (only 2 infants were hospitalized and confirmed for
RSV infection); 71% had a family history of atopy (110). A Danish case-control study
has also supported that asthmatic disposition and wheezing were strong determinants of
subsequent respiratory syncytial virus hospitalization in children <18 months (114); the
relative risk of respiratory syncytial virus hospitalization in the offspring was 1.72 for
maternal asthma, and 1.23 for paternal asthma.

Although family atopy is a risk factor, the Danish twin cohort study found the severity
of respiratory syncytial virus infection was determined partly by genetic factors
approximately (16%), and so the environment accounted mostly of the individual
susceptibility to develop severe respiratory syncytial virus infection (115, 163).

The RSV group was not characterized with increased bronchial responsiveness in
infancy. In order to investigate the association between lung function and bronchiolitis

further we could have included all children with bronchioliotis and not only RSV
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bronciolitis. There is an increasing recognition that other viruses (e.g. rhinovirus) are as
common as RSV causing bronciolitis in young children (142, 169-171).

A recent prospective, population-based cohort study examined the associations between
hospitalization for RSV infection and invasive pneumococcal disease in Danish children
< 2 years. The study found that invasive pneumococcal disease did not increase the risk
of RSV hospitalization but recent hospitalization for RSV increased the risk of invasive
pneumococcal disease (168). On the other hand a previous study from the COPSAC
cohort showed that neonates colonized in the hypopharyngeal region with S.
pneumonia, H. influenza, or M. catarrharlis, or with a combination, were at increased
risk for recurrent wheeze and asthma early in life (126). One may consider co-infections
with other viral or bacterial infections responsible for different response to RSV
infection and the development of asthma (90). This may argue against the “hygiene
hypothesis”, where the absence of microbial stimulation postnatal results in a skewed
Th-1/Th-2 balance, but the rate of transition from fetal to adult-like Th-1 cells is much
slower in those with atopic parents (88). So the Th-1/Th-2 balance results from complex

interactions between genetic background and environmental influences during infancy.
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Conclusion and future perspectives
Study |

In conclusion, using a biological control we revealed errors in the accuracy of sRaw
measurements at some centers despite normal calibration of the mechanical
components. This study highlights the need for the development of equipment allowing
control of the actual resistance measurements and not only some of its mechanical
components. When software versions are upgraded with possible changes in algorithms,
this could result in an undiscovered difference in sRaw value, unless the company
provides a correction factor. A portable mechanical lung model analogue is needed for
quality control of whole-body plethysmograph in preschool children. In addition,
quality assurance could be optimized by developing the software to determine the best
breath curves from algorithms as flow and respiratory rates or encourage the child (with
animated bio-feedback) to breath with optimal respiratory rates and flow. This could be
a commercial responsibility or be developed in collaboration with a technical
department. Until such equipment becomes available the only option is to use healthy
subjects to assure that the absolute value measured is similar to the normative values
reported in this and a previous report of healthy young children.

If the measured baseline sRaw value is in the normal range and the clinician still
suspects asthma, regardless of equipment type or software version, we recommend to
measure bronchial hyperreactivity (>25% increase in sRaw) (18) or bronchodilator
responsiveness with a short-acting beta2-agonist (>25% decrease in sRaw) (38); these
tests can contribute to the asthma diagnose (11). Furthermore, the sRaw method has a
good short and long term repeatability between occasions in stable asthmatics as
previously presented by Klug et al. (1997) (15, 50), which is useful for the clinician in
assessing asthma control for the individual patient.

We have examined the agreement of sRaw values between 6 centers using same
equipment and produced a new set of normative data. It is uncertain if the normative
values can be applied on other commercial whole-body plethysmographs. Our study
showed a variation between the different centers and one can speculate if there exists a
true reference interval when measurement of sRaw values seems to depend on the
equipment. Preliminary results suggest that there are differences in sRaw values

measured between different commercial whole-body plethysmographs. However,
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further studies are needed to investigate this possible difference between different types
of equipments. Importantly, other centers using normative data for whole-body
plethysmographs should first consider proper calibration with biologic controls before
applying reference values.

From previous studies it seems that sRawsgy, and sRawp > were more robust parameters
for asthmatic children. A future study of sRaw accuracy measuring other parameters
than sRawror including subjects with airway obstruction (asymptomatic in a stable

phase) could be beneficial and may show less variability.
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Study 11-111

In conclusion, we found no differential effect from severity of RSV infection on the
development of asthma and allergy in MZ twin pairs discordant for RSV hospitalization
in infancy. This argues against a specific effect of the severe RSV infection in the
development of asthma and allergy, and may suggest an undisclosed environmental
factor interacting in these genetically similar twins leading to different severity of their
response to RSV infection. Furthermore, that atopic predisposition seems to have a
major influence on the development of asthma and allergy. Because of the small sample
size this study must be considered as a hypothesis generating study.

Further studies are needed in the future to investigate the causal direction of RSV
bronchiolitis and asthma. Suggestions for future research: 1) a clinical study with a
larger study material of twins discordant for severe RSV infection in collaboration with
international study groups with similar twin registries, 2) include dizygotic twin pairs
discordant for severe RSV infection, 3) include non-RSV bronchiolitis as well, and 4)
search for environmental and genetic markers of disease severity, or investigate the
maturation of the immune response and the timing of the infectious exposures during
the first years of life, which may be a wvulnerable time-window influencing later

development of asthma and allergy.

Bronchial hyperresponsiveness in newborns were not predictive of later development of
RSV bronchiolitis nor did baseline lung function seem to predict though the confidence
limit of comparison was wide. This study suggests that the distinguishing feature is not
a mechanical disposition.

We suggest investigating other lung function test methods than RVRTC in infancy for
later development of severe RSV infection. But it may be an environmental exposure or
genetic disposition (or interaction), which influence the development of severe RSV
infection. Preliminary result show significant effect of mothers smoking in 3" trimester
of pregnancy on the development of RSV bronchiolitis in the COPSAC cohort. A risk
factor analysis of bronchiolitis and asthma as an outcome in the COPSAC cohort is
needed in the future to explore the causal direction between respiratory syncytial virus

bronchiolitis and asthma.
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Summary

The Ph.D. thesis is based on studies conducted at 6 pediatric departments in following

hospitals: Naestved, Gentofte, Kolding, Skejby, Hvidovre and Rigshospitalet.

Study I: Specific airway resistance (sRaw) measured by wholebody plethysmography in
preschool children is increasingly used in research and clinical practise. However, there
is no available method for calibration of the resistance measure, which raises concern of
accuracy.

The primary aim was to determine the agreement of sRaw measurements in 6 centers.
Seven healthy young children were brought to each of the 6 centers for sRaw
measurements and measured by a center specific investigator as well as an investigator
visiting each center.

We found sRaw measurements at two centers were significantly lower in all children
compared to the other 4 centers and one center had significantly higher sRaw values
than the other centers.

The secondary aim was to expand normative sRaw values for non-asthmatic children in
5 centers. 105 healthy preschool children were recruited locally for sRaw
measurements. Normative data was generated and was without significant difference
between centers and independent of height, weight, age and gender. Furthermore, there
was no effect of the child’s history of atopy, parental atopy or smoking. We
subsequently pooled these normative data (105 children) with previous data from 121
healthy young children; mean sRaw (SD) 1.27 kPa*s (0.25).

Conclusion: Control using biological standards revealed errors in factory setting and
highlights the need for developing methods for verification of resistance measures to
assure accuracy. Normative data were subsequently generated. Importantly other centers
using such normative data should first consider proper calibration before applying

reference values.

Study [-I1l: Acute respiratory syncytial virus (RSV) bronchiolitis may occur in

otherwise healthy infants. It is not known whether viral bronchiolitis is causatively
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related to asthma or simply identifies infants at risk for subsequent wheezing from an
atopic predisposition or pre-existing abnormal lung function.

First aim was to determine the differential effect within monozygotic twin (MZ) pairs
discordant for severe RSV bronchiolitis in infancy on the subsequent development of
asthma, pulmonary function and allergy. 37 MZ twin pairs discordant for RSV
hospitalization in infancy were compared at the mean age of 7.6 years for lung function
and bronchial responsiveness. We found no differences within MZ twin pairs with
respect to pulmonary function, fractional exhaled nitric oxide, asthma prevalence,
asthma medication use, or sensitization.

Secondary aim was to compare prospectively the baseline lung function and bronchial
responsiveness in infants who later develop RSV bronchiolitis with infants who do not
develop such severe infection. In a prospective birth cohort study of 411 infants of
asthmatic mothers 22 infants developed RSV bronchiolitis. Infants with and without
RSV bronchiolitis did not differ significantly in baseline lung function or bronchial
responsiveness.

Conclusion: We found no effect of severe RSV bronchiolitis on the development of
asthma and abnormal pulmonary function, nor did baseline lung function seem to
predict later development of RSV bronchiolitis. This ague against a specific effect of the
RSV bronchiolitis in the development of asthma and may suggest a genetic factor or an
undisclosed environmental predisposing to severe RSV bronchiolitis, maybe co-
infection rather than mechanical difference as the distinguishing feature for the

development of RSV bronchiolitis.
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Danish summary (Dansk resumé)

Denne ph.d. afhandling er baseret pa studier udfert pa 6 bgrneafdelinger (Nestved
Sygehus; Gentofte Hospital; Kolding Sygehus; Arhus Universitetshospital, Skejby;
Hvidovre Hospital og Rigshospitalet).

Studie I: Luftvejsmodstand (sRaw) malt pa smabgrn ved hjelp af helkropspletysmografi
bliver i stigende grad brugt i forskningen samt i klinikken. Aktuelt findes dog ikke en
kalibreringsmetode til selve sRaw malingen, hvilket medferer en usikkerhed pa
ngjagtigheden.

Det primare formal var at bestemme overensstemmelsen af sRaw malinger pa 6
berneafdelinger. Syv raske smabgrn besggte hvert af de 6 center og fik lavet sRaw
malinger af en centerspecifik observater og en gennemgaende observatgr som var med
pa hvert center.

Vi fandt at to centre havde signifikant lavere sRaw malinger i forhold til de andre centre
og et center havde signifikant hgjere malinger end de andre centre.

Det andet formal var at udvide sRaw normalmateriale ved malinger pa 5 centre hos
ikke-astmatiske bgrn. 105 raske smabgrn blev rekrutteret lokalt til indsamling af sRaw
malinger. Der var ingen signifikant forskel mellem centrene, og sRaw verdierne var
uafhaengig af hgjde, veegt, alder og kan. Allergi eller eksem hos bgrnene, foraeldres
atopi eller rygning havde ingen betydning pa sRaw veardierne. Derefter lagde vi
normalveardierne (105 bgrn) sammen med tidligere data fra 121 raske smabgrn med
falgende resultat: gennemsnit sRaw (SD) 1,27 kPa*s (0,25).

Konklusion: Vi brugte barn til kvalitetskontrol af sRaw malinger, hvilket afslgrede fejl i
fabriksindstilling. Dette understreger behovet for udvikling af metoder til at verificere
luftvejsmodstandsmalingers ngjagtighed. Andre centre bar overveje kvalitetskontrol far

brug af disse referenceverdier.

Studie 11-111: Ellers raske spadbgrn kan fa akut respiratorisk syncytial virus (RSV)
bronchiolitis. Man ved ikke om viral bronchiolitis er arsagsrelateret til udvikling af
astma eller blot er et udtryk for at spaedbgrn med risiko for hvaesen er pa baggrund af

deres atopisk disposition eller medfgdt darlig lungefunktion.
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Det ene formal var at finde forskel pa senere udvikling af astma, lungefunktion og
allergi hos monozygotiske (MZ) tvillingepar diskordante for svaer RSV bronchiolitis. 37
MZ tvillingepar diskordante for RSV hospitalisering i spadbarnsalderen blev
sammenlignet mht. lungefunktion (gennemsnitsalder 7,6 ar), nitrogenoxid niveau i
udandingsluft (FeNO), astma praevalens, brug af astma medicin samt allergitest.

Det andet formal var at sammenligne lungefunktion og bronkial hyperreaktivitet pa
spedbarn som senere far RSV bronchiolitis med spadbgrn som ikke udvikler en sadan
sveer infektion. | et prospektiv fadselskohorte studie med 411 spaedbern fedt af madre
med astma, fik 22 spadbgrn RSV bronchiolitis. Spadbgrn som udviklede RSV
bronchiolitis adskilte sig ikke signifikant med hensyn til lungefunktion eller bronkial
hyperreaktivitet i forhold til kontrolgruppen.

Konklusion: RSV bronchiolitis havde ingen effekt pa udviklingen af astma eller darlig
lungefunktion. Tidlig lungefunktionsmaling kunne heller ikke forudsige senere
udvikling af RSV bronchiolitis. Det argumenterer imod RSV bronchiolitis som en
specifik effekt pa udviklingen af astma. Det kunne vere en genetisk faktor eller en
ukendt miljgfaktor som praedisponerer til svaer RSV bronchiolitis, maske en co-
infektion og ikke en mekanisk/anatomisk forskel som det veesentlige for udvikling af
RSV bronchiolitis.

59



References

(1)

(2)

3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Reference List

Lum S, Hulskamp G, Merkus P, Baraldi E, Hofhuis W, Stocks J. Lung
function tests in neonates and infants with chronic lung disease: forced
expiratory maneuvers. Pediatr Pulmonol 2006 Mar;41(3):199-214.

ATS/ERS statement: raised volume forced expirations in infants: guidelines
for current practice. Am J Respir Crit Care Med 2005 Dec 1;172(11):1463-71.

Robin B, Kim YJ, Huth J, Klocksieben J, Torres M, Tepper RS, et al.
Pulmonary function in bronchopulmonary dysplasia. Pediatr Pulmonol 2004
Mar;37(3):236-42.

Turner DJ, Lanteri CJ, LeSouef PN, Sly PD. Improved detection of abnormal
respiratory function using forced expiration from raised lung volume in infants
with cystic fibrosis. Eur Respir J 1994 Nov;7(11):1995-9.

Borrego L, Stocks J, Leiria-Pinto P, Peralta I, Romeira AM, Neuparth N, et al.
Lung function and clinical risk factors for asthma in infants and young
children with recurrent wheeze. Thorax 2008 Nov 13.

Wildhaber JH, Dore ND, Devadason SG, Hall GL, Hamacher J, Arheden L, et
al. Comparison of subjective and objective measures in recurrently wheezy
infants. Respiration 2002;69(5):397-405.

Morris MG, Gustafsson P, Tepper R, Gappa M, Stocks J. The bias flow
nitrogen washout technique for measuring the functional residual capacity in
infants. ERS/ATS Task Force on Standards for Infant Respiratory Function
Testing. Eur Respir J 2001 Mar;17(3):529-36.

Stocks J, Godfrey S, Beardsmore C, Bar-Yishay E, Castile R.
Plethysmographic measurements of lung volume and airway resistance.
ERS/ATS Task Force on Standards for Infant Respiratory Function Testing.
European Respiratory Society/ American Thoracic Society. Eur Respir J 2001
Feb;17(2):302-12.

Gappa M, Colin AA, Goetz I, Stocks J. Passive respiratory mechanics: the
occlusion techniques. Eur Respir J 2001 Jan;17(1):141-8.

Bisgaard H, Klug B. Lung function measurement in awake young children.
Eur Respir J 1995 Dec;8(12):2067-75.

Bisgaard H, Nielsen KG. Plethysmographic measurements of specific airway
resistance in young children. Chest 2005 Jul;128(1):355-62.

60



(12)

(13)

(14)

(15)

(16)

17

(18)

(19)

(20)

(21)

(22)

(23)

(24)

Klug B, Bisgaard H. Specific airway resistance, interrupter resistance, and
respiratory impedance in healthy children aged 2-7 years. Pediatr Pulmonol
1998 May;25(5):322-31.

Klug B, Nielsen KG, Bisgaard H. Observer variability of lung function
measurements in 2-6-yr-old children. Eur Respir J 2000 Sep;16(3):472-5.

Klug BH. Evaluation of some techniques for measurements of lung function in
young children. Dan Med Bull 2002 Aug;49(3):227-41.

Klug B, Bisgaard H. Measurement of the specific airway resistance by
plethysmography in young children accompanied by an adult. Eur Respir J
1997 Jul;10(7):1599-605.

Klug B, Bisgaard H. Measurement of lung function in awake 2-4-year-old
asthmatic children during methacholine challenge and acute asthma: a
comparison of the impulse oscillation technique, the interrupter technique, and
transcutaneous measurement of oxygen versus whole-body plethysmography.
Pediatr Pulmonol 1996 May;21(5):290-300.

Klug B, Bisgaard H. Lung function and short-term outcome in young
asthmatic children. Eur Respir J 1999 Nov;14(5):1185-9.

Nielsen KG, Bisgaard H. Lung function response to cold air challenge in
asthmatic and healthy children of 2-5 years of age. Am J Respir Crit Care Med
2000 Jun;161(6):1805-9.

Buhr W, Jorres R, Knapp M, Berdel D. Diagnostic value of body
plethysmographic parameters in healthy and asthmatic young children is not
influenced by breathing frequency. Pediatr Pulmonol 1990;8(1):23-8.

Lowe L, Murray CS, Custovic A, Simpson BM, Kissen PM, Woodcock A.
Specific airway resistance in 3-year-old children: a prospective cohort study.
Lancet 2002 Jun 1;359(9321):1904-8.

Lowe LA, Simpson A, Woodcock A, Morris J, Murray CS, Custovic A.
Wheeze phenotypes and lung function in preschool children. Am J Respir Crit
Care Med 2005 Feb 1;171(3):231-7.

Beydon N, Davis SD, Lombardi E, Allen JL, Arets HG, Aurora P, et al. An
official American Thoracic Society/European Respiratory Society statement:
pulmonary function testing in preschool children. Am J Respir Crit Care Med
2007 Jun 15;175(12):1304-45.

Pride NB. Forced oscillation techniques for measuring mechanical properties
of the respiratory system. Thorax 1992 Apr;47(4):317-20.

Liistro G, Stanescu D, Rodenstein D, Veriter C. Reassessment of the

interruption technique for measuring flow resistance in humans. J Appl
Physiol 1989 Sep;67(3):933-7.

61



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

Aurora P, Gustafsson P, Bush A, Lindblad A, Oliver C, Wallis CE, et al.
Multiple breath inert gas washout as a measure of ventilation distribution in
children with cystic fibrosis. Thorax 2004 Dec;59(12):1068-73.

Aurora P, Bush A, Gustafsson P, Oliver C, Wallis C, Price J, et al. Multiple-
breath washout as a marker of lung disease in preschool children with cystic
fibrosis. Am J Respir Crit Care Med 2005 Feb 1;171(3):249-56.

Gustafsson PM. Inert gas washout in preschool children. Paediatr Respir Rev
2005 Dec;6(4):239-45.

Quanjer PH, Tammeling GJ, Cotes JE, Pedersen OF, Peslin R, Yernault JC.
Lung volumes and forced ventilatory flows. Report Working Party
Standardization of Lung Function Tests, European Community for Steel and
Coal. Official Statement of the European Respiratory Society. Eur Respir J
Suppl 1993 Mar;16:5-40.

Kanengiser S, Dozor AJ. Forced expiratory maneuvers in children aged 3 to 5
years. Pediatr Pulmonol 1994 Sep;18(3):144-9.

Loeb JS, Blower WC, Feldstein JF, Koch BA, Munlin AL, Hardie WD.
Acceptability and repeatability of spirometry in children using updated
ATS/ERS criteria. Pediatr Pulmonol 2008 Oct;43(10):1020-4.

Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al.
Standardisation of spirometry. Eur Respir J 2005 Aug;26(2):319-38.

Hammer J, Eber E. Paediatric pulmonary function testing. Karger; 2005.

Bisgaard H, Pedersen S, Anhoj J, Agertoft L, Hedlin G, Gulsvik A, et al.
Determinants of lung function and airway hyperresponsiveness in asthmatic
children. Respir Med 2007 Jul;101(7):1477-82.

Hayden MJ, Devadason SG, Sly PD, Wildhaber JH, LeSouef PN.
Methacholine responsiveness using the raised volume forced expiration
technique in infants. Am J Respir Crit Care Med 1997 May;155(5):1670-5.

Crapo RO, Casaburi R, Coates AL, Enright PL, Hankinson JL, Irvin CG, et al.
Guidelines for methacholine and exercise challenge testing-1999. This official
statement of the American Thoracic Society was adopted by the ATS Board of
Directors, July 1999. Am J Respir Crit Care Med 2000 Jan;161(1):309-29.

Nielsen KG, Bisgaard H. Hyperventilation with cold versus dry air in 2-to 5-
year-old children with asthma. Am J Respir Crit Care Med 2005 Feb
1;171(3):238-41.

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

function, and cold air and methacholine responsiveness in 2- to 5-year-old
asthmatic children. Am J Respir Crit Care Med 2000 Oct;162(4 Pt 1):1500-6.

62



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

Nielsen KG, Bisgaard H. Discriminative capacity of bronchodilator response
measured with three different lung function techniques in asthmatic and
healthy children aged 2 to 5 years. Am J Respir Crit Care Med 2001 Aug
15;164(4):554-9.

ATS/ERS recommendations for standardized procedures for the online and
offline measurement of exhaled lower respiratory nitric oxide and nasal nitric
oxide, 2005. Am J Respir Crit Care Med 2005 Apr 15;171(8):912-30.

Baraldi E, de Jongste JC. Measurement of exhaled nitric oxide in children,
2001. Eur Respir J 2002 Jul;20(1):223-37.

Payne DN, Adcock IM, Wilson NM, Oates T, Scallan M, Bush A.
Relationship between exhaled nitric oxide and mucosal eosinophilic
inflammation in children with difficult asthma, after treatment with oral
prednisolone. Am J Respir Crit Care Med 2001 Oct 15;164(8 Pt 1):1376-81.

Warke TJ, Fitch PS, Brown V, Taylor R, Lyons JD, Ennis M, et al. Exhaled
nitric oxide correlates with airway eosinophils in childhood asthma. Thorax
2002 May;57(5):383-7.

Alving K, Weitzberg E, Lundberg JM. Increased amount of nitric oxide in
exhaled air of asthmatics. Eur Respir J 1993 Oct;6(9):1368-70.

Scollo M, Zanconato S, Ongaro R, Zaramella C, Zacchello F, Baraldi E.
Exhaled nitric oxide and exercise-induced bronchoconstriction in asthmatic
children. Am J Respir Crit Care Med 2000 Mar;161(3 Pt 1):1047-50.

van den Toorn LM, Overbeek SE, de Jongste JC, Leman K, Hoogsteden HC,
Prins JB. Airway inflammation is present during clinical remission of atopic
asthma. Am J Respir Crit Care Med 2001 Dec 1;164(11):2107-13.

Byrnes CA, Dinarevic S, Shinebourne EA, Barnes PJ, Bush A. Exhaled nitric
oxide measurements in normal and asthmatic children. Pediatr Pulmonol 1997
Nov;24(5):312-8.

Franklin PJ, Turner SW, Le Souef PN, Stick SM. Exhaled nitric oxide and
asthma: complex interactions between atopy, airway responsiveness, and
symptoms in a community population of children. Thorax 2003
Dec;58(12):1048-52.

Steerenberg PA, Janssen NA, de MG, Fischer PH, Nierkens S, van LH, et al.
Relationship between exhaled NO, respiratory symptoms, lung function,
bronchial hyperresponsiveness, and blood eosinophilia in school children.
Thorax 2003 Mar;58(3):242-5.

Baraldi E, Azzolin NM, Zanconato S, Dario C, Zacchello F. Corticosteroids
decrease exhaled nitric oxide in children with acute asthma. J Pediatr 1997
Sep;131(3):381-5.

63



(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

Klug B, Bisgaard H. Repeatability of methacholine challenges in 2- to 4-year-
old children with asthma, using a new technique for quantitative delivery of
aerosol. Pediatr Pulmonol 1997 Apr;23(4):278-86.

Frey U, Reinmann B, Stocks J. The infant lung function model: a mechanical
analogue to test infant lung function equipment. Eur Respir J 2001
Apr;17(4):755-64.

Reinmann B, Stocks J, Frey U. Assessment of an infant whole-body
plethysmograph using an infant lung function model. Eur Respir J 2001
Apr;17(4):765-72.

DuBois AB, BOTELHO SY, COMROE JH, Jr. A new method for measuring
airway resistance in man using a body plethysmograph: values in normal
subjects and in patients with respiratory disease. J Clin Invest 1956
Mar;35(3):327-35.

Dab I, Alexander F. Lung function measured with a whole body
plethysmograph: standard values for children and young adults. Acta Paediatr
Belg 1979 Oct;32(4):259-67.

Peslin R, Duvivier C, Malvestio P, Benis AR, Polu JM. Frequency dependence
of specific airway resistance in a commercialized plethysmograph. Eur Respir
J 1996 Aug;9(8):1747-50.

Poorisrisak P, Bisgaard H. Video recording of sRaw measurement. 2008.

Carroll KN, Gebretsadik T, Griffin MR, Dupont WD, Mitchel EF, Wu P, et al.
Maternal asthma and maternal smoking are associated with increased risk of
bronchiolitis during infancy. Pediatrics 2007 Jun;119(6):1104-12.

Dezateux C, Stocks J, Dundas I, Fletcher ME. Impaired airway function and
wheezing in infancy: the influence of maternal smoking and a genetic
predisposition to asthma. Am J Respir Crit Care Med 1999 Feb;159(2):403-10.

Carlsen KH, Carlsen KC. Respiratory effects of tobacco smoking on infants
and young children. Paediatr Respir Rev 2008 Mar;9(1):11-9.

Stocks J, Dezateux C. The effect of parental smoking on lung function and
development during infancy. Respirology 2003 Sep;8(3):266-85.

Dezateux C, Stocks J, Wade AM, Dundas I, Fletcher ME. Airway function at
one year: association with premorbid airway function, wheezing, and maternal
smoking. Thorax 2001 Sep;56(9):680-6.

Tepper RS, Williams-Nkomo T, Martinez T, Kisling J, Coates C, Daggy J.

Parental smoking and airway reactivity in healthy infants. Am J Respir Crit
Care Med 2005 Jan 1;171(1):78-82.

64



(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

Gallup TNS. [Monitoring of smoking habits, 2007]. Danish National Board of
Health, Danish Cancer Society, Danish Hearth Foundation and Danish Lung
Association; 2007.

Frey U, Kuehni C, Roiha H, Cernelc M, Reinmann B, Wildhaber JH, et al.
Maternal atopic disease modifies effects of prenatal risk factors on exhaled
nitric oxide in infants. Am J Respir Crit Care Med 2004 Aug 1;170(3):260-5.

Doershuk CF, Fisher BJ, Matthews LW. Specific airway resistance from the
perinatal period into adulthood. Alterations in childhood pulmonary disease.
Am Rev Respir Dis 1974 Apr;109(4):452-7.

Leben M, von der HH. Airway resistance, airway conductance, specific airway
resistance, and specific airway conductance in children. Pediatr Res 1983
Jun;17(6):508-13.

Goldman MD, Smith HJ, Ulmer WT. Whole-body plethysmography. Eur
Respir Mon 2005;31:15-43.

Gustafsson PM, Ljungberg HK, Kjellman B. Peripheral airway involvement in
asthma assessed by single-breath SF6 and He washout. Eur Respir J 2003
Jun;21(6):1033-9.

Kock-Hansen GH, Samuelsson S. [Respiratorisk syncytial virus]. Statens
Serum Institut, Epidemiologisk afdeling; Epi-nyt; 2002.

Handforth J, Friedland JS, Sharland M. Basic epidemiology and
immunopathology of RSV in children. Paediatr Respir Rev 2000
Sep;1(3):210-4.

CHANOCK R, ROIZMAN B, MYERS R. Recovery from infants with
respiratory illness of a virus related to chimpanzee coryza agent (CCA). I.
Isolation, properties and characterization. Am J Hyg 1957 Nov;66(3):281-90.

Selwyn BJ. The epidemiology of acute respiratory tract infection in young
children: comparison of findings from several developing countries.
Coordinated Data Group of BOSTID Researchers. Rev Infect Dis 1990
Nov;12 Suppl 8:S870-S888.

Glezen P, Denny FW. Epidemiology of acute lower respiratory disease in
children. N Engl J Med 1973 Mar 8;288(10):498-505.

Collins PL, Chanock RM, Murphy BR. Respiratory Syncytial Virus.
Philadelphia: Lippencott-Raven Publishers; 2001.

Eriksson M, Bennet R, Nilsson A. Wheezing following lower respiratory tract
infections with respiratory syncytial virus and influenza A in infancy. Pediatr
Allergy Immunol 2000 Aug;11(3):193-7.

65



(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

Meissner HC. Economic impact of viral respiratory disease in children. J
Pediatr 1994 May;124(5 Pt 2):S17-S21.

Shay DK, Holman RC, Newman RD, Liu LL, Stout JW, Anderson LJ.
Bronchiolitis-associated hospitalizations among US children, 1980-1996.
JAMA 1999 Oct 20;282(15):1440-6.

Muller-Pebody B, Edmunds WJ, Zambon MC, Gay NJ, Crowcroft NS.
Contribution of RSV to bronchiolitis and pneumonia-associated
hospitalizations in English children, April 1995-March 1998. Epidemiol Infect
2002 Aug;129(1):99-106.

Boyce TG, Mellen BG, Mitchel EF, Jr., Wright PF, Griffin MR. Rates of
hospitalization for respiratory syncytial virus infection among children in
medicaid. J Pediatr 2000 Dec;137(6):865-70.

Simoes EA, Carbonell-Estrany X. Impact of severe disease caused by
respiratory syncytial virus in children living in developed countries. Pediatr
Infect Dis J 2003 Feb;22(2 Suppl):S13-S18.

Kristensen K, Dahm T, Frederiksen PS, Ibsen J, lyore E, Jensen AM, et al.
Epidemiology of respiratory syncytial virus infection requiring hospitalization
in East Denmark. Pediatr Infect Dis J 1998 Nov;17(11):996-1000.

Palivizumab, a humanized respiratory syncytial virus monoclonal antibody,
reduces hospitalization from respiratory syncytial virus infection in high-risk
infants. The IMpact-RSV Study Group. Pediatrics 1998 Sep;102(3 Pt 1):531-7.

Prevention of respiratory syncytial virus infections: indications for the use of
palivizumab and update on the use of RSV-IGIV. American Academy of
Pediatrics Committee on Infectious Diseases and Committee of Fetus and
Newborn. Pediatrics 1998 Nov;102(5):1211-6.

Meissner HC, Welliver RC, Chartrand SA, Law BJ, Weisman LE, Dorkin HL,
et al. Immunoprophylaxis with palivizumab, a humanized respiratory syncytial
virus monoclonal antibody, for prevention of respiratory syncytial virus
infection in high risk infants: a consensus opinion. Pediatr Infect Dis J 1999
Mar;18(3):223-31.

Welliver JR, Welliver RC. Bronchiolitis. Pediatr Rev 1993 Apr;14(4):134-9.

Global Initiative for Asthma (GINA). Global strategy for asthma management
and prevention. 2007.

Moth G, Schiotz PO. [A registry study of hospital admissions of children with
asthma and bronchitis in different counties]. Ugeskr Laeger 2006 Jan
3;168(1):56-61.

Martinez FD, Holt PG. Role of microbial burden in aetiology of allergy and
asthma. Lancet 1999 Sep;354 Suppl 2:S1112-S1115.

66



(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

(97)

(98)

(99)

(100)

Bendelja K, Gagro A, Bace A, Lokar-Kolbas R, Krsulovic-Hresic V,
Drazenovic V, et al. Predominant type-2 response in infants with respiratory
syncytial virus (RSV) infection demonstrated by cytokine flow cytometry.
Clin Exp Immunol 2000 Aug;121(2):332-8.

Holt PG, Macaubas C, Prescott SL, Sly PD. Microbial stimulation as an
aetiologic factor in atopic disease. Allergy 1999;54 Suppl 49:12-6.

Welliver RC. Immunologic mechanisms of virus-induced wheezing and
asthma. J Pediatr 1999 Aug;135(2 Pt 2):14-20.

Roman M, Calhoun WJ, Hinton KL, Avendano LF, Simon V, Escobar AM, et
al. Respiratory syncytial virus infection in infants is associated with
predominant Th-2-like response. Am J Respir Crit Care Med 1997
Jul;156(1):190-5.

Legg JP, Hussain IR, Warner JA, Johnston SL, Warner JO. Type 1 and type 2
cytokine imbalance in acute respiratory syncytial virus bronchiolitis. AmJ
Respir Crit Care Med 2003 Sep 15;168(6):633-9.

Castro-Rodriguez JA, Holberg CJ, Wright AL, Halonen M, Taussig LM,
Morgan WJ, et al. Association of radiologically ascertained pneumonia before
age 3 yr with asthmalike symptoms and pulmonary function during childhood:
a prospective study. Am J Respir Crit Care Med 1999 Jun;159(6):1891-7.

McBride JT. Pulmonary function changes in children after respiratory
syncytial virus infection in infancy. J Pediatr 1999 Aug;135(2 Pt 2):28-32.

Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM, et al.
Respiratory syncytial virus in early life and risk of wheeze and allergy by age
13 years. Lancet 1999 Aug 14;354(9178):541-5.

Sigurs N, Bjarnason R, Sigurbergsson F, Kjellman B, Bjorksten B. Asthma
and immunoglobulin E antibodies after respiratory syncytial virus
bronchiolitis: a prospective cohort study with matched controls. Pediatrics
1995 Apr;95(4):500-5.

Sigurs N, Gustafsson PM, Bjarnason R, Lundberg F, Schmidt S,
Sigurbergsson F, et al. Severe respiratory syncytial virus bronchiolitis in
infancy and asthma and allergy at age 13. Am J Respir Crit Care Med 2005
Jan 15;171(2):137-41.

Henderson J, Hilliard TN, Sherriff A, Stalker D, Al SN, Thomas HM.
Hospitalization for RSV bronchiolitis before 12 months of age and subsequent
asthma, atopy and wheeze: a longitudinal birth cohort study. Pediatr Allergy
Immunol 2005 Aug;16(5):386-92.

Turner SW, Palmer LJ, Rye PJ, Gibson NA, Judge PK, Young S, et al. Infants

with flow limitation at 4 weeks: outcome at 6 and 11 years. Am J Respir Crit
Care Med 2002 May 1;165(9):1294-8.

67



(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

Young S, Arnott J, O'Keeffe PT, Le Souef PN, Landau LI. The association
between early life lung function and wheezing during the first 2 yrs of life. Eur
Respir J 2000 Jan;15(1):151-7.

Murray CS, Pipis SD, McArdle EC, Lowe LA, Custovic A, Woodcock A.
Lung function at one month of age as a risk factor for infant respiratory
symptoms in a high risk population. Thorax 2002 May;57(5):388-92.

Martinez FD, Morgan WJ, Wright AL, Holberg CJ, Taussig LM. Diminished
lung function as a predisposing factor for wheezing respiratory illness in
infants. N Engl J Med 1988 Oct 27;319(17):1112-7.

Turner SW, Young S, Landau LI, Le Souef PN. Reduced lung function both
before bronchiolitis and at 11 years. Arch Dis Child 2002 Nov;87(5):417-20.

Tager 1B, Hanrahan JP, Tosteson TD, Castile RG, Brown RW, Weiss ST, et al.
Lung function, pre- and post-natal smoke exposure, and wheezing in the first
year of life. Am Rev Respir Dis 1993 Apr;147(4):811-7.

Martinez FD, Morgan WJ, Wright AL, Holberg C, Taussig LM. Initial airway
function is a risk factor for recurrent wheezing respiratory illnesses during the
first three years of life. Group Health Medical Associates. Am Rev Respir Dis
1991 Feb;143(2):312-6.

Boner AL. The British 1958 cohort: a message for obstetricians and
pediatricians. Am J Respir Crit Care Med 2007 Feb 15;175(4):298-9.

Haland G, Carlsen KC, Sandvik L, Devulapalli CS, Munthe-Kaas MC,
Pettersen M, et al. Reduced lung function at birth and the risk of asthma at 10
years of age. N Engl J Med 2006 Oct 19;355(16):1682-9.

Broughton S, Bhat R, Roberts A, Zuckerman M, Rafferty G, Greenough A.
Diminished lung function, RSV infection, and respiratory morbidity in
prematurely born infants. Arch Dis Child 2006 Jan;91(1):26-30.

Young S, O'Keeffe PT, Arnott J, Landau LI. Lung function, airway
responsiveness, and respiratory symptoms before and after bronchiolitis. Arch
Dis Child 1995 Jan;72(1):16-24.

Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ.
Asthma and wheezing in the first six years of life. The Group Health Medical
Associates. N Engl J Med 1995 Jan 19;332(3):133-8.

Figueras-Aloy J, Carbonell-Estrany X, Quero J. Case-control study of the risk
factors linked to respiratory syncytial virus infection requiring hospitalization

in premature infants born at a gestational age of 33-35 weeks in Spain. Pediatr
Infect Dis J 2004 Sep;23(9):815-20.

68



(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)

Goetghebuer T, Kwiatkowski D, Thomson A, Hull J. Familial susceptibility to
severe respiratory infection in early life. Pediatr Pulmonol 2004
Oct;38(4):321-8.

Stenshalle LG, Kristensen K, Simoes EA, Jensen H, Nielsen J, Benn CS, et al.
Atopic disposition, wheezing, and subsequent respiratory syncytial virus
hospitalization in Danish children younger than 18 months: a nested case-
control study. Pediatrics 2006 Nov;118(5):e1360-e1368.

Thomsen SF, Stensballe LG, Skytthe A, Kyvik KO, Backer V, Bisgaard H.
Increased concordance of severe respiratory syncytial virus infection in
identical twins. Pediatrics 2008 Mar;121(3):493-6.

Trefny P, Stricker T, Baerlocher C, Sennhauser FH. Family history of atopy
and clinical course of RSV infection in ambulatory and hospitalized infants.
Pediatr Pulmonol 2000 Oct;30(4):302-6.

Holberg CJ, Wright AL, Martinez FD, Ray CG, Taussig LM, Lebowitz MD.
Risk factors for respiratory syncytial virus-associated lower respiratory
illnesses in the first year of life. Am J Epidemiol 1991 Jun 1;133(11):1135-51.

Wu P, Dupont WD, Griffin MR, Carroll KN, Mitchel EF, Gebretsadik T, et al.
Evidence of a causal role of winter virus infection during infancy in early
childhood asthma. Am J Respir Crit Care Med 2008 Dec 1;178(11):1123-9.

Pedersen CB, Gotzsche H, Moller JO, Mortensen PB. The Danish Civil
Registration System. A cohort of eight million persons. Dan Med Bull 2006
Nov;53(4):441-9.

Christiansen L, Frederiksen H, Schousboe K, Skytthe A, Wurmb-Schwark N,
Christensen K, et al. Age- and sex-differences in the validity of questionnaire-
based zygosity in twins. Twin Res 2003 Aug;6(4):275-8.

Kyvik KO, Green A, Beck-Nielsen H. The new Danish Twin Register:
establishment and analysis of twinning rates. Int J Epidemiol 1995
Jun;24(3):589-96.

Stensballe LG, Kristensen K, Nielsen J, Aaby P. Diagnosis coding in The
Danish National Patient Registry for respiratory syncytial virus infections.
Scand J Infect Dis 2005;37(10):747-52.

Loland L, Bisgaard H. Feasibility of repetitive lung function measurements by
raised volume rapid thoracoabdominal compression during methacholine
challenge in young infants. Chest 2008 Jan;133(1):115-22.

Bisgaard H. The Copenhagen Prospective Study on Asthma in Childhood

(COPSAC): design, rationale, and baseline data from a longitudinal birth
cohort study. Ann Allergy Asthma Immunol 2004 Oct;93(4):381-9.

69



(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)
(133)

(134)

(135)

(136)

(137)

(138)

Bisgaard H, Hermansen MN, Loland L, Halkjaer LB, Buchvald F. Intermittent
inhaled corticosteroids in infants with episodic wheezing. N Engl J Med 2006
May 11;354(19):1998-2005.

Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB, Bonnelykke
K, et al. Childhood asthma after bacterial colonization of the airway in
neonates. N Engl J Med 2007 Oct 11;357(15):1487-95.

Smyth RL, Openshaw PJ. Bronchiolitis. Lancet 2006 Jul 22;368(9532):312-
22.

Von Mutius E. Presentation of new GINA guidelines for paediatrics. The
Global Initiative on Asthma. Clin Exp Allergy 2000 Jun;30 Suppl 1:6-10.

Skin tests used in type I allergy testing Position paper. Sub-Committee on Skin
Tests of the European Academy of Allergology and Clinical Immunology.
Allergy 1989;44 Suppl 10:1-59.

Standardization of Spirometry, 1994 Update. American Thoracic Society. Am
J Respir Crit Care Med 1995 Sep;152(3):1107-36.

Cockcroft DW, Murdock KY, Mink JT. Determination of histamine PC20.
Comparison of linear and logarithmic interpolation. Chest 1983
Oct;84(4):505-6.

Poorisrisak P, Bisgaard H. Video Recording of hyperventilation test. 2008.

Loland L, Buchvald FF, Halkjaer LB, Anhoj J, Hall GL, Persson T, et al.
Sensitivity of bronchial responsiveness measurements in young infants. Chest
2006 Mar;129(3):669-75.

Loland L, Bisgaard H. Video recording of infant spirometry. COPSAC; 2008.

Bisgaard H, Loland L, Holst KK, Pipper CB. Prenatal determinants of
neonatal lung function in high-risk newborns. J Allergy Clin Immunol 2009
Mar;123(3):651-7, 657.

Fodha I, Vabret A, Ghedira L, Seboui H, Chouchane S, Dewar J, et al.
Respiratory syncytial virus infections in hospitalized infants: association
between viral load, virus subgroup, and disease severity. J Med Virol 2007
Dec;79(12):1951-8.

DeVincenzo JP, El Saleeby CM, Bush AJ. Respiratory syncytial virus load
predicts disease severity in previously healthy infants. J Infect Dis 2005 Jun
1;191(11):1861-8.

Buckingham SC, Bush AJ, DeVincenzo JP. Nasal quantity of respiratory

syncytical virus correlates with disease severity in hospitalized infants. Pediatr
Infect Dis J 2000 Feb;19(2):113-7.

70



(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

Simoes EA. Respiratory syncytial virus infection. Lancet 1999 Sep
4:354(9181):847-52.

Fjaerli HO, Farstad T, Bratlid D. Hospitalisations for respiratory syncytial
virus bronchiolitis in Akershus, Norway, 1993-2000: a population-based
retrospective study. BMC Pediatr 2004;4(1):25.

Stenshalle L, Poulsen A, Nante E, Jensen IP, Kofoed PE, Jensen H, et al.
Mothers may transmit RSV infection more easily or severely to sons than
daughters: community study from Guinea-Bissau. Scand J Infect Dis
2004;36(4):291-5.

Papadopoulos NG, Gourgiotis D, Javadyan A, Bossios A, Kallergi K, Psarras
S, et al. Does respiratory syncytial virus subtype influences the severity of
acute bronchiolitis in hospitalized infants? Respir Med 2004 Sep;98(9):879-
82.

Jansen AG, Sanders EA, Hoes AW, van Loon AM, Hak E. Influenza- and
respiratory syncytial virus-associated mortality and hospitalisations. Eur
Respir J 2007 Dec;30(6):1158-66.

Ruuskanen O, Ogra PL. Respiratory syncytial virus. Curr Probl Pediatr 1993
Feb;23(2):50-79.

Kotaniemi-Syrjanen A, Laatikainen A, Waris M, Reijonen TM, Vainionpaa R,
Korppi M. Respiratory syncytial virus infection in children hospitalized for
wheezing: virus-specific studies from infancy to preschool years. Acta
Paediatr 2005 Feb;94(2):159-65.

Kneyber MCJ, Steyerberg EW, de Groot R, Moll HA. Long-term effects of
respiratory syncytial virus (RSV) bronchiolitis in infants and young children: a
quantitative review. Acta Paediatr 2000 Jun;89(6):654-60.

Korppi M, Piippo-Savolainen E, Korhonen K, Remes S. Respiratory morbidity
20 years after RSV infection in infancy. Pediatr Pulmonol 2004
Aug;38(2):155-60.

Nielsen AM, Koefoed BG, Moller R, Laursen B. [Long-term disease in Danish
children reported by the parents]. Ugeskr Laeger 2006 Jan 23;168(4):367-72.

Skadhauge LR, Christensen K, Kyvik KO, Sigsgaard T. Genetic and
environmental influence on asthma: a population-based study of 11,688
Danish twin pairs. Eur Respir J 1999 Jan;13(1):8-14.

Thomsen SF, Ulrik CS, Larsen K, Backer V. Change in prevalence of asthma

in Danish children and adolescents. Ann Allergy Asthma Immunol 2004
May;92(5):506-11.

71



(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

(161)

Walton RP, Johnston SL. Role of respiratory viral infections in the
development of atopic conditions. Curr Opin Allergy Clin Immunol 2008
Apr;8(2):150-3.

Forton JT, Rowlands K, Rockett K, Hanchard N, Herbert M, Kwiatkowski DP,
et al. Genetic association study for RSV bronchiolitis in infancy at the 5931
cytokine cluster. Thorax 2009 Apr;64(4):345-52.

Hoebee B, Rietveld E, Bont L, Oosten M, Hodemaekers HM, Nagelkerke NJ,
et al. Association of severe respiratory syncytial virus bronchiolitis with
interleukin-4 and interleukin-4 receptor alpha polymorphisms. J Infect Dis
2003 Jan 1;187(1):2-11.

Choi EH, Lee HJ, Yoo T, Chanock SJ. A common haplotype of interleukin-4
gene IL4 is associated with severe respiratory syncytial virus disease in
Korean children. J Infect Dis 2002 Nov 1;186(9):1207-11.

Ermers MJ, Hoebee B, Hodemaekers HM, Kimman TG, Kimpen JL, Bont L.
IL-13 genetic polymorphism identifies children with late wheezing after
respiratory syncytial virus infection. J Allergy Clin Immunol 2007
May;119(5):1086-91.

Rosenwasser LJ. Genetics of atopy and asthma: promoter-based candidate
gene studies for IL-4. Int Arch Allergy Immunol 1997 May;113(1-3):61-4.

van der Pouw Kraan TC, van VA, Boeije LC, van Tuyl SA, de Groot ER,
Stapel SO, et al. An IL-13 promoter polymorphism associated with increased
risk of allergic asthma. Genes Immun 1999 Sep;1(1):61-5.

Zhu S, Chan-Yeung M, Becker AB, mich-Ward H, Ferguson AC, Manfreda J,
et al. Polymorphisms of the IL-4, TNF-alpha, and Fcepsilon Rlbeta genes and
the risk of allergic disorders in at-risk infants. Am J Respir Crit Care Med
2000 May;161(5):1655-9.

Grayson MH, Cheung D, Rohlfing MM, Kitchens R, Spiegel DE, Tucker J, et
al. Induction of high-affinity IgE receptor on lung dendritic cells during viral
infection leads to mucous cell metaplasia. J Exp Med 2007 Oct
29;204(11):2759-69.

Welliver RC, Sun M, Rinaldo D, Ogra PL. Predictive value of respiratory
syncytial virus-specific IgE responses for recurrent wheezing following
bronchiolitis. J Pediatr 1986 Nov;109(5):776-80.

Sutton TC, Tayyari F, Khan MA, Manson HE, Hegele RG. T helper 1
background protects against airway hyperresponsiveness and inflammation in
guinea pigs with persistent respiratory syncytial virus infection. Pediatr Res
2007 May;61(5 Pt 1):525-9.

72



(162)

(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

Simoes EA, Groothuis JR, Carbonell-Estrany X, Rieger CH, Mitchell I,
Fredrick LM, et al. Palivizumab prophylaxis, respiratory syncytial virus, and
subsequent recurrent wheezing. J Pediatr 2007 Jul;151(1):34-42, 42.

Thomsen SF, van der SS, Stensballe LG, Posthuma D, Skytthe A, Kyvik KO,
et al. Exploring the association between severe respiratory syncytial virus
infection and asthma: a registry-based twin study. Am J Respir Crit Care Med
2009 Jun 15;179(12):1091-7.

Kuehni CE, Spycher BD, Silverman M. Causal links between RSV infection
and asthma: no clear answers to an old question. Am J Respir Crit Care Med
2009 Jun 15;179(12):1079-80.

Poulsen P, Esteller M, Vaag A, Fraga MF. The epigenetic basis of twin
discordance in age-related diseases. Pediatr Res 2007 May;61(5 Pt 2):38R-
42R.

Wong AH, Gottesman I1, Petronis A. Phenotypic differences in genetically
identical organisms: the epigenetic perspective. Hum Mol Genet 2005 Apr
15;14 Spec No 1:R11-R18.

Singh SM, Murphy B, O'Reilly R. Epigenetic contributors to the discordance
of monozygotic twins. Clin Genet 2002 Aug;62(2):97-103.

Stensballe LG, Hjuler T, Andersen A, Kaltoft M, Ravn H, Aaby P, et al.
Hospitalization for respiratory syncytial virus infection and invasive
pneumococcal disease in Danish children aged <2 years: a population-based
cohort study. Clin Infect Dis 2008 Apr 15;46(8):1165-71.

Jartti T, Lehtinen P, Vuorinen T, Osterback R, van den HB, Osterhaus AD, et
al. Respiratory picornaviruses and respiratory syncytial virus as causative
agents of acute expiratory wheezing in children. Emerg Infect Dis 2004
Jun;10(6):1095-101.

Kellner G, Popow-Kraupp T, Kundi M, Binder C, Kunz C. Clinical
manifestations of respiratory tract infections due to respiratory syncytial virus
and rhinoviruses in hospitalized children. Acta Paediatr Scand 1989
May;78(3):390-4.

Korppi M, Kotaniemi-Syrjanen A, Waris M, Vainionpaa R, Reijonen TM.
Rhinovirus-associated wheezing in infancy: comparison with respiratory
syncytial virus bronchiolitis. Pediatr Infect Dis J 2004 Nov;23(11):995-9.

Dollner H, Risnes K, Radtke A, Nordbo SA. Outbreak of human
metapneumovirus infection in norwegian children. Pediatr Infect Dis J 2004
May;23(5):436-40.

Williams JV, Harris PA, Tollefson SJ, Halburnt-Rush LL, Pingsterhaus JM,
Edwards KM, et al. Human metapneumovirus and lower respiratory tract

73



(174)

(175)

(176)

(177)

(178)

(179)

(180)

(181)

(182)

(183)

(184)

(185)

disease in otherwise healthy infants and children. N Engl J Med 2004 Jan
29;350(5):443-50.

Diagnosis and management of bronchiolitis. Pediatrics 2006 Oct;118(4):1774-
93.

Smyth RL, Fletcher JN, Thomas HM, Hart CA, Openshaw PJ. Respiratory
syncytial virus and wheeze. Lancet 1999 Dec 4;354(9194):1997-8.

Bush A, Thomson AH. Acute bronchiolitis. BMJ 2007 Nov
17;335(7628):1037-41.

Wainwright C, Altamirano L, Cheney M, Cheney J, Barber S, Price D, etal. A
multicenter, randomized, double-blind, controlled trial of nebulized
epinephrine in infants with acute bronchiolitis. N Engl J Med 2003 Jul
3;349(1):27-35.

Kabir ML, Hag N, Hoque M, Ahmed F, Amin R, Hossain A, et al. Evaluation
of hospitalized infants and young children with bronchiolitis - a multi centre
study. Mymensingh Med J 2003 Jul;12(2):128-33.

Blom D, Ermers M, Bont L, van Aalderen WM, van Woensel JB. Inhaled
corticosteroids during acute bronchiolitis in the prevention of post-
bronchiolitic wheezing. Cochrane Database Syst Rev 2007;(1):CD004881.

Cade A, Brownlee KG, Conway SP, Haigh D, Short A, Brown J, et al.
Randomised placebo controlled trial of nebulised corticosteroids in acute
respiratory syncytial viral bronchiolitis. Arch Dis Child 2000 Feb;82(2):126-
30.

Wong JY, Moon S, Beardsmore C, O'Callaghan C, Simpson H. No objective
benefit from steroids inhaled via a spacer in infants recovering from
bronchiolitis. Eur Respir J 2000 Feb;15(2):388-94.

Patel H, Platt R, Lozano JM, Wang EE. Glucocorticoids for acute viral
bronchiolitis in infants and young children. Cochrane Database Syst Rev
2004;(3):CD004878.

Corneli HM, Zorc JJ, Majahan P, Shaw KN, Holubkov R, Reeves SD, et al. A
multicenter, randomized, controlled trial of dexamethasone for bronchiolitis. N
Engl J Med 2007 Jul 26;357(4):331-9.

Ermers MJ, Rovers MM, van Woensel JB, Kimpen JL, Bont LJ. The effect of
high dose inhaled corticosteroids on wheeze in infants after respiratory
syncytial virus infection: randomised double blind placebo controlled trial.
BMJ 2009;338:b897.

Ranganathan SC, Hoo AF, Lum SY, Goetz I, Castle RA, Stocks J. Exploring
the relationship between forced maximal flow at functional residual capacity

74



(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

(194)

(195)

(196)

(197)

and parameters of forced expiration from raised lung volume in healthy
infants. Pediatr Pulmonol 2002 Jun;33(6):419-28.

Jones MH, Howard J, Davis S, Kisling J, Tepper RS. Sensitivity of spirometric
measurements to detect airway obstruction in infants. Am J Respir Crit Care
Med 2003 May 1;167(9):1283-6.

Turner DJ, Stick SM, Lesouef KL, Sly PD, LeSouef PN. A new technique to
generate and assess forced expiration from raised lung volume in infants. AmJ
Respir Crit Care Med 1995 May;151(5):1441-50.

Doering G, Gusenleitner W, Belohradsky BH, Burdach S, Resch B, Liese JG.
The risk of respiratory syncytial virus-related hospitalizations in preterm
infants of 29 to 35 weeks' gestational age. Pediatr Infect Dis J 2006
Dec;25(12):1188-90.

Simoes EA. Environmental and demographic risk factors for respiratory
syncytial virus lower respiratory tract disease. J Pediatr 2003 Nov;143(5
Suppl):S118-S126.

Bradley JP, Bacharier LB, Bonfiglio J, Schechtman KB, Strunk R, Storch G, et
al. Severity of respiratory syncytial virus bronchiolitis is affected by cigarette
smoke exposure and atopy. Pediatrics 2005 Jan;115(1):e7-14.

Lannero E, Wickman M, Pershagen G, Nordvall L. Maternal smoking during
pregnancy increases the risk of recurrent wheezing during the first years of life
(BAMSE). Respir Res 2006;7:3.

Landau LI. Parental smoking: asthma and wheezing illnesses in infants and
children. Paediatr Respir Rev 2001 Sep;2(3):202-6.

Tsolia MN, Kafetzis D, Danelatou K, Astral H, Kallergi K, Spyridis P, et al.
Epidemiology of respiratory syncytial virus bronchiolitis in hospitalized
infants in Greece. Eur J Epidemiol 2003;18(1):55-61.

Singh AM, Moore PE, Gern JE, Lemanske RF, Jr., Hartert TV. Bronchiolitis
to asthma: a review and call for studies of gene-virus interactions in asthma
causation. Am J Respir Crit Care Med 2007 Jan 15;175(2):108-19.

Wennergren G, Kristjansson S. Relationship between respiratory syncytial
virus bronchiolitis and future obstructive airway diseases. Eur Respir J 2001
Dec;18(6):1044-58.

Young S, Le Souef PN, Geelhoed GC, Stick SM, Turner KJ, Landau LI. The
influence of a family history of asthma and parental smoking on airway
responsiveness in early infancy. N Engl J Med 1991 Apr 25;324(17):1168-73.

Jones SL, Kittelson J, Cowan JO, Flannery EM, Hancox RJ, McLachlan CR,
et al. The predictive value of exhaled nitric oxide measurements in assessing

75



(198)

(199)

(200)

(201)

changes in asthma control. Am J Respir Crit Care Med 2001 Sep
1;164(5):738-43.

Hall GL, Hantos Z, Petak F, Wildhaber JH, Tiller K, Burton PR, et al. Airway
and respiratory tissue mechanics in normal infants. Am J Respir Crit Care Med
2000 Oct;162(4 Pt 1):1397-402.

Hall GL, Hantos Z, Sly PD. Altered respiratory tissue mechanics in
asymptomatic wheezy infants. Am J Respir Crit Care Med 2001 Oct 15;164(8
Pt 1):1387-91.

Mclintosh K. Bronchiolitis and asthma: possible common pathogenetic
pathways. J Allergy Clin Immunol 1976 Jun;57(6):595-604.

Nielsen HE, Siersma V, Andersen S, Gahrn-Hansen B, Mordhorst CH,
Norgaard-Pedersen B, et al. Respiratory syncytial virus infection--risk factors
for hospital admission: a case-control study. Acta Paediatr 2003
Nov;92(11):1314-21.

76



Appendix

Papers I-111

77



78



Paper |






P

CHEST

Official publication of the American C ollege of Chest Physicians

Accuracy of Whole-Body Plethysmography
Requires Biological Calibration

Porntiva Poorisrisak, Carsten Vrang, Jorn Molgaard Henriksen, Bent
Klug, Birgitte Hanel and Hans Bisgaard

Chest 2009;135;1476-1480
DOI 10.1378/chest.08-1555

The online version of this article, along with updated information
and services can be found online on the World Wide Web at:
http://www.chestjournal.org/content/135/6/1476.full.html

CHEST is the official journal of the American College of Chest
Physicians. It has been published monthly since 1935. Copyright 2007
by the American College of Chest Physicians, 3300 Dundee Road,
Northbrook IL 60062. All rights reserved. No part of this article or PDF
may be reproduced or distributed without the prior written permission
of the copyright holder.
(http://www.chestjournal.org/site/misc/reprints.xhtml) ISSN:0012-3692

AMERICAN COLLEGE OF

p H Y S I C I A N S°

Downloaded from www.chestjournal.org on June 4, 2009
Copyright © 2009 American College of Chest Physicians


http://www.chestjournal.org/content/135/6/1476.full.html
http://www.chestjournal.org/site/misc/reprints.xhtml
http://www.chestjournal.org/

Original Research

LUNG FUNCTION

Accuracy of Whole-Body Plethysmography
Requires Biological Calibration*

Porntiva Poorisrisak, MD; Carsten Vrang, MD; Jorn Molgaard Henriksen, DMSci;
Bent Klug, DMSci; Birgitte Hanel, DMSci; and Hans Bisgaard, DMSci

Background: Specific airway resistance (sRaw) measured by whole-body plethysmography in
young children is increasingly used in research and clinical practice. The method is precise and
feasible. However, there is no available method for calibration of the resistance measure, which
raises concern of accuracy. Our aim was to determine the agreement of sRaw measurements in
six centers and expand normative sRaw values for nonasthmatic children including these centers.
Method: Identical hardware with different software versions was used at the six centers. Measure-
ments followed a standard operating procedure: (1) seven healthy young children were brought to
each of the six centers for sRaw measurements; and (2) 105 healthy preschool children (52 boys; mean
age, 5.1 years; interquartile range, 4.3 to 6.0) were recruited locally for sRaw measurements.
Results: (1) The sRaw of the seven-children study group was significantly lower at two centers
compared with the other four centers, and one center had significantly higher sRaw than all the other
centers (p < 0.05). Error in the factory settings of the software was subsequently discovered in one of
the deviating centers. (2) Normative data (105 preschool children) were generated and were without
significant difference between centers and independent of height, weight, age, and gender. We
subsequently pooled these normative data (105 children) with our previous data from 121 healthy
young children (overall mean sRaw, 1.27; SD, 0.25).
Conclusion: Control using biological standards revealed errors in the factory setting and highlights
the need for developing methods for verification of resistance measures to assure accuracy.
Normative data were subsequently generated. Importantly, other centers using such normative data
should first consider proper calibration before applying reference values.

(CHEST 2009; 135:1476-1480)

Key words: lung function tests; multicenter study; quality control; specific airway resistance; whole-body plethysmography

Abbreviations: BTPS = body temperature and pressure, saturated; P = pressure; sRaw = specific airway resistance;
V = airflow

ticularly vulnerable to the accuracy of the methods
used.? Attempts have been made to develop a me-
chanical infant lung model analog for quality control

We have introduced and documented whole-

body plethysmography for measurement of
specific airway resistance (sRaw) in young children
during the recent decade.'-> sRaw assesses the air-
way resistance from measurements of the pressure

For editorial comment see page 1412

changes driving the airflow (V) during tidal breath-
ing. These measurements require no active cooper-
ation and are therefore feasible in children from 2
years of age. sRaw is now increasingly used in both
research and clinical practice.

We previously documented the precision (interob-
server variability)* of sRaw measurements, but the
accuracy of the method has not been reported. Using
reference values generated by other centers is par-
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of a whole-body infant plethysmograph,®7 but it
turned out to be difficult because of the small
pressure and flow changes and is not readily
available. Therefore, it is of concern that the
accuracy of sRaw measurements cannot be veri-
fied. Flow and box leak are checked routinely, but
the composite resistance measure is generated by
algorithms buried in the software with settings
often inaccessible to the end user. Thus, errors in
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software or mechanics could go unnoticed with a
potential impact on clinical evaluation.

The aim was to study center agreement by com-
paring sRaw measurements in young children among
six centers in Denmark currently using the same
equipment. First, we used seven healthy young
children as a biological standard and brought them to
each center for sRaw measurements. Second, we
recruited healthy young children at five of the
centers to compare and expand normative data.

MATERIALS AND METHODS

The study was approved by the local ethics committee as a
quality assurance project and approved by the Danish Data
Protection Agency. Parents gave written informed consent.

Design

Seven healthy young children were recruited for the measure-
ments at six participating centers. The children were measured at
each center by a center-specific observer as well as an observer
visiting each center (Dr. Poorisrisak). The two observers were
blinded to each other’s measurements. Measurements in the
individual children were finished within a period of 3 months.
The order of center visits was randomized.

Healthy preschool children were recruited by random selec-
tion through the Central Person Registry from the local catch-
ment area of the five centers. Children included were born at
term, with no history of asthma-related symptoms, other chronic
lung symptoms, or use of asthma treatment. If the child had a
lower respiratory tract infection within the week before the
appointment, the measurement was rescheduled. The children
attended their local center where duplicate measurements were
done by a local observer.

Principle of Measurement

Measurements were conducted in a constant volume whole-
body plethysmograph (Master Screen Body; Erich Jaeger GmbH;
Wiirzburg, Germany). A transducer measured pressure changes
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in this sealed box, and a pneumotachograph simultaneously
measured the flow swing at the mouth.

sRaw was calculated as the ratio between the pressure (P)
generated by thoracic and abdominal movements during tidal
breathing and the resulting V.

sRaw = AP/AV

where AP is the change in P and AV is the change in V, in
comparison with resistance in ohms.

Flow and volume measurements were corrected to body
temperature and pressure, saturated (BTPS) with water vapor
conditions, as follows:

sRaw = (AP/AV) X (Pamb — PH,0)

where Pamb is ambient pressure and PH,O is pressure of
water vapor at body temperature. The equipment was cali-
brated daily for ambient conditions (room temperature, atmo-
spheric pressure, and humidity), box calibration (leak test
result should be between 4 and 7 s and test for internal
pressure, which should result in a correction factor of < 3%),
and volume calibration (piston was pulled regularly 10 times
with a 3-L piston and automatically accepted or rejected by
the software). All the centers used identical hardware, but
software versions differed between centers (JLAB, versions
4.51, 4.53 with different subversions, 4.65, and 4.67; available
at http://www.viasyshealthcare.com).

Procedure of Measurement

The same procedure was followed by all observers. The
children were seated alone in the box with the door closed. The
child’s breathing aimed for a frequency of 30 to 45 breaths/min.5

The children used a face mask with a large cushion, which
ensured a good seal and stabilized the cheeks and chin. A built-in
flexible tube ensured that the mouth remained open to avoid
nasal breathing.

“Loops” on the screen showed the relation between pressure
(or volume) [x-axis] and flow (y-axis) [ie, the pressure driving the
air flow in and out of the lungs]. sRaw was estimated from the
inclination of these loops using the line between points of
maximum pressure (or sSRawTOT).

Technically acceptable loops were chosen as those that were
“closed” in the middle. “Open” loops normally indicated insuffi-
cient BTPS correction. The loops assumed a straight line with a
tendency to form an S shape and to be symmetrical around the
inclination.

BTPS correction was done automatically by the software when
the result was analyzed. sRaw from one run was calculated as the
median value of at least five technically satisfactory loops with
similar configuration and inclination.'3

Statistical Analysis

We used analysis of variance with unbalanced block design
(SAS Proc GLM) to analyze differences due to center, child,
center-specific observer, accompanying observer (Porntiva
Poorisrisak), and age of the child. We included age in the analysis
of center agreement because of the small number of children.
Younger children could theoretically have a higher variation of
sRaw values throughout the many visits. Our data were powered
to detect a difference of 0.078 in expected log (sRaw) between
two prespecified centers. If centers are not prespecified, our data
were powered to detect a difference of 0.117 using Bonferroni
correction. For the normative data, we used a mixed model with
repeated measurements using log-transformed sRaw values ad-
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FIGURE 1. Center agreement study: least squares mean for sRaw
for six centers with 95% confidence interval (CI) [software
versions are indicated in parentheses].

justed for center number. A comparison between data from
center 3 with previous reported normative values was done using
a two-sample ¢ test for means with log-transformed sRaw values.
The calculations were done with a statistical software package
(SAS, version 9.1; SAS Institute; Cary, NC).

RESULTS

All seven children completed measurements at
each of the six centers. The children were between
4.9 and 6.6 years old (three boys). None of the
children had a history of asthma or allergy. Three
children had had atopic dermatitis, three had paren-
tal atopy, and none had smoking parents.

Lung function measurements differed significantly
between centers (Fig 1). sRaw at centers 1 and 2
were significantly lower in all children compared
with the other four centers, and center 6 had
significantly higher sRaw values than the other cen-
ters. Mean sRaw for all six centers was 0.88 kPa/s

(SD, 0.23). The within-subject SD was 0.01, and the
between-center SD for each child was 0.02. Ob-
server and age of the child did not significantly affect
the measurements (p > 0.5). For the individual re-
sults of the seven children for all six centers, see
supplementary Fig 1 online.

A technician from the company (Cardinal Health)
was sent to identify the problems in the deviating
centers (centers 1, 2, and 6). This revealed an
incorrect setting of the “ASC (automatischer schle-
ifen-computer) Compensation” at center 1. “Time
delay for compensation” was set to 20 ms and should
have been 50, which resulted in 19-32% lower
values. This was a factory setting not accessible to the
operator. The technician found no reason for the
deviating measurements at the other centers (num-
bers 2 and 6). It was not possible to reanalyze the
data because the software saved the sRaw values
after the primary calculation of sRaw.

Subsequently, 105 preschool children (52 boys)
were measured in five of the centers (Table 1) with
a mean age of 5.1 years (interquartile range, 4.3 to
6.0). One child was of Latin American descent and
two of Arabic descent. Centers 1 through 5 provided
data for the healthy cohort. The center numbers in
the biological control study represent the same
center numbers in the normative study.

Mean sRaw was 1.21 kPa/s (SD, 0.33) indepen-
dent of height (Fig 2), weight, age, and gender
(Table 1) [p > 0.05 for all estimates]; within-subject
SD was 0.07. There was no significant effect of
center. Furthermore, there was no effect of the
child’s history of atopy, parental atopy, or smoking
(p > 0.05 for all estimates).

Center 3 used the exact same equipment (hard-
ware and software) as in our previous report on
normative data.> A comparison was made to ensure
that time (10 years between the two studies) did not

Table 1—Normative Study: Clinical Characteristics of the Children From the Five Centers*

Center No.
Characteristics I 1 2 3 4 5 Total I Estimate (95% CI)  p Value
Children, no. 21 28 29 16 11 105
sRawt 1.30 (0.32) 1.09 (0.24) 1.26 (0.31) 1.28 (0.46) 1.10 (0.23) 1.21 (0.33)
Age,t yr 5. 39 (1.16) 5. 24 (1.04) 5. 07 (1.18) 4.53 (1.19) 5.39 (1.03) 5. 1'3 (1.15) 0.98 (0.93-1.03) 0.47
Male genderj 11 (52) 15 (54) 6 (55) 6 (38) 4(36) 52 (49.5) 1.05 (0.98-1.13) 0.16
\Veight,’r kg 22.0 (4.29) 20. () (4.84) 20 4 (4.32) 18.9 (4.24) 19.4 (2.88) 20.3 (4.39) 1.01 (0.99-1.03) 0.26
Height,t cm 115.2 (8.95) 110.2 (9.90) 112.3 (9.79) 106.2 (8. 27) 111.2 (8.28) 111 3(9.61) 0.99 (0.99-1.01) 0.52
Rhinitis} 4(19) 0(0) 4(14) 1(6.3 1(9.0) 10 (9.5) 0.91 (0.79-1.04) 0.16
Dermatitis{ 2(9.5) 1() (36) 5(17) 4 (25 ) 1(9.0) 22 (20.9) 1.05 (0.96-1.15) 0.29
Parental} atopy 12 (57) 13 (46) 21 (75) 11 (69) 5 (45) 62 (59.6) 0.99 (0.92-1.07) 0.85
Smoking} 4(19) 8 (29) 4(14) 3(19) 4 (36) 23 (22) 1.02 (0.94-1.11) 0.64

*CI = confidence interval.
tValues are given as the mean (SD).
{Values are given as No. (%).
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FIGURE 2. Normative study: healthy sRaw data against height for
five centers.

have an effect on sRaw measurements before we
pooled the data. We previously reported normative
values from a population of 121 children, 2 to 5 years
of age; the mean sRaw was 1.31 (SD, 0.20). The
center 3 result was as follows: mean sRaw, 1.26; SD,
0.31. We compared the two data sets with a two-
sample ¢ test for means with log-transformed sRaw
values (p value 0.20). There was no significant
difference between these previous data and the
current normative data. Therefore, we pooled the
previous data (121 children) and the current norma-
tive data (105 children) [mean sRaw, 1.27; SD, 0.25]
(Fig 3).

Di1scusSsION

Between-Center Variation

sRaw offers a method for clinical monitoring and
research during the critical period of growth and
development early in life. The method is feasible
from the age of 2 years, and the precision is high.!-3
However, the present study showed that the accu-
racy of sRaw measurements in young children was
flawed due to errors in the factory setting in one

25 4

© Multicenter study
® Klug & Bisgaard (1998)

sRaw (kPa®s)

80 100 120 140
Height (cm)

FIGURE 3. Normative data from the multicenter study (five
centers) and the previous study by Klug and Bisgaard.>

www.chestjournal.org

center. It is the key message of our study that center
effects were seen and could only be explained by
differences in the software hidden from the end
user. After correcting the factory settings at the
deviating center, there were no longer differences
between the centers, and normative values were
generated in this multicenter setting. The problem
was not discovered by the standard calibration of
flow, box leak, and internal box pressure. Current
calibration only assesses flow measured by the pneu-
motachograph, leak from the box, and pressure
transducer. The available calibration does not assess
the final resistance measure, which is generated by
algorithms buried in the software with settings often
inaccessible to the end user. Thus, errors in software
or mechanics may go unnoticed with a potential
impact on clinical evaluation and flawed accuracy as
illustrated in our study. A mechanical infant lung
model analog has previously been developed for
quality control of infant whole-body plethysmo-
graphs,” but a model testing for preschool children is
not available to the end user. This study suggests the
need for development of methods for control of the
actual resistance measure for young children and not
only the flow and box leakage. Without such a proof
of accuracy, normative values generated at other
centers may not be applicable. Until a mechanical
standard becomes available, the biological standard
(healthy subjects) is the only possible substitute.

We used a standardized protocol including stan-
dard calibration of flow, box leakage, and internal
box pressure in six Danish centers at secondary and
tertiary referral hospital departments. The six cen-
ters included in the study of accuracy were spread
over the country, which prevented measurements on
the same day. Therefore, the day-to-day variability
reduced the sensitivity by which we could identify
outliers among the centers. The children were not
trained before entering the study. The visit order was
randomized to ensure a possible difference between
the first and second visit did not bias the center
variation.

In the current study, the within-subject SD on the
same day and center was 0.01, and the within-subject
SD between centers was 0.02. In our previous study,
the precision (repeatability) of sRaw measurements
9 days (mean) apart in young children with asthma
(asymptomatic during the study period) was found to
have an intraclass coefficient of 0.87 (within-subject
SD 0.03) for baseline measurements between occa-
sions.!? The higher within-subject SD could be
explained by the asthma status of children in the
previous study.

The current study was designed to find a possible
center effect. We were able to account for any
possible observer bias by having a center-specific
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observer as well as a common observer visiting every
center. The order of the biological control for the
local and traveling observer was not randomized, but
we found no effect on the measurements of the
investigator who traveled between the centers

(p>0.5).

Normative Data

In the second part of the study, a center effect
could not be found though, probably because center
1 was corrected and center 6 did not participate.
Atopy and smoking did not significantly differ be-
tween centers (Table 1). The high incidence of
parental atopy could be a selection bias, but we did
not find a statistical difference between atopic dis-
posed and nondisposed children.

We previously reported normative values from a
population of 121 children 2 to 5 years of age?; the
mean sRaw was 1.31 (SD, 0.20). The previous study
differs from the current in several of the following
aspects: (1) measurements were made at one center;
(2) children exposed to tobacco smoke and anyone
with a history of eczema or doctor-diagnosed atopy
in first-degree relatives were excluded from the
study; and (3) the study included more 2- and
3-year-old children. Many of these measurements
had an accompanying adult in the whole-body ple-
thysmograph. The current data included only chil-
dren who had performed a lung function measure-
ment alone. There was no difference between sRaw
measurements in the previous normative and the
current normative data for the same center using the
very same equipment. Therefore, we decided to pool
the two sets of normative data, showing the normal
sRaw in young children to be 1.27 kPa/s (SD, 0.25
kPa/s) independent of age, height, and gender (Fig 3).

In conclusion, using a biological control we re-
vealed errors in the accuracy of sRaw measurements
at some centers despite normal calibration of the
mechanical components. This study highlights the
need for the development of equipment allowing
control of the actual resistance measurements and
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not only some of its mechanical components. Until
such equipment becomes available, the only option
is to use healthy subjects to assure that the absolute
values measured are similar to the normative values
reported in this and a previous report of healthy
young children.
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Figure 1 Online:
Center agreement study: Each child’s measurement at the different centres
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ABSTRACT
Background: Respiratory syncytial virus bronchiolitis has been associated with later

development of asthma, wheezing, abnormal pulmonary function and sensitization.

Objective: To determine the differential effect within monozygotic twin pairs discordant for
severe respiratory syncytial virus bronchiolitis in infancy on the subsequent development of

asthma, pulmonary function and allergy.

Methods: 37 monozygotic twin pairs discordant for respiratory syncytial virus hospitalization
in infancy (mean age 10.6 months) were compared at the mean age of 7.6 years for lung
function, bronchial responsiveness, fractional of exhaled nitric oxide, asthma diagnosis, use of

asthma medication, and skin prick test to common inhalant allergens.

Results: There were no differences within monozygotic twin pairs discordant for respiratory
syncytial virus hospitalization in infancy with respect to pulmonary function, fractional
exhaled nitric oxide, asthma prevalence, asthma medication use, or sensitization (p>0.1 for all

comparisons).

Conclusion: We found no differential effect from severity of RSV infection on the
development of asthma and allergy in MZ twin pairs discordant for RSV hospitalization in
infancy. This argues against a specific effect of the severe RSV infection in the development
of asthma and allergy, and may suggest an undisclosed environmental factor interacting in
these genetically similar twins leading to different severity of their response to RSV infection.
Because of the small sample size this study must be considered as a hypothesis generating

study.

Word count for abstract: 220 words
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INTRODUCTION
Respiratory syncytial virus (RSV) isa common cause of lower respiratory tract disease and
hospitalization in infants and young children (1-4), and therefore a major cause of healthcare

utilization (5).

Severe RSV bronchiolitis has been associated with later development of abnormal pulmonary
function, wheezing, asthma and allergic sensitization (6-11), but it is unclear whether severe
RSV bronchiolitis causes wheezing, or genetic predisposition or other environmental risk

factors increase the propensity to such exaggerated response to RSV.

The aim of this study was to compare the long-term outcome of asthma, allergy and
pulmonary function in monozygotic (MZ) twin pairs discordant for hospitalization with
verified RSV bronchiolitis in infancy as a surrogate marker of the RSV disease severity. Any
differential long-term effect from RSV disease severity in these genetically identical twins

would suggest a causal role of RSV.

METHODS

The study was approved by the ethics committee of Copenhagen (KA-20060022) and by the
Danish Data Protection Agency (J.nr. 2005-41-5163 and J.nr. 2005-2311-0121). The children

were enrolled after written consent was obtained from the parents or guardians.

Registries used for recruitment of the study population

The Danish Civil Registration System registers every Danish citizen by a unique personal
identification number, providing a key for linking register information (12).

The Danish Twin Registry contains complete ascertainment of all live-born twins since 1968.

Zygosity information in the registry is determined from questions on similarity and mistaken
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identity in a postal questionnaire (13, 14) and confirmed by DNA analysis with 10 highly

polymorphic marker in our study population.

The Danish National Patient Registry (DNPR) records all hospitalizations based on the 10th
revision of the "International Statistical Classification of Diseases and Related Health

Problems” (ICD10).

A research database was established between January 1996 and May 2003 recording RSV test

from all hospitalizations in Denmark (15).

Study population

The target population was identified by linking the personal identification number to 1) the
twin status, 2) living address and 3) hospitalizations due to the diagnoses RSV pneumonia
(J12.1), RSV bronchitis (J20.5), RSV bronchiolitis (J21.0), and other diseases caused by RSV
(B97.4) during the period 1/1-1994 to 31/12-2003. The registry assures that the control twin
had never been hospitalized with RSV infection. Hospital records were retrieved to verify
respiratory symptoms compatible with RSV bronchiolitis (severe cough, positive X-ray of
thorax, use of B2-agonist, crackles or wheeze by auscultation of lungs) (16, 17) and verified

with an enzyme-linked immunosorbent assay or immunofluorescence assay test for RSV.

Clinical examination

Twins and their parents were summoned to the Danish Pediatric Asthma Center two centers in
East- and West- Denmark for clinical examination including interviews on the child’s asthma
according to the GINA guidelines (18); information about medical history and objective

assessments. The interviews and clinical examinations were done by one physician (PP).
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Lung function test

Children of 7 years and above used a spirometer to measure Forced Expiratory Volume in the

first second (FEV3) (Vitalograph Spirotrac) according to the criteria of the American Thoracic

Society (19).

Children less than 7 years were tested using the whole body plethysmography to measure

specific airway resistance (sRaw) as previously detailed (20, 21). We used the MasterScreen

Body Unit Software JLAB (E. JAEGER GmbH, Wuerzburg, Germany).

Bronchial responsiveness

Children of 7 years and above were tested for responsiveness to methacholine chloride with

FEV: measurements before and 3 minutes after each dose. Methacholine was delivered in
successively increasing doses according to a protocol previously validated for school children
(22) by an automatic, inhalation synchronized, dosimetric jet-nebulizer (Spira Elektro 2;
Respiratory Care Center, Hameenlinna, Finland). PD20 value (umol) was calculated by linear

interpolation between the dose points bracketing the 20% fall in FEV; (23).

Children less than 7 years were tested with dry-air hyperventilation as previously described

and validated in this age-group (24, 25).

Fractional exhaled nitric oxide
Fractional exhaled nitric oxide (FENO) was measured by the online single breath method
according to European Respiratory Society/American Thoracic Society task force (26) using

the NIOX equipment (Nitric Oxide Monitoring System; Aerocrine, Sweden).
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Sensitization

Skin prick test was done with standard inhalation allergens: birch, mugwort, grass, horse, dog,
cat, dust mite and mould (Soluprick, SQ ALK-Abellé A/S) (27).

Statistical analysis

SAS version 9.1 was used for statistical analyses. The continuous data were log-transformed
and presented as geometric means in the table. Odds ratio were calculated for the
dichotomous data with 95% confidence intervals. Data were analyzed with paired t-test for
continuous outcome measures, Fisher's exact test for dichotomous outcomes and Wilcoxon's
(paired) test for dry-air hyperventilation outcome. All hypotheses tests were 2-sided and used

a significance level of 0.05.

RESULTS

During the period 1/1 1994 to 31/12 2003 12,349 twin pairs were born in Denmark. The
proband-wise concordance rate of hospitalization for RSV-bronchiolitis was significantly
higher in MZ (0.66) than in DZ twin pairs (0.53), p=0.02 (28). Fifty-seven MZ twin pairs (26
males) were discordant for RSV hospitalization (figure 1). Nine pairs were unavailable due to
death or address protection. Five pairs were excluded based on their hospital records because
the RSV infection was found incidentally during hospitalization for other reasons (i.e. elective
surgery) not associated with lower respiratory symptoms. Forty-three pairs were invited of
which 37 pairs accepted to participate (14 males; mean age 7.6 years; interquartile range: 5.9-

9.2). Twenty-two pairs were examined in Copenhagen and 15 twin pairs in Aarhus.

Fifty-four% of parents answered retrospectively that the hospitalized RSV proband twin
suffered more severe lung symptoms, 19% said it was the control twin and 27% said both

twins had comparable symptoms.
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Mean gestational age was 35.5 weeks. There was no significant difference between RSV
hospitalized and non-hospitalized twins with respect to birth weight (mean 2369 g), neonatal
treatment for lung complications (Continuous Positive Airway Pressure, surfactant or

pneumothorax) and birth order (22/37 probands were first born).

Forty-nine % of the twin pairs had parental atopic predispositions. The average age when
hospitalized for severe RSV bronchiolitis was 10.6 months (interquartile range: 5.1-13.3);

median age 8.4 months. Mean duration of hospitalization was 4.3 days.

According to the interviews (GINA guidelines) the prevalence of asthma was 18% in our twin
sample. The twins did not differ with respect to current asthma; use of inhaled corticosteroid
or betay-agonist ever; atopic dermatitis ever; FeENO; baseline lung function; bronchial

responsiveness or sensitization (Table 1, table 1 online).

DISCUSSION

We found no difference within co-habiting MZ twin pairs discordant for hospitalization for
RSV bronchiolitis in infancy on the asthma prevalence, baseline lung function, bronchial
responsiveness; biomarker of airway inflammation (FENO) and sensitization 7 years after
such severe RSV bronchiolitis. Though a number of criticisms may be raised including the
small study population, it is noteworthy that no trends suggested a differential effect from

severe RSV infection. Therefore a strong effect from this virus seems unlikely.

Limitations and Strengths of the study design

Monozygotic twins are useful for investigating the role of genetic and environmental factors
on asthma because of their identical genetic background and similar childhood environmental
exposures (29). However, comparison of MZ twin pairs discordant to hospitalization for RSV

bronchiolitis is prone to a number of biases.
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The underlying assumption was that RSV sequelae were proportional to the severity of the
RSV infection. We have no evidence to prove the twin serving as control was actually
infected with RSV, but rely on very high virulence of RSV among cohabitating twins

previously estimated at 93-96% (28) though this could not be verified.

We do not have positive evidence that this twin had milder symptoms, but rely on the fact that
one was hospitalized while the other was not. Danish children are generally only admitted if
they need support with feeding tube, suction of upper airways, mask inhalations or nasal
continuous positive airway pressure. Yet, this could be biased from registration practice.
Indeed, 19% of parents recalled the control twin being most severely affected. However, there
is a significant risk for recall bias and the MZ pairs could be mixed up since the
hospitalization was on average 7 years ago and parents were generally most unsure of the
details. We could have restricted the analysis to the 20 pairs who recalled the proband twin to
have been the most severely affected, but this was limited by the low numbers in the resulting
analysis. Instead we relied on the Danish registration practice and included all 37 pairs.

The distinction between possible "wheezers" and “bronchiolitis” may be inaccurate in this as
in other studies. The distinction between wheezers and bronchiolitis is normally related to
severity of wheeze and concurrent clinical signs of lower airway infection. Our samples
included the latter, i.e. first hospitalization for severe wheeze with concomitant signs of lower

airway infection.

It is known that male sex could be a risk factor for RSV hospitalization (30, 31). In the whole
twin cohort there were more males than females in all outcomes (28), but there was a random

overrepresentation of females in our study.
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The discordant MZ twins in our study were born slightly earlier (mean gestational age 35.5
weeks and mean birth weight 2369 grams) than the MZ twins in the overall twin cohort (mean
gestational age 36.1 weeks (SD 2.5) and birth weight 2498 grams (SD 549) (28). The
differences were small and not significant; therefore it seems that the discordant twins were

representative of MZ twins in general.

The highest incidence of hospitalization for RSV-bronchiolitis is often reported in the 0-1-yr-
olds (32-35). However, the reported mean age may be biased from excluding older children
from such analyses. Fx Sigurs et al. reported mean age of RSV hospitalization to be 3.5
months excluding infants older than 12 months (10). Fjaerli et al. reported admission age
median to be 6 months in children under two years old in their study (31). One study included
children up to 2 years and showed the median age of hospitalization was 10 months of age

similar to our findings (36).

Most importantly, the power of our study is limited by the low number of 37 paired cases, and
the 95% confidential interval is correspondingly wide particularly for the clinical end-point
though less so for the objective surrogate markers of asthma such as lung function and FeNO.

However, our study was based on the complete national database and not power calculations.

Mean age at the clinical examination was 7.6 years. A difference in asthma prevalence later in
life cannot be excluded but seems low inasmuch as those studies showing higher asthma
prevalence after severe RSV found this mainly in early childhood (8) and most cases of

asthma debut before school age.

Interpretation of the study
We studied the direction of the causal relation between severe RSV bronchiolitis and asthma.

RSV bronchiolitis has been associated with wheezing, asthma and abnormal pulmonary
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function in childhood (6-10). One particular cohort study reported an asthma rate of 43%
versus 8% and sensitization to common allergens of 45% versus 26% by age 13 years in
children with infant hospitalization for RSV bronchiolitis compared with a matched control
group (10). A review of pooled data from 10 controlled studies concluded that wheezing (but
not recurrent wheezing) is more common after severe RSV bronchiolitis up till 5 years of
follow-up (37). Two Finnish studies reported only marginally increase in the prevalence of
asthma after RSV bronchiolitis in infancy (36, 38). On the other hand, predisposition to
asthma and atopy was associated with increased risk of lower respiratory tract infection and
hospitalization for RSV infection (33, 39, 40) and early wheezy symptoms were found to be a
strong risk factor for subsequent hospitalisation for RSV (32). Therefore the direction of
causality is unknown: Does RSV increase risk of asthma or is asthma constitution increasing
the risk of severe response to RSV infection, or are both sharing a common undisclosed

environmental exposure.

The model we used adjusted for genetic variation by analyzing long-term outcome in
monozygotic twin pairs, in which one infant had been hospitalized for severe lung symptoms
in response to verified RSV bronchiolitis, whereas the twin sibling had not been hospitalized
at any time for RSV bronchiolitis. This allowed a comparison of severe versus milder
response to RSV infection, genetic factors and environmental exposures during follow-up

years being equal between the co-habiting MZ twin proband and control pairs.

Our recent publication based on 8,280 twin pairs showed that a model in which asthma
“causes” RSV hospitalization fitted significantly better than a model in which RSV
hospitalization “causes” asthma (41). On the other hand Wu and colleagues concluded in

another recent paper that they have shown strong evidence for causal relationship of winter

10
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viruses and early childhood asthma (42). In the light of these two particular papers Kuehni et
al discussed the causal link between RSV infection and asthma in an editorial (43). The
editorial concluded the new data were more in favor of the hypothesis that the association
between RSV and asthma is due to shared predisposition rather than to a causal effect of
RSV. However, the authors pointed out that the asthma phenotype was poorly defined in both

studies.

A genetic contribution to asthma and severe RSV-bronchiolitis is suggested from the high
prevalence of asthma in our twin sample compared with the current asthma prevalence in our
region (44-47) as well as the high prevalence of parental atopic predisposition in the present
study. Likewise, such genetic component was reflected by our previous finding of a higher

concordance for hospitalization for RSV-bronchiolitis in MZ than DZ twin pairs (28).

Several publications suggest that RSV infection in early infancy stimulates a Th2 response
(48-53). Previous publications have found that severe RSV bronchiolitis was associated with
genetic polymorphism (haplotype IL13-IL4) (54-57), which may play an important role in the
Th2 response (skew). The same locus have been associated with atopy and asthma in other
genetic studies (58-60). These studies together suggest that primary RSV bronchiolitis and

atopy share a genetic contribution at the 1L13-1L4 locus.

We found no differential effect from severity of RSV infection on the asthma and allergy 7
years after infection. This may suggest that some undisclosed environmental factor instead
could be responsible for the different severities RSV infection. The nature of such exposure is
unknown and surprising in monozygotic twins. Studies suggest that phenotypic discordance
between monozygotic twins is to some extent due to epigenetic factors. Acute environmental

factors are directly associated with epigenetic-dependent disease phenotype (61-63).
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Speculations may consider differing co-infections with an agent of less virulence including
bacterial colonization (64) or other viral infections. There is increasing evidence that
rhinoviruses (RV) are able to cause lower airway infections and to induce wheezing in young
children, and it may be as common as RSV as a cause of bronchiolitis (65-68). However, the
long-term effect of this and other viral agents on lung function and symptoms later in

childhood is not yet fully investigated.

In conclusion, we found no differential effect from severity of RSV infection on the
development of asthma and allergy in MZ twin pairs discordant for RSV hospitalization in
infancy. This argues against a specific effect of the severe RSV infection in the development
of asthma and allergy, and may suggest an undisclosed environmental factor interacting in
these genetically similar twins leading to different severity of their response to RSV infection.
Because of the small sample size this study must be considered as a hypothesis generating

study.

Abbreviations:

RSV — Respiratory Syncytial Virus

MZ — Monozygotic

FEV; - Forced Expiratory Volume at first second

PD20 — Dose of methacholine producing a 20 percent fall in FEV;
sRaw — Specific Airway Resistance

FeNO - Fractional Exhaled Nitric Oxide
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486 Figure 1: Flow chart

Total twins 12.349 twin pairs
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488  Table 1: Comparison of clinical endpoints at follow-up between monozygotic twin pairs
489  discordant for hospitalization for severe respiratory syncytial virus bronchiolitis.

Hospitalized vs. not-hospitalized P-value

Asthma OR (95% Cl) 1.21 (0.36-4.00) 1.00%
History of atopic dermatitis OR (95% ClI) 1.14 (0.41-3.14) 1.00°
Use of inhalation steroid ever OR (95% CI) 1.26 (0.49-3.22) 0.81°
Use of beta2-agonist ever OR (95% CI) 1.38 (0.55-3.46) 0.64%
logFeNO (n = 30) Pbb mean (SD) 2.05 (0.66) 2.17 (0.69) 0.16°
logBaseline FEV, (n = 25) L mean (SD) 0.42 (0.26) 0.46 (0.23) 0.12°
logMethacholine PD20 (n =24) | umol mean (SD) 0.74 (1.83) 0.41 (1.71) 0.27°
logsRaw baseline (n = 12) kPa*s mean (SD) | 0.18 (0.26) 0.19 (0.30) 0.79°
sRaw after dry air % increase 27% 18% 0.40°
hyperventilation (n =5) (median)

Positive skin prick test OR (95% CI) 0.36 (0.07-2.08) 0.43

490  Abbreviations:

491  n = number of twin pairs which completed the test
492  OR - Odds Ratio

493  CI - Confidence Interval

494  SD - Standard Deviation

495 RSV - Respiratory Syncytial Virus

496  MZ - Monozygotic

497  FEV, - Forced Expiratory Volume at first second
498  PD20 — Dose of methacholine producing a 20 percent fall in FEV,
499  sRaw - Specific Airway Resistance

500  FeNO - Fractional Exhaled Nitric Oxide

501

502  ®Fisher’s exact test

503  PPaired t-test

504  “Wilcoxon's test (paired)
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Tabel 1 online: Prevalence of atopic outcomes in the proband and control twin group.

Asthma

History of atopic dermatitis
Use of inhalation steroid ever
Use of beta2-agonist ever

Positive skin prick test

Hospitalized twin
19 %
30 %
41 %
51 %

6 %

Non-hospitalized twin
16 %
27 %
35%
43 %

14 %
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Abstract
Background: Two-three percent of infants react with acute bronchiolitis in association with Respira-
tory Syncytial Virus (RSV) infection. It has been suggested that such exaggerated response to a

common infection is due to pre-existing abnormal pulmonary function.

Aim: We aimed to compare prospectively the baseline lung function and bronchial responsiveness
in newborns that later develop RSV bronchiolitis with those who do not develop such severe infec-

tion within the first 2 years of life.

Method: Spirometry was measured at one month of life by the infant spirometry and bronchial res-
ponsiveness to increasing doses of metacholine was determined in a prospective birth cohort study

of 411 infants of asthmatic mothers.

Results: 22 infants in the cohort developed RSV bronchiolitis before age 2 (mean age 8 months).
Children with and without RSV bronchiolitis did not differ significantly in baseline lung function
(logFEV, ), odds ratio (OR) estimate [Cl 95%] 1.08 [0.09-13.6]; p=0.5 or bronchial responsiveness
to metacholine (logPD15TcO,) OR [CI 95%] 0.94 [0.74-1.20]; p= 0.64.

Conclusion: Neither baseline lung function nor bronchial hyperresponsiveness in newborns were
predictive of later development of RSV bronchiolitis (though the confidence limit of this compari-
son was wide). Our findings suggest an environmental exposure or genetic disposition rather than
congenital mechanical difference as the distinguishing feature in children who develop RSV bron-

chiolitis.

Word count for abstract: 211



Introduction

Respiratory syncytial virus (RSV) isa common cause of lower respiratory tract disease in infants
(1-4). Two-three percent of infants react to RSV infection with bronchiolitis before age 1(5-7). In-
fants with impaired pulmonary function seem more prone to recurrent wheezing episodes (8-16).
Therefore it has been speculated that pre-existing abnormal airway resistance and/or bronchial hy-
per-responsiveness could account for the development of bronchiolitis in response to RSV infection
(17-19).

“Copenhagen Prospective Study on Asthma in Childhood” (COPSAC) is a prospective clinical
study of a birth-cohort, which included measurements of baseline lung function and bronchial res-
ponsiveness to methacholine at 1 month by infant spirometry (20). The close clinical follow-up al-

lowed prospective identification of infants who developed RSV bronchiolitis.

This report aims to compare the preexisting baseline lung function and bronchial responsiveness in

infants who later developed RSV bronchiolitis with those who did not develop bronchiolitis.

Materials and methods

411 infants born at term (203 boys) of mothers with physician-diagnosed asthma were enrolled at
the age of 1 month in the prospective birth cohort study Copenhagen Prospective Studies on Asth-
ma in Childhood (COPSAC) (21-23). Both parents gave written informed consent. The study was
approved by the Local Ethics Committee ((KF)01-227/97), and the Danish Data Protection Agency
(2008-41-1754).

Lung function measurement in neonates

Lung function was assessed during sedation by infant spirometry at 1 month applying the raised
volume rapid thoracic compression technique (RVRTC). The method was performed in agreement
with ATS/ERS standards (24). An inflatable “squeeze”-jacket was wrapped around the infant's
chest and abdomen. A subsequent inflation of the jacket provided the passive expiration and flow

was measured using a pneumotachograph with an aircushion facemask (20, 25, 26).

Baseline flow was measured as the Forced Expiratory Volume at the first 0.5 second (FEV ) (20,
25).

Bronchial responsiveness to methacholine was assessed by FEV( s as well as continuous measure-
ments of trans-cutaneuos oxygen (PTcO;) (TCM3; Radiometer; Copenhagen, Denmark). The me-

thacholine was administered in quadrupling dose-steps by a dosimeter attached to a nebulizer (SPI-
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RA 08 TSM 133; Respiratory Care Center; Himeenlinna, Finland) as previously detailed (25). The
result was assessed by PTcO2 in accordance with previous sensitivity analyses (25, 27) and the pro-
vocative dose causing a 15% drop in PTcO2 was estimated from the dose response curves fitted

with a logistic function.

Bronchiolitis

Bronchiolitis was defined as an acute respiratory illness before the age of 2 years based on symp-
toms of coryza progressing over a few days to cough, tachypnea, chest retraction and wide spread
crackles, wheezes or both (28) diagnosed by the COPSAC clinical research unit doctor or admission

acutely to the local hospital for such symptoms.

RSV bronchiolitis
RSV bronchiolitis was defined as bronchiolitis with a positive ELISA test for RSV infection within

10 days of the acute episode.

Acute severe wheezy exacerbations

Acute severe wheezy exacerbations was defined as an acute obstructive respiratory illness diag-
nosed by the COPSAC clinical research unit doctor and judged to be a severity requiring treatment
with oral or high-dose inhaled corticosteroids (>800 micg budesonide/day) or hospitalizations
caused by airway symptoms where an anti-asthmatic drug was prescribed (pseudocroup episodes

were excluded).

Control group
Children who developed neither bronchiolitis nor acute wheezy exacerbations before age 2 were

considered as controls.

Statistics

Lung function measurement data (FEV,s and PD15) were calibrated with lifespan and birth length
in accordance with previous lung function analyses of the newborn (29) calculated by a generalized
linear model. Lifespan at examination date was calculated as the sum of estimated gestational age in
weeks and weeks since birth. The lung function measurements were log transformed and we used a
multivariable logistic regression model to calculate adjusted odds ratios and 95% confidence inter-
vals using SAS version 9.1. Outcome variable was RSV bronchiolitis compared to control group.

Confounder adjustment included mothers smoking during 3™ trimester (dichotomized) and gender.



Results

Twenty-two infants developed RSV bronchiolitis before age 2 (16 boys); mean age 8 months (inter-
quartile range 3-12); 17 of the 22 children were under 1 year old when diagnosed with RSV bron-
chiolitis (mean age 5.7 months). Nineteen of the 22 children were hospitalized with RSV bronchi-
olitis (mean duration of 4.7 days). Lung function had been completed more than 1 week prior to the

bronchiolitis. Baseline characteristics of the lung function measurements are shown in table 1.

The control group consisted of 366 children, excluding the 22 with RSV bronchiolitis and 23 with

acute severe wheezy exacerbations from the main cohort of 411 (figure 1).

Baseline FEV 5 did not differ between infants with RSV bronchiolitis compared with the control
group; OR 1.08 [0.09-13.6], p=0.95 (z-score -0.06).

Bronchial responsiveness did not differ between infants with RSV bronchiolitis compared with the
control group; OR 0.94 [0.74-1.20], p-value 0.64.

Discussion

Principal findings

We found no association between baseline lung function and bronchial responsiveness in neonates

and later development of bronchiolitis with RSV infection compared to the control group.
Limitations and Strengths

We used strict definition of bronchiolitis in accordance with a recent review (28). Our definition of
bronchiolitis is consistent with the Anglo-Saxon definition including widespread fine crepitations
and sometimes expiratory rhonchi on auscultation in the definition (28, 30-32). In the American
literature, the definition sometimes includes all first-time wheezing infants with associated respira-
tory-tract infection (33-35). We recognize the lack of evidence for the effect of steroids for bronchi-
olitis (36-40)but took the pragmatic approach to include their use in our definition of the more acute
cases realizing this is a well established clinical practice and indicating a certain clinical severity.
Also, we recognize that the diagnosis of acute bronchiolitis is likely to comprise infants with first
acute attack of asthma, but this would have biased the risk estimates against the null hypothesis
assuming such infants with underlying asthma would have had reduced lung function and bronchial

hyperresponsiveness.

The confidence interval of the comparison of baseline lung function includes a wide interval from

0.09 to 13.6 ( risk of type 2 error), suggesting the need for an unlikely study size to ever decide



prospectively if baseline lung function is lower in infant developing RSV-bronchiolitis. On the oth-
er hand comparing bronchial responsiveness showed a narrow confidence interval (-26% to +20%);
I.e. suggesting it seems unlikely that bronchial hyperresponsiveness was the distinguishing factor in

infants later developing RSV-bronchiolitis.

The strengths of this study were the unique prospective nature of the birth cohort study with lung
function assessments before the development of bronchiolitis together with the close clinical fol-
low-up to the research clinic and daily symptom recordings assuring ascertainment of all severe

episodes.

Lung function measurements were completed in a large group of asymptomatic infants (404) within
a narrow age-range around 1 month after birth. This is the largest study of lung function in neonates
under standardized conditions. Baseline lung function was conducted by infant spirometry adapted
as the state-of-the-art Raised Volume Rapid Thoracic Compression technique which provides flow-
volume measures. The previous analyses found PtcO, was the most sensitive parameter for detec-
tion changes in lung function (dose-response curve metacholine challenge), followed by FEV s,
both superior to other indexes of forced spirometry as well as all tidal breathing indexes (25, 27).
We analyzed bronchial responsiveness as a quantitative trait in the RSV and control group rather

than dichotomizing the infants into +/- hyperresponsiveness.

All cases of non-RSV bronchiolitis and acute severe wheeze episodes were excluded from the con-

trol group, which would tend to favor a difference between our cases and controls.

Nineteen of the 22 infants (86%) with RSV bronchiolitis were hospitalized. Danish children are
generally only admitted if they need support with feeding tube, suction of upper airways, mask in-
halations or nasal continuous positive airway pressure, which ensures a certain severity in their

RSV infection in our study.

Confounder adjustment included mothers smoking during 3™ trimester and gender both well known
risk factors for bronchiolitis (41-47). We found an overweight of boys (73%) in the RSV group in
agreement with previous reports (41-43, 48, 49). Lung function measurement data were calibrated
for birth length and lifespan at examination date because these parameters have shown to affect
early lung function in the COPSAC cohort (29).



Meaning of the study

Acute RSV bronchiolitis may occur in otherwise healthy infants. Infants with bronchiolitis are at

significant risk for subsequent recurrent wheezing and childhood asthma (11, 50-53).

It is not known whether viral bronchiolitis is causatively related to asthma or simply identifies in-
fants at risk for subsequent wheezing from an atopic predisposition or pre-existing abnormal lung
function (54, 55). Infants with impaired pulmonary function at one month of age was reported to be
prone to recurrent wheezy episodes and asthma (8-11, 13, 14, 56, 57). Therefore it has been as-
sumed that acute bronchiolitis or wheeze develop due to pre-morbid abnormal pulmonary lung
function consistent with smaller airway size (11, 12, 15, 18, 19). But these are indirect evidence as

clinical wheezing illness was used as end-point

This is the first study to look specifically at neonatal lung function before RSV bronchiolitis. Our
study showed no association between early lung function (FEVys and bronchial hyperresponsive-
ness) and subsequent RSV bronchiolitis. This could mean that small airways were not the distin-
guishing feature of later development of RSV bronchiolitis. We recognize that the confidence inter-

val of the comparison of baseline lung function was wide with the risk of type 2 error.

Broughton et al. (2006) studied prospectively premature infants and found those who had sympto-
matic RSV lower respiratory tract infection had worse lung function (higher resistance) prior to
neonatal unit discharge compared to controls but no difference in the lung volumes (functional resi-
dual capacity) (17). It is difficult to compare this study with our result since we used a different
lung function technique. Future studies may consider using other lung function tests such as for

example whole-body plethysmography measuring airway resistance.

Studies using forced expiratory maneuvers have shown to discriminate normal infants and wheezy
infants or infants with cystic fibrosis (58-60). These studies were done on older children (age > 3

months) and therefore not comparable with our data.

A cross-sectional study of 37 normal infants found that a family history of asthma had a negative
effect on FEV 5 (61). Another study on 63 normal healthy infants found that airway responsiveness
in infancy was increased in families with history of asthma or parental smoking (56). Since our co-
hort only includes infants with asthmatic mothers the absolute levels of lung function and bronchial
responsiveness may not be representative of the general population. However, this does not affect

the purpose of comparing lung function of infants who later develop RSV bronchiolitis and infants



who do not develop RSV bronchiolitis. The risk factors for neonatal lung function was studied in
the COPSAC cohort in a recent publication (29) and showed that high body mass index in new-
borns and mothers smoking were associated with reduced lung function, also that parental atopic
disease (mother’s or father’s eczema, urticaria or allergic rhinitis or father’s asthma) did not affect

the neonatal lung function and bronchial responsiveness.

In our study group of infants less than 2 years of age the mean age of the infants diagnosed with
RSV bronchiolitis was 8 months (30), which is higher than reported by other study groups. Other
studies have limited the group of interest to children less than 12 months of age and accordingly

reported even lower age of RSV infection (35, 62-65).

The incidence of bronchiolits (5%) was higher reported in most studies (1-3%) (5-7, 48, 66, 67).
This suggests a genetic component in RSV bronchiolitis as all mothers had asthma. Predisposition
to asthma and atopy has been associated with increased risk of lower respiratory tract infection and
hospitalization for RSV infection (64, 68, 69). Young et al (1995) found 7% of a cohort (253 in-
fants) with the diagnosis of bronchiolitis before 2 years of age (only 2 infants were hospitalized and
confirmed for RSV infection); 71% had a family history of atopy (18). A twin cohort study showed
that the severity of RSV infection was determined partly by genetic factors (16%); family environ-
ment accounted for 73% and nonshared environment for 11% of the individual susceptibility to de-
velop severe respiratory syncytial virus infection (70, 71). A Danish case-control study has also
supported that asthmatic disposition and wheezing were strong determinants of subsequent respira-
tory syncytial virus hospitalization in children <18 months (63); the relative risk of respiratory syn-
cytial virus hospitalization in the offspring was 1.72 for maternal asthma, and 1.23 for paternal

asthma.

The RSV group was not characterized with increased bronchial responsiveness in infancy. In order
to investigate the association between lung function and bronchiolitis further we could have in-
cluded all children with bronchioliotis and not only RSV bronciolitis. There is an increasing recog-
nition that other viruses (e.g. rhinovirus) are as common as RSV causing bronciolitis in young
children (72-75).

A recent prospective, population-based cohort study examined the associations between hospitaliza-
tion for RSV infection and invasive pneumococcal disease in Danish children < 2 years. The study
found that invasive pneumococcal disease did not increase the risk of RSV hospitalization but re-

cent hospitalization for RSV increased the risk of invasive pneumococcal disease (76). On the other
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hand a previous study from the COPSAC cohort showed that neonates colonized in the hypopha-
ryngeal region with S. pneumonia, H. influenza, or M. catarrharlis, or with a combination, were at
increased risk for recurrent wheeze and asthma early in life (23). Future studies may consider co-
infections with other viral or bacterial infections responsible for different response to RSV infection

and the development of asthma (77).

Conclusions

Bronchial hyperresponsiveness in newborns were not predictive of later development of RSV bron-
chiolitis nor did baseline lung function seem to predict though the confidence limit of comparison
was wide. This study suggests that the distinguishing feature is not a mechanical but maybe an envi-

ronmental exposure or genetic disposition.
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Figure 1: Flow chart
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Table 1: Baseline characteristics

Total Control RSV bronchiolitis
COPSAC group
Baseline 404 Number 360 21
lung function Mean (SD)  66.3(12.9)  65.5 (13.0)
(FEV0,5/mI)
Median 65.8 63.6
PD1s 363 Number 322 20
(PTcOz/mmol) Mean (SD) 1.81 (12.2) 0.59 (0.88)
Median 0.33 0.16
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